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Content 

This is the second volume of the book “Understanding Quantum Computing”, that is also down-

loadable from https://www.oezratty.net/wordpress/2023/understanding-quantum-technologies-2023/. 

The downloadable PDFs are available in a single volume A4 and Letter version, containing the three 

volumes in sequential order. You can also download compressed PDFs for the three volumes in A4 

and Letter formats. Their size fits into the constraints of ebook readers like the Kindle from Amazon. 

This book printed version separates volume 1, volume 2 and volume 3. 

The first volume contains a history of quantum physics, some quantum physics 101 and everything 

about quantum computing basics and engineering. 

This second volume contains the parts dedicated to quantum computing hardware, enabling technol-

ogies, unconventional computing solutions which are potential alternate routes between classical and 

quantum computing, quantum telecommunications, quantum cryptography, post-quantum cryptog-

raphy and quantum sensing. 

The third volume contains the parts dedicated to algorithms, software tools, case studies, an inven-

tory of quantum investments per country, various societal topics, corporate adoption methodologies, 

quantum fake sciences, glossary, an index and bibliography. 

The three-volume index and glossary are consolidated at the end of the third volume. 

The book is split into three volumes to make its printing easier, some online printing services includ-

ing Amazon being limited to a maximum of 600 pages. Here, we have three volumes of respectively 

322, 530 and 532 pages, covers included. 

You can order the printed version of this book in three volumes on all Amazon sites with searching 

for the book title, edition 2023. 
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Quantum computing hardware 

In a bottom-up approach, we have covered successively the basics of quantum physics, the mathe-

matical aspects of gate-based quantum computing, then quantum computing engineering and enabling 

technologies. Let us now move to the last stack, quantum computers, focusing on their specifics de-

pending on the types of physical qubits they are using. We are dealing here with all sorts of players: 

public research laboratories, large established companies as well as startups. 

 
Figure 275: a map of key research lab and industry vendors in quantum computing hardware per qubit type. (cc) Olivier 

Ezratty, 2023. Qubits drawing source: Scientists are close to building a quantum computer that can beat a conventional one 
by Gabriel Popkin in Science Mag, December 2016. I consolidated the logos lists since 2018. It is incomplete for the research 

labs at the bottom but rather exhaustive for the vendors at the top. It doesn’t list China academic labs. 

The number of startups in this inventory keeps growing, in Figure 275. They do not shy away from 

Google and IBM. There are not many Chinese startups yet. For the moment, the country's investments 

in quantum computing are concentrated in well-funded public research like with Jian Wei-Pan’s giant 

lab in Hefei and with large cloud companies like Baidu and Alibaba. Notice that Chinese labs are 

missing in the chart. There are eight main categories of quantum computers grouped into three cate-

gories: 

Atoms: 

• Trapped ions found in particular at IonQ, a spin-off from the University of Maryland, as well as 

at Quantinuum and Alpine Quantum Technologies (Austria). 

• Cold atoms like rubidium, cesium and strontium are used by Pasqal, QuEra, ColdQuanta and 

Atom Computing to create both analog quantum computers and gate-based quantum computers. 

• Nuclear Magnetic Resonance, which is nearly abandoned as a path for quantum computing, 

NISQ or beyond despite one China company selling a desktop version for educational use cases. 

Electrons: 

• NV centers with only a few industrial players like Quantum Brilliance, Turing and XeedQ. NV 

centers applications are also used in quantum sensing and quantum communications. 
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• Superconducting effect qubits are used in IBM's, Google, Rigetti, OQC and IQM quantum com-

puters as well as in D-Wave quantum annealers. This is a broad category with Josephson qubits 

(transmon, fluxonium, coaxmon, unimon, ...) and photon cavities-based qubits using supercon-

ducting control qubits (cat-qubits, GKP) with Alice&Bob, Amazon, Nord Quantique and QCI. 

• Quantum dots spins qubits pushed notably by Intel, Quantum Motion, SQC, C12, Archer and 

the consortium between CEA-Leti CNRS Institut Néel and CEA-IRIG in France. There are many 

variations there as well. 

• Topological qubits with the hypothetical Majorana fermions from Microsoft whose existence is 

yet to be proven. Other topological qubits avenues are investigated in research laboratories at the 

fundamental research level. 

Flying qubits: 

• Photon qubits, with a lot of variations like boson sampling, coherent Ising machines and MBQC 

architectures to circumvents the difficulty to handle two-qubit gates and the limited computing 

depth of flying qubits. The current main photon qubit vendors are PsiQuantum, Xanadu, and 

Quandela. 

• Flying electrons, a separate track of qubits, with no commercial vendor yet involved in it. It is a 

fundamental research field869. 

 
Figure 276: figures of merit per qubit type. Best gate time covers only the electronics drive part but not the whole classical drive computing time. 
Best T1 is the best qubit relaxation time. These are the best figures of merit, but it does not mean a single system in a column has them all! There 
are also some inconsistencies between the fidelities obtained in labs with a few qubits and with commercial systems with more qubits. Some of 
the data sources: cold atoms (Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective by Karen Wintersperger et 

al, April-May 2023 (27 pages), trapped ions (Trapped Ion Quantum Computing: Progress and Challenges, 2019, Materials Challenges for Trapped 
Ion Quantum Computers, 2020, Infineon, IonQ and Quantinuum, High-Fidelity Bell-State Preparation with 40Ca+ Optical Qubits by Craig R. Clark 
et al, PRL, September 2021 (7 pages)), silicon (Roadmap on quantum nanotechnologies, 2020), superconducting (many IBM papers), NV centers 

(Quantum computer based on color centers in diamond, 2021). I list only the most demanding two qubit gates and readouts fidelities. Cold atoms 
systems are usually simulators, but data pertains to gate-based implementations. (cc) Olivier Ezratty, 2020-2023. 

 

869 See Universal and ultrafast quantum computation based on free-electron-polariton blockade by Aviv Karnieli et al, March 2023 (24 

pages). 
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Solid-states qubits usually refer to the electron qubits category with superconducting and electron 

spin qubits. However, trapped ions and photon qubit also rely on semiconductor circuits for their 

operations. But the “ions” are flying above their control circuits and the photons are circulating in 

nanophotonic circuits. 

Many of the commercial companies in this panorama are associated with American or European re-

search laboratories. Google collaborates with the University of Santa Barbara in California, IBM and 

Microsoft with the University of Delft in the Netherlands, and IBM with the University of Zurich, 

among other publicly funded research organizations. 

These categories of technologies have different levels of maturity. Superconducting qubits are the 

most proven to date. Trapped ions are best-in-class with regards to fidelity and connectivity but do 

not seem to scale well. Neutral atoms are starting to scale better. Linear optics and NV centers also 

have some difficulties to scale. Electron spin-based systems could scale but are less mature. Finally, 

Majorana fermions are still in limbo. But other qubit types are looming around and may become 

promising (other topological materials, Silicon Carbide, etc.). Creating assessment on the maturity of 

these technology pertains more to weather forecast than climate change predictions. Meaning, while 

you can forge some ideas on the relative maturity of these technologies with a short-term view, it is 

much harder to make sound predictions in the longer term. For example, scaling these various tech-

nologies face very different challenges. As such, the table in Figure 276 is a sketchy and probably 

highly questionable comparison between these different qubits, particularly with cold atoms which 

are so far, used in quantum simulation mode and not gate-based architectures. 

Another way of comparing qubit classes is to look at where the industry bucks are going. I created 

the chart below in Figure 277 with doing some guesswork on how much was invested by the large IT 

companies (IBM, Google, Microsoft, Amazon, Intel). But again, investors are not necessary in a po-

sition to guess which technology will really scale. 

 
Figure 277: fuzzy logic assessment of industry investments per qubit type mixing capital investment for startups and internal 

investments for legacy companies is “life to date” (LTD). (cc) Olivier Ezratty, January 2024. 

These numbers are approximate and if you have some information to correct or update it, I’ll take it! 

For startups, it is easier and consolidate the amount publicly raised either in venture capital or through 

a SPAC (for D-Wave, IonQ and Rigetti). What do you learn from this chart? That superconducting 

qubits are kings, followed by trapped ions and photon qubits. Therefore, silicon and cold atoms qubits 

seem under invested. 
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Both because it seems Intel has not yet invested much in silicon qubits that have a rather low TRL 

and since no large company invested in cold atoms. I would seriously advise not to determine future 

winners based on these amounts. 

There is so much scientific and technological uncertainty! Some solutions even not in this chart could 

show up in the future, either in the topological qubits space, beyond Microsoft’s sole endeavor, or 

with SiC and other variations of spin cavities (beyond NV centers which don’t show up in the chart 

due to the very small amount raised by the couple startups from this field). 

Another summary view, in Figure 278, shows how various qubit types have use cases beyond quan-

tum computing and even, within the three paradigm of quantum computing with all qubit types being 

usable for quantum simulations although it seems it is only available with neutral atom qubits with 

commercial vendors870. Photons, cavity spins and cold atoms have the broadest use cases given they 

have many applications in quantum sensing. Silicon qubits seem to have a narrower usage scope but 

don’t discount them too soon. They may showcase one of the best scalability potential for quantum 

computing. 

 
Figure 278: qubit types and their use cases in all quantum computing paradigms and on telecommunications and sensing. Orange 

means: less commonplace and/or harder to implement. (cc) Olivier Ezratty, 2022-2023. 

At last, Figure 279 presents a summary of the scalability challenges faced by the main qubit types 

around (I left aside topological and NV centers qubits). Many of these topics are detailed in this part 

and others in the enabling technologies part871. The table lists a lot of enormous challenges. For each 

of these, many research teams and vendors are proposing many different approaches and options. The 

upside is it is reassuring, the downside being that these options are still very immature, and you have 

to look at the details of their figures of merit to understand how it could scale. I make a broad inven-

tory of the various envisioned solutions but am not in a position to assess their viability in most cases. 

All in all, two overarching questions remain: how many entangled objects can be controlled in an 

efficient manner and with low noise, and how deterministic photon entanglement interconnectivity 

will scale without an exponential overhead that would kill any quantum advantage? 

 

870 See the review The Coming Decades of Quantum Simulation by Joana Fraxanet, Tymoteusz Salamon and Maciej Lewenstein, ICFO, 

April-December 2022 (45 pages). It even mentions polaritons as a qubit type for quantum simulations. 

871 See 2022 Roadmap for Materials for Quantum Technologies by Christoph Becher et al, February 2022 (38 pages) which provides 

an overview of many qubit types and their various challenges. 
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Figure 279: the various pathways to scalability in quantum computing per qubit type. (cc) Olivier Ezratty, 2022-2023. 

Quantum annealing 

Quantum annealing is a particular quantum computing paradigm and technology that is also based on 

quantum physics and qubits but works entirely differently compared to gate-based quantum compu-

ting as we will detail here. It has characteristics and performance levels that are intermediate between 

traditional supercomputers and general-purpose (fault-tolerant) gate-based quantum computers (Fig-

ure 282) D-Wave is the main commercial player in this category. Some research laboratories are also 

involved in quantum annealing but not as many as those involved in the different types of gate-based 

quantum computers. 

In the 2000s, the interest in Shor’s factoring algorithm created more traction for gates-based quantum 

computing, at the expense of quantum annealing. Ironically, the largest integer factoring (of 6 digits: 

376,289) by a quantum processor was achieved in 2018 on a D-Wave quantum annealer and not with 

Shor’s algorithm on a gate-based system and it is still the record to date872. 

History 

The quantum annealing paradigm (QA) is an optimization process for finding the global minimum of 

a given objective function by a process using quantum fluctuations and the tunnel effect873 . It is 

mostly used for solving problems like combinatorial optimization problems where the search space 

is discrete, with many local minima. It is still usable for chemical simulations and non-discrete prob-

lems. 

The idea to implement quantum annealing using quantum tunnelling effect came first in 1988 and 

1989 in Italy and Germany874. It was then perfected in Japan by Tadashi Kadowaki and Hidetoshi 

Nishimori in 1998 with the “introduction of quantum fluctuations into the simulated annealing pro-

cess of optimization problems, aiming at faster convergence to the optimal state. Quantum fluctua-

tions cause transitions between states and thus play the same role as thermal fluctuations in the con-

ventional approach. The idea is tested by the transverse Ising model, in which the transverse field is 

 

872 See Quantum Annealing for Prime Factorization by Shuxian Jiang et al, 2018 (9 pages). 

873 Source: https://en.wikipedia.org/wiki/Quantum_annealing 

874 See A numerical implementation of quantum annealing by S. Albeviero et al, University of Milan, July 1988 (10 pages) which refers 

to Quantum stochastic optimization by Bruno Apolloni et al, 1989 (12 pages). 
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a function of time similar to the temperature in the conventional method. The goal is to find the ground 

state of the diagonal part of the Hamiltonian with high accuracy as quickly as possible”875. 

As described in Wikipedia: “Quantum annealing starts from a quantum-mechanical superposition of 

all possible states (candidate states) with equal weights. Then, the system evolves following the time-

dependent Schrödinger equation […]. The amplitudes of all candidate states keep changing, realizing 

a quantum parallelism, according to the time-dependent strength of the transverse field, which causes 

quantum tunneling between states. If the rate of change of the transverse field is slow enough, the 

system stays close to the ground state of the instantaneous Hamiltonian. The transverse field is finally 

switched off, and the system is expected to have reached the ground state of the classical Ising model 

that corresponds to the solution to the original optimization problem”. In here, what is a “transverse 

field”? It is a transverse magnetic field that is applied in an homogenous way on qubits and then 

slowly decreased to control the evolution of the Ising model876. 

A year after Tadashi Kadowaki and Hidetoshi Nishimori’s paper, D-Wave was created in Canada and 

it produced its first commercial annealer 13 years later, in 2012. But Japan did not surrender to the 

idea to create annealing industry solutions. 

It took the form of a digital annealer created by Fujitsu and plans by NEC to create a quantum 

annealer. Also, many Japanese software startups are dedicated to quantum annealing. 

At some point, John Martinis was working on creating a quantum annealer at UCSB but the idea was 

abandoned in favor of gate-based superconducting qubits when he started working at Google in 

2004877. In Europe, Qilimanjaro (Spain) is in the process of creating a quantum annealer that would 

have greater capacities than the ones from D-Wave. 

In 2000, Edward Farhi et al from the MIT created an algorithm to solve a SAT problem using adia-

batic evolution which is considered an algorithmic cornerstone of quantum annealing878. 

In 2013, Google and NASA set-up a joint quantum computing lab, QUAIL, and toyed with D-Wave 

systems. It drove some awareness on the first supposed and oversold “quantum advantage” in 2015. 

Quantum annealing and D-Wave drove relatively bad press in the quantum community. They oversold 

their capacity and didn’t explain well how it worked. Things fared better starting in 2017 and 2020 

with their latest 2,000 and 5,000 qubit releases. 

Science 

We must start here with explaining Figure 280 which connects the (quantum) adiabatic theorem and 

the various forms of digital simulated and quantum annealing: 

• The adiabatic theorem states if you are in the ground state of a slowly varying quantum system, 

you stay in the ground state. It was created by Max Born and Vladimir Fock in 1928. 

• The diabatic theorem is related to quick Hamiltonian evolutions and can be implemented in gate-

based quantum computing although a recent proposal emerged to implement it with a quantum 

annealer using a locally managed transverse field879. 

 

875 See Quantum annealing in the transverse Ising model by Tadashi Kadowaki and Hidetoshi Nishimori, 1998 (9 pages). 

876 An Ising model is a statistical physics model created to solve problems of simulation of ferromagnetic and para-magnetic materials 

associating particles having two state levels (a magnetic moment +1 or -1) which are linked together. 

877 See the thesis Superconducting flux qubits for high-connectivity quantum annealing without lossy dielectrics by Christopher M. 

Quintana, 2017 (413 pages), directed by John Martinis who was then at Google. 

878 See Quantum Computation by Adiabatic Evolution by Edward Farhi, Jeffrey Goldstone, Sam Gutmann and Michael Sipser, MIT 

and Northwestern University, 2000 (24 pages). 

879 See Locally Suppressed Transverse-Field Protocol for Diabatic Quantum Annealing by Louis Fry-Bouriaux et al, UCL October 

2021 (18 pages). 

https://arxiv.org/abs/cond-mat/9804280
https://escholarship.org/content/qt9844c3h3/qt9844c3h3.pdf
https://arxiv.org/abs/quant-ph/0001106
https://arxiv.org/abs/2105.11163
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Implementations are based on: 

• Simulated annealers working on a classical computer including Fujitsu’s digital annealers. Dig-

itized simulated annealing can be used for more efficient integer factoring on NISQ QPUs than 

with Shor’s algorithm880. 

• Quantum annealers (D-Wave) where a problem is converted into a generic BQM (binary quad-

ratic model), from a QUBO optimization problems (Quadratic unconstrained binary optimiza-

tion) or Ising problem (to solve some physics simulation problems like in ferromagnetism). It is 

faster than simulated digital annealing according to a 2022 benchmark881. 

• Gate-based quantum computers, using a time discretization of the system Hamiltonian evolu-

tion882. 

• Reverse annealing uses classical methods such as simulated annealing to find a trivial solution 

that initializes a quantum annealing process. This has been recently implemented with D-Wave 

annealers and seems more efficient than classical quantum annealing. 

• Diabatic quantum computing is also running on gate-based quantum computers modeling a 

quick Hamiltonian change. It is used as part of the counter-diabatic technique promoted by Pari-

tyQC883 884 885. 

 

Figure 280: from the adiabatic theorem to quantum annealing. (cc) Olivier Ezratty, 2022-2023. And some references found in 
Adiabatic quantum computation by Tameem Albash and Daniel A. Lidar, 2018 (71 pages). 

 

880 See Digitized Adiabatic Quantum Factorization by Narendra N. Hegade, Enrique Solano et al, November 2021 (10 pages). 

881 See Benchmarking Quantum(-inspired) Annealing Hardware on Practical Use Cases by Tian Huang et al, March 2022 (35 pages). 

882 See On Quantum Annealing Without a Physical Quantum Annealer by Ameya Bhave and Ajinkya Borle, University of Maryland, 

July 2023 (9 pages). 

883 See Rapid counter-diabatic sweeps in lattice gauge adiabatic quantum computing by Andreas Hartmann and Wolfgang Lechner, 

New Journal of Physics, 2019 (14 pages). 

884 See Polynomial scaling enhancement in the ground-state preparation of Ising spin models via counterdiabatic driving by Andreas 

Hartmann, Glen Bigan Mbeng, and Wolfgang Lechner, PRA, February 2022 (8 pages). 

885 See Many-body quantum heat engines with shortcuts to adiabaticity by Andreas Hartmann, Victor Mukherjee, Wolfgang Niedenzu, 

and Wolfgang Lechner, Physical Review Research, May 2020 (13 pages). 
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Quantum annealing starts with preparing a system of interconnected qubits with establishing links 

between them using weights that are defined by couplers, a bit like in neural networks used in artificial 

intelligence. It sets the relative qubits connections energy in the longitudinal field (z) and the absolute 

qubits energy as a linear coefficient or bias on each qubit. 

These values ℎ𝑖  and 𝐽𝑖𝑗 are discretized depending on the capabilities of the DACs integrated in the 

chip. It was using a 4 bit encoding in the first commercial D-Wave systems with values ranging from 

-1 to +1 by steps of 1/8. The precision of these DACs has since then improved with each new gener-

ation of D-Wave annealer. 

 
Figure 281: uncovering a quantum annealing Hamiltonian. (cc) Olivier Ezratty, 2022. 

The minor embedding process consists in mapping the problem to solve to the quantum annealer 

qubit structure and connectivity. There are many optimizations available for this embedding process, 

particularly for solving optimization problems 886 887 888 889. 

The system is then initialized with setting the qubits at |+⟩, a perfect superposition between |0⟩ and 

|1⟩, corresponding to the lowest-energy state of the system, also called the tunneling Hamiltonian. 

The annealing process then takes place progressively, reducing this magnetic transverse field down 

to zero, which, thanks to the quantum tunnel effect, will drive the system to an equilibrium state that 

corresponds to a minimum energy level. In the equations in Figure 281, it means reducing the value 

of scalar A(s) and increasing the value of B(s) accordingly, usually not linearly. This leads to auto-

matically modifying the values of the qubits (spin up or down in the z direction) towards a result that 

corresponds to the solution of the submitted problem. This annealing process is a magnetic equivalent 

of classical thermal annealing. 

From the mathematical standpoint, the system Hamiltonians ℋ𝑝  ℋ𝑆 and ℋ𝑛 described in Figure 281 

are square matrix operators of dimension 2N, N being the number of used qubits. The 𝜎𝑗
𝑧 notation in 

the Ising and annealing Hamiltonian are somewhat confusing. 

 

886 See 4-clique network minor embedding for quantum annealers by Elijah Pelofske, January 2023 (15 pages). 

887 See Advanced unembedding techniques for quantum annealers by Elijah Pelofske, Georg Hahn and Hristo Djidjev, September 2020-

December 2022 (11 pages). 

888 See Divide-and-conquer embedding for QUBO quantum annealing by Minjae Jo et al, November 2022 (12 pages). 

889 See ATOM: An Efficient Topology Adaptive Algorithm for Minor Embedding in Quantum Computing by Hoang M. Ngo et al, 

University of Florida, July 2023 (6 pages). 
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It is the tensor product of the identity operator for all qubits non equal to j and the Pauli z operator 

for the given qubit j, as follows. A Pauli operator is a 2x2 matrix equivalent to the X, Y and Z single-

qubit gates from gate-based quantum computing. 

Thus, 𝜎𝑗
𝑧 is a simplified notation of the whole tensor product of dimension 2N, the full version being 

the following, Ik being identity matrices of dimention 2x2 for all k between 1 and N at the exception 

of j: 

𝜎𝑗
𝑧 = I1⨂⋯⨂ 𝐼j−1⨂𝜎𝑗

𝑧⨂ 𝐼𝑗+1⨂⋯⨂ 𝐼N 

The same can be said of the product 𝜎𝑖
𝑧𝜎𝑗

𝑧 which is also a tensor product of dimension 2N using the 

following equation with Ik for all k between 1 and N at the exception of i and j: 

𝜎𝑖
𝑧𝜎𝑗

𝑧 = I1⨂⋯⨂ 𝐼i−1⨂𝜎𝑖
𝑧⨂ 𝐼i+1⨂⋯⨂ 𝐼𝑗−1⨂𝜎𝑗

𝑧⨂𝐼j+1⨂⋯𝐼N 

System Hamiltonian matrix eigenvalues are the possible energy levels of the system. The annealing 

process has the effect of maintaining the system in its minimum energy level. It doesn’t compute 

these eigenvalues but finds the qubit spin values (𝜎𝑖
𝑧) that are minimizing the Hamiltonian. Another 

notation of the effect of quantum annealing is to find the combination of N spins noted �̂� that mini-

mizes the Hamiltonian. The searched space is Ω𝑁  that contains all N combinations of -1 and +1: 

{−1,+1}𝑁. 

�̂� = arg min
𝜎⊂Ω𝑁

(∑ℎ𝑖 𝜎𝑖
𝑧   +    ∑𝐽𝑖𝑗 𝜎𝑖

𝑧𝜎𝑗
𝑧)

𝑁

𝑖<𝑗

𝑁

𝑖=0

 

At the end of the annealing, the qubits state is read and generates a +1 or a -1 for each of them 

depending on the direction of the magnetic flux of the superconducting loop. By the way, we do not 

care about it not being a QND – aka quantum non demolition - measurement. As a result, the solved 

problem search space is discrete and finite. The process is however iterative with several annealing 

passes and results being averaged. Like with gate-based quantum computing, the process is also prob-

abilistic, and not just because noise gets involved with an unknown time-evolving Hamiltonian ℋ𝑛(𝑡). 

There are variations in this model’s implementation regarding the qubits coupling mechanism. It can 

be made on one degree (z for D-Wave) or two and three degrees of freedom (x, y and z, in a so-called 

Heisenberg model) like what Qilimanjaro (Spain) is planning to implement. 

 

Figure 282: quantum annealers pros and cons. (cc) Olivier Ezratty, 2021-2023. 

Qubit operations 

Using a quantum annealer works as described in Figure 283. Algorithms are prepared classically with 

converting the given problem into a QUBO problem that is then translated in an Ising model with 
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by D-Wave and Amazon Web Services.

• the greatest number of well documented case 
studies in many industries although still at the 
proof of concept stage.

• most universal qubits gates algorithms can be 
have an equivalent on quantum annealing.
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The annealing process then takes place with controlled evolutions of A(s) and B(s) as described in 

the previous chart, with tuning the magnetic transverse field affecting the qubits chip. When s=1, the 

system proceeds with reading the qubits values +1 or -1. 

D-Wave qubits are niobium-based rf-SQUID exploiting superconducting current loops interrupted by 

two Josephson effect barriers that are controlled by variable magnetic fluxes (Figure 284). 

 

Figure 283: a quantum annealing computing workflow. Source: Quantum Annealing for Industry Applications: Introduction and 
Review by Sheir Yarkoni et al, Leiden University and Honda Research, December 2021 (43 pages). 

 
Figure 284: rf-SQUIDs used in a D-Wave quantum annealer. Source: D-Wave. 

Taking always the example of D-Wave annealers, we can dig into how the qubits are controlled to 

prepare and handle an annealing process890. The process needs to control several parameters: 

 

890 The electronics architecture of superconducting qubits control is described in A scalable control system for a superconducting adi-

abatic quantum optimization processor by M. W. Johnson et al, 2009 (14 pages) and Architectural considerations in the design of a 

superconducting quantum annealing processor by P. I. Bunyk et al, 2014 (9 pages). 

φ1x : flux bias on the outer superconducting loop which
controls the energy difference « 2h » between two states, i.e. 
superconducting current direction

φ2x : flux bias on the inner superconducting loop with two
Josephson junctions, controling energy level δU enabling the 
switch between two spin directions

|↓⟩|↑⟩« spin up » 
qubits

« spin down » 
qubits

ωp : energy variation for |↑⟩ et |↓⟩ states

δU : energy potential barrier between states 

φ1 : current phase difference before and after the Josephson junctions

2h : energy difference between the two qubit states

rf-SQUID flux qubits

https://arxiv.org/abs/2112.07491
https://arxiv.org/abs/2112.07491
https://arxiv.org/abs/0907.3757
https://arxiv.org/abs/0907.3757
https://arxiv.org/abs/1401.5504
https://arxiv.org/abs/1401.5504
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𝐽𝑖𝑗 the coupling between vertices Vi and Vj is controlled by DACs (digital to analog converters). 

These couplers are set with a static DC flux current applied to their compound-junction. 

ℎ𝑖    the energy between two states of qubits i is also controlled via a DAC. But other DACs  

are there to correct the drift created by the annealing process. 

A(s) is a transverse magnetic field applied to all qubits and controlled in the chip  

by analog lines via the CCJJ DACs. 

B(s) increases over time during annealing, also controlled by CCJJ analog lines in the chip. 

These are optimization problems where the variables 𝐽𝑖𝑗 can only take two values (-1 or +1 for solving 

an Ising model or 0 and 1 for solving a QUBO problem) and where they are linked together by dif-

ferent fixed parameters which are defined as floating numbers (FP32) with the boundary constraints 

−1 ≤ 𝐽𝑖𝑗 ≤ 1 and −2 ≤ ℎ𝑖 ≤ 2. However, the related DACs introduce significant sampling noise due 

to their sampling rate with a couple hundred different steps (Figure 285). In the end, the precision of 

the data of the problem to be solved is much lower, probably below one single byte. We’re far from 

high-precision floating point scientific computation. It should be mentioned that D-Wave systems 

require frequent recalibration, that can be optimized891. 

 
Figure 285: source: how D-Wave qubits are controlled at the physical level. Source: A scalable control system for a superconducting 

adiabatic quantum optimization processor by M. W. Johnson et al, 2009. 

The initialization of a D-Wave 2000Q takes 25 ms, the annealing itself usually lasts 20 μs but can be 

extended to 2 ms, and readout time is 260 μs. If we repeat the annealing process a thousand times, we 

end up running the whole thing in less than a second. Between each run, some time was required to 

enable heat dissipation, with the chip temperature rising to 500 mK with early generations of D-Wave 

annealers. 

The initialization signals of the Hamiltonian are multiplexed and sent in digital format from the out-

side to the chip. A chip requires an order of magnitude of 𝑂(√𝑁
3
) external control lines for N qubits, 

using signals multiplexing. 

 

891 See Tutorial: Calibration refinement in quantum annealing by Kevin Chern et al, D-Wave, April 2023 (22 pages). 

x6 in D-Wave 2000Q
x15 in D-Wave Advantage
X20 in D-Wave Zephyr (next
gen) topology

compound-
compound-Josephson 

junction (CCJJ) provides two 
additional degrees of 

freedom per qubit used for 
correct junction imbalance 
and to evolve A(s) and B(s)

tuning during annealing to keep 
balance between s and s. 5 DACs per qubits

15 coupling DACs per qubits in Pegasus
DACs have 300 or 400 steps

https://arxiv.org/abs/0907.3757
https://arxiv.org/abs/0907.3757
https://arxiv.org/abs/2304.10352
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This greatly simplifies the cabling of the 

cryogenic enclosure of the computer com-

pared to the superconducting IBM and 

Google computers, as shown in Figure 286 

of a 2000Q. Most of what can be seen in the 

intermediate stages in the cryostat corre-

sponds to the dilution cryogenics system. 

Annealers don’t need to send microwave 

pulses to qubits and thus, avoid the related 

coaxial cables used in gate-based supercon-

ducting qubits. 

Some of the magic comes from the inte-

grated DC ramp pulses generation circuits 

that are built-in in the quantum chip. 

 

Figure 286: Inside a D-Wave system, with the cryostat open. Source: D-
Wave. 

These circuits use SFQ components implementing DACs, basically superconducting transistors using 

Josephson junctions close to those of the qubits. Still, these components are noisy and may contribute 

to the noise affecting the qubits in this architecture892. 

Research 

Let’s mention some research work beyond what D-Wave is doing. 

Quantum annealing was explored in 2016 by the IARPA agency in its Quantum-Enhanced Optimi-

zation (QEO) project, which aimed to create an adiabatic computer void of some of the limitations 

from D-Wave, particularly in terms of connectivity and quality of qubits. Appropriately, in view of 

IARPA's mission, the goal was to accelerate the production of quantum computers capable of execut-

ing Shor's integer factoring algorithm to break the public keys coming from intercepted communica-

tions. This project was folded into DARPA’s QAFS project (Quantum Annealing Feasibility Study) 

in February 2020 which produced a 25 coherent annealer system. 

Stanford University is also working on quantum annealing. In 2016, they created a prototype pho-

tonic based annealer with 100 qubits having an all-to-all connectivity (so... 10,000 connections)893. 

This connectivity is what makes such a system “coherent”. This research was still going on in 2021 

and involves NTT in Japan. A team at Cornell University led by Peter McMahon is proposing a 

superconducting qubit quantum annealer physical architecture enabling all to all qubit connections, 

using Josephson parametric oscillators (JPOs), with frequencies modulated by a flux line, are a cou-

pling by a microwave bus resonator894. 

At last, the H2020 European project AVaQus (Annealing-based VAriational QUantum processorS) 

launched in October 2020 brings together five research laboratories (Institut de Física d'Altes Ener-

gies of Barcelona, Karlsruhe Institut für Technologie (KIT) of Karlsruhe, CNRS Institut Néel in 

France, the University of Glasgow and the Consejo Superior de Investigaciones Científicas in Ma-

drid), associated with three startups Delft Circuits (The Netherlands), Qilimanjaro (Spain) and HQS 

(Germany). The project is scheduled to end in 2023 and got a funding of €3M, independently of the 

Quantum Flagship program. 

 

892 See Analog errors in quantum annealing: doom and hope by Adam Pearson, 2019 (9 pages). 

893 See A fully-programmable 100-spin coherent Ising machine with all-to-all connections by Peter L. McMahon, Yoshihisa Yamamoto 

et al, 2016 (9 pages). 

894 See A quantum annealer with fully programmable all-to-all coupling via Floquet engineering by Tatsuhiro Onodera, Edwin Ng and 

Peter L. McMahon, Cornell University, npj Quantum Information, 2020 (10 pages). 

https://www.nature.com/articles/s41534-019-0210-7.pdf
http://nlo.stanford.edu/system/files/mcmahon2016.pdf
https://www.nature.com/articles/s41534-020-0279-z
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Vendors 

We’ll of course start with D-Wave and will follow-on with Qilimanjaro and NEC. 

 
Located in Vancouver, D-Wave (1999, Canada, $724M+IPO) was for a very 

long time the only supplier of commercial quantum processors (Figure 287). 

Company. D-Wave was created by Geordie Rose (their first CTO and for some time also their 

CEO895), Haig Farris, Bob Wiens and Alexandre Zagoskin, formerly in charge of research. Geordie 

Rose received his PhD in Materials Physics in the mid-1990s from the University of British Columbia. 

The creation of D-Wave is a direct result of this work. He met Haig Farris during his studies while 

the latter was teaching economics. D-Wave's management team has changed a lot since then. Only 

one of the co-founders is still part of it, Eric Ladizinsky, who is their Chief Scientist. Their CTO Alan 

Baratz joined the company in 2017 and became CEO in 2020. 

 

Figure 287: timeline of D-Wave’s history. (cc) Olivier Ezratty, 2022-2023. 

It took D-Wave eight years to prototype its first chip containing four qubits and a total of 13 years to 

sell their first quantum computer, the D-Wave One. During these years, they raised $31M, then $1.2M 

in 2012 from InQTel, the CIA's investment fund. In 2011, D-Wave signed a partnership with Lock-

heed Martin, which does some work for the NSA. All in all, the startup went through 13 rounds of 

funding, ending with a SPAC finalized in 2022. 

In February 2022, D-Wave announced its own SPACification via the dedicated investment fund 

DPCM Capital created by Eric Schmidt (former Google, now Sandbox AQ chairman), Peter Dia-

mandis (Singularity University) and Shervin Pishenar (Hyperloop One founder)896. They were to raise 

$340M, including $40M coming from a Canadian pension fund, PSP Investments. Were also involved 

Goldman Sachs and NEC Corporation. This valued the company at $1.6B which was IPOed in August 

2022. They have another funding source with a line of credit of $150M from Lincoln Park Capital in 

exchange of stock issuance. 

 

895 Co-founder Geordie Rose then created Kindred.ai, a startup that aims to integrate General Intelligence (GIA) into robots. He leaved 

Kindred.ai in 2018 to create Sanctuary, a spin-off of Kindred, dedicated to AGI, the quest for the Holy Grail of general artificial 

intelligence. 

896 See their February 2022 investor presentation (25 slides). 
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https://www.businesswire.com/news/home/20180105005243/en/Kindred-Announces-Spin-off-AGI-Research-Division
https://www.dwavesys.com/media/2wlhipm0/d-wave-investor-presentation-2-11-22.pdf
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The company expected a fast growth starting in 2025, generating a $551M turnover in 2026. As of 

early 2022, they had a staff of 180 including 36 PhDs and a 200 patents portfolio. In February 2023, 

D-Wave faced a cash problem and a drop of its stock value, risking a humiliating Nasdaq delisting. 

Starting in June 2023, the company stock navigating between $1.4 and $2.9, above the $1 threshold897. 

As of April 2023, they had 67 paying customers. They had a revenue of $7.1M in 2022, $6.3M in 

2021 and $5.1M in 2020 with net losses of respectively $51.5M, $31.5M and $10M898. As of June 

2023, their market capitalization was $265M. 

Technology. D-Wave has developed its end-to-end quantum annealing computer solution. It is the 

first full-featured quantum computer in history with a design that allows it to be easily integrated into 

a clean room. Their roadmap progressed steadily with the first three generations of prototypes created 

between 2007 and 2009 and then, starting from 2012, five generations of commercial computers. 

It started with the D-Wave One in 2012 with 128 qubits. The D-Wave 2000Q followed in 2017 with 

2048 qubits and 128,000 Josephson junctions on a (5.5 mm)2 chip and a list price of $15M. The last 

commercial iteration is the D-Wave Advantage with the Pegasus chip launched in September 2020 

with 5,640 qubits and one million Josephson junctions, each qubit being coupled to 15 other qubits 

compared to 6 in the 2000Q. 

It allows more complex problems to be solved with an equivalent number of qubits899 900. It is a 

performance given gate-based superconducting qubits have a 1 to 3 (IBM) to 1 to 4 (Google) connec-

tivity at best. The Pegasus chip is larger, being a square of 8.5 mm. It is manufactured in the USA in 

Skywater’s cleanrooms (formerly a Cypress Semiconductor fab) located in Bloomington, Minnesota. 

The embedding graph or qubits connectivity is branded a chimera their D-Wave 2000Q annealers and 

a Pegasus graph for their D-Wave Advantage annealers901 (Figure 288). 

In October 2021, D-Wave announced their Clarity roadmap with an upcoming Advantage 2 genera-

tion codename Zephyr with 7,000 qubits to be released by 2024, with a first intermediate 500-qubit 

prototype which was delivered in June 2022. The Zephyr has a 20-way qubits connectivity in a new 

graph architecture902. 

They also announced the future release of a gate-based QPU was to be implemented in a separate 

(fluxonium-based) multi-layer superconducting processor architecture, starting with 60 and then 

1,000 qubits to implement error correction. They plan to use surface code QECs and to use some 

combination of RSFQ and other cryo-electronics to control these qubits. 

 

897 See Globe and Mail Reports D-Wave May Be Facing Cash Crunch by Matt Swayne, The Quantum Insider, February 2023. 

898 See D-Wave Reports Fourth Quarter and Year-End 2022 Results, D-Wave, April 2023. 

899 The chimera uses cells with 8 qubits with internal and external couplings. It has 4 internal couplings within cells and 2 external 

couplings in pre-Pegasus chipsets and 12 internal and 3 external couplings in Pegasus chipsets. 

900 See Quantum annealing with manufactured spins by Mark Johnson et al, 2011 (6 pages) which outlines the D-Wave process. As 

well as Technical Description of the D-Wave Quantum Processing Unit by D-Wave, 2020 (56 pages) and related supplemental infor-

mation (19 pages). The Pegasus architecture from the D-Wave advantage is described in Next Generation Quantum Annealing System 

by Mark Johnson, March 2019 (27 slides) and in Next-Generation Topology of D-Wave Quantum Processors by Kelly Boothby et al, 

2019 (24 pages). See D-Wave Announces General Availability of First Quantum Computer Built for Business by D-Wave, September 

2020. 

901 D-Wave's chimera matrix requires a conversion process of its qubit mesh problem. This process is so far mostly exploited for 

problems that fit well with this qubit organization. For an arbitrary optimization problem, the conversion gives a result that is not 

convincing in terms of efficiency and acceleration. This is what emerges from the work of Daniel Vert, then PhD student at CEA LIST, 

in On the limitations of the chimera graph topology in using analog quantum computers by Daniel Vert, Renaud Sidney and Stéphane 

Louise, CEA LIST, 2019 (5 pages) and in Revisiting old combinatorial beasts in the quantum age: quantum annealing versus maximal 

matching by the same authors, October 2019 (36 pages). D-Wave’s chimera structure limits the way a QUBO or other optimization 

problem can be converted into an Ising problem solvable with D-Wave’s chimera structure. 

902 See Zephyr Topology of D-Wave Quantum Processors by Kelly Boothby, Andrew D. King and Jack Raymond, D-Wave, September 

2021 (18 pages). 

https://thequantuminsider.com/2023/02/07/globe-and-mail-reports-d-wave-may-be-facing-cash-crunch/
https://thequantuminsider.com/2023/04/14/d-wave-secures-50-million-loan-q4-and-2022-year-end-results-also-show-higher-revenue-more-customers/
https://www.researchgate.net/publication/51117464_Quantum_annealing_with_manufactured_spins
https://docs.dwavesys.com/docs/latest/doc_qpu.html
https://static-content.springer.com/esm/art%3A10.1038%2Fnature10012/MediaObjects/41586_2011_BFnature10012_MOESM280_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fnature10012/MediaObjects/41586_2011_BFnature10012_MOESM280_ESM.pdf
https://www.dwavesys.com/sites/default/files/5_mwj_qubits_2019.pdf
https://www.dwavesys.com/sites/default/files/14-1026A-C_Next-Generation-Topology-of-DW-Quantum-Processors.pdf
https://arxiv.org/abs/2003.00133
https://www.researchgate.net/publication/332957168_On_the_limitations_of_the_chimera_graph_topology_in_using_analog_quantum_computers
https://arxiv.org/abs/1910.05129
https://arxiv.org/abs/1910.05129
https://www.dwavesys.com/media/2uznec4s/14-1056a-a_zephyr_topology_of_d-wave_quantum_processors.pdf
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They could be highly differentiated for that respect and only challenged by other superconducting 

qubit vendors partnering with SEEQC. As of mid-2023, they had tested 1- and 2-qubit fluxonium 

qubit circuits validated a new scalable readout method for gate model architecture. They reduced by 

a factor of 4 the noise of these qubits. D-Wave published a white paper on its fluxonium qubit devel-

opment progress in September 2023, with a T1 of 120 µs903. 

They also added a gate model simulator in the Ocean software suite. 

 

Figure 288: evolution of D-Wave’s qubit connectivity. Source: D-wave. 2023. 

How about error rates in annealing mode? They are not computed the same way as gate-based single 

and two qubit gate fidelities. The error rate is measured as a precision with the Ising model parameters, 

which is about 2% given the DACs precision904 905. The high-error rate of D-Wave annealing systems 

can be mitigated with some quantum error correction technique, created in 2019906 and more recently 

in 2022 for post-processing error correction907 and machine learning aided error correction908. 

Other researchers found that the thermal noise involved in the annealing process could be used as a 

resource to enable faster and more reliable computations, involving the curious process or reverse 

annealing909. It could help finding a better solution than an existing solution already computed with 

a regular annealing process. 

The qubits operate at 10 to 15 mK like all gate-based superconducting qubits. The cryostat is thus the 

same, using a dry dilution system. Cryogeny consumes about 16kW out of a total of 25kW. The 

remaining 9kW is related to traditional computer control systems that are outside the cryostat. The 

cryogenic part includes an enclosure with five layers of magnetic isolation. 

 

903 See High-coherence fluxonium as a probe of D-Wave’s QPU environment, D-Wave (4 pages). 

904 The question remains open as to whether this architecture is scalable and provides a real quantum advantage. This is questioned in 

Fundamental Limitations to the Scalability of Quantum Annealing Optimizers by Tameen Albash et al, 2019. The reasons: issues of 

noise and thermodynamics. 

905 See Noise Dynamics of Quantum Annealers: Estimating the Effective Noise Using Idle Qubits by Elijah Pelofske et al, September 

2022-February 2023 (19 pages). 

906 See Analog errors in quantum annealing: doom and hope by Adam Pearson et al, 2019 (16 pages). 

907 See Post-Error Correction for Quantum Annealing Processor using Reinforcement Learning by Tomasz Śmierzchalski et al, March 

2022 (14 pages). 

908 See Boosting the Performance of Quantum Annealers using Machine Learning by Jure Brence et al, March 2022 (14 pages). 

909 See Thermodynamic study of D-Wave processor could lead to better quantum calculations by Hamish Johnston, June 2020. 

D-Wave 2000Q chimera D-Wave Pegasus graph

8 qubits unit cell
15 couplers per qubits

12 inside the cell and 3 outside

K4,4 8 qubits unit cell
6 couplers per qubits

4 inside the cell and 2 outside

8 qubits unit cell
20 couplers per qubits

16 inside the cell and 4 outside

D-Wave Zephyr graph

https://www.dwavesys.com/media/e42bbtcw/fluxonium-coherence_external.pdf
http://scholar.google.com/scholar_url?url=http://books.google.com/books%3Fhl%3Den%26lr%3Dlang_en%26id%3DZ--9DwAAQBAJ%26oi%3Dfnd%26pg%3DPA120%26ots%3Dk31RBB_21F%26sig%3Dx5NQ1Un6m7bntamD0RchoSXzHeE&hl=en&sa=X&d=13650406381996275814&scisig=AAGBfm0W6Jkyu1t0aos-Ag3q77RREuZHlQ&nossl=1&oi=scholaralrt&hist=x1s8ZccAAAAJ:9078311828407294955:AAGBfm1zKDSpgrkB26Wf0C7mb92u0w3AVw
https://arxiv.org/abs/2209.05648
https://arxiv.org/abs/1907.12678
https://arxiv.org/abs/2203.02030
https://arxiv.org/abs/2203.02360
https://physicsworld.com/a/thermodynamic-study-of-d-wave-processor-could-lead-to-better-quantum-calculations/
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The control electronics are much simpler than with superconducting qubits. A D-Wave annealer 

doesn’t contain a maze of cables in its cryostat since qubit control is done within the chip itself and 

makes use of DC current pulses. 

Quantumness. So, what is quantum in D-Wave? Beyond the many Josephson junctions used in their 

chip, it comes from the tunnelling effect that allows the system to quickly search for a global energy 

minimum of an N-body system910. It is coupled with superposition of the qubit states. According to 

D-Wave, the system also uses entanglement, which is poor and probably circumvented to nearest 

neighbor qubits911. This has been questioned by some scientists912. 

Algorithms designed for classical gate-based quantum computers can theoretically be converted into 

algorithms executable on D-Wave and vice versa at a maximum polynomial time overhead cost, 

which can be substantial913. However, a similar problem will require many more qubits with D-Wave 

than with a universal quantum computer. On a D-Wave, the number of qubits would need to be up to 

32 times the number of quantum gates of an equivalent classical quantum algorithm, but it depends 

on the problem914. According to D-Wave, their annealers can solve NP-complete problems, a category 

of combinatorial problems theoretically solved in polynomial time on D-Wave but which are solved 

in exponential time on a classical computer915, like routing problems, the traveling salesperson (TSP) 

problem and the likes. The caveat is that this can’t be proven yet on large scale problems and empirical 

evidence is not positive916. D-Wave annealers can also be used to solve statistical problems917. 

In 2017, John Preskill estimated that there is no convincing theoretical basis for the advantage of 

quantum annealing, which is one form of adiabatic quantum computing918. He thinks this architecture 

is not theoretically as scalable as a general-purpose quantum computer. 

The arguments about D-Wave’s annealers non quantumness revolve around the low-scale coherence 

between qubits which may prevent an efficient implementation of quantum annealing919. It is also 

related to the limited connectivity between qubits920. 

 

910 See the review paper Quantum Annealing: An Overview by Atanu Rajak et al, India, July 2022 (36 pages). 

911 See Measurement of the energy relaxation time of quantum states in quantum annealing with a D-Wave machine by Takashi Imoto 

et al, AIST and Denso, February 2023 (7 pages). 

912 Jonathan Dowling thought in the previous reference that the only quantum effects of D-Waves were tunneling and superposition, 

but without quantum entanglement. 

913 This is documented in Adiabatic quantum computation is equivalent to standard quantum computation, 2005 (30 pages) and in How 

Powerful is Adiabatic Computation? by Wim van Dam, Michele Mosca and Umesh Vazirani, 2001 (12 pages). 

914 From "Automatically Translating Quantum Programs from a Subset of Common Gates to an Adiabatic Representation" by Malcolm 

Regan et al, seen in Reversible Computation, conference proceedings, 11th International Conference, RC 2019, Lausanne, Switzerland, 

June 2019 (246 pages). 

915 See Practical Annealing-Based Quantum Computing by Catherine McGeoch et al of D-Wave, June 2019 (16 pages) which makes 

an inventory of the benefits of quantum annealing computing, especially in terms of the size of the problems to be solved, which should 

be neither too small because they are trivial, nor too large because they must then be broken down into sub-problems that are manage-

able with the capacity of current D-Wave processors. It seems that the problems to be solved must have global minimums and local 

minimums, the first being difficult to find with classical methods. 

916 See Performance of Commercial Quantum Annealing Solvers for the Capacitated Vehicle Routing Problem by Salvatore Sinno et 

al, September 2023 (7 pages). 

917 See Applications of Quantum Annealing in Statistics by Robert C. Foster, 2019 (30 pages). 

918 In Quantum Computing for Business, 2017 (41 slides). 

919 See How "Quantum" is the D-Wave Machine? by Seung Woo Shin, Umesh Vazirani et al, 2014 (8 pages). 

920 See the example of Phase-coded radar waveform AI-based augmented engineering and optimal design by Quantum Annealing by 

Timothé Presles et al, Thales, August 2021 (9 pages). In this use case, no quantum advantage can be seen with D-Wave due to limited 

qubits connectivity. 

https://arxiv.org/abs/2207.01827
https://arxiv.org/abs/2302.10486
https://arxiv.org/abs/quant-ph/0405098
https://arxiv.org/pdf/quant-ph/0206003.pdf
https://arxiv.org/pdf/quant-ph/0206003.pdf
https://b-ok.cc/book/5244341/592c41
https://www.dwavesys.com/sites/default/files/14-1036A-B_wp_Practical_Annealing-Based_Quantum_Computing%20(1).pdf
https://arxiv.org/abs/2309.05564
https://arxiv.org/pdf/1904.06819.pdf
http://www.theory.caltech.edu/~preskill/talks/Q2B_2017_Keynote_Preskill.pdf
https://arxiv.org/abs/1401.7087
https://hal.archives-ouvertes.fr/hal-03318130v2/document
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Daniel Lidar from the University of Southern California is investigating variations of quantum an-

nealing algorithms that could solve intractable problems on classical computers921. 

Others think that D-Wave systems can generate at best some quadratic acceleration and not an expo-

nential one, compared to traditional computing922. In 2023, many preprints did showcase various 

limitations of quantum annealing. 

In the good news realm, quantum annealing performed better than gate based QAOA running on 

IBM’s 127 noisy qubits with error suppression techniques923. Another study found similarly that quan-

tum annealing is closer to be able to solve real-world use cases than gate based QPU. It was based on 

an ambulance dispatch optimization problem. 

Still, a classical Tabu search solution is faring better than quantum annealing924. At last, a French 

study seems to prove that a Max-Cut can be solved efficiently on a quantum annealer925 and a Bul-

garian researcher did the same on the generic Set Cover Problem926. 

In the bad news, one benchmark done in Japan on a D-Wave 2000Q, against several state-of-the-art 

classical optimization algorithms designed for continuous-variable problems found that the D-Wave 

2000Q matches classical algorithms only in a limited domain of computation time. It was tested on 

the more recent D-Wave Advantage but its results were worse than with the 2000Q927. A first test of 

the Zephyr Advantage 2 prototype chip was done and didn’t detect a quantum advantage with opti-

mization problems928. Other studies done in the Netherlands and in the USA found that there can’t be 

any generic advantage for combinatorial optimizations, even not some quadratic speedup929 930. 

Software tools. D-Wave’s software development environment is Ocean, a suite of open source Py-

thon tools and libraries accessible via the Ocean SDK on both the D-Wave GitHub repository and in 

their Leap quantum cloud service (that is also accessible on Amazon Braket). It contains a large set 

of libraries to solve various optimization and constraint satisfaction problems. We cover it with more 

details starting 982. It also contains a problem visualizer, formerly ‘problem inspector’ to visualize 

how a problem in encoded in graphs though the minor embedding process. 

In October 2021, D-Wave released its Constrained Quadratic Model solver (CQM), that is working 

with both discrete and continuous variables. It expanded the optimization problems D-Wave’s anneal-

ers can solve, with up to 100,000 variable constraints931 on top of the binary quadratic model (BQM) 

 

921 See his Adiabatic quantum computing page on USC Quantum Computation and Open Quantum Systems web site. 

922 This was the opinion of Jonathan P. Dowling in Schrödinger's Killer App - Race to Build the World's First Quantum Computer by 

Jonathan P. Dowling, 2013 (445 pages), pages 208 to 216. 

923 See Quantum Annealing vs. QAOA: 127 Qubit Higher-Order Ising Problems on NISQ Computers by Elijah Pelofske et al, January 

2023 (13 pages). 

924 See Using a quantum computer to solve a real-world problem -- what can be achieved today? by R. Cumming and R. Thomas, 

November 2022 (62 pages). 

925  See Anti-crossings occurrence as exponentially closing gaps in Quantum Annealing by Arthur Braida Simon Martiel and Ioan 

Todinca, Atos and LIFO Orléans, April 2023 (22 pages). 

926 See Quantum annealing with inequality constraints: the set cover problem by Hristo N. Djidjev, February 2023 (22 pages). 

927 See Quantum annealing for continuous-variable optimization: How is it effective? by Shunta Arai et al, RIKEN and Tokyo Univer-

sity, May 2023 (24 pages). 

928 See Comparing Three Generations of D-Wave Quantum Annealers for Minor Embedded Combinatorial Optimization Problems by 

Elijah Pelofske, Los Alamos National Laboratory, January-April 2023 (21 pages). 

929 See Why adiabatic quantum annealing is unlikely to yield speed-up by Aarón Villanueva et al, Radboud University, December 2022 

(23 pages). 

930 See On the Emerging Potential of Quantum Annealing Hardware for Combinatorial Optimization by Byron Tasseff et al, October 

2022 (25 pages). 

931 See Hybrid Solver for Constrained Quadratic Models, 2021 (8 pages). 

http://qserver.usc.edu/blog/category/topics/adiabatic-quantum-computing/
http://web.archive.org/web/20191022011025/http:/www.phys.lsu.edu/~jdowling/publications/SchroedingersKillerApp.pdf
https://arxiv.org/abs/2301.00520
https://arxiv.org/abs/2211.13080
https://arxiv.org/abs/2304.12872
https://arxiv.org/abs/2302.11185
https://arxiv.org/abs/2305.06631
https://arxiv.org/abs/2301.03009
https://arxiv.org/abs/2212.13649
https://arxiv.org/abs/2210.04291
https://www.dwavesys.com/media/rldh2ghw/14-1055a-a_hybrid_solver_for_constrained_quadratic_models.pdf
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solver problems defined with binary values (0,1) and the discrete quadratic model (DQM) solver for 

problems on nonbinary (multiple choices) values. But quantum annealing can also potentially solve 

continuous-variable optimization problems932. 

Case studies. One of the oldest and famous D-Wave publicized case study came from Google and 

NASA in 2015. They were using a 2012 D-Wave annealer to solve an optimization and combinatorial 

problem in a graph whose algorithm was designed in 1994. Google announced that, on that particular 

case study, D-Wave’s annealer was 100 million times faster than a Intel Xeon server processor core933. 

Like many such claims, they were questionable since based on a single optimized algorithm, here, a 

Quantum Monte Carlo simulating quantum tunneling on a classical computer. Critics abounded about 

this performance934. It was a first ‘hype’ moment for quantum computing (Figure 289). 

 
Figure 289: how Google and NASA communicated in 2015 about the performance of a D-Wave annealer. Source: What is the 

Computational Value of Finite Range Tunneling by Vasil S. Denchev, John Martinis, Hartmut Neven et al, January 2016 (17 pages). 

D-Wave communicates on many other of its pilot references 935. A while ago, its web site referenced 

over 250 case studies, the largest number of any quantum computing vendor936. Although quantum 

annealers have technical limitations compared to general-purpose quantum computers, they have the 

advantage of being available and are surrounded by a strong software ecosystem. 

 

932 See Effectiveness of quantum annealing for continuous-variable optimization by Shunta Arai, Hiroki Oshiyama, and Hidetoshi 

Nishimori, RIKEN, Tokyo Institute of Technology and Tohoku University, PRA, October 2023 (21 pages). 

933 See Google's D-Wave 2X Quantum Computer 100 Million Times Faster Than Regular Computer Chip by Alyssa Navarro in Tech 

Times, November 2015 and documented in What is the Computational Value of Finite Range Tunneling by Vasil S. Denchev, Sergio 

Boixo, Sergei V. Isakov, Nan Ding, Ryan Babbush, Vadim Smelyanskiy, John Martinis and Hartmut Neven, January 2016 (17 pages). 

934 Including Temperature scaling law for quantum annealing optimizers, 2017 (13 pages), which points out the limitations of quantum 

annealing. 

935 I found this inventory in Quantum Applications by D-Wave, May 2019 (96 slides). 

936 See Quantum Annealing for Industry Applications: Introduction and Review by Sheir Yarkoni et al, Leiden University and Honda 

Research, December 2021 (43 pages) which provides an overview of how D-Wave annealers are “programmed” and what kinds of 

problems it can solve. 

quantum Monte Carlo

simulated annealing

https://arxiv.org/pdf/1512.02206.pdf
https://arxiv.org/pdf/1512.02206.pdf
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.108.042403
https://www.techtimes.com/articles/114614/20151209/googles-d-wave-2x-quantum-computer-100-million-times-faster-than-regular-computer-chip.htm
https://arxiv.org/pdf/1512.02206.pdf
https://arxiv.org/pdf/1703.03871.pdf
https://www.dwavesys.com/sites/default/files/D-Wave_Webinar_280519.pdf
https://arxiv.org/abs/2112.07491
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However, most of the many case studies published by D-Wave and their customers and partners seem 

to be proofs of concept. None are production-grade and deployed solutions, or at least providing a 

proven quantum advantage over classical computing. Here are a couple ones in various domains. 

With optimizations, mostly in transportation: 

• Denso, a Japanese car equipment manufacturer presented at CES 2017 in Las Vegas a system for 

optimizing a fleet of Toyota delivery vehicles. 

• Toyota and Denso crafted a solution to find the optimal location of electrical components and 

conductor paths in electric circuit systems937. 

• Volkswagen simulated the operations of a 418-cab fleet in Beijing with a QUBO based hybrid 

classical/annealing algorithm using a training data set coming from 10,357 cabs938. The solution 

was then used in November 2019 to optimize bus shuttles route at Lisbon's WebSummit, in part-

nership with Here and Volkswagen's Data:Lab in Munich, with 185 trips and 9 buses over 4 

days939. None of these solutions were in the quantum advantage regime. 

• Volkswagen also experimented quantum annealing to optimize its car paint-shop processing in 

order to minimize color switching, but with no clear quantum advantage940, and also a solution to 

develop new batteries941. 

• Researchers in Poland, Hungary, Brazil and the USA found a way to use D-Wave annealers to 

optimize trains dispatching on single-railways lines942. 

• GE Research experimented a hybrid maintenance resource allocation optimization application. 

The company has a team of over 80 people working on quantum technologies. 

• Ocado, a British retailer, prototyped some optimization solution for its robots-based warehouse 

operations. 

• KAIST and LG U+ in Korea optimized some data-transfer routing for a fleet of low-earth orbit 

telecommunications satellites using a QUBO algorithm, with the help of Qunova Computing, a 

South-Korean quantum software startup943. 

• Lockheed-Martin produced in 2014 some validation procedures for its embedded software in 6 

weeks instead of 8 months with a D-Wave and its QVTRace tool944. 

• Mastercard is working on customer loyalty and rewards allocation, cross-border settlement, and 

fraud management. The partnership with D-Wave started in 2022. 

• Pattison Food Group is working on grocery operations optimization. 

• SavantX developed a port operations optimization prototype in Los Angeles. 

 

937 See Design Optimization of Noise Filter using Quantum Annealer by Akihisa Okada et al, Toyota and Denso, January 2023 (6 

pages). It is about optimizing circuit design with using quantum annealers. 

938 See Traffic flow optimization using a quantum annealer by Florian Neukart et al, Volkswagen and D-Wave, August 2017 (12 pages). 

939 See Quantum Shuttle: Traffic Navigation with Quantum Computing by Sheir Yarkoni et al, D-Wave and Volkswagen, June 2020 (9 

pages). 

940 See Multi-car paint shop optimization with quantum annealing by Sheir Yarkoni et al, September 2021 (7 pages). 

941 See Forget quantum supremacy: This quantum-computing milestone could be just as important by Steve Ranger, December 2019. 

942 See Quantum annealing in the NISQ era: railway conflict management by Krzysztof Domino et al, December 2021 (23 pages). 

943 See KAIST & LG U+ Team Up for Quantum Computing Solution for Ultra-Space 6G Satellite Networking, KAIST press office, 

June 2022. 

944 See Quantum Computing Approach to V&V of Complex Systems Overview, 2014 (31 slides) and Experimental Evaluation of an 

Adiabatic Quantum System for Combinatorial Optimization, 2013 (11 pages). 

https://arxiv.org/abs/2301.03733
https://arxiv.org/abs/1708.01625
https://arxiv.org/abs/2006.14162
https://arxiv.org/pdf/2109.07876.pdf
https://www.zdnet.com/article/never-mind-quantum-supremacy-this-quantum-computing-milestone-could-be-just-as-important/
https://arxiv.org/abs/2112.03674
https://www.kaist.ac.kr/newsen/html/news/?mode=V&mng_no=21370
http://www.mys5.org/Proceedings/2014/Day_3_S5_2014/2014-S5-Day3-09_Elliott.pdf
http://graphics8.nytimes.com/packages/pdf/business/quantum-study.pdf
http://graphics8.nytimes.com/packages/pdf/business/quantum-study.pdf
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• BASF compared the performance of classical the Gurobi algorithm with quantum annealing (D-

Wave) and digital annealing (Fujitsu) versions to solve a transport robot scheduling problem945. 

At this point, Gurobi fares better, particularly with large data sets. 

• With various potential use cases in emergency management946. Tohoku University (Japan) de-

veloped a quantum-hybrid application to facilitate planning related to tsunami response947. With 

NEC Australia, the Australian Army explored how quantum-hybrid applications can improve last-

mile resupply in emergencies with some demonstrated advantage vs classical algorithms948. At 

last, again in Japan, Osaka University developed an application to solve the nurse scheduling 

problem (NSP) but not to a point to deliver some quantum advantage at large real-life scale in the 

tested D-2000Q annealer949. 

In drug design and healthcare: 

• Biogen, 1Qbit and Accenture did prototype in 2012 a screening solution to identify molecules 

for drug retargeting, with a problem of map staining950. It is difficult to say what this has generated 

in practice. Their partner Menten AI performs protein analysis. 

• In April 2020, D-Wave opened free access to its cloud computers to researchers looking for solu-

tions to the covid pandemic19951. The solutions developed included solving optimization prob-

lems such as optimizing patient routing to hospitals in Japan, modeling the spread of the virus, 

managing nurses' schedules in hospitals, assessing the rate of virus mutation and screening mol-

ecules. It remains to be proven that D-Wave provides a real quantum advantage in solving these 

different problems. 

• In 2022, a study showcased some potential benefits in molecular docking952. 

• Another one published in 2023 in South-Korea was about X-ray image segmentation953. 

In data science: 

• Los Alamos National Laboratory with Stanford University prototyped the detection of the 

formation of terrorist networks in Syria with analyzing imbalances in social networks954. 

In marketing: 

• Recruit Group uses D-Wave’s quantum hybrid solver constrained quadratic model (CQM) in 

production to determine when these TV commercials ads run to optimize their yield955, 

 

945 See An Optimization Case Study for solving a Transport Robot Scheduling Problem on Quantum-Hybrid and Quantum-Inspired 

Hardware by Dominik Leib et al, BASF, September-October 2023 (30 pages). 

946 See Emergency management today: Quantum computing is a 21st century solution for 21st century problems by Alan Baratz, D-

Wave, Federal News Network, July 2023. 

947 See Quantum Technology Innovation hub: Tohoku University, February 2023 (31 mn at minute 20). 

948 See NEC Australia: Solving the Last Mile Resupply Problem, 2021. 

949 See Application of Quantum Annealing to Nurse Scheduling Problem by Kazuki Ikeda, Yuma Nakamura and Travis S. Humble, 

Osaka University and Oak Ridge National Laboratory, Nature Scientific Reports, September 2019 (10 pages). 

950 Described in Programming with D-Wave Map Coloring Problem, 2013 (12 pages). 

951 See Can Quantum Computers Help Us Respond to the Coronavirus? by Mark Anderson, April 2020. 

952 See Multibody molecular docking on a quantum annealer by Mohit Pandey et al, Menten AI, University of Victoria and Flatiron 

Institute, October 2022 (20 pages). It would still require larger annealers than available today, to handle sizeable molecules docking. 

953 See Quantum optimization algorithms for CT image segmentation from X-ray data by Kyungtaek Jun, June 2023 (7 pages). 

954 See Using the D-Wave 2X Quantum Computer to Explore the Formation of Global Terrorist Networks by John Ambrosiano et al, 

2017 (14 pages). 

955 See Quantum in Production: Maximizing TV Commercial Reach, D-Wave case study (2 pages). 

https://arxiv.org/abs/2309.09736
https://arxiv.org/abs/2309.09736
https://federalnewsnetwork.com/commentary/2023/07/emergency-management-today-quantum-computing-is-a-21st-century-solution-for-21st-century-problems/
https://www.youtube.com/watch?v=UNYvS8mlaZg&list=PLPvKnT7dgEsueC42YKXifcQjWAlG0kcKm&index=23
https://www.youtube.com/watch?v=BM23FpwlAYk
https://www.nature.com/articles/s41598-019-49172-3
https://www.dwavesys.com/sites/default/files/Map%20Coloring%20WP2.pdf
https://spectrum.ieee.org/tech-talk/computing/hardware/can-quantum-computing-help-us-respond-to-the-coronavirus
https://arxiv.org/abs/2210.11401
https://arxiv.org/abs/2306.05522
https://www.lanl.gov/projects/national-security-education-center/information-science-technology/dwave/assets/ambrosiano_dwave2017.pdf
https://www.dwavesys.com/media/5tqm20yi/dwave_quantum-in-production_v4-1-1.pdf
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• Interpublic Group develops optimization tools for marketing campaigns. 

In scientific research: 

• NASA experimented D-Wave annealers in its joint QUAIL lab with Google in various fields, 

including the detection of exoplanets by analysis of telescopic observations using the transit 

method, as well as for various optimization and planning problems956. 

• In February 2021, D-Wave and Google published a study showcasing a computational advantage 

of annealing with the D-Wave Advantage for simulating some condensed matter physics, 3 mil-

lion times faster than with classical methods. It didn’t exactly describe the classical hardware that 

is being used as a reference, but it looked like a traditional Intel-based server957. These compari-

sons with a single narrow algorithm are insufficient to draw any conclusions. Another similar 

work was published in 2022 with using 2,000 qubits for accurate simulations of coherent quantum 

dynamics at large scales958. This paper did show that there was indeed large scale coherence hap-

pening in D-Wave annealers, a key feature to solve complex problems. 

• Several spin glass simulations have been conducted on D-Wave annealers with a potential quan-

tum advantage959 960. 

• A transverse field Ising model magnetization dynamics was implemented in parallel on a D-Wave 

annealer, reproducing the IBM 2022 kicked Ising model experiment (using 127 superconducting 

qubits)961. 

• Polymer simulations were also achieved by a team of researchers in Italy with a seemingly quan-

tum advantage962. 

We can also mention some recent quantum annealing algorithms: 

• Sorting lists and building search trees or heaps, which can be modeled as QUBO problems963. 

• Neural network training with using binary encoding the neural network free parameters, poly-

nomial approximation of the activation function and reduction of binary higher-order polynomials 

into quadratic ones964. 

• Physical simulations of topological matter and phase change965. 

 

956 See Quantum Computing at NASA: Current Status by Rupak Biswas, 2017 (21 slides) as well as Adiabatic Quantum Computers: 

Testing and Selecting Applications by Mark A. Novotny, 2016 (48 slides). 

957 See Scaling advantage over path-integral Monte Carlo in quantum simulation of geometrically frustrated magnets, February 2021 

(6 pages). 

958 See Coherent quantum annealing in a programmable 2000-qubit Ising chain by Andrew D. King et al, Nature, February-September 

2022 (24 pages). 

959 See Quantum critical dynamics in a 5,000-qubit programmable spin glass by Andrew D. King et al, Nature, April 2023 (45 pages). 

960 See Accelerating equilibrium spin-glass simulations using quantum annealers via generative deep learning by Giuseppe Scriva et 

al, October 2022 (14 pages) and the related presentation Accelerating spin-glass simulations using quantum annealers through deep 

learning by Sebastiano Pilati, 2021 (12 slides). 

961 See Simulating Heavy-Hex Transverse Field Ising Model Magnetization Dynamics Using Programmable Quantum Annealers by 

Elijah Pelofske et al, Los Alamos National Laboratory, November 2023 (24 pages). 

962 See Quantum-inspired encoding enhances stochastic sampling of soft matter systems by Francesco Slongo et al, Science Advances, 

October 2023 (9 pages) compared a quantum-inspired algorithm and its equivalent running on D-Wave. 

963 See QUBOs for Sorting Lists and Building Trees by Christian Bauckhage et al, March 2022 (6 pages). 

964 See Completely Quantum Neural Networks by Steve Abel et al, February 2022 (12 pages). 

965 See Observation of topological phenomena in a programmable lattice of 1,800 qubits, August 2018 (37 slides). 

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170009213.pdf
https://beyondcmos.ornl.gov/2016/documents/Session%202_talk3-Novotny.pdf
https://beyondcmos.ornl.gov/2016/documents/Session%202_talk3-Novotny.pdf
https://www.nature.com/articles/s41467-021-20901-5.pdf
https://arxiv.org/abs/2202.05847
https://www.nature.com/articles/s41586-023-05867-2
https://arxiv.org/abs/2210.11288
https://www.quantumcomputinglab.cineca.it/wp-content/uploads/2022/03/Pilati_CIneca_HPCQC.pdf
https://www.quantumcomputinglab.cineca.it/wp-content/uploads/2022/03/Pilati_CIneca_HPCQC.pdf
https://arxiv.org/abs/2311.01657
https://www.science.org/doi/10.1126/sciadv.adi0204
https://arxiv.org/abs/2203.08815
https://arxiv.org/abs/2202.11727
https://www.dwavesys.com/sites/default/files/31_Thurs_AM_King.pdf
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• Parallelizing annealing on several quantum annealers with decomposing a problem graph into 

several graphs with the DBK algorithm, used for the Maximum Clique problem with 120 nodes 

and 6,395 edges966 967. These smaller disjointed graphs are executed in a D-Wave Advantage. 

More generic distributed quantum annealing architectures are also investigated968. 

As of 2022, D-Wave had installed fewer than 10 quantum annealers at customer sites969 and operates 

about 30 of them in its own facilities, with more than half of them dedicated to their cloud access 

offering, some of them being available through the Amazon Braket cloud offering. 

One D-Wave Advantage was ordered by the DoE Los Alamos National Laboratory in September 2019 

and deployed since then970. In January 2022, the first D-Wave (Advantage) system was deployed in 

Europe, at the Forschungszentrum Jülich Supercomputing Center near Koln. It was also the first D-

Wave coupled with a supercomputer as part of the Jülich UNified Infrastructure for Quantum com-

puting (JUNIQ). The Julich team and other researchers in Germany have published several bench-

marks of various algorithms since then971. 

In summary, quantum annealing may be a technique contested by many specialists, but it has the 

merit of existing and being testable in many use cases972. 

 

Qilimanjaro (2019, Spain) is a startup based in Barcelona created by three 

physicists coming from different Spanish institutions (Barcelona Supercompu-

ting Center, IFAE, University of Barcelona). 

The founding team assembles Jose Ignacio Latorre (Chief Science Officer, also now the Director of 

CQT in Singapore and Chief Research of CRO Quantum at TII in Abu Dhabi, went through MIT, 

CERN and Niels Bohr Institute), Pol Forn-Díaz (Chief Hardware Architect, TU Delft, MIT, Caltech 

and IQC Waterloo), Artur Garcia Sáez (Chief Software Architect, ICFO, Stony Brook), plus Víctor 

Canivell (Chief Business Officer) and Jordi Blasco (Chief Financial & Legal Officer). 

They develop their own quantum annealer based on coherent flux qubits. Their differentiation lies 

with a better qubit coherence, qubits coupling designs and qubits connectivity. 

These qubits will be first controlled by classical electronics working at room temperature. In a later 

stage, they plan to create cryogenic controls on a separate chip. They rely on two fabs for their qubits 

designs, the one from IFAE and the one from the Institute of Microelectronics of Barcelona (IMB-

CNM, which has similarities with the C2N in Palaiseau, France). 

 

966 See Solving Larger Optimization Problems Using Parallel Quantum Annealing by Elijah Pelofske et al, May 2022 (16 pages). 

967 See Parallel Quantum Annealing by Elijah Pelofske, Georg Hahn and Hristo N. Djidjev, November 2021-November 2022 (13 pages). 

968 See A path towards distributed quantum annealing by Raúl Santos, Lorenzo Buffoni and Yasser Omar, PQI, December 2022 (11 

pages). 

969 Identified customers are the joint Google/NASA Quail research center, USRA (Universities Space Research Association), Lockheed 

Martin and the University of Southern California sharing one system, and Jülich Supercomputing Centre in Germany (since 2021). 

Other customers like in pharmaceutical companies are using D-Wave annealers through their Leap cloud offering. 

970 See Nuclear weapons lab buys D-Wave's next-gen quantum computer by Stephen Shankland, September 2019 and On the Emerging 

Potential of Quantum Annealing Hardware for Combinatorial Optimization by Byron Tassef et al, October 2022 (25 pages). 

971 Like Improved variational quantum eigensolver via quasi-dynamical evolution by Manpreet Singh Jattana, Kristel Michielsen et al, 

February 2022 (19 pages) and Quantum annealing for hard 2-SAT problems : Distribution and scaling of minimum energy gap and 

success probability by Vrinda Mehta, Fengping Jin, Hans De Raedt and Kristel Michielsen, February 2022 (17 pages). 

972 To learn more about D-Wave, here are their explanations about the structure of their hardware, a video explaining the structure of 

D-Wave chipsets, a video from Linus, a blogger who gets into the bowels of a D-Wave 2000Q in quite a detailed way, the video of 

Colin Williams's presentation at USI in June 2018 in Paris (33 minutes) as well as Near-Term Applications of Quantum Annealing, 

2016, an interesting Lockheed Martin presentation on the uses of a D-Wave computer (34 slides). And testimonials from their customers 

in Qubits 2017. See also Brief description on the state of the art of some local optimization methods: Quantum annealing by Alfonso 

de la Fuente Ruiz, 2014 (21 pages). 
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https://arxiv.org/abs/2202.10130
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https://arxiv.org/abs/2202.00118
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https://www.youtube.com/watch?v=keb1TSg-bAs
https://www.youtube.com/watch?v=keb1TSg-bAs
http://www.fz-juelich.de/ias/jsc/EN/Expertise/Workshops/Conferences/QUAASI16/Programme/Talks/quaasi16-adachi.pdf?__blob=publicationFile
https://dwavefederal.com/qubits-2017/
https://arxiv.org/ftp/arxiv/papers/1404/1404.2465.pdf
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In a full-stack approach, they are also developing QIBO, a quantum software platform in the cloud. 

It is the cloud operating service to run software batches on the future Qilimanjaro quantum annealer, 

classical quantum emulators and gate-based quantum computers with a design pattern to create clas-

sical/quantum hybrid algorithms. 

They extended it in 2023 with Qibolab, a software platform to drive qubit control electronics973. 

They initially wanted to launch an ICO (initial coin offering) to fund the company when it was trendy 

but abandoned it. On top of benefiting from public grants, the company started to work for an un-

named French international company involved in logistics to develop quantum inspired optimization 

algorithms. They then established a partnership with Abu-Dhabi to help the Emirate create its Quan-

tum Research Centre at the Technology Innovation Institute (QRC-TII). They provide Abu Dhabi 

with their know-how to build the QCR research lab and team, provide access to their technology with 

the goal of selling them a multi-qubit quantum processor before 2023, and let them then become self-

sufficient. Jose-Ignacio Latorre became their TII’s Chief Scientist after the deal was made. In 2020, 

he also became the director of CQT in Singapore after having been a visiting professor since 2013. 

CQT may play a role first in Qilimanjaro’s software development efforts. 

Qilimanjaro also benefits from European funding through the project AVAQUS already mentioned. 

This project coordinator is Pol Forn-Díaz, head of the IFAE Quantum Computing Technologies group 

on top of his role in Qilimanjaro. It involves the superconducting team from Nicolas Roch at Institut 

Néel in Grenoble who designs the microwave amplifiers used in flux qubits readouts. 

 

At last, let’s mention that NEC (Japan) is also developing coherent quantum 

annealers using parametric oscillators and qubits as couplers. 

They ambition to have an available system by 2023 with an “all-to-all” qubits connectivity (which is 

actually a nearest-neighbor one)974. They seem to reuse some research work done on superconducting 

qubits initially aimed at gate-based quantum computing. Meanwhile, they also work on some simu-

lated annealing software running on their classical supercomputer, the SX-Aurora Tsubasa. 

In June 2023, NEC announced a partnership with Tohoku University on an 8-qubit quantum annealing 

QPU that was developed using superconducting technology in association with the ParityQC LHZ 

counter-diabatic architecture. It is not sure it fares very well with regards to scalability and reaching 

any quantum advantage. 

Superconducting qubits 

After describing superconducting-based quantum annealing, let's move on to gate-based supercon-

ducting qubits quantum computers. From a physical point of view, D-Wave's accelerators and super-

conducting qubits ones have in common to be based on Josephson junctions but their qubit physics, 

overall architectures, control signals and programming models are way different. 

Superconducting qubits seem to be the kings in quantum computing town, being exploited or chosen 

by IBM, Google, Rigetti, Amazon, Alibaba, as well as many startups such as IQM (Finland) and OQC 

(UK). It is the currently best scalable architecture in the gate-based model with a record of 433 oper-

ational qubits for with IBM and 176 in China as of mid-2023 (Figure 290), but with much poorer 

fidelities than can be demonstrated with trapped-ions (with 32 qubits). 

Like all existing gate-based quantum systems, superconducting qubits computers are in the pre-NISQ 

or NISQ realm, aka noisy intermediate-scale computers, with such a low qubit gates and readout 

fidelity that they are impractical for most industry use cases. 

 

973 See Qibolab: an open-source hybrid quantum operating system by Stavros Efthymiou et al, August 2023 (18 pages). 

974 See Quantum Computing Initiatives, NEC. 

https://arxiv.org/abs/2308.06313
https://www.nec.com/en/global/quantum-computing/index.html
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It is observable with the discrepancy between the number of available physical qubits (72, 80 and 433 

with Google, Rigetti and IBM) and the number of qubits that are actually exploited with most useful 

algorithms, that does not exceed 20 at this point in time. 

IBM’s quantum volume is currently capped at 9 useful qubits with their best 27 qubits system using 

their Falcon R10 chip. We will discuss in this part the IBM quantum utility using 127 qubits that was 

published in June 2023 and the response from the classical computing community. 

 

Figure 290: superconducting qubits pros and cons. (cc) Olivier Ezratty, 2021-2023. 

The short term workaround of low fidelity is a mix of quantum error mitigation techniques in associ-

ation with adapted quantum algorithms. Longer term workarounds are quantum error correction and 

qubits number scalability. It creates problems that are not yet solved with regards to fidelity stabili-

zation with a growing number of qubits, solving the qubits cabling maze with cryogenic electronics 

or signals multiplexing and scaling cryostats cooling power. 

Google and IBM’s current approaches to scale their systems are way too optimistic as we’ll see later 

but you can still bet on them solving both fundamental and engineering problems975. 

The Josephson junction used in these qubits is a thin nanometric insulating barrier between two su-

perconducting metals, creating a tunnel junction. It creates a quantum electrical component with a 

single degree of freedom, the superconducting phase difference between its electrodes, conjugated to 

the number of Cooper pairs passed through the junction. The supercurrent through the junction (direct 

current Josephson effect) is driven by the phase difference. From the electrical point of view, a Jo-

sephson junction behaves as a non-dissipative and non-linear inductance whose value depends on the 

phase, and thus on the current. Superconducting qubits have the particularity of being the only main-

stream ones that are macroscopic, in the sense that they are not linked to the control of a single parti-

cles such as individual atoms, electrons or photons, as in most other qubit technologies. 

At superconducting temperature well below the superconductivity critical temperature, Josephson 

junctions embedded in an electrical circuit behave as an artificial atom, with gate and/or flux con-

trolled quantum levels and about 1011 electrons (100 billion) of electron Cooper pairs. They form an 

artificial atom with precisely controllable energy levels according to their parameters comprising a 

Josephson barrier, some capacitances and inductances connected in series and/or in parallel and some 

readout circuits using a nearby resonator976. This artificial atom property was first demonstrated in 

1985. 

 

975 See for example the review paper A practical guide for building superconducting quantum devices by Yvonne Y. Gao et al, Septem-

ber 2021 (49 pages). 

976 This artificial atom property was demonstrated in 1985. See Energy-Level Quantization in the Zero-Voltage State of a Current-

Biased Josephson Junction by John Martinis, Michel Devoret and John Clarke, 1985 (2 pages). 

• qubit coherence time usually < 300 μs.

• cryogeny constrained technology at <15 mK.

• heterogeneous qubits requiring calibration 
and complex micro-wave frequency maps.

• qubit coupling limited to neighbor qubits in 2D 
structures (as compared with trapped ions).

• cabling complexity and many passive and 
active electronic components to control qubits 
with micro-waves.

• qubits size and uneasy miniaturization.

• qubit fidelities are average with most vendors.

• key technology in public research and with
commercial vendors (IBM, Google, Rigetti, 
Intel, Amazon, OQC, IQM, etc).

• record of 433 programmable qubits with IBM.

• constant progress in noise reduction, 
particularly with the cat-qubits variation which 
could enable a record low ratio of 
physical/logical qubits.

• many existing enabling technologies: 
cryostats, cabling, amplifiers, logic, sensors.

• potentially scalable technology and 
deployable in 2D geometries.
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https://arxiv.org/pdf/2106.06173.pdf
http://iramis.cea.fr/drecam/spec/Pres/Quantro/Qsite/publi/articles/fichiers/preprints/85-PRL-Martinis-EnergyLevels.pdf
http://iramis.cea.fr/drecam/spec/Pres/Quantro/Qsite/publi/articles/fichiers/preprints/85-PRL-Martinis-EnergyLevels.pdf
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Superconducting qubits use non dissipative elements: capacitors, inductors and the Josephson junc-

tion which act as a nonlinear non-dissipative inductor. Capacitors store energy in the electric field 

while inductors store energy in the magnetic field. 

But at any non-zero frequency, superconductors still dissipate some power, through two channels: the 

transport by the Cooper pairs and by normal charge carriers (quasiparticles), that is proportional to 

the quasiparticle density, which diminishes exponentially at low temperatures. 

History 

The history of superconducting qubits started in the mid-1980s but you need to fly back to 1957 with 

the elaboration of the BCS theory that explained (partially) how pairs of opposite spin electrons - 

aka Cooper pairs - behave at low temperatures, generating the superconducting effect. Then, 1962 

marks the Josephson effect discovery by Brian Josephson, completed by its experimental proof in 

1963 by John M. Rowell from the Bell Labs. 

In 1980, Anthony Leggett modelized the collective degrees of freedom of superconducting circuits. 

A bit like a Bose-Einstein condensate of cold neutral atoms, Cooper-pairs of electrons in a supercon-

ducting material behave like a single quantum object with its own quantum wave977. Antony Leggett 

understood that the quantum behavior of a Josephson junction, if any, can be inferred from its classical 

behavior. 

In 1985, John Clarke, Michel Devoret (his post-doc) and John Martinis (his PhD student), demon-

strated the phenomenon of Macroscopic Quantum Tunneling of a current-biased Josephson junction 

out of its zero-voltage state978. Soon after, they demonstrated quantum levels for the phase. This was 

the first artificial electrical atom. Back then, the JJ (the little nickname for Josephson junctions) was 

implemented with Nb-NbOx-PbIn (niobium, lead, indium) and cooled with a He4-based cryostat. 

In 1998, Vincent Bouchiat, then a PhD in Michel Devoret, Daniel Esteve and Cristian Urbina’s 

Quantronics group at CEA-Saclay in France, implemented the first Cooper Pairs Box (CPB) and 

characterized its ground state. Practically speaking, a Cooper pair box is a JJ connected to a voltage 

source by a capacitor on one side, and a Josephson junction on the other side. 

The first demonstration of quantum coherent superposition with the first excited state was achieved 

in 1999 by Yasunobu Nakamura with Yuri Pashkin and Jaw-Shen Tsai at NEC Labs in Tsukuba, 

Japan979. It was the first “charge qubit” per se, with a tiny coherence time of 2 ns. They extended it 

in 2001, implementing the first measurement of Rabi oscillations associated with the transition be-

tween two Josephson levels in the Cooper pair box, using the configuration developed by Vincent 

Bouchiat and Michel Devoret in 1998. A first functional qubit version of the Cooper pair box, the 

quantronium, was demonstrated by the CEA-Saclay Quantronics team in 2002980. It took about 12 

years to CEA’s team to reach 4 qubits (Figure 291). 

The modern version of the CPB circuit, the transmon, was developed at Yale University in 2006 

(Figure 293). The Yale University research teams led by Rob Schoelkopf, Michel Devoret and Steve 

 

977 See A Brief History of Superconducting Quantum Computing by Steven Girvin, August 2021 (39 mn). In a Josephson junction, the 

Cooper pair density difference n and the Josephson phase θ are conjugate variables with [n, θ]=i. 

978 See Energy-Level Quantization in the Zero-Voltage State of a Current-Biased Josephson Junction by John M. Martinis, Michel H. 

Devoret and John Clarke, PRL, 1985 (4 pages). 

979 See Coherent control of macroscopic quantum states in a single-Cooper-pair box by Yasunobu Nakamura, Yuri Pashkin and Jaw-

Shen Tsai, Nature, 1999 (4 pages). 

980 See Superconducting quantum bits by Hans Mooij, Physics World, December 2004 that provides more technical insights of what 

was achieved in Japan and France between 1999 and 2022. It took about 12 years to CEA’s team to reach 4 qubits as described in the 

interesting thesis Design, fabrication and test of a four superconducting quantum-bit processor by Vivien Schmidt, 2015 (191 pages). 

Back then, IBM and Google teams were also at a similar stage. 

https://www.youtube.com/watch?v=xjlGL4Mvq7A
https://iramis.cea.fr/drecam/spec/Pres/Quantro/Qsite/publi/articles/fichiers/preprints/85-PRL-Martinis-EnergyLevels.pdf
https://arxiv.org/abs/cond-mat/9904003
https://physicsworld.com/a/superconducting-quantum-bits/
https://tel.archives-ouvertes.fr/tel-01214394/document
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Girvin welcomed many talented theoreticians and experimentalists who were key contributors to the 

progress of transmon qubits. 

  

Figure 291: Daniel Esteve (CEA Quantronics) showing to the author the first operational two-transmon processor in his laboratory, June 2018. 

Alexandre Blais and Andreas Wallraff developed around 2003-2004 the key principles of circuit 

QED (cQED) as shown in Figure 292 981. It allowed quantum non-demolition readout of qubit state 

in the dispersive regime. A QND readout happens after measurement collapses the wave function 

onto |0⟩ or |1⟩ and a subsequent readout will yield the same |0⟩ or |1⟩982. 

Then, David Schuster and Jay Gambetta created between 2007 and 2011 2D and 3D cavity resona-

tors designs983. 

Jens Koch created Cooper pair boxes with a large shunting capacitance which created a modest re-

duction in anharmonicity and enabled strong coupling with microwave photons984. 

 
Figure 292: principles of circuit QED. 

Source: Circuit QED - Lecture Notes by Nathan K. Langford, 2013 (79 pages). 

 

981 cQED was defined in Cavity quantum electrodynamics for superconducting electrical circuits: An architecture for quantum compu-

tation by Alexandre Blais, Ren-Shou Huang, Andreas Wallraff, Steve Girvin and Rob. Schoelkopf, PRA, 2004 (14 pages) and Strong 

coupling of a single photon to a superconducting qubit using circuit quantum electrodynamics by Andreas Wallraff, David Schuster, 

Alexandre Blais, Steve Girvin, Rob Schoelkopf et al, Nature, 2004 (7 pages). See also Superconducting Qubits: A Short Review by 

Michel H. Devoret, Andreas Wallraff and John M. Martinis, 2004 (41 pages) and Circuit QED and engineering charge based supercon-

ducting qubits by Steve Girvin, Michel Devoret and Rob Schoelkopf, 2009 (27 pages). 

982 QND was created by Vladimir Braginsky (1931-2016) in Russia in the early 1980s. 

983 See Circuit Quantum Electrodynamics by David Schuster, 2007 (255 pages), 3D microwave cavity with magnetic flux control and 

enhanced quality factor by Yarema Reshitnyk et al, 2016 (6 pages)  and the foundational paper Observation of high coherence in 

Josephson junction qubits measured in a three-dimensional circuit QED architecture by Hanhee Paik, Michel Devoret et al, 2011 (5 

pages). 

984 See Charge insensitive qubit design derived from the Cooper pair box by Jens Koch, Terri M. Yu, Jay Gambetta, Andrew. Houck, 

David Schuster, J. Majer, Alexandre Blais, Michel Devoret, Steve Girvin and Rob Schoelkopf, 2007 (21 pages). That’s quite a hall of 

fame for a paper! 

https://arxiv.org/abs/1310.1897
https://arxiv.org/abs/cond-mat/0402216
https://arxiv.org/abs/cond-mat/0402216
https://www.researchgate.net/publication/8356677_Strong_coupling_of_a_single_photon_to_a_superconducting_qubit_using_circuit_quantum_electrodynamics
https://www.researchgate.net/publication/8356677_Strong_coupling_of_a_single_photon_to_a_superconducting_qubit_using_circuit_quantum_electrodynamics
https://arxiv.org/abs/cond-mat/0411174
https://www.researchgate.net/publication/45891233_Circuit_QED_and_engineering_charge_based_superconducting_qubits
https://www.researchgate.net/publication/45891233_Circuit_QED_and_engineering_charge_based_superconducting_qubits
https://rsl.yale.edu/sites/default/files/files/RSL_Theses/SchusterThesis.pdf
https://epjquantumtechnology.springeropen.com/track/pdf/10.1140/epjqt/s40507-016-0050-8.pdf
https://epjquantumtechnology.springeropen.com/track/pdf/10.1140/epjqt/s40507-016-0050-8.pdf
https://arxiv.org/abs/1105.4652
https://arxiv.org/abs/1105.4652
https://arxiv.org/abs/cond-mat/0703002
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Figure 293: a historical timeline of superconducting qubits. The contribution of scientists at Yale University seems dominant here, 

thus the nickname of the “Yale gang”. (cc) Olivier Ezratty, 2022-2023. 

Jerry Chow was also a key contributor between 2005 and 2010 and has since then been at IBM, now 

leading their quantum hardware system developments in Jay Gambetta’s team. In 2009. Devoret, 

Schoelkopf, Leonardo Di Carlo (now at TU Delft), Jerry Chow et al created the first programmable 

two-qubit processor and implemented a small Grover search on it. The first functional two-qubit pro-

cessor fully fitted with a universal set of gates and individual single-shot qubit readout was then in 

2012 demonstrated with Grover’s search algorithm by A. Dewes et al at CEA Saclay. 
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Blake Robert Johnson proposed in 2011 to use a Purcell filter to protect a qubit from spontaneous 

emission coming from the Purcell effect that is a relaxation through the readout resonator. It is a mix 

of low-pass and high-pass microwave filter985. The spontaneous emission rate (SER) is one key con-

tributor that affects a superconducting qubit coherence time T1. 

In another domain, Matt Reagor and Hanhee Paik improved in 2013 the stability of microwaves 

and qubit coherence (T1/T2) with transmons embedded in 3D cavities986. These high Q-factor cavities 

enable long T1 and are still investigated987. 

Other contributions worth mentioning are Hans Mooij (TU Delft) who created a flux-qubit with three 

Josephson junctions in 1999 with experiments done in 2000. Andrew Hook (Princeton) contributed 

to the development of the transmon qubit. In 2010, Andrew Cleland, John Martinis and their PhD 

Arron O’Connell were able to entangle three flux superconducting qubits and to control it with a 

mechanical resonator988. It led to the creation of the Xmon tunable qubit in 2013989, which was later 

used by John Martinis at Google after 2014. Andrew Cleland now runs his own lab at the University 

of Chicago. 

In 2017, Peter Leek then at Oxford created the coaxmon superconducting qubit, where the qubit and 

resonator are on opposing sides of a single chip, with control and readout wiring being provided by 

coaxial wiring running perpendicular to the chip plane990. It led the same year to the creation of OQC. 

In 2022, Mikko Möttönen from IQM created the Unimon superconducting qubit with a simpler set-

ting, better nonlinearity and fidelities991. However, both these qubits have not yet showcased im-

proved figures of merit vs the state of the art. 

Then, cat-qubits were created in 2013 by Mazyar Mirrahimi at Yale with Michel Devoret, with later 

contributions by Zaki Leghtas and many advances since then. 

Let’s now circle back to the different types of superconducting qubits that differ in the way they 

encode quantum information in two distinct states992 (Figure 294): 

Phase Qubits use larger Josephson junctions than in charge qubits. Their state corresponds to two 

levels of current energy in a Josephson junction. This approach was tested by NIST in the USA among 

other places but no commercial vendor seems to use this type of superconducting qubit. John Martinis 

tested such qubits back in 2012 at UCSB in a 5-qubit system used to factorize the number 15 993. A 

German (Jülich, University of Munster) and Russian (Kotelnikov Institute) team proposed in early 

2020 to use YBa2Cu3O7-x nanotubes (also called YBCO, for yttrium, barium, copper and oxide, 

 

985  See Controlling Photons in Superconducting Electrical Circuits by Blake Robert Johnson, a thesis under the direction of Rob 

Schoelkopf, 2011 (190 pages) which proposed the Purcell filter. See also Controlling the Spontaneous Emission of a Superconducting 

Transmon Qubit by Andrew Houck, Jay Gambetta, Michel Devoret, Rob Schoelkopf et al, 2008 (4 pages) and Quantum theory of a 

bandpass Purcell filter for qubit readout by Eyob A. Sete et al, 2015 (15 pages). The spontaneous emission rate (SER) is one key 

contributor that affects a superconducting qubit coherence time T1. 

986 See Reaching 10 ms single photon lifetimes for superconducting aluminum cavities by Matt Reagor, Hanhee Paik et al, 2013 (4 

pages). 

987 See the review paper Advancements in Superconducting Microwave Cavities and Qubits for Quantum Information Systems by Alex 

Krasnok et al, April 2023 (57 pages). 

988 See Quantum ground state and single-phonon control of a mechanical resonator by Aaron O’Connell, John Martinis, Andrew Cle-

land et al, Nature, 2010 (7 pages). 

989 See Coherent Josephson qubit suitable for scalable quantum integrated circuits by R. Barends, John Martinis and Andrew Cleland, 

April 2013 (10 pages). 

990 See Double-sided coaxial circuit QED with out-of-plane wiring by J. Rahamim, Peter Leek et al, 2017 (4 pages). 

991 See Unimon qubit by Eric Hyyppä, Mikko Möttönen et al, March 2022 (37 pages). 

992 This is well explained in Practical realization of Quantum Computation, (36 slides). 

993 See Computing prime factors with a Josephson phase qubit quantum processor by Erik Lucero, John Martinis et al, 2012 (5 pages). 

https://rsl.yale.edu/sites/default/files/files/RSL_Theses/johnson-thesis.pdf
https://rsl.yale.edu/sites/default/files/physrevlett.101.pdf.controlling_the_spontaneous_0.pdf
https://rsl.yale.edu/sites/default/files/physrevlett.101.pdf.controlling_the_spontaneous_0.pdf
https://arxiv.org/abs/1504.06030
https://arxiv.org/abs/1504.06030
https://arxiv.org/abs/1302.4408
https://arxiv.org/abs/2304.09345
https://clelandlab.uchicago.edu/pdf/oconnell_nature.pdf
https://arxiv.org/abs/1304.2322
https://arxiv.org/abs/1703.05828
https://arxiv.org/abs/2203.05896
http://www.physics.udel.edu/~msafrono/650/Lecture19.pdf
https://arxiv.org/pdf/1202.5707.pdf
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which is superconducting at 92K) to create phase qubits controllable by a single microwave photon994. 

Overall, the phase qubit seems to be dead-end. 

Flux Qubits: their states correspond to the direction of flow of the superconducting current in its 

loop. It couples a capacitor, from one to three Josephson junctions and a superinductor and has high 

coherence and large anharmonicity which also enable the handling of qutrits instead of qubits like 

what Rigetti is experimenting. Measuring the state of such a qubit uses a SQUID (superconducting 

quantum interference device) with two Josephson junctions connected in parallel, a magnetometer 

that measures the current direction in the qubit, thus its basis state 0 or 1. This type of superconducting 

qubit is adopted by Rigetti, Alibaba995 996 997, Bleximo and Atlantic Quantum in the industry vendor 

space. It is studied in research labs at the MIT Lincoln Lab and within Atlantic Quantum998, the Law-

rence Berkeley National Laboratory (Irfan Siddiqi999 1000), the University of Berkeley and Yale Uni-

versity (Shruti Puri), the University of Maryland (Vladimir Manucharyan with a T2 exceeding 1.35 

ms and single-qubit gate fidelity over 99.99% 1001 1002 and flip-chip packaging with an SFQ electron-

ics chip1003), Princeton University1004, Stanford University1005, NBI in Denmark1006, in Russia (with 

two qubits CZ gates fidelities of 99.23% 1007 1008) and in Israel at Bar Ilan University (with improved 

fabrication techniques1009 1010). In recent works, fluxonium qubits generated the best T1/T2 with T1 

exceeding 1 ms. They use control frequencies usually below 3 GHz which lowers down dielectric 

loss effects and leads to long relaxation time T1. 

 

994 See Energy quantization in superconducting nanowires, February 2020, referring to Energy-level quantization and single-photon 

control of phase slips in YBa2Cu3O7-x nanowires by M. Lyatti, February 2020. 

995 See Fluxonium qubits for ultra-high-fidelity and scalable quantum processors by Chunqing Deng, (49 minutes). 

996 See Fluxonium: An Alternative Qubit Platform for High-Fidelity Operations by Feng Bao et al, 2022 (19 pages). 

997 See Characterization of loss mechanisms in a fluxonium qubit by Hantao Sun et al, Alibaba, February 2023 (17 pages). 

998 See High-Fidelity, Frequency-Flexible Two-Qubit Fluxonium Gates with a Transmon Coupler by Leon Ding, William D. Oliver et 

al, MIT and Atlantic Quantum, PRX, April-September 2023 (23 pages). 

999 See Scalable High-Performance Fluxonium Quantum Processor by Long B. Nguyen, Irfan Siddiqi Singh et al, January 2022 (29 

pages). 

1000 See Blueprint for a High-Performance Fluxonium Quantum Processor by Long B. Nguyen, Shruti Puri, Irfan Siddiqi et al, Berkeley, 

Yale and Bleximo, PRX Quantum, August 2022 (38 pages) which details very well the design challenges with fluxonium qubits. 

1001 See Millisecond coherence in a superconducting qubit by Aaron Somoroff, Vladimir Manucharyan et al, University of Maryland, 

PRL, March 2021-June 2023 (14 pages). Not only do they have a T2 exceeding 1.35 ms but their single-qubit gate fidelity also exceeds 

99.99% (with a few qubits, though). 

1002 See The high-coherence fluxonium qubit by Long B. Nguyen, Vladimir Manucharyan et al, October 2018 (12 pages). 

1003 See Fluxonium Qubits in a Flip-Chip Package by Aaron Somoroff, Oleg Mukhanov, Vladimir Manucharyan et al, March-December 

2023 (13 pages) which describes flip-chip bonding between a fluxonium qubit chip and a SFQ qubit drive chip. 

1004 See DEC-QED: A flux-based 3D electrodynamic modeling approach to superconducting circuits and materials by Dzung N. Pham 

et al, Princeton, December 2022 (21 pages). 

1005 See Strong dispersive coupling between a mechanical resonator and a fluxonium superconducting qubit by Nathan R. A. Lee et al, 

Stanford University, April 2023 (22 pages). 

1006 See Fast universal control of a flux qubit via exponentially tunable wave-function overlap by Svend Krøjer et al, NBI, March 2023 

(11 pages). 

1007 See High fidelity two-qubit gates on fluxoniums using a tunable coupler by Ilya N. Moskalenko, Ilya S. Besedin et al, Russian 

Quantum Center, March 2022 (18 pages). 

1008 See High fidelity two-qubit gates on fluxoniums using a tunable coupler by Ilya N. Moskalenko, Ilya S. Besedin et al, npj Quantum 

Information, November 2022 (10 pages). 

1009 See Reproducibility and Gap Control of Superconducting Flux Qubits by T. Chang, Michael Stern et al, Bar-Ilan University and 

University of Melbourne, PRA, December 2022 (20 pages). 

1010 See Tunable Superconducting Flux Qubits with Long Coherence Times by T. Chang, T. Cohen, I. Holzman, G. Catelani, and 

Michael Stern, PRA, February 2023 (12 pages). 

https://www.swissquantumhub.com/energy-quantization-in-superconducting-nanowires/
https://www.nature.com/articles/s41467-020-14548-x
https://www.nature.com/articles/s41467-020-14548-x
https://www.youtube.com/watch?v=XJJJGEl03WE
https://arxiv.org/abs/2111.13504
https://arxiv.org/abs/2302.08110
https://arxiv.org/abs/2304.06087
https://arxiv.org/abs/2201.09374
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.037001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.267001
https://arxiv.org/abs/1810.11006
https://arxiv.org/abs/2303.01481v2
https://arxiv.org/abs/2212.12775
https://arxiv.org/abs/2304.13589
https://arxiv.org/abs/2303.01102
https://arxiv.org/abs/2203.16302
https://www.nature.com/articles/s41534-022-00644-x
https://arxiv.org/abs/2207.01427
https://arxiv.org/abs/2207.01460
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Single-qubit gates can have good speed in the range of 10 ns and errors levels around 10−4. In this 

architecture, both readout and control crosstalk are expected to be small1011 1012. The main shortcom-

ings of flux qubits are their bad protection from both relaxation (T1) and dephasing (T2) and circuit 

complexity for gates and readout. 

The heavy fluxonium variant uses a different geometry with a 3D transmon shunted by a large linear 

inductance of a Josephson array1013. Qubit gates can be driven by simple DC and RF flux, removing 

the need for complex microwave waveforming with AWG (arbitrary waveform generators). It reached 

two-qubit gate fidelities of 99.9%, although with only two qubits. 

In the quantum annealing domain, D-Wave uses flux controlled SQUIDs that are coupled magneti-

cally to implement a quantum annealing process. The company has plans to implement flux qubits in 

a gate-based mode, with completely different chip designs. 

Charge Qubits: their states correspond to current flow thresholds in the Josephson junction of the 

superconducting loop. Small Josephson junctions delimit a superconducting island with a well-de-

fined electrical charge. The basis states of such charge qubits are the states of charge of the island in 

Cooper pairs. The most common variant is the transmon, for “transmission line shunted plasma os-

cillation qubit”, which reduces the effect of charge noise but with a weaker anharmonicity1014. With 

transmons, the Cooper pairs box is operated in the phase regime. 

The nonlinear Josephson junction inductance makes the LC resonator slightly anharmonic, and its 

two lowest energy levels are the basis states of the qubit. Transmons are used by IBM, Google, IQM 

and others. To date, these are the qubits generating the lowest error rate in superconducting qubits but 

their low anharmonicity creates a toll on gate and readout speeds. 

They are divided into at least two categories: qubits with a single Josephson junction (single junction 

transmon, used by IBM) or with two Josephson junctions connected in parallel (spit transmon, used 

by Google)1015. 

Then, you have many variations with the coaxmon (OQC) and unimon (IQM), the mergemon or 

merged element transmon where the Josephson junction is engineered to act as its own parallel shunt 

capacitor, reducing the size of the qubit1016. Here, the split junction is based on a SQUID geometry, 

equivalent of a tunable Josephson junction. It is very convenient, but sensitive to flux noise. There 

are other variations like the Blochnium1017 and the quartic Blochnium1018, with large inductances 

made of many Josephson junctions, enabling better anharmonicity, and the Kinemon developed in 

Russia, with inductively shunts transmons to improve the two-level system anharmonicity1019. 

 

1011 See Transmon and Fluxonium Qubits by Emanuel Hubenschmid, June 2020 (106 slides). 

1012 See Characterizing crosstalk of superconducting transmon processors by Andreas Ketterer et al, March 2023 (9 pages). 

1013 See Tunable inductive coupler for high fidelity gates between fluxonium qubits by Helin Zhang, Jens Koch, David I. Schuster et 

al, University of Chicago, Stanford, Princeton, September 2023 (17 pages). 

1014 See Charge insensitive qubit design derived from the Cooper pair box by Jens Koch, Jay Gambetta, Alexandre Blais, Michel De-

voret, Rob Schoelkopf et al, 2007 (21 pages). 

1015 Transmon is a diminutive of "Transmission line shunted plasmon oscillation circuit" created by Rob Schoelkopf, in other words, 

an oscillator circuit based on shunted Josephson junction. The shunt has become a capacitance that filters low frequencies. A plasmon 

is the collective behavior of free electrons of metals, here in the form of superconducting Cooper pairs. 

1016 See Merged-element transmon by R. Zhao et al, December 2020 (8 pages) and Merged-Element Transmons: Design and Qubit 

Performance by H. J. Mamin et al, IBM Research, August 2021 (8 pages). 

1017 See The superconducting quasicharge qubit by Ivan V. Pechenezhskiy, Vladimir E. Manucharyan et al, University of Maryland, 

July 2019-March 2021 (6 pages). 

1018 See The quartic Blochnium: an anharmonic quasicharge superconducting qubit by Luca Chirolli, Matteo Carrega, and Francesco 

Giazotto, April 2023 (9 pages). 

1019 See Kinemon: inductively shunted transmon artificial atom by Daria Kalacheva et al, June 2023 (10 pages). 

https://theorie.physik.uni-konstanz.de/burkard/sites/default/files/images/Seminar_3_TrFl.pdf
https://arxiv.org/abs/2303.14103
https://arxiv.org/abs/2309.05720
https://arxiv.org/pdf/cond-mat/0703002.pdf
https://arxiv.org/abs/2008.07652
https://arxiv.org/abs/2103.09163
https://arxiv.org/abs/2103.09163
https://arxiv.org/abs/1907.02937
https://arxiv.org/abs/2304.10401
https://arxiv.org/abs/2306.05830
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Figure 294: the different types of superconducting qubits and the related industry vendors. inspired from Implementing Qubits with 
Superconducting Integrated Circuits by Michel Devoret, 2004 (41 pages) and Flux Noise in Superconducting Qubits, 2015 (44 slides). 

Updated in 2023. 

Andreev Spin Qubits (ASQ) is a research-level qubit that relies on a localized microscopic excitation 

of the BCS condensate that natively has only two levels and is based on a nanowire. It is not a col-

lective excitation of the superconducting loop circuit. This qubit type was proposed at and is studied 

at Chalmers in Sweden1020 (funded as a H2020 program from 2019 to 20231021), Yale, at CEA Saclay 

in France1022, NBI in Denmark and also QuTech in The Netherlands, among other places. Since it 

manipulates electron spins in relation to a superconducting resonator and makes use of circuit elec-

trodynamics (cQED), it sits in between the categories of superconducting and silicon spin qubits1023 
1024. 

Bosonic qubits correspond to a broad category of qubits that are resilient to noise or generating less 

noise and make it possible to assemble logical qubits with much fewer physical qubits, in the 10-100 

range instead of 1,000-10,000 range1025. 

 

1020 See the initial proposal in Andreev Level Qubit by A. Zazunov et al, PRL, 2003 (4 pages), Dynamics and phonon-induced deco-

herence of Andreev level qubit by A. Zazunov et al, PRB, 2005 (22 pages) and the thesis Coherent manipulation of Andreev Bound 

States in an atomic contact by Camille Janvier, CEA Quantronics, 2016 (268 pages). And recent research in Coherent manipulation of 

an Andreev spin qubit by M. Hays, Michel Devoret et al, Science, 2021 (17 pages) and Direct manipulation of a superconducting spin 

qubit strongly coupled to a transmon qubit by Marta Pita-Vidal et al, August 2022 (24 pages). 

1021 See Andreev qubits for scalable quantum computation with an EU contribution of 3.5M€. 

1022 See Circuit-QED with phase-biased Josephson weak links by C. Metzger, Christian Urbina, Hugues Pothier et al, January 2021 (22 

pages). 

1023 See Spectroscopy of spin-split Andreev levels in a quantum dot with superconducting leads by Arno Bargerbos, August-September 

2022 (27 pages). 

1024 See Direct manipulation of a superconducting spin qubit strongly coupled to a transmon qubit by Marta Pita-Vidal et al, Nature 

Physics, May 2023 (24 pages). 

1025 See Quantum information processing with bosonic qubits in circuit QED by Atharv Joshi et al, 2021 (24 pages). 
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https://arxiv.org/abs/cond-mat/0404656
https://arxiv.org/abs/cond-mat/0404656
https://tel.archives-ouvertes.fr/tel-01431433/file/75947_JANVIER_2016_diffusion.pdf
https://tel.archives-ouvertes.fr/tel-01431433/file/75947_JANVIER_2016_diffusion.pdf
https://arxiv.org/abs/2101.06701
https://arxiv.org/abs/2101.06701
https://arxiv.org/abs/2208.10094
https://arxiv.org/abs/2208.10094
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It contains cat-qubits and GKP codes1026  1027  1028  1029 . Other protected qubits include the zero-π 

qubits of Peter Brooks, Alexei Kitaev and John Preskill which use two Josephson junctions, the 

bifluxon1030, cos(2θ) qubits1031, the Kerr-cat1032, dual-rail encoding qubits studied at Yale and Or-

ford University1033 and other variants1034 1035 1036. These qubits implement so-called autonomous error 

correction with engineered dissipation since removing error has the effect to generate some spare 

energy that must be dissipated1037. The cat-qubits approach is chosen by Alice&Bob (France), and 

QCI (USA) while Nord Quantique (Canada) and AWS (USA) are using GKP codes. Cat-qubits are 

also investigated in many other research labs like RIKEN in Japan1038 on top of regular transmon 

qubits with a record prototype chip of 100 qubits 1039 1040. 

cat-qubits are cavity-based qubits connected to a transmon qubit used only for their preparation, 

readout and/or correction depending on the implementation. The cat-qubit technique was devised by 

Mazyar Mirrahimi and Zaki Leghtas around 2013, particularly during their work at Yale University 

with Michel Devoret. It was then adopted by Rob Schoelkopf’s team at Yale. It is the technology 

being developed by Alice&Bob1041 1042 and AWS although they are also investigating GKP qubits. 

The QuCoS QuantERA collaborative three-year European project is focused on demonstrating the 

scalability of cat-qubits. It combines the University of Innsbruck (Gerhard Kirchmair), ENS Lyon 

(Benjamin Huard), Mines ParisTech and ENS Paris (Zaki Leghtas), KIT (Ioan Pop), Inria (Mazyar 

Mirrahimi), the Romanian National Institute for Research and Development of Isotopic and Molecu-

lar Technologies (Luiza Buimaga-Iarinca) and Quantum Machines (Israel). 

 

1026 See Advances in Bosonic Quantum Error Correction with Gottesman-Kitaev-Preskill Codes: Theory, Engineering and Applications 

by Anthony J. Brady et al, August 2023 (86 pages). 

1027 See Stability and decoherence rates of a GKP qubit protected by dissipation by Lev-Arcady Sellem, Rémi Robin, Philippe Cam-

pagne-Ibarcq and Pierre Rouchon, April 2023 (16 pages) which presents a GKP code correcting both flip and phase errors. 

1028 See Real-time quantum error correction beyond break-even by V. V. Sivak, Steve M. Girvin, Rob J. Schoelkopf and Michel H. 

Devoret, Nature, March 2023 (42 pages). 

1029 See A GKP qubit protected by dissipation in a high-impedance superconducting circuit driven by a microwave frequency comb by 

Lev-Arcady Sellem, Alain Sarlette, Zaki Leghtas, Mazyar Mirrahimi, Pierre Rouchon, Philippe Campagne-Ibarcq, April 2023 (61 

pages). 

1030 See Moving beyond the transmon: Noise-protected superconducting quantum circuits by András Gyenis, Alexandre Blais, Andrew 

A. Hook, David I. Schuster et al, June 2021 (14 pages). 

1031 See Cat-qubit-inspired gate on cos(2θ) qubits by Catherine Leroux and Alexandre Blais, April 2023 (12 pages). 

1032 See Control of the ZZ coupling between Kerr-cat qubits via transmon couplers by Takaaki Aoki et al, March 2023 (8 pages). 

1033 See Dual-rail encoding with superconducting cavities by James D. Teoh, Robert J. Schoelkopf et al, PNAS, October 2023 (26 

pages). 

1034 See Superconducting circuit protected by two-Cooper-pair tunneling by W. C. Smith, A. Kou, X. Xiao, U. Vool and M. H. Devoret, 

2020 (9 pages) which uses pairs of Cooper pairs to create a qubit that is insensitive to multiple relaxation and dephasing mechanisms. 

1035 See Encoding qubits in multimode grid states by Baptiste Royer, Shraddha Sing and Steven M. Girvin, January 2022 (38 pages). 

1036 See Coherent control of a multi-qubit dark state in waveguide quantum electrodynamics by Maximilian Zanner et al, Nature Physics, 

March 2022 (8 pages). 

1037 See Hardware efficient autonomous error correction with linear couplers in superconducting circuits by Ziqian Li et al, University 

of Chicago, March 2023 (8 pages). 

1038 See Fault-Tolerant Multi-Qubit Geometric Entangling Gates Using Photonic Cat Qubits by Ye-Hong Chen et al, RIKEN, 2021 (12 

pages). About a realization of Mølmer-Sørensen multi-qubit cat-qubits gates. 

1039 RIKEN also launched a home-made 64-qubit transmon superconducting QPU in March 2023 that is available in the cloud. 

1040 See RIKEN Center for Quantum Computing Activity Report, May 2023 (58 pages). 

1041 See High-performance repetition cat code using fast noisy operations by Francois-Marie Le Régent, Camille Berdou, Zaki Leghtas, 

Jérémie Guillaud, Mazyar Mirrahimi, December 2022 (15 pages). 

1042 See Designing High-Fidelity Gates for Dissipative Cat Qubits by Ronan Gautier, Mazyar Mirrahimi and Alain Sarlette, March 

2023 (22 pages). 
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https://www.nature.com/articles/s41586-023-05782-6
https://arxiv.org/abs/2304.01425
https://arxiv.org/abs/2106.10296
https://arxiv.org/abs/2304.02155
https://arxiv.org/abs/2303.16622
https://arxiv.org/abs/2212.12077
https://www.nature.com/articles/s41534-019-0231-2%20:
https://arxiv.org/abs/2201.12337
https://arxiv.org/abs/2106.05623
https://arxiv.org/abs/2303.01110
https://arxiv.org/abs/2109.04643v2
https://rqc.riken.jp/pdf/activity-report/RQC_ActivityReport_Publish_May2023.pdf
https://arxiv.org/abs/2212.11927
https://arxiv.org/abs/2303.00760
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How about using superconducting qubits for implementing quantum simulations? It is not a common 

practice. One of the reasons is the lack of generic long-range connectivity that could enable some 

direct entanglement between all qubits. It would require a different physical arrangement of the qubits 

and to create specific long-range connections between the qubits. This is possible by using cross-

resonance gates that create interactions between qubits with their respective resonance frequencies. 

Science 

For what follows, we will focus on transmon qubits that are the most common and exploited by IBM, 

Google and IQM. They are anharmonic and therefore nonlinear oscillators. Their nonlinearity comes 

from the Josephson junction which allows to better separate two energy states of the superconducting 

loop (on the right in Figure 295). In a quantum harmonic oscillator (QHO), the energy levels are 

spaced equally and are multiples of the first energy level (ħωr in the diagram). The capacitance has 

an electrical energy (kinetic) and the inductance has a magnetic energy (potential). 

With a transmon qubit, the Josephson tunnel junction has a nonlinear inductance which creates its 

anharmonicity. In both cases, the flowing current is quantized with discrete energy levels correspond-

ing to the horizontal bars in the graph in Figure 295, with corresponding different current phases 

corresponding to the intersection between these bars and the parabolic (QHO) and cosinusoidal (JJ) 

curves. 

These energy states are usually controlled by microwaves pulses in the 5 GHz regime. These interac-

tions between superconducting qubits and microwave photons are part of a branch of quantum physics 

called circuit quantum electrodynamics, or cQED1043. 

 
Figure 295: why superconducting qubits use an anharmonic oscillator. (cc) Olivier Ezratty, 2022-2023, with schema from “A 

Quantum Engineer’s Guide to Superconducting Qubits” by Philip Krantz et al, 2019-2021 (67 pages). 

 

1043 See Circuit-QED with phase-biased Josephson weak links by C. Metzger, Christian Urbina, Hugues Pothier et al, January 2021 (22 

pages). Serge Haroche was awarded the Nobel prize in physics in 2012 for his work on the interaction between cold atoms and super-

conducting cavities. See on this subject the excellent Circuit Quantum Electrodynamics by Alexandre Blais, Andreas Wallraff et al, 

May 2020 (82 pages). 

ħωr : constant energy 
required to switch levels 
=> hard to control 
qubits states |0⟩ and 
|1⟩, since a microwave 
pulse with energy ħωr  

could switch qubit from 
state|1⟩ to|2⟩.

Josephson junction with:
Lj : non linear inductance
Cj : inductance capacity

thanks to the loop non-
linearity, energy transitions 
ħωnm between adjacent levels 
are different and are 
decreasing, so a microwave 
pulses used to switch from |0⟩
to |1⟩ won’t push |1⟩ state to 
|2⟩ and beyond.

• these oscillators have evenly or unevenly quantized energy levels |i⟩.

• |0⟩ and |1⟩ qubits states are evaluated with the phase of the oscillator.

• the oscillator phase has nothing to do with the qubit relative phase 
represented in its Bloch sphere representation.

LC based QHO circuit
Inductance (L) + capacitance 
(C), energy parabolic curve
=> equally spaced energy
levels.

Josephson Junction (JJ)  
based anharmonic oscillator
energy cosinusoidal curve =>
unequally spaced energy
levels.

quantum harmonic oscillatorφ : oscillator phase
Lr : linear inductance
Cr : capacity
ħ : Dirac constant
ωr : pulse (2π*frequency)
H : oscillator Hamiltonian

LC JJ

quantum anharmonic oscillator

https://arxiv.org/abs/2010.00430
https://arxiv.org/pdf/2005.12667.pdf


Understanding Quantum Technologies 2023 - Quantum computing hardware / Superconducting qubits - 360 

Qubits use a linear superposition of the first two energy levels which 

have a different wave function relating the phase and current prob-

abilities across the Josephson junction. The superposed states in the 

Bloch sphere equator like (|0⟩ + |1⟩)/√2 and (|0⟩ − |1⟩)/√2 cor-

respond to an oscillating current that is dampened over time, as Rabi 

oscillations, in the 10 MHz range, shown in Figure 296. 

The ħω01 energy level between the basis states |0⟩  and |1⟩  corre-

spond to microwave frequencies in the 4 to 15 GHz band. 

 

Figure 296: The Rabi oscillation of the 
superconducting current representing 

superposed qubit states, at a frequency 
in the 10 MHz range. 

These frequencies must be well separable from the following ones. 

This separation is made possible because the (microwave photon) 

energy sent to move from one level to the other is different from one 

of these levels to other higher levels (Figure 297). Since the upper 

levels are less spaced, their related transition energy is lower. As the 

qubits are activated by microwaves, they are no longer likely to 

switch to a higher energy level. The anharmonic oscillator in the 

Josephson loop is provided by a nonlinear inductance Lj. The energy 

level between |0⟩ and |1⟩ of ħω01 is higher than the energy levels 

needed to go to the upper levels ħω12 and ħω23. It is also compatible 

with the cooling temperature of the processor and the ambient noise.  

 
Figure 297: |0⟩ and |1⟩ wave function 

giving the probability of phase 𝜑 in blue 
and green. Source: Superconducting circuit 
protected by two-Cooper-pair tunneling by 

W. C. Smith et al, 2020 (9 pages). 

Those of the superconducting qubits control around 5 GHz have an energy level equivalent to a tem-

perature of about 250 mK, much higher than the 15 mK temperature commonly used1044. There are 

many rationales explaining the microwaves frequencies being used with superconducting qubits. 

Above 8 GHz, electronics are too expensive and below 4 GHz, the ambient thermal in the cryostat 

noise is too important. Also, the used microwaves correspond to the lowest frequency modes for 

which one can reach the ground state with a dilution refrigerator (Figure 298). But quasiparticles in 

the qubit are not mainly broken by the microwaves brought in, but by higher frequencies and infrared 

light passing through all microwave lines or entering the cryostat, thus the need for filters, attenuators 

and various shielding around the qubit chip. 

 
Figure 298: the rationale behind the 15 mK operating temperature of superconducting qubits. Many reasons explain why these 

qubits are operated at this low temperature. It is not just about materials superconductivity limits. (cc) Olivier Ezratty, 2021-2024. 

 

1044 See Why 4-8 GHz? The rationale behind common qubit frequencies, The Observer, January 2022. 
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The microwaves for silicon qubit control are located between 8 and 26 GHz and enable qubit temper-

atures of 100 mK while some can even reach 1.5K. 

There is another reason for running the qubit at around 15 mK. It takes a certain amount of energy, 

known as the energy gap, to break up the Cooper pairs running in a superconducting qubit. In alumi-

num, that is the typical material used to create the Josephson junction and its surroundings, the energy 

gap corresponds to 90 GHz at 20 mK, creating quasiparticle decoherence. It is an order of magnitude 

greater than the energy difference between the two levels in a qubit. It means that the qubit can be 

driven with lower energies (in the 4-8 GHz range) without breaking up the superconducting current 

Cooper pairs and altering the quantum coherence of the qubit1045. 

What differentiates phase, charge 

(transmon) and flux qubits are the 

relative values of the charge energy 

(EC, aka Coulomb charge energy), 

the Josephson coupling energy (EJ) 

and the qubit inductance energy 

(EL)1046 (Figure 299). 

 

Figure 299: periodic table of superconducting circuits. Source: Introduction to 
Quantum Electromagnetic Circuits by Uri Vool and Michel Devoret, 2017 (56 pages). 

Then, just with transmon qubits, you find other variations with: 

• Fixed (IBM, MIT1047) or tunable (Google) qubit frequencies. 

• Tunable couplers (Google). 

• Architectures mixing digital and analog superconducting computing1048. 

• Controlled-phase gates with variable amplitude and frequency which could significantly reduce 

the depth of quantum circuits particularly for implementing a quantum Fourier transform required 

in many algorithms like Shor, HHL and QML (C-Rθ)
1049. 

• New techniques to implement faster qubit readout1050. 

• And techniques using qutrits instead of qubits, with Rigetti and others1051). 

• Trying to operate superconducting qubits at higher temperatures with replacing aluminum by ni-

obium1052. 

Of course, many researchers are looking for ways to improve qubits fidelities with better materials 

and designs1053. 

 

1045 Source: Superconducting quantum bits by Hans Mooij, Physics World, December 2004. 

1046 This is explained in Experiments on superconducting qubits coupled to resonators by Marcus Jerger aus Bühl, 2013 (140 pages). 

1047 See Cancelling microwave crosstalk with fixed-frequency qubits by Wuerkaixi Nuerbolati et al, April 2022 (5 pages). 

1048 See Superconducting Circuit Architecture for Digital-Analog Quantum Computing by J. Yu, Enrique Solano et al, March 2021 / 

May 2022 (23 pages). 

1049 See Extensible circuit-QED architecture via amplitude- and frequency-variable microwaves by Agustin Di Paolo, Alexandre Blais, 

William D. Oliver et al, MIT, April 2022 (29 pages). 

1050 See Fast readout and reset of a superconducting qubit coupled to a resonator with an intrinsic Purcell filter by Yoshiki Sunada, 

Yasunobu Nakamura et al, February 2022 (12 pages) and Realization of fast all-microwave CZ gates with a tunable coupler by Shaowei 

Li, Jian-Wei Pan et al, February 2022 (12 pages). 

1051 See High-fidelity qutrit entangling gates for superconducting circuits by Noah Goss, Irfan Siddiqi et al, Nature Communications, 

November 2022 (6 pages). 

1052 See Superconducting Qubits Above 20 GHz Operating over 200 mK by Alexander Anferov, Shannon P. Harvey, Fanghui Wan, 

Jonathan Simon, and David I. Schuster, University of Chicago, Standford University and SLAC NL, arXiv, February 2024 (17 pages). 

1053 Like with Engineering superconducting qubits to reduce quasiparticles and charge noise by Xianchuang Pan et al, February 2022 

(23 pages) which reduces quasiparticles generation coming from broken Cooper pairs. 

https://arxiv.org/pdf/1610.03438.pdf
https://arxiv.org/pdf/1610.03438.pdf
https://physicsworld.com/a/superconducting-quantum-bits/
https://publikationen.bibliothek.kit.edu/1000033614/2479290
https://arxiv.org/abs/2204.02946
https://arxiv.org/abs/2103.15696
https://arxiv.org/abs/2204.08098
https://arxiv.org/abs/2202.06202
https://arxiv.org/abs/2202.06616
https://www.nature.com/articles/s41467-022-34851-z
https://arxiv.org/abs/2402.03031
https://arxiv.org/abs/2202.01435
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In some cases, researchers invent useless things like with trying to entangle superconducting qubits 

with tardigrades1054. But the physics of a superconducting qubit is much more complicated than that 

for the neophyte. The qubit itself is coupled to a cavity containing a resonator usually implemented 

as a coplanar waveguide (CPW) resonator on a superconducting circuit. Its length usually corre-

sponds to a quarter-wavelength or the resonator drive frequency. With a 6 GHz drive frequency, it 

turns into a 1.25 cm resonator that is usually squeezed in a serpentine layout. 

The energy of the ensemble is modelized by a Jaynes-Cummings Hamiltonian as shown in Figure 

300 1055. This involves many notions like a Jaynes-Cummings spectrum, a resonant regime (the cav-

ity-qubit are interoperating oscillators), dressed states (the different energy levels of the qubits) and 

a dispersive regime (enabling qubits readout with the resonator)1056 1057. 

Many parameters define a superconducting qubit’s characteristics, like its Q factor, the ratio between 

the energy stored in an oscillator and the energy dissipated per oscillation cycle times 2𝜋. It charac-

terizes the stability of a superconducting qubit and determines its T1 or relaxation time. The greater 

the Q factor is, the longer T1 will be1058 but it can be detrimental to noise sensitivity. 

 
Figure 300: Jaynes-Cumming cQED Hamiltonian, (cc) Olivier Ezratty, 2022. 

 

1054 See Entanglement between superconducting qubits and a tardigrade by K. S. Lee et al, December (19 pages) and the pushback it 

generated in Peers dispute claim that tardigrades were entangled with qubits by Bob Yirka , Phys.org, December 2021, Schrödinger’s 

Tardigrade Claim Incites Pushback At issue: Quantum-entangled water bears?! by Philippe Ross, IEEE Journal, December 2021 and 

Frequency Shifts Do Not Imply Quantum Entanglement by Ben Brubaker, January 2022. The arXiv paper was later published in the 

New Journal of Physics from IOP Science. 

1055 See The Jaynes-Cummings model and its descendants by Jonas Larson and Th. K. Mavrogordatos, February 2022 (237 pages). 

1056 Some sources to learn cQED: the review paper Microwave photonics with superconducting quantum circuits by Xiu Gu et al, 2017 

(170 pages) that describes well how superconducting qubits interact with microwaves. Superconducting Qubits and Circuits Artificial 

Atoms Coupled to Microwave Photons by Steve Girvin, Les Houches 2011 (132 pages), the review Practical Guide for Building Su-

perconducting Quantum Devices by Yvonne Y. Gao, Adriaan Rol, Steven Touzard and Chen Wang, November 2021 (48 pages) and 

Superconducting qubit in a resonator test of the Leggett-Garg inequality and single-shot readout by Agustin Palacios-Laloy, 2010 (253 

pages). 

1057 See the circuit analysis of superconducting qubits tutorial The superconducting circuit companion -- an introduction with worked 

examples by S. E. Rasmussen et al, Aarhus University, March 2021-November 2023 (56 pages). 

1058 See Decoherence benchmarking of superconducting qubits by Jonathan J. Burnett et al, Nature, 2019 (8 pages) and Extending 

Coherence in Superconducting Qubits: from microseconds to milliseconds by Adam Patrick Sears, a thesis under the supervision of 

Rob Schoelkopf, 2013 (178 pages). 
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The sources of noise in superconducting qubits are multiple and the research literature is still sparse 

with regards to consolidating quantitative estimations of all sources of noise1059 1060, besides the ones 

coming from cosmic radiation that we already covered earlier when discussing quantum error correc-

tion. 

Noise affecting superconducting coherence times come from many sources1061 including the influ-

ence of external circuits connected to the qubit (resonators, filters, …), the charge noise coming from 

motion of charges in the qubit dielectrics and oxides, the critical current noise coming from the motion 

of charges in the Josephson junction, the 1/f flux noise corresponding to the motion of trapped vorti-

ces in superconductor circuits1062, the fluctuating of paramagnetic spins in the superconducting loop 

insulator interface, and other spin and current artifacts at the Josephson junction of in the circuit 

substrate1063 1064, quasiparticle poisoning coming from the tunneling of single quasiparticles in and 

out of the superconducting island, cosmic rays influence and even perturbations coming from the 

low-frequencies generated by the compressors and pulse tubes that are cooling the cryostat at 4K1065. 

Analog simulations. Superconducting qubits QPUs can also be used to run quantum simulations at 

the native level, thanks to low level analog control of inter-qubit connections. Various experiments 

are testing this model1066 1067. 

Qubit operations 

The general principle of superconducting qubits operations is as follows: 

• Qubit quantum state in the generic case of a transmon is a two-level charge of Cooper pairs that 

correspond to a nonlinear oscillator containing at least a Josephson junction and a capacitance 

laid out in a current loop. A flux bias (direct current pulse) can be used to individually control 

each qubit resonant frequency if it is frequency tunable. It can help reduce control frequency 

crosstalk between qubits but at the cost of a lower lifetime (T1). It is better to have fixed and 

different qubit frequencies. Qubit initialization must be as fast as possible, and some research is 

going on to optimize it1068 1069 1070 1071. 

 

1059 See Modeling low- and high-frequency noise in transmon qubits with resource-efficient measurement by Vinay Tripathi et al, 

February 2023 (17 pages). 

1060 See Fundamental limits of superconducting quantum computers by Michele Vischi et al, January 2022 (17 pages). 

1061 See Physical mechanisms of low frequency noises in superconducting qubits by Lara Faoro, LPTHE, 2008 (36 slides). 

1062 The 1/f noise is a low-frequency magnetic-flux noise showing up in the qubit that has a 1/f power spectral density. 

1063 See Evolution of 1/f Flux Noise in Superconducting Qubits with Weak Magnetic Fields by David A. Rower, William D. Oliver et 

al, January 2023 (13 pages). 

1064 See Flux Noise in Superconducting Qubits by Clare Yu, Robert McDermott, David Pappas et al, 2016 (44 slides). 

1065 See Mitigation of frequency collisions in superconducting quantum processors by Amr Osman, [Submitted on 8 Mar 2023]. 

1066 See Mapping a topology-disorder phase diagram with a quantum simulator by Xue-Gang Li et al, January 2023 (46). 

1067 See Analogue Quantum Simulation with Fixed-Frequency Transmon Qubits by Sean Greenaway et al, November 2022 (12 pages). 

1068 See Active Initialization Experiment of Superconducting Qubit Using Quantum-circuit Refrigerator by Teruaki Yoshioka et al, 

University of Tokyo, RIKEN and AIST, June 2023 (12 pages). 

1069 See Quantum-circuit refrigeration of a superconducting microwave resonator well below a single quantum by Arto Viitanen, Mikko 

Möttönen et al, August 2023 (7 pages). 

1070 See Fast Reset Protocol for Superconducting Transmon Qubits by Wei-Ping Yuan et al, November 2022 (8 pages). 

1071 See Optimizing resetting of superconducting qubits by Ciro Micheletti Diniz et al, April 2023 (7 pages). 

https://arxiv.org/abs/2303.00095
https://arxiv.org/abs/2201.05114
file:///C:/Travail/From%20https:/www.lpthe.jussieu.fr/fed/JOURNEES_FRIF/Faoro.pdf
https://arxiv.org/abs/2301.07804
https://www.um.es/bohr/files/moo/SlYu.pdf
https://arxiv.org/abs/2303.04663
https://arxiv.org/abs/2301.12138
https://arxiv.org/abs/2211.16439
https://arxiv.org/abs/2306.10212
https://arxiv.org/abs/2308.00397
https://www.mdpi.com/2076-3417/13/2/817
https://arxiv.org/abs/2304.00684
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• Single-qubit quantum gates are generated by microwave pulses sent via coaxial cables on the 

qubits. Their frequency is adjusted to the energy level ħω01 mentioned above. This frequency is 

calibrated to be different on adjacent qubits to avoid crosstalk effects1072. The microwave pulse 

amplitude controls the rotation angle and its phase adjusts the axis of the gate rotation operation. 

This makes it possible to create T, S and R gates with a phase other than a quarter or half turn in 

the Bloch sphere1073. In practice, two arbitrary waveform generators create a wave form for “in-

phase” and “quadrature” (I and Q) signals which are two microwave pulses that have the same 

(local-oscillator originated) frequency and are 90° out of phase, as shown in Figure 301. 

 
Figure 301: qubit drive microwaves generation. Source: A Quantum Engineer's Guide to Superconducting Qubits, by Philip Krantz et 

al, 2019 (67 pages). 

• The I signal is a cosine waveform and the Q signal is a sine waveform. They add-up in the mixer 

to create a pulse signal with an arbitrary phase depending on the relative amplitudes of the I and 

Q waveform signals1074. The mixer then adds the local oscillator signal to the resulting signal1075. 

 

1072 A precise calibration of these frequencies is also necessary because of the variability of the behavior of Josephson loops, which are 

different from one another due to imprecise manufacturing techniques. This variability does not exist for qubits based on single particles 

such as trapped ions or cold atoms. See Control and mitigation of microwave crosstalk with frequency-tunable qubits by Ruixia Wang 

et al, Beijing Academy of Quantum Information Sciences, July 2022 (5 pages) which proposes a quantum error mitigation technique 

limiting the impact of crosstalk. Static ZZ crosstalk is the one many researchers are working to suppress like in Frequency adjustable 

Resonator as a Tunable Coupler for Xmon Qubits by Hui Wang et al, China, August 2022 (12 pages). ZZ crosstalk errors can be 

described as the amplitude of one qubit influencing the amplitude of other qubits. ZX or ZY errors are linked to the amplitude of a 

qubit influencing the phase of other qubits. 

1073 These gates can be optimized by modulating the pulsation in an optimal way. See Implementing optimal control pulse shaping for 

improved single-qubit gates by J. M. Chow et al., May 2020 (4 pages) which anticipates the capacity to generate single-qubit gates in 

1 ns, against a current minimum of around 20 ns. 

1074 See Radio frequency mixing modules for superconducting qubit room temperature control systems by Yilun Xu, Irfan Siddiqi et 

al, Lawrence Berkeley National Laboratory, July 2021 (7 pages) that describes the role of a signal mixer. 

1075 Another option consists in mixing the LO signal separately with the I and Q signals and then merge the resulting signal, removing 

unwanted spurious frequency components. See Frequency Up-Conversion Schemes for Controlling Superconducting Qubits by Johan-

nes Herrmann, Andreas Wallraff et al, October 2022 (9 pages). 
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https://arxiv.org/abs/1904.06560
https://arxiv.org/abs/2207.08416
https://arxiv.org/abs/2202.11594
https://arxiv.org/abs/2202.11594
https://arxiv.org/pdf/1005.1279.pdf
https://arxiv.org/pdf/1005.1279.pdf
https://arxiv.org/abs/2101.00066
https://arxiv.org/abs/2210.02513
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• At 5 GHz, an LO pulse lasts 0.2 ns. Most single qubit gate last at least 10 to 20 ns. It means in 

that case that a generated microwave packet contains about 50 to a hundred 5 GHz photonic pulses 

shaped by their wave form. Microwave pulses generated at ambient temperature are progressively 

attenuated and filtered at every stage of the cryostat so that only a couple hundred microwave 

photons reach the qubit. The attenuators eliminate photons proportionally to the cooling budget 

available at each cold plate stage. 

• Qubit designers must manage complicated trade-offs with regards to single qubit gate times as 

“increasing the fidelity of single-qubit gates requires a combination of faster pulses and increased 

qubit coherence. However, with resonant qubit drive via a capacitively coupled port, these two 

objectives are mutually contradictory, as higher qubit quality factor requires a weaker coupling, 

necessitating longer pulses for the same applied power”1076 1077. But the slowest gates are the two-

qubit gates which are about 10 times slower than single-qubit gates in many designs. 

• Two-qubit quantum gates are realized with a coupling circuit positioned between the two qubits, 

which can be a simple capacitor or a dynamically controllable system. As we will see later, this 

coupling is managed with an intermediate qubit in Google's Sycamore processor and their equiv-

alents in China. IBM is not yet using couplers but instead cross-resonance gates but has planned 

to adopt couplers in future chip designs. 

• Qubits readout depends on its type. With transmon qubits, a resonator is coupled to the qubit. It 

transmits a microwave pulse in a resonator that is coupled with the qubit using microwave reflec-

tometry. The qubit state slightly affects the resonator frequency and phase. These readout micro-

waves are usually amplified in several stages. The method is called “dispersive readout” where 

for a fixed microwave drive frequency, the resonance frequency of the waveguide resonator shifts 

depending on the qubit measured state1078 (Figure 302). This measurement technique protects the 

qubit from all radiation except the readout microwave pulse at ωr. It amplifies the outgoing signal 

with the lowest added noise (near the quantum limit). The readout also creates a differentiated 

phase in the reflected microwave that is analyzed after demixing which generates the in-phase 

and quadrature signals (I/Q). Measuring the phase of the reflected microwave determines the state 

of the qubit after measurement without destroying it. It is a QND (quantum non demolition) 

readout as already explained. 

One first stage can use a low-noise superconducting Josephson Parametric Amplifier (JPA) or 

Traveling Wave Parametric Amplifier (TWPA) operating at the quantum limit, then with a high 

electron mobility transistor (HEMT) amplifier running at the 4K stage and, at last, with a Low 

Noise Amplifier (LNA) running at room temperature. 

At last, the amplified microwave is converted in digital format with an ADC (analog to digital 

converter) and analyzed by a FPGA circuit to identify the qubit basis states |0⟩ or |1⟩ with a mi-

crowave phase analysis. The result is then exploited by some classical computer that will run 

some error correction code and drive other qubit operations afterwards. Frequency-based multi-

plexed readout can be achieved to simplify the wiring exiting the qubit chip. The readout micro-

wave is modulated with a higher frequency than the quantum gates frequency, above 6 GHz1079. 

 

1076 See Fast superconducting qubit control with sub-harmonic drives by Mingkang Xia et al, Virginia Tech, June 2023 (20 pages). 

1077 See A practical approach to determine minimal quantum gate durations using amplitude-bounded quantum controls by Stefanie 

Günther et al, Lawrence Livermore National Laboratory, July 2023 (11 pages). 

1078 See Dispersive Readout, Rabi- and Ramsey-Measurements for Superconducting Qubits by Can Knaut, 2018 (25 slides). 

1079 Other techniques for measuring the state of superconducting qubits are being considered, such as the activation of qubit fluores-

cence. It is done by jumping from the |0⟩ to |2⟩ state of the qubit, the transition to the |1⟩ state not being possible with the fluorescence 

excitation photon. See the thesis Energy and Information in Fluorescence with Superconducting Circuits by Nathanaël Cottet, 2018 

(227 pages). 

https://arxiv.org/abs/2306.10162
https://arxiv.org/abs/2307.13168
https://qudev.phys.ethz.ch/static/content/QIPII18/ExerciseClass/Potocnik/pres1.pdf
https://tel.archives-ouvertes.fr/tel-02002463
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Qubit readout generates its own noise and errors. Many techniques could help reduce this noise, 

which can be particularly detrimental to mid-circuit measurements that are used in quantum error 

correction codes. One, developed at ETH Zurich and Institut Quantique at Sherbrooke University 

consists in dynamically reducing the qubit-resonator detuning and increase the dispersive shift by 

bringing the qubit frequency closer to the readout resonator’s frequency using a flux pulse. It 

increases the signal to-noise ratio (SNR) and assignment fidelity, reducing readout errors at 

0.25%1080. Another one, from Google AI, associates predictive and heuristics data models1081. 

 
Figure 302: superconducting qubit readout process. Source: A Quantum Engineer's Guide to Superconducting Qubits, by Philip 

Krantz et al, 2019 (67 pages). 

The current superconducting qubit readout technique is quite complicated with its digital-to-ana-

log and analog-to-digital conversion processes, and their significant classical overhead, that be-

comes problematic when several hundred or thousand physical qubits are needed to build just a 

single logical qubit. 

Thus, the interest of other tested approaches which would generate a 0/1 output in a simpler man-

ner. One technique being considered is the activation of qubit fluorescence. It is done by jumping 

from the |0⟩ to |2⟩ state of the qubit, the transition to the |1⟩ state not being possible with the 

fluorescence excitation photon. Also, single microwave photon detectors are also tested1082 1083 as 

well as cryogenic detectors using some microwave to photon conversion1084. These techniques 

have a much lower overhead but have yet insufficient readout fidelities to be considered in com-

mercial QPUs. 

 

1080 See Enhancing Dispersive Readout of Superconducting Qubits Through Dynamic Control of the Dispersive Shift: Experiment and 

Theory by François Swiadek, Alexandre Blais, Andreas Wallraff et al, ETH Zurich and Institut Quantique at Sherbrooke University,  

July 2023 (14 pages). 

1081 See Model-based Optimization of Superconducting Qubit Readout by Andreas Bengtsson et al, Google AI, August 2023 (13 pages). 

1082 See Practical Single Microwave Photon Counter with 10−22/√𝐻𝑧sensitivity by Léo Balembois, Jaime Travesedo, Louis Pallegoix, 

Alexandre May, Eric Billaud, Marius Villiers, Daniel Estève, Denis Vion, Patrice Bertet and Emmanuel Flurin, July 2023 (8 pages). 

1083 See Microwave photon detection at parametric criticality by Kirill Petrovnin et al, Aalto University, August 2023 (42 pages). 

1084 See All-optical single-shot readout of a superconducting qubit by Georg Arnold, Johannes M. Fink et al, October 2023 (15 pages). 
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https://arxiv.org/abs/1904.06560
https://arxiv.org/abs/2307.07765
https://arxiv.org/abs/2307.07765
https://arxiv.org/abs/2308.02079
https://arxiv.org/abs/2307.03614
https://arxiv.org/abs/2308.07084
https://arxiv.org/abs/2310.16817
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• Connectivity is an important feature of a quantum processor. The more qubits are connected with 

each other, the fewer SWAP gates must be run to logically entangle them. Il can also contribute 

to make error correction codes more efficient and use a lower overhead of physical qubits, like 

with the LDPC codes. With 2D structures, one of the problems to be solved lies in the internal 

connections in the chip. 3D architectures are used with one layer for qubit readout and another 

for qubit operations, but the qubits topology connectivity is at best with 4 nearest neighbors like 

with Google’s Sycamore. IBM is using a “heavy hex lattice” connectivity since 2021. Using hex-

agonal unit cells of 12 qubits with 1-to-2 and 1-to-3 connectivity, it generates better qubit gate 

fidelities and enables error correction codes implementation. 

• A new approach consists in using multiple metal layers connectivity chips that are connected to 

the qubit chip with through-silicon vias (TSVs) vertical connectors1085. The most recent designs 

from IBM and the MIT Lincoln Labs have between 3 and 7 metal layers. Another design is tested 

at IMEC using a special arrangement of resonators1086. 

• Digital simulations. Some software solutions are available to simulate the physical behavior of 

superconducting qubits at a low level. Among these, CircuiQ is a proposal from the MIT, Pari-

tyQC and the University of Innsbruck with the participation of Benoît Vermersch (LPMMC, Gre-

noble)1087. It is a Python open source toolbox that can be used for analyzing superconducting 

circuits at the physical level, using their Hamiltonian. It can help estimate the qubits T1 under 

various noise mechanisms. There are other similar software packages like scqubits, developed by 

researchers from Northwestern University and SQcircuit from Stanford1088. 

Setups 

In the current state of the art, the cryostats housing these qubits are filled with many cables and mi-

crowave attenuators driving the qubits and with first stages amplifiers used in the qubits state 

readout1089 (Figure 305). Implementing quantum error correction will require 1,000 or 10,000 physi-

cal qubits per logical qubit, a number that depends on several parameters like the physical qubit fi-

delities, their connectivity, and the logical qubit target fidelities which can range between 10-6 to 10-

19 depending on the algorithms. Quantum chemical simulation algorithms are particularly demanding 

here. 1090. It will create significant challenges for scaling up the architecture at least, with the existing 

cabling and external microwave generation and readout systems. Thus, the need for cryogenic elec-

tronics and miniaturized microwaves coaxial cabling that we will investigate in the quantum enabling 

technologies section of this book. 

With usual error correction codes like surface codes that implement fault-tolerance corrections, the 

key determinant of physical qubit overhead is also the number of T gates in the algorithm since these 

gates are the most expensive to correct. It will create significant challenges for scaling up the archi-

tecture at least, with the existing cabling and external microwave generation and readout systems. 

 

1085  See Qubit-compatible substrates with superconducting through-silicon vias by K. Grigoras et al, January-November 2022 (11 

pages). 

1086 See A superconducting quantum information processor with high qubit connectivity by Gürkan Kartal et al, IMEC, July 2023 (8 

pages). 

1087 See CircuitQ: An open source toolbox for superconducting circuits by Philipp Aumann, William D. Olivier et al, March 2022 (14 

pages). 

1088 See Computer-aided quantization and numerical analysis of superconducting circuits by Sai Pavan Chitta, Jen Koch et al, North-

western University, June 2022 (12 pages) and Analysis of arbitrary superconducting quantum circuits accompanied by a Python pack-

age: SQcircuit by Taha Rajabzadeh1, Zhaoyou Wang, Nathan Lee, Takuma Makihara, Yudan Guo, and Amir H. Safavi-Naeini, June 

2022 (23 pages). 

1089 This is well explained in Superconducting Circuits Balancing Art and Architecture by Irfan Siddiqi of Berkeley Lab, 2019 (34 

slides). 

1090 Source: Surface codes: Towards practical large-scale quantum computation by Austin G. Fowler et al, 2012 (54 pages). 

https://arxiv.org/abs/2201.10425
https://arxiv.org/abs/2307.08101
https://arxiv.org/abs/2106.05342
https://arxiv.org/abs/2206.08320
https://arxiv.org/pdf/2206.08319.pdf
https://arxiv.org/pdf/2206.08319.pdf
https://www.orau.gov/qispi2018/plenary/Siddiqi_Plenary_QIS_Meeting_2019.pdf
https://arxiv.org/abs/1208.0928
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Digital-to-analog converters, aka 

DACs and Analog-to-Digital con-

verters convert microwaves at room 

temperature and handle a very large 

volume of outbound or inbound 

data of 8 to 14 Gbits/s as shown in 

the diagram in Figure 303 corre-

sponding to Google's Sycamore. 

This data is managed in real time. It 

does not, however, seem necessary 

to store them. It is not a big-data 

system! 

 

Figure 303: Sycamore’s qubit control and readout architecture. Source: Google. 

The electronics used in research laboratory equipment is illustrated with the example in Figure 304 

of a configuration used to test a 5-qubit superconducting chip in 2015. 

It uses classical off-the-shelf equipment from Rohde & Schwarz or Tektronix. These external gen-

erators are appreciated for the quality of the microwave pulses they produce. For a larger number of 

qubits, multiple microwave generators are used from vendors like Zurich Instruments, Qblox and 

Quantum Motion that we cover starting 590. Others, like SEEQC, are attempting to miniaturize all 

or part of these components with superconducting electronics which have a much lower power drain 

and can work within the cryostat. 

 
Figure 304: a superconducting qubits lab configuration. Source: The electronic interface for quantum processors by J.P.G. van Dijk 

et al, March 2019 (15 pages). I have added visuals of the electronic components used in the configuration. 

Superconducting qubits fidelities are not best-in-class compared to trapped ions. It also decreases 

with the number of qubits. There is some progress being made to reduce qubit noise. It has several 

origins such as charge fluctuations, random electrons and materials impurities. Fidelity is currently 

not high enough to implement error correction codes. Some methods are proposed to improve readout 

fidelity. 
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A team of Canadian and American researchers is proposing a miniaturizable optical measurement1091. 

A variant was proposed in 2018 by Robert McDermott of the University of Wisconsin-Madison, with 

the objective of improving measurement fidelity to 99%1092. 

The size of superconducting qubits is in the micron range, making it difficult to create large chips 

with millions of qubits. Miniaturization always seems possible, but it is difficult to manage because 

the quality of the superconducting qubits seems to decrease with a smaller size 1093. Therefore, most 

vendors like IBM, plan to create chips up to about 133 qubits and then connect several of these chips 

with microwave guides and/or entangled photonic links able to convert qubit quantum states to pho-

tonic quantum states. These various quantum processor interconnect currently have a very low TRL 

(technology readiness level). 

 
Figure 305: the tyranny of wires in superconducting qubits. Source: Superconducting Circuits Balancing Art and Architecture by 

Irfan Siddiqi of Berkeley Lab, 2019 (34 slides). 

Manufacturing 

Superconducting qubits are electronic circuits built with techniques that are not that far from how 

classical analog circuits are being produced like in the radar and electronics markets, with some sim-

ilarities with digital electronics, aka CMOS chips. 

We’ll describe later the specifics of the manufacturing of superconducting qubits. Most thesis coming 

out of superconducting labs contain a description of the manufacturing techniques being used alt-

hough it changes over time1094. 

Materials used for manufacturing superconducting qubits are different from CMOS chips. 

 

1091 See Heisenberg-limited qubit readout with two-mode squeezed light, 2015 (12 pages). 

1092 In Measurement of a Superconducting Qubit with a Microwave Photon Counter, March 2018 (11 pages). 

1093 See Investigating surface loss effects in superconducting transmon qubits by Jay Gambetta et al, 2016 (5 pages) and On-chip 

integrable planar NbN nano SQUID with broad temperature and magnetic-field operation range by Itamar Holzman and Yachin Ivry, 

Technion, April 2019 (7 pages) who prototyped miniaturized 45 nm x 165 nm SQUIDs. 

1094 See for example Design, fabrication and test of a four superconducting quantum-bit processor by Vivien Schmitt, 2015 (192 pages). 

https://www.orau.gov/qispi2018/plenary/Siddiqi_Plenary_QIS_Meeting_2019.pdf
https://arxiv.org/pdf/1502.00607.pdf
https://arxiv.org/abs/1803.01014
https://arxiv.org/abs/1605.08009
https://aip.scitation.org/doi/pdf/10.1063/1.5100259
https://aip.scitation.org/doi/pdf/10.1063/1.5100259
https://tel.archives-ouvertes.fr/tel-01214394/document
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It includes aluminum (for the Jo-

sephson junction, at least for the 

dielectric), niobium (for capaci-

tors and resonators and some-

times the Josephson junction1095) 

and indium (for the chip connect-

ors), bore (in boron-nitride in Jo-

sephson junction dielectric1096 ), 

titanium nitride (for capacitors, 

with a better quality factor) and 

occasionally selenium (associ-

ated with niobium and bore in ca-

pacitors), silicon or sapphire (for 

the wafer substrate) and tanta-

lum 1097  1098  (Figure 306). 3D 

chips are now commonplace, 

with at least a qubit chip on top 

of an interposer, and a resonator 

and interconnect chip1099. 

 
Figure 306: the various components and materials used in a superconducting qubit. Source: 

Enhanced coherence of all-nitride superconducting qubits epitaxially grown on silicon 
substrate by Sunmi Kim et al, September 2021. (cc) Olivier Ezratty, 2022-2023. 

Future designs will interconnect several chips next to the other using a chiplet architecture1100. As 

presented at the APS March meeting in Las Vegas in March 2023, the MIT Lincoln Labs also works 

on modified Dolan Josephson junction process flows. It is testing aluminum on silicon as well as 

connection using 7 stacked niobium routing layers using an interposer chip with TSV. It also showed 

good results with hydrofluoric acid treatments of the Josephson junction for cleaning surfaces, using 

aluminum on silicon substrates. These various advances still have to be embedded in industry vendor 

processors. 

While most deposition techniques generate polycrystalline structures1101, some are starting to inves-

tigate epitaxial deposition to create monocrystalline structures. IMEC already tests such processes 

avoiding lift-off and angled evaporation, all done with photolithography. They are part of the related 

EU project MATQu with CEA-Leti and others to build superconducting qubits on 300 mm wafers 

using existing CMOS fabs. IMEC is also testing the manufacturing of tantalum based resonators de-

posited on silicon1102. 

 

1095 See Improved Coherence in Optically-Defined Niobium Trilayer Junction Qubits by Alexander Anferov, David I. Schuster et al, 

June 2023 (16 pages). 

1096 See Hexagonal boron nitride as a low-loss dielectric for superconducting quantum circuits and qubits by Joel I-J. Wang, William 

D. Oliver et al, MIT, Nature Materials, January 2022 (30 pages) and Enhanced coherence of all-nitride superconducting qubits epitax-

ially grown on silicon substrate by Sunmi Kim et al, September 2021 (7 pages). 

1097 See Towards practical quantum computers: transmon qubit with a lifetime approaching 0.5 milliseconds by Chenlu Wang et al, 

NPJ, January 2022 (6 pages). 

1098 See Surpassing millisecond coherence times in on-chip superconducting quantum memories by optimizing materials, processes, 

and circuit design by Suhas Ganjam, Robert J. Schoelkopf et al, Yale, August 2023 (43 pages). 

1099 See 3D integrated superconducting qubits by D. Rosenberg, William D. Olivier et al, June 2017 (6 pages). 

1100 See Scaling Superconducting Quantum Computers with Chiplet Architectures by Kaitlin N. Smith et al, University of Chicago, 

October 2022 (18 pages). 

1101 See Microscopic relaxation channels in materials for superconducting qubits by Anjali Premkumar, Andrew A. Houck et al, Nature 

Communications, July 2021 (9 pages). 

1102 See Manufacturing high-Q superconducting α-tantalum resonators on silicon wafers by D. P. Lozano, et al, IMEC, November 2022 

(20 pages). 
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https://arxiv.org/abs/2103.07711
https://arxiv.org/abs/2103.07711
https://arxiv.org/abs/2306.05883
https://arxiv.org/abs/2109.00015
https://www.nature.com/articles/s43246-021-00204-4
https://www.nature.com/articles/s43246-021-00204-4
https://www.nature.com/articles/s41534-021-00510-2
https://arxiv.org/abs/2308.15539
https://arxiv.org/abs/2308.15539
https://arxiv.org/abs/1706.04116
https://arxiv.org/abs/2210.10921
https://www.nature.com/articles/s43246-021-00174-7
https://arxiv.org/abs/2211.16437
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Superconducting qubits miniaturization is an interesting area of research given they are currently 

quite large, mainly due to the size of their resonators with a length of λ/4, λ corresponding to their 

control wavelength. It can exceed a size of 1 mm2. Resonators could be as small as 0.04 mm2 using 

special fabrication techniques1103.  Similar efforts are undertaken to miniaturize capacitors with van 

der Waals materials (NbSe2-hBN-NbSe2)
1104 or with using TSV (vertical “through silicon vias” trav-

ersing the chip)1105 . Another option would be to have remote resonators and an X-Y addressing 

scheme like with classical RAM, but with the inconvenience of serializing gate operations, and slow-

ing down computing1106. 

Research 

A significant number of research laboratories are working on superconducting qubits all over the 

world. In the USA, at Yale University and MIT1107, in Europe and in Germany, in Sweden at the 

WACQT of Chalmers University, in France at the CEA, in Switzerland at ETH Zurich1108, in Fin-

land1109 and in Japan. 

Other works aim at lengthening the coherence time of superconducting qubits, notably at Princeton 

in Andrew A. Houck’s team1110. Indeed, this coherence time of the order of one hundred micro-sec-

onds (μs) is still quite limiting. It generates a constraint on the number of quantum gates that can be 

executed in quantum software, even if the accumulated errors become prohibitive before this limit 

threshold. New records were broken in 2021 with 1.6 ms T1 at Princeton and Sherbrooke with a 0−π 

circuit (but with a 25 µs dephasing time, aka T2) and 210 µs with transmon qubits at Yale1111. In May 

2021, a China team obtained a 300 µs T1 with a transmon qubit1112. IBM reached the 1 ms T1 barrier 

with one experimental planar transmon qubit in May 2021 as well (but the related paper is still pend-

ing). 

 

1103 See Compact superconducting microwave resonators based on Al-AlOx-Al capacitor by Julia Zotova et al, March 2022 (10 pages) 

and See Tiny materials lead to a big advance in quantum computing by Adam Zewe, MIT News Office, January 2022. For a 5 GHz 

pulse, the wavelength is about 6 cm. A quarter wavelength is then 1.5 cm. 

1104 See Miniaturizing transmon qubits using van der Waals materials by Abhinandan Antony et al, Columbia University and Raytheon 

BBN. September 2021 (6 pages). 

1105 See Characterization of superconducting through-silicon vias as capacitive elements in quantum circuits by Thomas M. Hazard, 

William D. Oliver, Mollie E. Schwartz et al, MIT Lincoln Labs, August 2023 (5 pages). 

1106 An X-Y addressing scheme would route signals to the qubit resonators from the edge of the chipset, X and Y corresponding to two 

orthogonal edges. You would then polynomially reduce the number of resonators from N to √𝑁 with N being the number of qubits of 

a square matrix layout chipset. 

1107 See Quantum Computing @ MIT: The Past, Present, and Future of the Second Revolution in Computing by Francisca Vasconcelos, 

MIT, February 2020 (19 pages). They have developed a 16-qubit superconducting chipset, manufactured by Lincoln Labs at MIT. 

1108 With Andreas Wallraff's QuSurf team working on superconducting qubits and their error correction codes. This project is funded 

by the American IARPA agency. In 2019, they were at 7 experimental qubits. It is also supported by the ScaleQIT project (Scalable 

Superconducting Processors for Entangled Quantum Information Technology) funded by the European Union and by the OpenSuperQ 

project of the European flagship. 

1109 VTT's goal is to manage 50 to 100 superconducting qubits. VTT has its own circuit manufacturing unit with a 2600 m2 clean room 

of a similar size to CNRS C2V clean room in Palaiseau, France. See Engineering cryogenic setups for 100-qubit scale superconducting 

circuit systems by S. Krinner et al, 2019 (29 pages). 

1110 See New material platform for superconducting transmon qubits with coherence times exceeding 0.3 milliseconds by Alex P. M. 

Place, Andrew A. Houck et al, February 2020 (37 pages). Qubits are using tantalum instead of niobium and on a sapphire substrate. 

The paper describes starting page 8 the manufacturing process of these qubits. 

1111 See Experimental Realization of a Protected Superconducting Circuit Derived from the 0–π Qubit by András Gyenis, Alexandre 

Blais et al, Sherbrooke, Princeton, U. Chicago and Northwestern University, March 2021 (31 pages) and Direct Dispersive Monitoring 

of Charge Parity in Offset-Charge-Sensitive Transmons by K Serniak, R Schoelkopf, Michel Devoret et al, Yale University, March 

2019 (11 pages) with transmons at a T1 of 210 µs. 

1112 See Transmon qubit with relaxation time exceeding 0.5 milliseconds by Chenlu Wang et al, May 2021 (15 pages). 

https://arxiv.org/abs/2203.09592
https://news.mit.edu/2022/tiny-materials-quibits-quantum-computing-0128
https://arxiv.org/abs/2109.02824
https://arxiv.org/abs/2308.00834
https://arxiv.org/pdf/2002.05559.pdf
https://link.springer.com/content/pdf/10.1140/epjqt/s40507-019-0072-0.pdf
https://link.springer.com/content/pdf/10.1140/epjqt/s40507-019-0072-0.pdf
https://arxiv.org/pdf/2003.00024.pdf
https://arxiv.org/pdf/1910.07542.pdf
https://arxiv.org/abs/1903.00113
https://arxiv.org/abs/1903.00113
https://arxiv.org/abs/2105.09890
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The best lab-level record was with a 1.48 ms T2 coherence time on flux qubits at the University of 

Maryland in Vladimir Manucharyan’s team1113 (Figure 308). These records are, however, not neces-

sarily obtained with a great number of functional qubits... when more than 2 are used! 

Superconducting qubits lifetime record is still way above this, with 3D SRF cavities (for supercon-

ducting radio frequency cavities). These are developed by the DoE Fermilab and have a very high Q-

factor. 

In 2020, they reached qubit lifetimes of about 

2s with special materials design reducing the 

2-level system losses. Fermilab researchers 

plan to implement qudits with these SRFs, 

packing between 63 and 128 effective qubits 

into 9 SRF cavities hosting qudits. These 

cavities are bulky, the size of the device be-

ing about one meter long in Figure 3071114. 

 

Figure 307: the huge SRF superconducting qubits from the DoE Fermilab. 
Source: Superconducting Quantum Materials and Systems Center by Anna 

Grassellino, SQMS Center Director, Fermilab, June 2021 (40 slides), 

Other researchers look at implementing superconducting qudits with various means with three or four 

levels, but, so far, with poor results, particularly with regards to gate fidelities1115 1116 1117 1118 1119. 

Other researchers work on using various qubits materials like titanium nitride and tantalum on sap-

phire substrates, at Princeton, ENS Lyon and Alice&Bob among other locations. These are used in 

complement to the Al/AlO/Al Josephson junctions, for various other parts of the qubit circuits (iso-

lators, capacitances, resonators)1120. 

The Quantronics team at CEA-Saclay uses transmons for its quantum circuits, but now explores an-

other route based on high coherence impurity spins in insulators for making qubits, with supercon-

ducting quantum circuits for controlling them. The rationale is that the electro-nuclear spin levels of 

such systems may indeed provide more robust qubits for which quantum error correction could be 

more easily manageable than for transmon qubits. 

Other research conducted at the CEA consists in associating superconducting qubits with NV centers, 

linked by microwaves, to be used as quantum memory as well as a means of more precise readout of 

superconducting qubits. NV centers spins can serve as quantum memory thanks to a spin coherence 

time that is 1,000 times longer than that of superconducting qubits (100 milliseconds vs. 100 micro-

seconds). Another field of research is the coupling of superconducting qubits with nuclear spins (in-

stead of electron spins, on phosphorus or bismuth nuclei) via electron spins. 

 

1113 See Millisecond coherence in a superconducting qubit by Aaron Somoroff, Vladimir E. Manucharyan et al, University of Maryland, 

2021 (14 pages), 

1114 See Superconducting Quantum Materials and Systems Center by Anna Grassellino, SQMS Center Director, Fermilab, June 2021 

(40 slides), Materials and devices for fundamental quantum science and quantum technologies by Marco Polini et al, January 2022 (19 

pages) and Three-Dimensional Superconducting Resonators at T<20 mK with Photon Lifetimes up to τ=2s by A. Romanenko, R. 

Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Belomestnykh, S. Posen, and A. Grassellino, March 2020 (5 pages). 

1115 See Dancing the Quantum Waltz: Compiling Three-Qubit Gates on Four Level Architectures by Andrew Litteken et al, March 2023 

(14 pages). 

1116 See High-fidelity qutrit entangling gates for superconducting circuits by Noah Goss, Irfan Siddiqi et al, Nature Communications, 

Berkeley University & DoE lab, December 2022 (6 pages). With error rates ranging from 2.7% to 4.8% with CZ gates. 

1117 See Realization of two-qutrit quantum algorithms on a programmable superconducting processor by Tanay Roy et al, University 

of Chicago, November 2022 (14 pages). 

1118 See The 2T-qutrit, a two-mode bosonic qutrit by Aurélie Denys and Anthony Leverrier, October 2022 (20 pages). 

1119 1119 

1120 See Chemical profiles of the oxides on tantalum in state of the art superconducting circuits by Russell A. McLellan et al, January 

2023 (34 pages). 

https://indico.fnal.gov/event/48767/contributions/212914/attachments/144283/183119/PAC2021SQMS.pdf
https://arxiv.org/abs/2103.08578
https://indico.fnal.gov/event/48767/contributions/212914/attachments/144283/183119/PAC2021SQMS.pdf
https://arxiv.org/abs/2201.09260
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.13.034032
https://arxiv.org/abs/2303.14069
https://www.nature.com/articles/s41467-022-34851-z
https://arxiv.org/abs/2211.06523
https://arxiv.org/abs/2210.16188
https://arxiv.org/abs/2301.04567
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Figure 308: logarithmic evolution of superconducting lifetime over time. Source: Superconducting Qubits Current State of Play by 

Morten Kjaergaard et al, 2020 (30 pages). Updated in 2023. 

As with many solid-state qubits, one of the key research goals is to transform these microwave pho-

tons into photons in the visible/infrared band to allow their long-distance transport, in particular via 

fiber optic-based telecommunication, which would become the basis of distributed quantum compu-

ting1121. 

There is another interesting field of research aimed at simplifying qubit readout that may avoid the 

burden of parametric microwave amplification and circulators at the 15 mK stage. One of these con-

sists in using microwave photons counting and Josephson photomultipliers (JPM) that are embedded 

directly in the qubit chip1122. It has however some shortcomings to overcome like crosstalk and loss 

of qubit fidelity over time. 

In 2021, a China research team led by Jian-Wei Pan created a 66 superconducting qubits system and 

claimed having reached another quantum advantage. In this Zuchongzhi 2.1 system, they reproduced 

the Google supremacy experiment with a 2D array of qubits with 13 additional qubits, using the same 

coupling technology, with 110 couplers1123. Their fidelities were not best-in-class with 99.86% for 

single qubit gates, 99.24% for two-qubit gates and 95.23% for qubits readout, on top of a rather low 

T1 of 30.6μs. In their experiment, though, they did use only 56 of their 66 qubits, showing that qubits 

fidelities are probably not that good when all qubits are activated1124. 

In September 2021, they used 60 qubits on 24 cycles with an improved readout fidelity of 97.74%1125.  

 

1121 See for example Microwave-to-optical conversion via four-wave mixing in a cold ytterbium together by Jacob P. Covey et al, July 

2019 which discusses this conversion. 

1122 See High-Fidelity Measurement of a Superconducting Qubit Using an On-Chip Microwave Photon Counter by A. Opremcak, Roger 

McDermott et al, PRX, February 2021 (15 pages) and the associated thesis Qubit State Measurement Using a Microwave Photon 

Counter by Alexander M. Opremcak, 2020 (159 pages). 

1123 See Strong quantum computational advantage using a superconducting quantum processor by Yulin Wu, Jian-Wei Pan et al, June 

2021 (22 pages). 

1124 See Experimental quantum computational chemistry with optimised unitary coupled cluster ansatz by Shaojun Guo, Jian-Wei Pan 

et al, December 2022-February 2023 (37 pages) that provides some indications on Zuchongzhi 2.0 processor quality. 

1125 See Quantum Computational Advantage via 60-Qubit 24-Cycle Random Circuit Sampling by Qingling Zhu, Jian-Wei Pan et al, 

September 2021 (15 pages). 
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https://arxiv.org/pdf/1905.13641.pdf
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.100.012307
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.011027
https://mcdermottgroup.physics.wisc.edu/pdfs/AOpremcak.pdf
https://mcdermottgroup.physics.wisc.edu/pdfs/AOpremcak.pdf
https://arxiv.org/pdf/2106.14734.pdf
https://arxiv.org/abs/2212.08006
https://arxiv.org/pdf/2109.03494.pdf
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China researchers implemented some quan-

tum neuronal sensing application of quantum 

many-body states in this QPU1126. 

In June 2023, Zuchongzhi-2 was upgraded to 

a 176 qubit version (Figure 309). It is said to 

be the initial 66 qubit system with the addition 

of 110 coupled qubits. We can wonder how 

this upgrade was implemented and if it enables 

the handling of a 2176 Hilbert space. The QPU 

is supposed to be openly available in the cloud. 

In November 2022, China research teams from 

Hangzhou, Beijing and Hefei launched two su-

perconducting qubits QPUs with 121 and 36 

qubits (11x11 et 6x6). 

 
Figure 309: a rare glimpse of a China QPU. Source: New Platform Offers 

Access to China’s Zuchongzhi Quantum Computing System by Qian 
Tongxin, YiCai Global, June 2023. 

The physical qubits worked with subsets of 68 qubits and 20 qubits with T1=109.8 µs and T2=17.9 µs 

(68 qubits) and T1=137.5 µs and T2=16.4 µs (20 qubits). Their single-qubit gates fidelities are respec-

tively 99.87% and 99.91%, and two-qubit fidelities are 99.4% (see charts in Figure 310). These qubits 

were used to create topological logical qubits using toric quantum error correction codes. using non-

abelian anyons. 

 
Figure 310: China’s 68 qubit fidelities. Source: Digital simulation of non-Abelian anyons with 68 programmable superconducting 

qubits by Shibo Xu et al, November 2022 (27 pages). 2023 edition. 

These teams are working on large scale and long range tunable couplers using capacitively connecting 

pads and a flip chip process. It implements CZ coupling gates with 96.2% fidelities. This coupling 

can be capacitive or inductive1127. In China, another team if working on improving single qubit gates 

errors to a 10-4 record1128 and to also reduce crosstalk errors1129. 

 

1126 See Quantum Neuronal Sensing of Quantum Many-Body States on a 61-Qubit Programmable Superconducting Processor by Ming 

Gong et al, January 2022 (14 pages). 

1127 See Tunable Coupling Architectures with Capacitively Connecting Pads for Large-Scale Superconducting Multi-Qubit Processors 

by Gui-Han Liang, Peng Zhao  et al, June 2023 (15 pages). 

1128 See Error per single-qubit gate below 10-4 in a superconducting qubit by Zhiyuan Li et al, February 2023 (7 pages). 

1129 See Mitigating crosstalk and residual coupling errors in superconducting quantum processors using many-body localization by 

Peng Qian, Hong-Ze Xu, Peng Zhao, Xiao Li and Dong E. Liu, October 2023 (8 pages). 

https://www.yicaiglobal.com/news/20230602-21-china-unveils-quantum-computing-cloud-platform-zuchongzhi
https://www.yicaiglobal.com/news/20230602-21-china-unveils-quantum-computing-cloud-platform-zuchongzhi
https://arxiv.org/pdf/2211.09802.pdf
https://arxiv.org/pdf/2211.09802.pdf
https://arxiv.org/abs/2201.05957
https://arxiv.org/abs/2306.05312
https://arxiv.org/abs/2302.08690
https://arxiv.org/abs/2310.06618
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Vendors 

 

IBM is one of the few major players in the IT world that has been investing in 

fundamental research for a very long time in quantum computing1130. It is the 

most advanced in quantum computing research, having focused on supercon-

ducting qubits for a while. 

IBM started to develop quantum computers a while ago. In 2001, they could factor the integer 15 

using Shor’s algorithm (and a couple tricks) with using a prototype liquid state nuclear magnetic 

resonance (NMR) 7-qubit chip1131. In 2012, IBM also presented a 3-qubit superconducting chip1132. 

Its commercial inroads in the quantum computing world started to take shape in 2016 with the launch 

of its Q Experience offering in the cloud (now Quantum Experience). 

IBM's quantum activity is driven by Jay Gambetta with researchers in their Yorktown, Poughkeepsie, 

San Jose, Ehningen (Germany), Tokyo, and Zurich labs, partnering with various American and other 

countries universities including ETH Zurich and EPFL in Switzerland and the University of Tokyo in 

Japan. IBM has both the most significant full-stack physics, hardware, software tools and cloud R&D 

investment and strong market presence. It has at least 623 researchers working in the domain, on top 

of field operations (sales, marketing, support, services)1133. Their in-house manufacturing capacity 

enables them to prototype and produce most of the components needed to build their machines, par-

ticularly for their qubit chips and control electronics. Their most visible outside vendor is Bluefors. 

Their 2022 roadmap update added a scale-out strategy with their QPUs on top of their scale-in 

roadmap announced in 20201134. 

They are also very open and reliable, publishing roadmaps and roadmap updates, respecting their 

planned milestones and with a steady stream of open research publications showcasing their contri-

bution to the complicated quantum computing field even though it sometimes looks like a hard to 

reassemble puzzle. 

IBM’s technology is the fixed frequencies transmon superconducting qubits. It is using cross-reso-

nance two-qubit gates which consists in applying a microwave drive to one qubit (the control) at the 

frequency of another qubit (the target), generating a ZX interaction that is mediated by a bus1135. In 

the Heron system, they also use CZ gates based on tunable couplers. 

Its number of qubits increased steadily from 5 in 2016 to 433 in May 2023. IBM's quantum systems 

have been running in the cloud since 2016 (Figure 311). These are already used by thousands of 

researchers, students, startups, and corporations around the world. After creating laboratory comput-

ers, IBM ventured into creating packaged ones when announcing the Q System One in January 2019 

at the Las Vegas CES, initially a 20-qubit system1136. 

 

1130 Who does fundamental research? Mainly IBM, Microsoft, Google and large telecom companies. The Bell Labs coming from the 

dismantling of AT&T in 1982 are now part of Nokia after gone through Lucent and Alcatel-Lucent. 

1131 See It’s been 20 years since “15” was factored on quantum hardware by Robert Davis, IBM, January 2022. 

1132 See IBM edges closer to quantum computing by Daniel Terdiman, CNET, February 2012 presenting a 3 qubit IBM chipset. 

1133 See Evidence for the utility of quantum computing before fault tolerance by Youngseok Kim et al, Nature, June 2023 (8 pages). 

1134 See The Future of Quantum Computing with Superconducting Qubits by Sergey Bravyi, Oliver Dial, Jay M. Gambetta, Dario Gil 

and Zaira Nazario, IBM Quantum, September-November 2022 (20 pages), a well-crafted paper detailing their scientific roadmap in-

cluding quantum error correction trade-off choices, chipset manufacturing and scale-in/scale-out architecture. 

1135 See First-principles analysis of cross-resonance gate operation by Moein Malekakhlagh et al, IBM Research, May 2020 (30 pages) 

and Mitigating off-resonant error in the cross-resonance gate by Moein Malekakhlagh et al, August 2021 (20 pages). 

1136 Its design was created with the design studios Map Project Office and Universal Design Studio (UK) and Goppion (Italy), a 

manufacturer of high-end exhibition devices for museums, which notably designed the protective device for the Mona Lisa in the 

Louvre Museum and the Queen's jewels in the Tower of London. 

https://research.ibm.com/blog/factor-15-shors-algorithm
https://www.cnet.com/pictures/ibm-edges-closer-to-quantum-computing-images/3/
https://www.nature.com/articles/s41586-023-06096-3
https://arxiv.org/abs/2209.06841
https://arxiv.org/abs/2005.00133
https://arxiv.org/abs/2108.03223
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Figure 311: IBM quantum computing timeline. (cc) Olivier Ezratty, 2019-2023. 

The Quantum System One is 2.75 m wide, about the size of a D-Wave quantum annealer. In Figure 

312, ci-dessous on the right, you can see the Quantum System assembly workshop. IBM is imple-

menting a pre-industrial approach to the production of its quantum computers, despite their very lim-

ited capacities and low volume economics. The casing front contains the suspended cryostat while 

the back contains all the computing, electronics and cryostat compressor and pumps. The Quantum 

Systems are also self-calibrating. 

Most of these units are sitting in IBM’s own data center in Poughkeepsie (Figure 317), with some 

extra systems installed in IBM sites in Germany (operated with the Fraunhofer Institute), Tokyo in 

Japan, in Korea at Yonsei University, in Canada in Bromont, near Sherbrooke1137 and since 2023 at 

Cleveland Clinic in the USA1138, and soon in San Sebastian in Spain1139. 

  

Figure 312: IBM System Q without packaging (left) and with packaging (right), as installed since 2023 at Cleveland Clinic in the USA. 
Source: IBM. 2023. 

 

1137 See IBM Research launches the first Discovery Accelerator in Canada, IBM, February 2022. This deployment represents in invest-

ment of CAN $65M by IBM matched by the Government of Québec. IBM will team up there with Alexandre Blais’ team at Institut 

Quantique in Sherbrooke. The ibm-quebec 127 qubit system was launched in September 2023. 

1138 See Cleveland Clinic Gets Its Own IBM Quantum Processor For Advanced Biomedical Research by Steven Leibson and Tirias 

Research, Forbes, March 2023. In October 2023, Cleveland Clinic was selected to run some quantum chemistry projects by Wellcome 

Leap (a kind of NGO funding healthcare research projects following DARPA’s methods) and Algorithmiq. 

1139 See IBM and Fundación Ikerbasque Partner to Launch Groundbreaking Quantum Computational Center, March 2023. 
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https://research.ibm.com/blog/quebec-discovery-accelerator
https://www.forbes.com/sites/tiriasresearch/2023/03/21/cleveland-clinic-gets-its-own-ibm-quantum-processor-for-advanced-biomedical-research/
https://newsroom.ibm.com/2023-03-24-IBM-and-Fundacion-Ikerbasque-partner-to-launch-groundbreaking-Quantum-Computational-Center
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The non-packaged System One is installed in locations with white-room control of temperature and 

humidity. Elsewhere, the packaged version is deployed, like it will be at the Rensselaer Polytechnic 

Institute in New York1140. 

In October 2022, Joe Biden visited the Poughkeepsie facility1141 and was presented the Osprey 433 

qubit processor that was unveiled later in November 20221142. As of October 2022, IBM had already 

retired 26 quantum computers with 1, 5, 7, 15, 20, 27, 28, 53 and 65 qubits1143. Many of these systems 

had been retired as of early 2024. 

In September 2020, IBM announced their plan to “scale-in” the number of qubits of their quantum 

computers1144 with a 127 qubits version ("Eagle") introduced in November 20211145, 433 qubits an-

nounced in November 2022 and online since May 2023 ("Osprey") and 1,121 qubits in 2023 ("Con-

dor"). This roadmap was updated in May 2022 with the addition of new processors implementing a 

scale-out approach1146 (Figure 314). Chips will be assembled in three-steps: first, Heron (133 qubits, 

2023) will be assembled in QPU with many units running the same algorithm in parallel, accelerating 

the thousands of runs that are necessary with NISQ systems algorithms. 

 
Figure 313: IBM’s new superconducting processors from 2020 to 2023. Source: IBM. All these processors implement the heavy-hex 

qubits topology which explains the number of qubits in these chips. And not the fact that 127 and 433 are prime numbers. 

 

1140 See Rensselaer Polytechnic Institute Plans to Deploy First IBM Quantum System One on a University Campus, IBM, June 2023. 

1141 See U.S. President Biden visits IBM’s quantum data center — home of the world’s largest fleet of quantum computers, IBM, 

October 2022. 

1142 See the details of Osprey’s November 2022 announcement in Assessing IBM Osprey 433-qubit quantum computer, Olivier Ezratty, 

November 2022. 

1143 See Retired systems, IBM. Extracted on October 24th, 2022. 

1144 See IBM's Roadmap For Scaling Quantum Technology by Jay Gambetta, September 2020, completed by IBM publishes its quan-

tum roadmap, says it will have a 1,000-qubit machine in 2023 by Frederic Lardinois in TechCrunch. See also IBM Envisions the Road 

to Quantum Computing Like an Apollo Mission by Dexter Johnson, September 2020. 

1145 See Eagle’s quantum performance progress by Oliver Dial, IBM, March 2022. 

1146 See Expanding the IBM Quantum roadmap to anticipate the future of quantum-centric supercomputing by Jay Gambetta, May 

2022. 

https://newsroom.ibm.com/2023-06-28-Rensselaer-Polytechnic-Institute-Plans-to-Deploy-First-IBM-Quantum-System-One-on-a-University-Campus?sf179630325=1
https://research.ibm.com/blog/quantum-computation-center-update
https://www.oezratty.net/wordpress/2022/assessing-ibm-osprey-quantum-computer/
https://quantum-computing.ibm.com/lab/docs/iql/manage/systems/retired-systems
https://www.ibm.com/blogs/research/2020/09/ibm-quantum-roadmap/
https://techcrunch.com/2020/09/15/ibm-publishes-its-quantum-roadmap-says-it-will-have-a-1000-qubit-machine-in-2023/
https://techcrunch.com/2020/09/15/ibm-publishes-its-quantum-roadmap-says-it-will-have-a-1000-qubit-machine-in-2023/
https://spectrum.ieee.org/tech-talk/computing/hardware/ibms-envisons-the-road-to-quantum-computing-like-an-apollo-mission
https://spectrum.ieee.org/tech-talk/computing/hardware/ibms-envisons-the-road-to-quantum-computing-like-an-apollo-mission
https://research.ibm.com/blog/eagle-quantum-processor-performance
https://research.ibm.com/blog/ibm-quantum-roadmap-2025
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Second, Crossbill will assemble three chips similar to Heron and accumulate 408 qubits in 2024 

(3×133= 399, we can presume that the remaining 9 qubits are explained by some connectivity con-

straints). These chips will be tightly connected with chip-to-chip coupler qubit gates. Then, Flamingo 

will follow in 2024 with 1,092 qubits (7×156) with three chips blocks interconnected through some 

short-range microwave-photonic link (less than one meter). Then, Kookaburra will assemble several 

blocks of three chips associating chip-to-chip micro-wave coupler gates and longer range photonic-

based interconnectivity. At last, much later, multiple such units will be connected via photonic links. 

 
Figure 314: IBM’s scale-in and scale-out roadmap. Source: IBM. December 2023. 

We will now look at the various technology improvements IBM is implementing or planning to im-

plement in its various superconducting qubits systems1147. 

Heavy-Hexagon layout. In July 2021, IBM announced a generalization of their hexagon qubits to-

pology. This heavy-hex lattice is the 4th version of IBM Quantum systems qubits topology and has 

been used upwards of its Falcon processor (27 qubits) as shown in Figure 313 and Figure 315, where 

useful computing qubits are in yellow, black qubits in the red zones, the phase (Z) errors correction 

qubits and the white qubits in blue zones, the flip (X) errors corrections qubits 1148. It uses a hexagonal 

arrangement with an intermediate qubit on each side of hexagons. The topology is optimized for 

future implementations of quantum errors correction code, using custom hybrid surface and Bacon-

Shor subsystem codes. This topology is different from the square lattice chosen by Google in its 

Sycamore processors, which, however, uses coupling qubits, a solution that IBM was not relying on 

until it was announced in May 2022 that they would later implement it. IBM was using fixed fre-

quency qubits when Google uses tunable frequency ones. The hex lattice reduces the effect of fre-

quency collision between qubits. 

 

1147 See also this impressive list of over 800 papers from IBM research and its research partners published on arXiv (as of August 2022). 

1148 See The IBM Quantum heavy hex lattice by Paul Nation et al, IBM Research, July 2021 and Topological and subsystem codes on 

low-degree graphs with flag qubits by Christopher Chamberland et al, IBM Research, December 2019 (20 pages). Heavy hex requires 

some tuning with algorithms like QAOA. See Scaling of the quantum approximate optimization algorithm on superconducting qubit 

based hardware by Johannes Weidenfeller et al, IBM, February 2022 (20 pages). 

https://airtable.com/shr5QnbLgraHRPx35/tblqDKDgMVdH6YGSE
https://research.ibm.com/blog/heavy-hex-lattice
https://arxiv.org/abs/1907.09528
https://arxiv.org/abs/1907.09528
https://arxiv.org/abs/2202.03459
https://arxiv.org/abs/2202.03459
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Figure 315: Heavy-Hexagon layout (left) and evolution of IBM’s superconducting qubits fidelities over time (right). 

IBM now plans to use LDPC correction codes that will require long range connectivity between the 

qubits, to be implemented with 7-layers connectivity chips. In August 2023, IBM published an im-

portant related preprint paper showing that for a logical qubit error rate of 10-12, twelve logical qubits 

would require 288 physical qubits instead of 4,000 physical qubits with a surface code, assuming a 

physical qubit error rate of 0.1% (which remains to be seen at such scales)1149. 

Qubit quality. With improving qubit readouts fidelity using low noise amplifiers (QLA for quantum-

limited amplifiers) 1150. They reached record fidelities in November 2022 with the 33-qubit Egret 

QPU, with two-qubit ECR gates fidelities of 99.66%. Meanwhile, the larger Osprey has two-qubit 

gate fidelities in the 98% range for two-qubit gates. 

They also improve coherence times on a regular basis within a class of systems processors (like Fal-

con for 27 qubits)1151. 

Their record is a T1 of 348 μs with their Geneva Falcon 27-qubit R8 processor and 1 ms in research 

(source). They also continuously improve qubit physical properties1152. Like with using laser anneal-

ing in their production1153, with new materials design improving their purity and avoiding contami-

nations and computer aided design1154, and with improving chip vacuum isolation during its assem-

bly1155. Metallic superconducting nanowires could also be controlled by applying a moderate voltage 

to a nearby gate electrode. Switches using this effect would require very little power and could miti-

gate the well-known negative impact of phonons on the coherence of superconducting qubits1156. 

IBM researchers are also quite prolific in finding ways to improve gates fidelities. Like with enabling 

efficient SWAP gates implementation with low crosstalk, using dispersively coupled fixed-frequency 

 

1149 See High-threshold and low-overhead fault-tolerant quantum memory by Sergey Bravyi, Andrew W. Cross, Jay M. Gambetta, 

Dmitri Maslov, Patrick Rall and Theodore J. Yoder, IBM, August 2023 (38 pages). This is however limited to some Clifford gates. 

1150 See Rising above the noise: quantum-limited amplifiers empower the readout of IBM Quantum systems by Baleegh Abdo, January 

2020. 

1151 T1 and T2 reached about 260 μs in September 2021 with their Peekskill 27 qubit system. It was a 3-times improvement vs previous 

systems. 

1152 See Materials challenges and opportunities for quantum computing hardware by Nathalie P. de Leon et al, Science, April 2021 (x 

pages). 

1153 See High-fidelity superconducting quantum processors via laser-annealing of transmon qubits by Eric J. Zhang et al, December 

2020 (9 pages) and Laser-annealing Josephson junctions for yielding scaled-up superconducting quantum processors by Jared B. 

Hertzberg et al, August 2021 (8 pages). 

1154 See What if We Had a Computer-Aided Design Program for Quantum Computers?, IBM, October 2020 and  Qiskit Metal: IBM 

Community Building a Computer-Aided Program for Quantum Device Design by Matt Swayne, October 2020. 

1155 See Ultrahigh Vacuum Packaging and Surface Cleaning for Quantum Devices by M. Mergenthaler et al, 2020 (6 pages). 

1156 See Vibrations could flip the switch on future superconducting devices by Markus F. Ritter, Andreas Fuhrer and Fabrizio Nichele, 

March 2022, pointing to Out-of-equilibrium phonons in gated superconducting switches by Markus F. Ritter et al, Nature Electronics, 

March 2022 (7 pages). 

https://twitter.com/jaygambetta/status/1395347923123245056?lang=en
https://arxiv.org/abs/2308.07915
https://www.ibm.com/blogs/research/2020/01/quantum-limited-amplifiers/
https://quantum-computing.ibm.com/services?services=systems&system=ibm_peekskill
https://www.osti.gov/pages/biblio/1777671
https://arxiv.org/pdf/2012.08475.pdf
https://www.nature.com/articles/s41534-021-00464-5
https://medium.com/qiskit/what-if-we-had-a-computer-aided-design-program-for-quantum-computers-4cb88bd1ddea
https://thequantumdaily.com/2020/10/19/qiskit-metal-ibm-community-building-a-computer-aided-program-for-quantum-device-design/
https://thequantumdaily.com/2020/10/19/qiskit-metal-ibm-community-building-a-computer-aided-program-for-quantum-device-design/
https://arxiv.org/pdf/2010.12090.pdf
https://research.ibm.com/blog/vibrations-could-flip-the-switch-on-future-superconducting-devices
https://www.nature.com/articles/s41928-022-00721-1


Understanding Quantum Technologies 2023 - Quantum computing hardware / Superconducting qubits - 380 

transmon qubits and simultaneous driving of the coupled qubits at the frequency of another qubit, 

with a fast two-qubit interaction equivalent to ZX + XZ entangling gates, implemented without 

strongly driving the qubits1157. 

3D circuits. It started with stacked pairs of chips separating qubits from microwave controls, using 

TSV (through-silicon vias) with their 127 qubit systems in 20211158. 

This 3D chip layout introduced with Eagle 

(127 qubits) adds multi-level wiring 

(MLW) on the backside of the interposer 

(Figure 316). Control and readout signals 

are routed as strip lines in the MLW and are 

well isolated from the interposer and qubit 

metal levels. Connections between the 

qubits and this MLW are implemented with 

superconducting TSVs (through-silicon 

vias). It reduces crosstalk when pairing 

qubits. They also improved readout multi-

plexing with using 9 lines instead of 5 in 

Eagle. However, this degrades their CNOT 

gates fidelity due to collisions between 

qubit readout frequencies. 

 
Figure 316: the three stacked die chip architecture used in Eagle’s 127 qubit 

processor. Source: IBM. 

The connectivity chip will have 5 layers in Condor (1,121 qubits) and 7 layers in future versions. This 

will enable the long-range connectivity that is required for implementing LDPC error correction codes. 

Scalability. With microwaves signals mul-

tiplexing and intelligent filtering for qubit 

states readouts, starting with Hummingbird 

65 qubits system in 2020. They are also us-

ing microwave flexible cables to reduce the 

space used by microwave cabling in cryo-

stats. They are also implementing tunable 

couplers to control qubits entanglement1159. 

With Osprey (433 qubits), wires density 

improved using 24-lines flexible cables and 

with control electronics of “generation 3”, 

using custom-made FPGAs (Figure 318). 

 
Figure 317: IBM’s quantum data center in Poughkeepsie, New York State. 

Source: IBM. 

Scalability will also come from qubits miniaturization coming from various paths like a simplification 

of the readout electronics replacing the usual circulator with a “microwave-controlled qubit readout 

multichip module” (QRMCM)1160. 

 

1157 See Cross-Cross Resonance Gate by Kentaro Heya and Naoki Kanazawa, IBM Research Japan, PRX, November 2021 (15 pages). 

1158 See Merged-Element Transmons: Design and Qubit Performance by H. J. Mamin et al, March 2021 (7 pages). 

1159 See Tunable Coupling Architecture for Fixed-frequency Transmons by J. Stehlik et al, IBM Research, February 2021 (7 pages) and 

With fault tolerance the ultimate goal, error mitigation is the path that gets quantum computing to usefulness by Kristan Temme, Ewout 

van den Berg, Abhinav Kandala and Jay Gambetta, July 2022. 

1160 See High-Fidelity Qubit Readout Using Interferometric Directional Josephson Devices by Baleegh Abdo et al, December 2021 (34 

pages). Avoiding the magnet-based based circulator for qubit readout using a microwave-controlled qubit readout multichip module 

(QRMCM) that “integrates interferometric directional Josephson devices consisting of an isolator and a reconfigurable isolator or 

amplifier device, and an off-chip low-pass filter”. Also, see Merged-Element Transmons: Design and Qubit Performance by H.J. Mamin 

et al, PRA, August 2021 (7 pages). 

https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040336
https://arxiv.org/abs/2103.09163
https://arxiv.org/pdf/2101.07746.pdf
https://research.ibm.com/blog/gammabar-for-quantum-advantage
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.2.040360
https://arxiv.org/abs/2103.09163
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They are also developing CryoCMOS control electronics to be deployed in future systems. Cabling 

optimization is also on the way. The Osprey system is using 24-lines flexible cables with a goal to 

reach 100 cables. Condor was tested with a similar setup but quickly dismantled as of early 2024. 

 

Figure 318: IBM Osprey system showing its flexible cabling and various other parts. Source: IBM and Olivier Ezratty, 2023. 

Error Mitigation. Before fault tolerant QPUs are developed, IBM is betting on using quantum error 

mitigation and error suppression techniques1161 (Figure 319). 

Quantum utility. In June 2023, IBM announced having reached some quantum utility with a 100 

breadth x 60 depth circuit running on a Kyiv 127 qubit QPU implementing a kicked Ising model 

problem solving algorithm, thanks to using quantum error mitigation (ZNE). The performance is doc-

umented in a rather small paper in Nature1162 and in an IBM blog post1163 and with additional infor-

mation found in Forbes1164. The authors cautiously stated that they “fully expect that the classical 

computing community will develop methods that verify the results we presented”. They didn’t provide 

insights on the types of problems that could be solved with some encoding into an Ising model alt-

hough it would be surprisingly close to what D-Wave quantum annealers are achieving since they are 

directly implementing a Ising model solving scheme1165. 

 

1161 See With fault tolerance the ultimate goal, error mitigation is the path that gets quantum computing to usefulness by Kristan Temme, 

Ewout van den Berg, Abhinav Kandala and Jay Gambetta, July 2022. 

1162 See Evidence for the utility of quantum computing before fault tolerance by Youngseok Kim, Kristan Temme, Abhinav Kandala et 

al, IBM Research, RIKEN iTHEMS, University of Berkeley and the Lawrence Berkeley National Laboratory, Nature, June 2023 (8 

pages). 

1163 See New paper from IBM and UC Berkeley shows path toward useful quantum computing by Ryan Mandelbaum, IBM, June 2023. 

1164 See IBM’s Latest Research Paper Signals A New Era Of Quantum Computing Is Here by Paul Smith-Goodson, Moor Insights and 

Strategy, Forbes, June 2023. 

1165 We can suspect it is like with D-Wave systems, enabling solving QUBO problems which in turn are adapted to both solving com-

binatorial problems or quantum chemistry problems, although with significant overhead. For example, it won’t make VQE easier to 

implement with these systems. 

Osprey
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433 qubits
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readout cables

blue labels = guesses
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images source: IBM. Legends: Olivier Ezratty, 2023.

https://research.ibm.com/blog/gammabar-for-quantum-advantage
https://www.nature.com/articles/s41586-023-06096-3
https://research.ibm.com/blog/utility-toward-useful-quantum
https://www.forbes.com/sites/moorinsights/2023/06/14/ibms-latest-research-paper-signals-a-new-era-of-quantum-computing-is-here/
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Figure 319: the various quantum error mitigation techniques IBM is working on. Source: IBM. 

It did not take long before efficient tensor based classical simulations of the Ising model were devel-

oped. A couple weeks later, Miles Stoudenmire et al from the Flatiron Institute did publish a preprint 

showing a classical solution yielding an accuracy of ∼10−14 running faster than IBM’s QPU, in less 

than 2 minutes. It could even run it with a better accuracy in less than 7 minutes to run on a single 

Intel Skylake CPU using 0.3 GB of memory1166. A couple days later, a Caltech team did a similar 

experiment and could implement in emulation mode IBM’s experiment on a simple laptop1167 and a 

team from Google did the same in one second with using a single GPU1168. A research team in China 

arrived at a similar conclusion in August 20231169. Then, an IBM team benchmarked these various 

classical solutions and found discrepancies in their results, of about 20%1170. A team from Bar-Ilan 

University in Israel explained why IBM’s performance could be achieved with such a noisy QPU1171, 

another international team created yet another efficient classical simulation of the IBM kicked Ising 

model1172 and a team led by Multiverse extended this to 433 and 1,121 qubits using another tensor 

networks variation1173. This quantum/classical computing battle has not ended yet! 

Various algorithms optimizations. IBM research teams are finding many ways, more or less effi-

cient, to optimize algorithms run-time. 

 

1166  See Efficient tensor network simulation of IBM's Eagle kicked Ising experiment by Joseph Tindall, Matt Fishman, Miles 

Stoudenmire and Dries Sels, PRX Quantum, June 2023-January 2024 (16 pages). 

1167 See Fast classical simulation of evidence for the utility of quantum computing before fault tolerance by Tomislav Begušić and 

Garnet Kin-Lic Chan, Caltech, June 2023 (4 pages) which was updated in Fast and converged classical simulations of evidence for the 

utility of quantum computing before fault tolerance by Tomislav Begušić et al, Caltech, August 2023 (17 pages). 

1168 See Effective quantum volume, fidelity and computational cost of noisy quantum processing experiments by K. Kechedzhi et al, 

Google AI, NASA, June 2023 (15 pages). 

1169 See Simulation of IBM's kicked Ising experiment with Projected Entangled Pair Operator by Hai-Jun Liao et al, China, August 

2023 (8 pages). 

1170 See Classical benchmarking of zero noise extrapolation beyond the exactly-verifiable regime by Sajant Anand, Kristan Temme et 

al, UC Berkeley, LBNL and IBM, June 2023 (11 pages). 

1171 See Dissipative mean-field theory of IBM utility experiment by Emanuele G. Dalla Torre and Mor M. Roses, Bar-Ilan University, 

August 2023 (4 pages). 

1172 See Classical surrogate simulation of quantum systems with LOWESA by Manuel S. Rudolph et al, EPFL, University of Strath-

clyde, Quantinuum, NPL and JPMorgan Chase, August 2023 (13 pages). 

1173 See Efficient tensor network simulation of IBM's largest quantum processors by Siddhartha Patra et al, September 2023 (6 pages). 

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.5.010308
https://arxiv.org/abs/2306.16372
https://arxiv.org/abs/2308.05077
https://arxiv.org/abs/2308.05077
https://arxiv.org/abs/2306.15970
https://arxiv.org/abs/2308.03082
https://arxiv.org/abs/2306.17839
https://arxiv.org/abs/2308.01339
https://arxiv.org/abs/2308.09109
https://arxiv.org/abs/2309.15642
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For example, they are allowing more com-

putations with the Bernstein-Vazirani algo-

rithm run on 12 qubits, where SWAP gates 

are replaced with resets, improving fidelity 

from 0.0007 to 0.80. 

They also propose to use “circuit knitting”, 

i.e., combining smaller circuits to simulate 

larger problems using entanglement forg-

ing 1174  (Figure 320). However, this tech-

nique has a strong tendency to strongly at-

tenuate algorithms quantum advantage and 

parallelism. 

 

Figure 320: entanglement forging technique. Source: IBM. 

Cryogeny. IBM announced in 2020 that it was working on a giant home-made cryostat nicknamed 

Goldeneye, to host from a thousand to a million physical qubits1175, shown in Figure 321. It was due 

for 2023 after some tests were conducted in 2022 at 25 mK. It has about 12 pulse tubes and 6 dry 

dilutions with half of the dilution to be inverted at the bottom. The project was however put on hold 

while IBM’s team was integrating Bluefors KIDE dilution fridges in its System Two. 

   
Figure 321: IBM’s giant Goldeneye dilution refrigerator, which is currently put on hold. Source: IBM. 

QPU interconnect. Beyond 2023, scale-out will involve various types of couplers. At short to mid-

range, these will be microwave couplers. Beyond, interconnecting quantum processing unit will rely 

on microwave-optical transduction and optical fiber to connect QPUs, with optomechanical coupling 

or electro-optic coupling. One option is to use optical channels with SiGe/Si optical resonators1176. 

These quantum units will be cooled with a new generation of cryostats, designed by Bluefors as part 

of their KIDE range using a hexagonal form factor, announced in November 2021. 

 

1174 See Doubling the size of quantum simulators by entanglement forging by Andrew Eddins, Sergey Bravy, Sarah Sheldon et al, April 

2021 (17 pages), Entanglement forging The 2x Gambit: IBM Tech Doubles Qubit Effectiveness by Charles Q. Cho, February 2022, 

Simulating Large Quantum Circuits on a Small Quantum Computer by Tianyi Peng, Aram Harrow et al, October 2020, PRL (20 pages), 

Quantum Divide and Compute: Exploring The Effect of Different Noise Sources by Thomas Ayral and F.M Le Régent (Atos) with Zain 

Saleem, Yuri Alexeev, Martin Suchara (DoE Argonne National Laboratory, February 2021 (21 pages) and Constructing a virtual two-

qubit gate by sampling single-qubit operations by Kosuke Mitarai and Keisuke Fujii, Osaka University, JST PRESTO and RIKEN, 

January 2021 (13 pages). 

1175 See IBM scientists cool down world’s largest quantum-ready cryogenic concept system by Pat Gumann and Jerry Chow, September 

2022. The device is 3m high and 2m wide with 1.7 m3 of experimental volume and 10 internal plates. Its cooling power is of 10 mW 

at 100 mK and 24W at 4K. 

1176 See Engineering electro-optics in SiGe/Si waveguides for quantum transduction by Jason Orcutt et al, Quantum Science Technology, 

2020 and Ultrahigh-Q on-chip silicon–germanium microresonators by Ryan Schilling, Hanhee Paik et al, Optica, 2022 (4 pages). 

https://arxiv.org/abs/2104.10220
https://spectrum.ieee.org/ibm-entanglement-forging
https://arxiv.org/abs/1904.00102
https://arxiv.org/abs/2102.03788
https://arxiv.org/pdf/1909.07534.pdf
https://arxiv.org/pdf/1909.07534.pdf
https://research.ibm.com/blog/goldeneye-cryogenic-concept-system
https://iopscience.iop.org/article/10.1088/2058-9565/ab84c1/meta
https://opg.optica.org/optica/fulltext.cfm?uri=optica-9-3-284&id=470104
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Serverless. As part of their May 2022 announcements, IBM explained it had adopted a “serverless” 

architecture, another name for a cloud service driving both classical and quantum computers with a 

pay-as-you-go pricing1177. It involves three techniques: circuit knitting that leverages classical re-

sources cut a quantum problem in smaller problems and circuits to run on NISQ QPUs, and also use 

classical processing. This is interesting but reduces the quantum acceleration generated by the QPUs 

who will run quantum algorithms of smaller Hilbert space. Then, entanglement forging is a way to 

simplify knitting specific to solving chemistry problems. They then use “quantum embedding” to re-

frame a problem and split it between pieces running classically and others quantumly “for only the 

classically difficult parts of the problem”. Finally, error mitigation is based on classical post-pro-

cessing to reduce the impact of some classes of quantum errors. 

Benchmarking. IBM now uses three key metrics to benchmark its quantum systems. The first one is 

simply their number of qubits which define the scale of their system. The second is the quantum 

volume that was introduced in 2019 and described in details page 1007. 

It defines their computing quality. 

IBM announced it would double every 

year. In April 2022, they obtained a 

record quantum volume of 256, mean-

ing 8 operational qubits and 8 depths of 

computing, which increased to 512 in 

May 20221178. Due to limited qubit fi-

delities, IBMs QPUs quantum volumes 

have not made progress since 2022 

(Figure 322). 

In November 2021, IBM introduced 

CLOPS, or circuit layers operations 

per second, which defines the speed of 

their QPUs, also labelled in Hz. 

 

Figure 322: IBM’s quantum volume evolution over time. Source: IBM. 

It currently sits between 800 and 3,800 CLOPS with a record of 15K obtained on a prototype Falcon 

chip1179 1180. The discrepancy between this speed and quantum gates durations (between 20 ns and 

300 ns) comes from the CLOPS metrics accounting for all the classical preprocessing happening 

before running your quantum code. IBM is caring about the level of large entanglements generated 

in these systems, aka genuine multipartite entanglement (GME). It was done in 2021 by a team of 

Australian researchers with fidelities of 54% for 27 qubits with using some quantum readout-error 

mitigation (QREM) 1181. It was also implemented by IBM Research with a 65-qubit QPU1182. The 

schema in Figure 323 shows the history of experimentally prepared quantum states exhibiting N-

qubit GME, where N ≥ 3, with at least 95% confidence in gate-based quantum systems. It illustrates 

the challenges to create large high-fidelity entangled states. 

 

1177 See Introducing Quantum Serverless, a new programming model for leveraging quantum and classical resources by Blake Johnson, 

Ismael Faro, Michael Behrendt and Jay Gambetta, May 2022 

1178 See Pushing quantum performance forward with our highest Quantum Volume yet by Petar Jurcevic et al, IBM, April 2022. 

1179 See Quality, Speed, and Scale: three key attributes to measure the performance of near-term quantum computers by Andrew Wack, 

Hanhee Paik, Jay Gambetta et al, 2021 (8 pages). 

1180 See Quantum-centric supercomputing: The next wave of computing by Jay Gambetta, IBM, November 2022. 

1181 See Generation and verification of 27-qubit Greenberger-Horne-Zellinger states in a superconducting quantum computer by Gary 

J. Mooney et al, August 2021 (16 pages). 

1182 See Whole-device entanglement in a 65-qubit superconducting quantum computer by Gary J. Mooney et al, October 2021 (15 

pages). 

https://research.ibm.com/blog/quantum-serverless-programming
https://research.ibm.com/blog/quantum-volume-256
https://arxiv.org/abs/2110.14108
https://research.ibm.com/blog/next-wave-quantum-centric-supercomputing
https://arxiv.org/abs/2101.08946
https://arxiv.org/abs/2102.11521
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Figure 323: largest multipartite entangled state over time although a bit dated. Source: Generation and verification of 27-quit 
Greenberger-Horne-Zellinger states in a superconducting quantum computer by Gary J. Mooney et al, August 2021 (16 pages). 

Deployments and customer evangelism. IBM has been investing steadily since 2016 to build a 

worldwide community of developers and users. They launched the IBM Quantum network in 2017. 

It brings together major Fortune 500 companies, research laboratories and startups interested in de-

veloping quantum solutions. This network offered access free access to quantum systems with 5 and 

7 qubits. Commercial systems had respectively 16, 27, 33, 65, 127 and 433 qubits. At last, a quantum 

emulator (branded a simulator) supported 32 qubits, but was discontinued in May 2024. As of June 

2022, they had 24 quantum systems online. In September 2023, free access was expanded to 127-

qubit systems, with the retirement of many QPUs using a lower number of qubits. A couple 27 qubits 

QPUs are left online. 

IBM also launched a customer Quantum Computation Center in Poughkeepsie, New York, a quantum 

center in Montpellier, France, in 2018, and then a partnership in Germany with a Fraunhofer Institute 

in 2019 plus other quantum centers in Japan, Korea and Canada. Their task is to evangelize developers 

and researchers to encourage them to develop software on their Qiskit platform and their quantum 

systems sitting in the cloud. 

In April 2021, IBM finalized the deployment of a 27-qubit Quantum System in its own site in 

Ehningen, near Stuttgart, Germany, in relationship with Fraunhofer as an intermediate to reach out 

the developer community1183. It was even inaugurated remotely by Chancellor Angela Merkel on June 

15th, 2021. The access price for the 27-qubit System One is €11,621 and €9,770 per month for the 

industry and for R&D1184. The center is even becoming a “quantum data center” to be opened in 2024, 

for running hybrid classical and quantum software under the umbrella of the GDPR privacy regula-

tions1185. 

 

1183 See Fraunhofer launches quantum computing research platform in Germany, April 2021. 

1184 See How do I use the quantum computer?, Fraunhofer. 

1185 See IBM’s first quantum data center in Europe by Ismael Faro, June 2023. 

https://arxiv.org/abs/2101.08946
https://arxiv.org/abs/2101.08946
https://www.fraunhofer.de/en/press/research-news/2021/april-2021/fraunhofer-launches-quantum-computing-research-platform-in-germany.html
https://www.fraunhofer.de/en/institutes/cooperation/fraunhofer-competence-network-quantum-computing/terms-of-use.html
https://research.ibm.com/blog/europe-quantum-datacenter-software
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IBM also announced a partnership of 10 years with Cleveland Clinic in the USA, including the de-

livery of their 1,121 qubits system around 2024. Meanwhile, the customer will rely on the existing 

cloud-based Quantum Experience systems1186 . Then, in June 2021, IBM announced a five year 

$300M artificial intelligence and quantum computing research partnership with the UK. They plan to 

hire 60 scientists as part of the new Hartree National Centre for Digital Innovation (HNCDI)1187. IBM 

has however not put all its eggs in the superconducting qubits basket. Their Zurich research center is 

also investigating electron spins and Majorana fermions qubits at a fundamental research level, work-

ing on this with ETH Zurich and EPFL. Also, in February 2022, IBM invested $25M in Quantin-

uum1188. 

 
Figure 324: IBM System 2 with 100,000 qubits in total. Source: IBM, 2023. 

The IBM System 2 roadmap that was announced in May 2023 will lead to a 100,000 qubit System 2 

in 2023. It was introduced jointly with an USA-Japan $100M partnership over 10 years1189 1190. The 

100,000-qubit system will be built out of four 25,000 qubits clusters interconnected by photonic links 

(Figure 324). Each of these clusters will use three high-power dilution fridges connected through long 

range microwave interconnections. The announced partnership involves the University of Tokyo and 

the University of Chicago. There may be some connection with IBM Japan Research team working 

on control electronics, which plays an important role to slowly scale the energy consumption of these 

QPUs1191. The University of Chicago is working on error correction codes and photonic interconnec-

tion solutions. The $100M partnership is spread over 10 years across the USA and Japan, meaning 

the University of Tokyo probably receives less than $5M a year. 

 

1186 See Cleveland Clinic, IBM launch 10-year quantum computing partnership by Mike Miliard, March 2021. 

1187 See UK STFC Hartree Centre and IBM Begin Five-Year, £210 Million Partnership to Accelerate Discovery and Innovation with 

AI and Quantum Computing, June 2021. 

1188 See IBM invests in Quantinuum, and other quantum news updates by Dan O’Shea, Fierce Electronics, February 2022. 

1189 See Charting the course to 100,000 qubits by Jay Gambetta and Matthias Steffen, May 2023. 

1190 See IBM Launches $100 Million Partnership with Global Universities to Develop Novel Technologies Towards a 100,000-Qubit 

Quantum-Centric Supercomputer, IBM, May 2023. 

1191 See IBM wants to build a 100,000-qubit quantum computer by Michael Brooks, MIT Technology Review, May 2023. 

https://www.healthcareitnews.com/news/cleveland-clinic-ibm-launch-10-year-quantum-computing-partnership
https://newsroom.ibm.com/2021-06-03-UK-STFC-Hartree-Centre-and-IBM-Begin-Five-Year,-210-Million-Partnership-to-Accelerate-Discovery-and-Innovation-with-AI-and-Quantum-Computing
https://newsroom.ibm.com/2021-06-03-UK-STFC-Hartree-Centre-and-IBM-Begin-Five-Year,-210-Million-Partnership-to-Accelerate-Discovery-and-Innovation-with-AI-and-Quantum-Computing
https://www.fierceelectronics.com/electronics/ibm-invests-quantinuum-and-other-quantum-new-updates
https://research.ibm.com/blog/100k-qubit-supercomputer
https://newsroom.ibm.com/2023-05-21-IBM-Launches-100-Million-Partnership-with-Global-Universities-to-Develop-Novel-Technologies-Towards-a-100,000-Qubit-Quantum-Centric-Supercomputer
https://newsroom.ibm.com/2023-05-21-IBM-Launches-100-Million-Partnership-with-Global-Universities-to-Develop-Novel-Technologies-Towards-a-100,000-Qubit-Quantum-Centric-Supercomputer
https://www.technologyreview.com/2023/05/25/1073606/ibm-wants-to-build-a-100000-qubit-quantum-computer
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Google started to invest in quantum computing in the mid-2010s. In 

2014/2015, it tested some algorithms on a D-Wave quantum annealing system 

installed in the joint QUAIL laboratory established with NASA and located at 

the Ames Research Center in Mountain View. 

Google initially wanted to create its own quantum annealer ala D-Wave but quickly switched gears 

towards gate-based superconducting qubits quantum computing, under the direction of Hartmut Ne-

ven since 2006, who manages quantum hardware and software. In 2019, he put forward an empirical 

law called Dowling-Neven according to which the power of computers doubles exponentially. This 

was exaggerated when you look at their evaluation method1192! 

Hardware was developed by John Martinis et al between 2014 and 20201193 (Figure 327). All this 

was done in connection with the University of Santa Barbara in California (UCSB), where he came 

from with part of his team. 

In 2017, Google stated its ambition to obtain some quantum supremacy as defined by John Preskill 

in 20111194. In April 2017 came a 9 qubits chip followed in 2018 by their Foxtail 22 qubits chip. In 

March 2018, Google announced a 72 qubits chip named Bristlecone, promising a two-qubits gates 

fidelity of 99.56%. It seemed however a dead-end and was abandoned. Then came the famous Octo-

ber 2019 so-called quantum supremacy with their Sycamore processor using 53 qubits interconnected 

with couplers and a random algorithm similar to the boson sampling algorithm imagined by Scott 

Aaronson in 20121195. NASA and Google science papers were mistakenly posted on the Internet in 

September 2019 and then officially published in the journal Nature in October 20191196, filing 70 

pages with a level of detail never seen before1197. Google compared their qubits with the most pow-

erful supercomputer of the time, the IBM Summit installed at the Department of Energy's Oak Ridge 

 

1192 The reasoning is as follows: the number of qubits would so far increase exponentially, and the power doubles with each addition 

of a single qubit. All this, every six months. Unfortunately, the available data on the actual power of today's quantum computers does 

not comply with this law. There is no doubling of the number of operational qubits every six months! There is even regression! Google 

announced 72 qubits in March 2018 and then 53 qubits in October 2019. At IBM, we are in the total confusion between the Q System 

One which went from 20 to 28 qubits between January 2019 and January 2020, which does not look like a doubling every six months. 

On the other hand, this doubling could eventually be achieved with other technologies such as Honeywell's trapped ions or Pasqal's 

cold atoms. In his presentation at Q2B in December 2019, John Preskill highlighted another exponential doubling: gate fidelity rates 

are steadily improving, which would increase quantum volume exponentially. At the same time, the cost of emulating quantum com-

puting on conventional computers increases exponentially with quantum volume. Hence a doubly exponential evolution of computing 

power. The bug? Nothing says that the fidelity of quantum gates will continue to improve steadily. See A New Law to Describe Quantum 

Computing's Rise?, June 2019. 

1193 John Martinis resigned from Google in April 2020 after being demoted to a scientific advisory role mid-2019. He explained this in 

an exit interview for Forbes: Google's Top Quantum Scientist Explains In Detail Why He Resigned by Paul Smith-Goodson, 2020. See 

also Google's Head of Quantum Computing Hardware Resigns by Tom Simonite, April 2020. 

1194 See Google says it is on track to definitively prove it has a quantum computer in a few months' time by Tom Simonite, April 2017. 

See also The Question of Quantum Supremacy, May 2018 which references two related papers : Characterizing Quantum Supremacy 

in Near-Term Devices, 2016 (23 pages) and A blueprint for demonstrating quantum supremacy with superconducting qubits, 2017 (22 

pages). 

1195 See Quantum Supremacy Using a Programmable Superconducting Processor by John Martinis, October 2019. The most detailed 

presentation on Google’s hardware engineering with Sycamore is available on Google's quantum computer and pursuit of quantum 

supremacy by Ping Yeh, September 2019 (63 slides). See also Quantum Computer Datasheet, Google AI, May 2021 (6 pages) which 

provides detailed indications of Sycamore’s qubit fidelities with the Weber version of the processor. 

1196 See Hello quantum world! Google publishes landmark quantum supremacy claim by Elizabeth Gibney, October 2019. 

1197 See Quantum supremacy using a programmable superconducting processor by Frank Arute, John Martinis et al, October 2019 (12 

pages) and Supplementary information for "Quantum supremacy using a programmable superconducting processor" by Frank Arute, 

John Martinis et al, October 2019 (58 pages). See also Quantum supremacy using a programmable superconducting processor, a lecture 

by John Martinis at Caltech, November 2019 (one hour). And another version, played at QC Ware's Q2B conference in December 2019 

(19 slides and 32-minute video). At last, here is this video promoting Google's supremacy: Demonstrating Quantum Supremacy, Octo-

ber 2019 (4'42''). 

https://www.quantamagazine.org/does-nevens-law-describe-quantum-computings-rise-20190618/
https://www.quantamagazine.org/does-nevens-law-describe-quantum-computings-rise-20190618/
https://www.forbes.com/sites/moorinsights/2020/04/30/googles-top-quantum-scientist-explains-in-detail-why-he-resigned
https://www.wired.com/story/googles-head-quantum-computing-hardware-resigns/
https://www.technologyreview.com/s/604242/googles-new-chip-is-a-stepping-stone-to-quantum-computing-supremacy/
http://ai.googleblog.com/2018/05/the-question-of-quantum-supremacy.html
https://arxiv.org/abs/1608.00263
https://arxiv.org/abs/1608.00263
https://arxiv.org/abs/1709.06678
https://ai.googleblog.com/2019/10/quantum-supremacy-using-programmable.html
https://www2.kek.jp/physics-seminar/files2019/PingYeh_KEK_2019-09-26.pdf
https://www2.kek.jp/physics-seminar/files2019/PingYeh_KEK_2019-09-26.pdf
https://quantumai.google/hardware/datasheet/weber.pdf
https://www.nature.com/articles/d41586-019-03213-z
https://research.google/pubs/pub48651/
https://arxiv.org/abs/1910.11333
https://www.youtube.com/watch?v=FklMpRiTeTA
https://drive.google.com/file/d/1EAx6opl9_wWZnYgguD_H-a12FnPDKFOQ/view
https://www.youtube.com/watch?v=K_H_mbSH45s
https://www.youtube.com/watch?v=-ZNEzzDcllU
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National Laboratory in Tennessee1198. Computing for 200 seconds on Sycamore would take 10,000 

years once emulated on the IBM Summit. This comparison didn’t make much sense as we discuss 

quantum supremacy and advantages in another part of this book, page 1017. 

 
Figure 325: Google’s quantum computing timeline. (cc) Olivier Ezratty, 2022-2023. 

Let’s have a look at Sycamore’s engineering and its related supremacy benchmark and its updates 

over time (Figure 325, Figure 328): 

Cross-Entropy Benchmarking (XEB). The benchmark algorithm combined a set of random quan-

tum gates with a homogeneous distribution. This last part scans all the possible values (253) of qubits 

superpositions1199. In the supremacy regime, the so-called computation has a 0.14% chance to pro-

duce the right results. It is executed 3 million times to generate an average measurement mitigating 

this low fidelity1200! 

It uses superposition on all the qubits (53), allowing maximum performance. Usually, ancilla qubits 

are necessary to make some calculations. Ancilla qubits are used as buffer values. As a result, the 

exponential advantage decreases accordingly. Typical algorithms don’t benefit from the superposition 

of 253 states but, for example, a lesser 230 or 240 states. Any quantum advantage would then vanish. 

This explains why in most vendors roadmap, the end-goal is to create systems with 100 logical qubits 

and not just between 50 and 55 qubits. The XEB benchmark use a small 20 quantum gates computing 

depth. Namely, the algorithm tested at full load only chains 20 sequences of quantum gates executed 

simultaneously. This is related to the noise generated in the qubits which limits this depth. 

On October 21, 2019, IBM researchers published an article in which they questioned Google's per-

formance, stating that they could run their algorithm in 2.5 days instead of 10,000 years on the IBM 

 

1198 See Google researchers have reportedly achieved "quantum supremacy" by Martin Giles, in the MIT Technology Review, Septem-

ber 2019 and the source of the paper on the Internet, with illustrations. They use a type of algorithm that is of little use, but which 

clearly favors quantum computing and requires a limited number of quantum gates, which is good for noise-generating quantum pro-

cessors. See also Why I Coined the Term 'Quantum Supremacy' by John Preskill, October 2019. 

1199 The following explanation can be found in Kevin Harnett's Quantum Supremacy Is Coming: Here's What You Should Know in 

Quanta Magazine, July 2019. 

1200 See The Google Quantum Supremacy Demo and the Jerusalem HQCA debate by Gil Kalai, December 2019, where he questions 

the results of Google's quantum supremacy, particularly its evaluation of qubit noise at large scale. 
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2021 2022

june 2021
on Google cloud
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https://www.technologyreview.com/f/614416/google-researchers-have-reportedly-achieved-quantum-supremacy/
https://drive.google.com/file/d/19lv8p1fB47z1pEZVlfDXhop082Lc-kdD/view
https://www.wired.com/story/why-i-coined-the-term-quantum-supremacy/
https://www.quantamagazine.org/quantum-supremacy-is-coming-heres-what-you-should-know-20190718/
https://gilkalai.wordpress.com/2019/12/27/the-google-quantum-supremacy-demo/
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Summit supercomputer1201. This would require adding 64 PB of SSD to the supercomputer, which 

they had not tested. That's about 7 racks full of SSDs at 2019 capacity. IBM wanted to contradict 

Google's claim of quantum supremacy, which they turned into some sort of quantum advantage1202. 

Then, as we’ll see in the software section of this book, several tensor based emulations of Google’s 

noisy qubits could replicate their 2019 supremacy experiment from 2020 to 2022.  

It pushed Google to upgrade its 

experiment with a new one using 

70 of their latest Sycamore 72 

qubit chip1203. In their related pa-

per, they inadvertently did show 

that their 2019 supremacy was 

short-lived, now that it is possi-

ble to emulate it classically in 

just 6.18 seconds, instead of the 

2.5 minutes of the quantum ex-

periment (Figure 326). 

 
Figure 326: Google’s 2019 supremacy can now be classically simulated in 6.18s instead of 

the initial announced 10,000 years. But 6 seconds on the DoE Frontier supercomputer. With 
70 qubits, the classical  bar is now at 47 years. Source: Phase transition in Random Circuit 

Sampling by A. Morvan et al, Google AI, April 2023 (39 pages). 

On top of that, randomized benchmarking used in Google’s experiment is an approach that is not 

unanimously accepted to establish the superiority of quantum computing over classical computing1204 
1205 1206. 

   

Figure 327: John Martinis and his team when he was at Google and Google’s Sycamore’s assembly in their lab. Sources: Google. 

 

1201 See On "Quantum Supremacy" | IBM Research Blog by Edwin Pednault, October 2019 and Leveraging Secondary Storage  to 

Simulate Deep 54-qubit Sycamore Circuits by Edwin Pednault et al, October 2019 (30 pages). 

1202 Google's quantum supremacy quibbles have gone a long way, including IBM's response. And then Has Google Finally Achieved 

Quantum Supremacy?, October 2019, which is quite well documented. Then Quantum supremacy: the gloves are off by Scott Aaronson, 

October 2019 where he discusses the fact that this case is the equivalent of Kasparov vs. Deep Blue, with IBM playing the role of 

Kasparov. Not to mention the debate on supremacy terminology that has once again generated a lot of fuss, as reported in Academics 

derided for claiming 'quantum supremacy' is a racist and colonialist term by Sarah Knapton, December 2019. 

1203 See Phase transition in Random Circuit Sampling by A. Morvan et al, Google AI, April 2023 (39 pages). 

1204 See Lecture 3: Boson sampling by Fabio Sciarrino (63 slides) and An introduction to boson-sampling by Bryan Gard, Jonathan P. 

Dowling et al, 2014 (13 pages). 

1205 See the review Quantum computers: amazing progress (Google & IBM), and extraordinary but probably false supremacy claims 

(Google) by Gil Kalai, September 2019. 

1206 See The Quest for Quantum Computational Supremacy by Scott Aaronson, September 2019 (16 pages) which was published three 

weeks before Google’s announcement but was still valid. 

https://arxiv.org/abs/2304.11119v1
https://arxiv.org/abs/2304.11119v1
https://www.ibm.com/blogs/research/2019/10/on-quantum-supremacy/
https://arxiv.org/pdf/1910.09534.pdf
https://arxiv.org/pdf/1910.09534.pdf
https://www.nanalyze.com/2019/10/google-quantum-supremacy/
https://www.nanalyze.com/2019/10/google-quantum-supremacy/
https://www.scottaaronson.com/blog/?p=4372
https://www.telegraph.co.uk/science/2019/12/17/academics-derided-claiming-quantum-supremacy-racist-colonialist/
https://www.telegraph.co.uk/science/2019/12/17/academics-derided-claiming-quantum-supremacy-racist-colonialist/
https://arxiv.org/abs/2304.11119v1
https://www.sif.it/media/2e2d8d06.pdf
https://arxiv.org/abs/1406.6767
https://gilkalai.wordpress.com/2019/09/23/quantum-computers-amazing-progress-google-ibm-and-extraordinary-but-probably-false-supremacy-claims-google/
https://gilkalai.wordpress.com/2019/09/23/quantum-computers-amazing-progress-google-ibm-and-extraordinary-but-probably-false-supremacy-claims-google/
https://www.scottaaronson.com/talks/bernays3.ppt
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Qubits couplers. Sycamore uses controllable qubit couplers, a technique pioneered by William D. 

Oliver’s research team at the MIT Lincoln Labs1207. There are 86 of them in all, connecting the 53 

qubits of the chip. This makes a total of 139 qubits. These couplers are in fact qubits whose frequency 

is controlled by a direct current line (DC). It allows the implementation of fast two qubits quantum 

gates, acting in an average 12 ns. 

 
Figure 328: all the figures of merit of Sycamore processor in 2019. Sources: Quantum supremacy using a programmable superconducting 
processor by Frank Arute, John Martinis et al, October 2019 (12 pages) and Supplementary information for "Quantum supremacy using 

a programmable superconducting processor" by Frank Arute, John Martinis et al, October 2019 (58 pages). 

They implement CZ and CPHASE two-qubit gates. Sycamore’s processor has qubit readout error 

ranging from 3% to 7% and two-qubit gates have an error rate ranging from 0.5% to 1.5% while 

single-qubit gates have error between 0.05% and 0.5%. 

Machine Learning based calibration. These qubits and couplers are controlled with microwaves 

carried by coaxial cables, at frequencies between 5 and 7 GHz, adjusted by a DC flux line. Google 

developed a deep learning-based qubit calibration code, which has made it possible to refine the qubit 

microwaves activation frequencies to avoid crosstalk between neighboring qubits (Figure 329, right). 

Scaling this calibration will be a challenge for larger QPUs and Google is working on it1208. 

Isolation. The qubit chip is protected by some Mu-metal shielding, another one in aluminum and a 

black coating to absorb infrared photons. The processor is made of aluminum and indium on silicon 

and includes two dies stacked on top of each other or next to the other (Figure 330). 

Microwave generation. Figure 330 shows the control electronics inside and outside the cryostat. The 

system uses 54 external microwave signal generators for the single-qubit gates (X and Y), 54 for qubit 

frequency control and 86 for qubit control. This is completed by 9 readout microwave control signals, 

meaning they are frequency domain multiplexing readout by chunks of 6 qubits thanks to their use of 

a wideband parametric amplifier at the 15 mK stage, what they call an IMPA. The control electronics 

package includes 277 digital-to-analog converters that occupy 14 6U rack-mount cases. There is a 

similar number of coaxial cables ending in the cryostat. 

 

1207 See Tunable Coupling Scheme for Implementing High-Fidelity Two-Qubit Gates by Fei Yan, William D. Oliver et al, MIT Lincoln 

Labs, PRX, 2018 (10 pages). 

1208 See Optimizing quantum gates towards the scale of logical qubits by Paul V. Klimov, Hartmut Neven et al, Google AI and Univer-

sity of California, August 2023 (34 pages). 

Metric Value Unit Comments

Number of qubits 53 qubits Computing qubits

Couplers 86 couplers Qubits used for coupling computing qubits

Single qubits gates 1,113 gates Number of single qubit gates executed in benchmark

Single qubits gates duration 25 nano-seconds Duration of a single qubit gate

Single qubit error 0,16% percent

Two qubits gates 430 gates Number of two qubits gates executed in benchmark

Two qubits gates duration 12 nano-seconds Duration of a two qubit gate

Two qubits gates error 0,93% percent

Readout error 3,80% percent

Gates depth 20 cycles Number of series of quantum gates executed.

Gates per cycle 55,65 gates/cycle Number of quantum gates executed per cycle

Measured fidelity 0,20% percent Total fidelity of system in supremacy regime

Number of iterations 3,000,000 iterations Number of full algorithm executions

Computing time 6,000 seconds Total computing time

Quantum computing time 30 seconds Total quantum computing time

Readout analog to digital convertors 277 number Generating 8 bits at  1 GB/s

https://research.google/pubs/pub48651/
https://research.google/pubs/pub48651/
https://arxiv.org/abs/1910.11333
https://arxiv.org/abs/1910.11333
https://dspace.mit.edu/handle/1721.1/119507
https://arxiv.org/abs/2308.02321
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Figure 329: Google’s Sycamore qubits layout, with their data qubits and coupler qubits (in blue). On the right, the interaction 

frequencies with each qubit were calibrated and optimized using a machine learning solution. Source: Sycamore’s papers. 

Z gates: DC flux lines are also used to create Z gates, or phase gates. They are controlled with mi-

crowaves in IBM’s superconducting qubits. Using DC flux lines reduces the phase error observed 

with these gates. 

Qubit readouts is done with only a few microwave photons sent to the qubits. The result is amplified 

by 100 dB in several steps, one at the 15 mK processor stage and another at the 3K stage. The resulting 

amplified microwaves are converted digitally by an ADC (analog-to-digital converter) and analyzed 

by a FPGA to detect their phase. The system multiplexes in the frequency domain the readout micro-

waves of 6 qubits groups conveyed by a single cable, between 5 and 7 GHz. This was a fairly classical 

setting for superconducting qubits. 

Qubits improvements. They implement high fidelity qubits reset, allowing a reuse of qubits in quan-

tum computations. They also worked on addressing cosmic radiation originated noise in circuits1209. 

Their fidelity record is with their 72-qubit Sycamore chip with 99.4% two-qubit fidelity. 

Error correction codes. Google’s plans with quantum error correction is to use surface codes. Their 

mid-term goal is to create a “logical qubit” prototype with 100 physical qubits, then extend it to 1,000 

physical qubits1210. The end goal is to build logical qubits with error rates around 10-12, a level that is 

required to execute many useful gate-based algorithms (Figure 331, Figure 334, Figure 335). 

With surface codes, these logical qubits are organized in squared arrays of about d2 physical qubits 

(in blue, green ones are the qubit couplers) where d is the so-called code distance (5 in the example 

below). 

How Google came out with the 1,000 physical qubit per logical qubit number? It comes from the way 

logical gates error are evaluated, per the formula 1/Λ, Λ being the ratio between the threshold (theo-

rem) error level and the physical gate error level. Λ must be at 10 to reach a 10-12 error rate with 1,000 

physical qubits per logical qubits (above, right). They implemented their first surface codes with d=3 

and d=51211. 

 

1209 See Resolving catastrophic error bursts from cosmic rays in large arrays of superconducting qubits by Matt McEwen et al, April 

2021 (13 pages). 

1210 See APS March Meeting: Google, Intel and Others Highlight Quantum Progress Points by John Russell, HPCwire, March 2022. 

1211 See also Progressing superconducting quantum computing at Google by Kevin Satzinger, April 2022 (47 mn). 

https://arxiv.org/abs/2104.05219
https://www.hpcwire.com/2022/03/17/aps-march-meeting-google-intel-and-others-highlight-quantum-progress-points/
https://www.youtube.com/watch?v=oLuRyeHC4qw


Understanding Quantum Technologies 2023 - Quantum computing hardware / Superconducting qubits - 392 

 

Figure 330: a Russian doll description of Sycamore starting with the qubits and coupler, then with the chip layout, its size, its 
packaging and connectors, where it is placed in the cryostat and the surrounding control electronics. Source: Google. Compilation 

(cc) Olivier Ezratty, 2020-2022 with sources from Google. 

In 2021, Google experimented two repetition code layouts on a 53-qubit Sycamore chip with 21 

qubits in a 1D chain correcting flip or phase errors and a distance-2 surface code of 7 qubits correcting 

both flip and phase errors as shown in Figure 332. It did show that flip and phase errors could be 

exponentially suppressed with adding more physical qubits1212. They could assess the impact of a 

good Λ value. They also propose to use “pulse sequence” to correct unwanted crosstalk and dephasing 

that are disturbing surface codes1213. 

     
Figure 331: how Google plans to reach an error rate of 10-12 with its logical qubits. Source: APS March Meeting: Google, Intel and 

Others Highlight Quantum Progress Points by John Russell, HPCwire, March 2022. 

 

1212 See Demonstrating the Fundamentals of Quantum Error Correction by Jimmy Chen et al, August 2021 and Exponential suppression 

of bit or phase flip errors with repetitive error correction by Zijun Chen et al, Nature, July 2021 (32 pages). Removing leakage-induced 

correlated errors in superconducting quantum error correction by M. McEwen et al, March 2021, Nature Communications (12 pages) 

deals with another error reduction technique named “multi-level reset” that consists in “pumping” the excess energy from supercon-

ducting qubits that leak to their higher energy levels |2⟩ or |3⟩. 

1213 See Pulse sequence design for crosstalk mitigation by Murphy Yuezhen Niu. 

micro-wave AWG/DAC sources and ADC/FPGA readout

active and passive electronic control components vacuum chamber packaging and chipset

qubits and couplers

https://www.hpcwire.com/2022/03/17/aps-march-meeting-google-intel-and-others-highlight-quantum-progress-points/
https://www.hpcwire.com/2022/03/17/aps-march-meeting-google-intel-and-others-highlight-quantum-progress-points/
https://ai.googleblog.com/2021/08/demonstrating-fundamentals-of-quantum.html
https://arxiv.org/abs/2102.06132
https://arxiv.org/abs/2102.06132
https://arxiv.org/abs/2102.06131
https://arxiv.org/abs/2102.06131
https://www.youtube.com/watch?v=suO1_7rZAW0
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Figure 332: the first logical qubits created on Sycamore in 2021. 
Source: Exponential suppression of bit or phase flip errors with 

repetitive error correction by Zijun Chen et al, Nature, Google AI, 
July 2021 (32 pages). 

 

Figure 333: Sycamore’s 72 qubit version that implements a 
distance-5 surface code error correction for a single logical qubit, 

that is still insufficient to improve qubit fidelities. Source: 
Suppressing quantum errors by scaling a surface code logical qubit 

by Rajeev Acharya et al, Google AI, Nature, July 2022-February 
2023 (44 pages). 

In March 2023, their July 2022 preprint published in Nature used a 72-qubit Sycamore version im-

plementing a distance-5 surface code for a single logical qubit of 49 physical qubits, as shown in 

Figure 333. It was still insufficient to create a logical qubit with a better fidelity than the underlying 

physical qubits1214. The next step is a 105 qubits QPU to implement a distance-7 surface code logical 

qubit that will be the first to improve fidelities compared to its physical qubits. As of mid-2023, it 

was tested internally at Google. 

In September 2023, Google AI published a paper proposing some new optimizations in surface coe 

implementation with replacing CNOT gates by iSWAP gates1215. 

Google’s plan are to scale up to a 

hundred logical qubits1216. In a July 

2020 conference, Hartmut Neven 

announced his 10-year plan to 

achieve this result, showing im-

pressive mockups of a giant quan-

tum computer containing 100 mod-

ules with 10,000 physical qubits 

each. 

It would be a giant installation, as 

shown on the impressive artist’s 

rendering in Figure 334. 

 
Figure 334: Google’s roadmap for error corrections. Source: Hartmut Neven, July 2020. 

 

1214 See Suppressing quantum errors by scaling a surface code logical qubit by Rajeev Acharya et al, Google AI, Nature, July 2022-

February 2023 (44 pages). 

1215 See Relaxing Hardware Requirements for Surface Code Circuits using Time-dynamics by Matt McEwen, Craig Gidney et al, 

February-September 2023 (55 pages). 

1216 Source of the illustrations shown in Figure 334 and Figure 335: Day 1 opening keynote by Hartmut Neven (Quantum Summer 

Symposium 2020), July 2020 (30 mn) and the whole symposium. 

https://arxiv.org/abs/2102.06132
https://arxiv.org/abs/2102.06132
https://www.nature.com/articles/s41586-022-05434-1
https://www.nature.com/articles/s41586-022-05434-1
https://arxiv.org/abs/2302.02192
https://www.youtube.com/watch?v=TJ6vBNEQReU
https://www.youtube.com/watch?v=TJ6vBNEQReU
https://www.youtube.com/playlist?list=PLQY2H8rRoyvx4VttfJOPRslw8XWT7yaBJ
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Figure 335: Google’s scalability roadmap with logical qubits made of 1,000 physical qubits. And a giant system, as envisioned in 
2020. One can wonder how these chips will be connected. At least, it will involve microwave connections and at best, some longer 

range photonic connections. Source: Hartmut Neven, July 2020 and Google data, updated in 2023. 

Cryo-CMOS. To scale up micro-waves generation and put it inside the cryostat, Google published 

some work on a cryo-CMOS chip operating at 3K, using simple waveform generators consuming a 

minimum of energy to create only single qubit gates1217. 

It has however not yet been de-

ployed. It relies on cosinusoidal 

shape microwaves with the in-

terest of creating spectral 

"holes" corresponding to the 

qubits frequencies harmonics 

of the state |1⟩  to the state |2⟩ 
transition, that must be avoided 

(Figure 336). It corresponds to 

the wavelength known as ω12 as 

seen in the illustration from 

page 359. 

 
Figure 336: qubit control signals optimization with spectral holes matching qubit frequencies 
harmonics. Source: XY Controls of Transmon Qubits by Joseph Bardin, June 2019 (36 slides). 

Sycamore at work. Starting in 2020, Google tried to make some good use of Sycamore to test various 

algorithms. It covered typical use cases with chemical simulations1218 (Figure 337) and optimization 

 

1217 See Control of transmon qubits using a cryogenic CMOS integrated circuit by Joseph Bardin, March 2020 (35 minutes) and A 

28nm Bulk-CMOS 4-to-8GHz <2mW Cryogenic Pulse Modulator for Scalable Quantum Computing by Joseph Bardin, Craig Gidney, 

Charles Neil, Hartmut Neven, John Martinis et al, February 2019 (13 pages). 

1218 See Hartree-Fock on a superconducting qubit quantum computer by Google AI Quantum and Collaborators, April 2020 (27 pages) 

with a diimide (NH)2  molecular simulation algorithm. 

https://indico.fnal.gov/event/20510/contributions/58074/attachments/36347/44246/BARDIN_QC.pdf
https://www.youtube.com/watch?v=VA2HEUmkrKo
https://arxiv.org/abs/1902.10864
https://arxiv.org/abs/1902.10864
https://arxiv.org/abs/2004.04174
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tasks1219  down to fundamental research activities like simulating time crystals, blackholes1220  and 

even topological error codes 1221 1222 1223. 

 

Figure 337: simple schematic of a chemical simulation classical/quantum hybrid algorithm using a Monte Carlo method. Source: 
Hybrid Quantum Algorithms for Quantum Monte Carlo by William J. Huggins, March 2022. 

There was no more supremacy since most of these experiments didn’t use more than 20 qubits. In 

20211224, together with researchers from Columbia University, Google’s teams created a chemical 

simulation classical/quantum hybrid algorithm using a Monte Carlo method1225. 

It was used to compute the ground state of two carbon atoms in a diamond crystal, using 16 qubits. 

The method was, however, not more efficient than a full classical algorithm. 

In November 2022, Google simulated the traversal of a wormhole with 9 qubits and 164 two-qubit 

gates, creating an obvious debate on its validity1226 1227 1228 1229 1230 1231 1232 1233. 

 

1219 See Quantum Approximate Optimization of Non-Planar Graph Problems on a Planar Superconducting Processor by Google AI 

Quantum and Collaborators, April 2020 (17 pages) which deals with three families of combinatorial problems with the QAOA algo-

rithm. 

1220 See this theoretical paper on the use of quantum computing, not necessarily with Google qubits, to study black holes. See Google 

Scientists Are Using Computers to Study Wormholes by Ryan F. Mandelbaum, November 2019 which refers to Quantum Gravity in  

the Lab: Teleportation by Size and Traversable Wormholes by Adam R. Brown et al, November 2019 (20 pages). 

1221 See An important step towards improved quantum computers, Google AI, May 2023. 

1222 See Non-Abelian braiding of graph vertices in a superconducting processor, Google Quantum AI and Collaborators, Nature, May 

2023 (17 pages). 

1223 See Noise-resilient Edge Modes on a Chain of Superconducting Qubits by Xiao Mi et al, Google AI, April-December 2022 (29 

pages). 

1224 See 2021 Year in Review: Google Quantum AI by Emily Mount, December 2021. 

1225 See Hybrid Quantum Algorithms for Quantum Monte Carlo by William J. Huggins, March 2022 and Unbiasing Fermionic Quantum 

Monte Carlo with a Quantum Computer by William J. Huggins, Ryan Babbush, Joonho Lee et al, Nature, July 2021 (28 pages). 

1226 See Traversable wormhole dynamics on a quantum processor by Daniel Jafferis, Hartmut Neven, Maria Spiropulu et al, Nature, 

November 2022 (22 pages). 

1227 See Physicists Create a Holographic Wormhole Using a Quantum Computer by Natalie Wolchover, Quanta Magazine, November 

2022. 

1228 See Making a Dual of a Traversable Wormhole with a Quantum Computer by Alexander Zlokapa and Hartmut Neven, Quantum 

AI Team, November 2022. 

1229 See Traversable wormhole dynamics on a quantum processor, Caltech, with a FAQ. 

1230 See Comment on "Traversable wormhole dynamics on a quantum processor" by Bryce Kobrin et al, February 2023 (9 pages). 

1231 See The Neverending Story of the Eternal Wormhole and the Noisy Sycamore by Galina Weinstein, January-May 2023 (23 pages). 

1232 See From counterportation to local wormholes by Hatim Salih, March 2023 (17 pages). 

1233 See Google’s Sycamore chip: no wormholes, no superfast classical simulation either by Scott Aaronson, November 2022. 

https://ai.googleblog.com/2022/03/hybrid-quantum-algorithms-for-quantum.html
https://arxiv.org/abs/2004.04197
https://gizmodo.com/google-researchers-are-studying-wormholes-with-quantum-1839984769
https://gizmodo.com/google-researchers-are-studying-wormholes-with-quantum-1839984769
https://arxiv.org/abs/1911.06314
https://arxiv.org/abs/1911.06314
https://blog.google/technology/research/an-important-step-towards-improved-quantum-computers/
https://www.nature.com/articles/s41586-023-05954-4
https://arxiv.org/abs/2204.11372
https://blog.google/technology/research/2021-year-review-google-quantum-ai/
https://ai.googleblog.com/2022/03/hybrid-quantum-algorithms-for-quantum.html
https://arxiv.org/abs/2106.16235
https://arxiv.org/abs/2106.16235
https://authors.library.caltech.edu/117895/6/41586_2022_5424_MOESM1_ESM.pdf
https://www.quantamagazine.org/physicists-create-a-wormhole-using-a-quantum-computer-20221130/
https://ai.googleblog.com/2022/11/making-traversable-wormhole-with.html
https://inqnet.caltech.edu/wormhole2022/
https://arxiv.org/abs/2302.07897
https://arxiv.org/abs/2301.03522
https://iopscience.iop.org/article/10.1088/2058-9565/ac8ecd
https://scottaaronson.blog/?p=6871%20
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In 2022, another simulation of some molecules and materials as published, first with the iron-sulfur 

clusters of nitrogenase, including the FeMo-cofactor (aka FeMoCo), a component of the natural ni-

trogen cycle and second with the electronic structure of α-RuCl3, a candidate material for realizing 

spin liquid physics1234. The experiments were using 5 to 11 qubits, far from any quantum advantage 

territory. 

In 2021, Google also teamed up with Caltech to show some quantum superiority when quantum 

computers directly exploit quantum data coming from quantum sensors. Fewer experiments are re-

quired than if the communication between sensors and the quantum processor was classical. The ex-

periment was done with 40 qubits and 1,300 quantum operations1235. 

Other research. Google AI researchers frequently publish interesting work on various topics. On an 

optimized way to prepare entangled states1236, on NISQ-era many-body physics simulations using 

time-space symmetries1237, on dispersion based qubit readout and qubit leakage with multiple photon 

number1238 and on the creation of solid state circulators using arrays of Josephson junctions1239. 

Energetics: Sycamore showcases some energy consumption advantage, with a ratio of about one to 

a million. Its power consumption is about 25 kW and the ORNL IBM Summit is at 12 MW at full 

charge, and the computing time ratio is 2.5 minutes vs. 2.5 days (1/1440) in the most favorable IBM 

Summit case. But we are probably comparing apples and oranges given the supremacy doesn’t relate 

to solving some useful problem with input data and parameters. 

Google software tools. Several Google teams are working on quantum software, including those 

working on Cirq, on TensorFlow Quantum and another Google X team working on applications, un-

der the leadership of Jack Hidary1240. They also released a Fermionic Quantum Simulator for quan-

tum chemistry applications in collaboration with QSimulate (2018, USA, $4M) aka qsim. It can 

simulate noisy quantum circuits with Nvidia GPUs on Google Cloud. Since 2022, it seems branded 

as the Quantum Virtual Machine. Google also published stim, an open source tool providing a 10,000x 

speedup when simulating error correction circuits. 

Quantum cloud. At last, it has a quantum cloud offering for quantum algorithm simulation and hosts 

an IonQ trapped ion system and, surprisingly, none of its Sycamore systems which are only accessible 

to a handful of academic partners, an outreach strategy that is very different from the broadscale one 

IBM adopted. Google and IBM have very different commercial approaches with quantum computing. 

For Google, it is a research playing ground while for IBM, it is a way to lock-in large account cus-

tomers as early as possible. 

 

Rigetti (2013, USA, $656M) is another commercial superconductor vendor. 

With D-Wave, IonQ and PsiQuantum, it is the fourth best funded startup in the 

industry. 

 

1234 See Simulating challenging correlated molecules and materials on the Sycamore quantum processor by Ruslan N. Tazhigulov et al, 

March 2022 (22 pages). 

1235 See Quantum advantage in learning from experiments by Hsin-Yuan Huang et al, December 2021 (52 pages). 

1236 See Stable Quantum-Correlated Many Body States via Engineered Dissipation by X. Mi et al, Google AI, April 2023 (25 pages). 

1237 See Quantum information phases in space-time: measurement-induced entanglement and teleportation on a noisy quantum proces-

sor by Jesse C. Hoke et al, Google AI, March 2023 (26 pages). 

1238 See Measurement-Induced State Transitions in a Superconducting Qubit: Within the Rotating Wave Approximation by Mostafa 

Khezri et al, Google AI, December 2022 (12 pages). 

1239 See Josephson parametric circulator with same-frequency signal ports, 200 MHz bandwidth, and high dynamic range by Randy 

Kwende et al, March 2023 (5 pages). 

1240 See Alphabet Has a Second, Secretive Quantum Computing Team by Tom Simonite, January 2020. No secret anymore buddy! 

https://arxiv.org/abs/2203.15291
https://arxiv.org/pdf/2112.00778.pdf
https://arxiv.org/abs/2304.13878
https://arxiv.org/abs/2303.04792
https://arxiv.org/abs/2303.04792
https://arxiv.org/abs/2212.05097
https://arxiv.org/abs/2303.06757
https://www.wired.com/story/alphabet-second-secretive-quantum-computing-team/
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It was launched by Chad Rigetti, who got a PhD and did a post-doc at Yale University on microwave 

driven two-superconducting qubit gates in 20091241, and then worked as a researcher at IBM between 

2010 and 2013. 

 
Figure 338: evolution of Rigetti actual chips over time. Source: Rigetti investor presentation. 

Over about 8 years, their QPUs went from 3 to 80 qubits (Figure 338). They had a tendency to oversell 

their roadmap, having prematurely announced a 128 qubits test version in August 2018 that never 

saw the light. They started to deploy their system on Amazon Braket with its Aspen-9 processor of 

31 qubits in 2020. Their Aspen-M 80 qubits chip announced in December 2021 was commercially 

available in February 2022 on Rigetti Quantum Cloud Services and Amazon Braket, and subsequently 

on Azure Quantum, Strangeworks QC and Zapata Computing’s Orquestra platform1242. It seems they 

have not sold any QPU on premise to any public customer. 

Their fidelities are not as good as with IBM and Google but it is continuously improving, even as 

they increase the number of qubits. 

In 2022, they demonstrated im-

proved two-qubit gates fidelities 

of 99.5% but with a 9 qubits pro-

totype1243 (Figure 339). 

Sideways, they are also experi-

menting the usage of qutrits with 

three level anharmonic oscilla-

tors in their superconducting 

loops. It was tested on a 5-trans-

mon chip with two qutrits entan-

glement1244. 

metric Aspen-9 Aspen-11 Aspen-M-1 

number of physical qubits 31 40 80 

median T1 27 µs 25.7 µs 30.7 µs 

median T2 19 µs 14.9 µs 23.0 µs 

median simultaneous 1Q fidelity 99.80% 99.50% 99.70% 

median 2Q XY fidelity 95.40 % 93.70% 95.30% 

median 2Q CZ fidelity 95.80 % 90.20% 93.10% 

median RO fidelity  97.10% 98.20% 

median active reset fidelity  99.20% 99.80% 

Figure 339: Rigetti qubits figures of merit for their last generation chip. These 
number are now fairly well detailed, but they show that it doesn’t compete 

well with IBM at least on two qubit gates. Data source: Rigetti. 

So, what is special with Rigetti? Let’s look at a couple aspects of their qubits and systems engineering. 

Coupling qubits. Their qubits were entangled by fixed configurable couplers. They plan to adopt 

tunable couplers in Ankaa-1 and Ankaa-2 84 qubits chips, bringing more flexibility for managing two 

qubit gates1245. These are adjustable transmon qubits using asymmetric SQUIDs (magnetometers). 

 

1241 See Quantum Gates for Superconducting Qubits, 2009 (248 pages). 

1242 See Rigetti Announces Commercial Availability of their 80 Qubit Aspen-M and a Teaming with NASDAQ to Explore Financial 

Applications of QC, February 2022. 

1243 See Rigetti Computing Reports Fidelities as High as 99.5% on Next-Generation Chip Architecture, February 2022. The $900K  

Novera final product launched in December 2023 with 9 qubits has a 2-qubit gate fidelity of 98.5% with an iSWAP gate. 

1244 See Beyond Qubits: Unlocking the Third State in Quantum Processors by Alex Hill, Rigetti, December 2021 and Quantum Infor-

mation Scrambling on a Superconducting Qutrit Processor by M. S. Blok et al, April 2021 (21 pages). 

1245 This is explained in Demonstration of Universal Parametric Entangling Gates on a Multi-Qubit Lattice by M. Reagor et al, 2018 

(17 pages). The Ankaa-2 chipset was delivered in January 2024, with 2-qubit gate fidelities of 98%. 

2015 2017-2018 2018-2020 2019 2022

Rigetti 3Q Rigetti 4Q/8Q Rigetti 16Q Rigetti 32Q Rigetti 40Q/80Q

http://qulab.eng.yale.edu/documents/theses/Rigetti-PhDthesis-QuantumGatesForSuperconductingQubits-Yale2009.pdf
https://quantumcomputingreport.com/rigetti-announces-commercial-availability-of-their-80-qubit-aspen-m-and-a-teaming-with-nasdaq-to-explore-financial-applications-of-qc/
https://quantumcomputingreport.com/rigetti-announces-commercial-availability-of-their-80-qubit-aspen-m-and-a-teaming-with-nasdaq-to-explore-financial-applications-of-qc/
https://www.globenewswire.com/news-release/2022/02/17/2387271/0/en/Rigetti-Computing-Reports-Fidelities-as-High-as-99-5-on-Next-Generation-Chip-Architecture.html
https://medium.com/rigetti/beyond-qubits-unlocking-the-third-state-in-quantum-processors-12d2f84133c4
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.021010
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.021010
https://arxiv.org/pdf/1706.06570.pdf
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Electronics optimization. Rigetti made efforts to optimize the physical and electrical components of 

its accelerators. First, by integrating the control and measurement wiring of the qubits in compact 

sheets that they patented1246. They developed their own microwave generation electronics. They also 

found a way to limit crosstalk between qubits1247. They also work on merging microwave and DC 

flux lines into the same wires used for respectively XY and Z single qubit gates, between the 10 mK 

cold plate and the qubit chip1248 . As a result, they tout performance improvements expressed in 

CLOPS (circuit layer operations per second) for their 40-qubit Aspen-11 and 80-qubit Aspen-M sys-

tems. The first had 844 CLOPS while the second reached 892. It can be compared to IBM’s 1,500 

CLOPS on their 65 qubits system and 850 with 127 qubits (as of April 2022)1249. Their Ankaa gener-

ation should have two-qubit gates three times faster than with Aspen-M-3. 

Modular chips. Rigetti is splitting qubits in multiple semiconductors dies connected with each other 

with indium-based flip-chip bonded on a single larger carrier die (Figure 340). This reduces qubits 

crosstalk between modules, at the expense of a smaller fidelity. They first tried this with 4 chips 

containing each 4 aluminum and niobium-based SQUIDs qubits and 4 static couplers, their fidelities 

are 99.1±0.5% and 98.3±0.3% for iSWAP and CZ gates1250. They then expanded this to two 40 qubits 

dies in their Aspen M1 chip released in December 2021. Other improvements include vertical signal-

ing enabling higher qubit density and using tunable couplers1251. 

 
Figure 340: interchip coupling implemented with their Aspen-M-1 80-qubit processor, assembling two dies of 40 qubits. 

Source: Rigetti. 

 

1246 See Connecting Electrical Circuitry in a Quantum Computing System, USPTO 20190027800. 

1247 See Methods for Measuring Magnetic Flux Crosstalk Between Tunable Transmons by Deanna M. Abrams et al, August 2019 (12 

pages). 

1248 See Full control of superconducting qubits with combined on-chip microwave and flux lines by Riccardo Manenti et al, July 2021 

(8 pages). 

1249 See Optimizing full-stack throughput and fidelity with Rigetti’s Aspen-M generation of quantum processors, Rigetti, February 

2022. 

1250 See Entanglement Across Separate Silicon Dies in a Modular Superconducting Qubit Device by Alysson Gold, 2021 (9 pages). 

1251 See Modular Superconducting Qubit Architecture with a Multi-chip Tunable Coupler by Mark Field et al, August 2023 (9 pages). 

Aspen-M-1 
80Q

40Q chip

40Q chip

http://www.freepatentsonline.com/20190027800.pdf
https://arxiv.org/abs/1908.11856
https://arxiv.org/abs/2107.06245
https://medium.com/rigetti/optimizing-full-stack-throughput-and-fidelity-with-rigettis-aspen-m-459ee5b2873f
https://arxiv.org/pdf/2102.13293.pdf
https://arxiv.org/abs/2308.09240
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Cleanroom. Rigetti have their own small manufacturing unit producing their semiconducting chips, 

named Fab-1 (Figure 341). This enables them to create new chips with a 5-15 month cycle. The 

required and initial investment of about $10M, which is reasonable even for a startup. The creation 

of superconducting qubit circuits is done with a very low-level of integration. We are far from the 

$20B 5 nm fabs from TSMC. In the case of silicon qubits, on the other hand, it is necessary to have 

an equipment of at least $1B1252! Still, it is a challenge to use such fabs at full capacity. It explains 

their five-year contract with the Air Force Research Lab announced in September 2023. It will cover 

various needs like quantum circuits, quantum-limited amplifiers and cryogenic microwave compo-

nents.  

 

Figure 341: Rigetti’s superconducting cleanroom fab line in Fremont, California. Source: Rigetti. 

This multi-dies QPU approach is the main driving technology for them to scale their QPUs. The short 

term roadmap contains the 84-qubit Ankaa for 2023 and the 336-qubit Lyra for late 2023 (not deliv-

ered yet). They have however not yet explained how they will interconnect these multi-dies chips1253. 

 
Figure 342: Rigetti’s scalability roadmap update from 2023. They removed the 1,000 and 4,000 qubits QPUs that were announced in 2022, to 

focus on “shorter term” revenue opportunities. They expected to release 84 and 336 qubit chips in 2023. Not done as of January 2024! 
Unfortunately, given their target fidelities, these chips will seemingly not enable any quantum advantage in the NISQ regime. This seems a dead-

end strategy. The 9-qubit Novera system introduced in December 2023 has only 98.5% fidelities with 2-qubit iSWAP gates. A CNOT gate 
constructed with it would have a much lower fidelity. Source: Rigetti investor presentation, May 2023. 

 

1252 See Quantum Cloud Computing Rigetti by Johannes Otterbach, 2018 (105 slides) and the corresponding video, and Manufacturing 

low dissipation superconducting quantum processors by Ani Nersisyan et al, Rigetti, 2019 (9 pages). 

1253 Source: Rigetti Investor Presentation, October 2021 (56 slides). 
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https://investors.rigetti.com/static-files/fbac3801-223f-4f0f-a207-47d25084a1d7
http://jotterbach.github.io/talks/KL_QuantumCloudComputing.pdf
https://www.youtube.com/watch?v=USNaDTpXAF8
https://arxiv.org/abs/1901.08042
https://arxiv.org/abs/1901.08042
https://www.rigetti.com/uploads/Rigetti-Investor-Presentation.pdf
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Full-stack software development. It includes pyQuil for scripting and Quil for quantum gate man-

agement. These are both open source and published on Github. Quil allows to synchronize tasks be-

tween quantum and classical computing1254. In 2018, they demonstrated the use of their quantum 

computer for a machine learning algorithm that does not require a hybrid algorithm1255. 

 
Figure 343: Rigetti’s revenue and EBITDA forecasts until 2026. In the first quarter of 2022, 

they made $2.1M. It seems their 2022 forecast was optimistic. 
Source: Q1 2022 quarterly report. 

SPAC. After having raised about 

$200M through classical VCs, 

they went into the stock market 

after being acquired by a SPAC 

company in March 2022, Super-

nova Partners Acquisition Com-

pany II. It brought on the table 

$345M of funding for a valuation 

of $1.152B. As of December 

2021, the company had 140 peo-

ple in the United States, UK and 

Australia. At their SPAC time, 

they were forecasting a revenue 

of $594M by 2026, based on the 

release of their 1,000 qubits sys-

tem in 2024 (Figure 343). 

In May 2022, they announced a one-year delay on their roadmap1256. 2023 was then a bad year for 

Rigetti. Its bad quarterly results drove its stock below $1, exposing the company to a Nasdaq delisting 

by July 2023. It then announced the layoff of 28% of its workforce and the departure of its CEO and 

founder, Chad Rigetti1257. It updated its roadmap with basically removing long term goals and focus-

ing on 84 and 323 qubits NISQ platforms. They have however a rather low bar in terms of qubit 

fidelities (99.5%) which is not enough to make use of that many qubits, as shown in Figure 342. In 

2023, 2023 was supposed to be the year of a “narrow quantum advantage”. We’re not there yet. 

Cloud. Rigetti offers access to its quantum computers via the cloud, like IBM and D-Wave do with 

their Quantum Cloud Services. It started running in beta in January 2019. Since early 2020, they are 

also distributed in the cloud by Amazon in its Braket service. 

Acquisition. Rigetti acquired QxBranch in July 2019 to complete its software offering. It was estab-

lished in the USA, UK and especially in Australia. In September 2020, their UK-based subsidiary 

announced the launch of a collaborative project to accelerate the commercialization of quantum com-

puters, funded with £10M private/public money. To do so, they will use a latest-generation Proteox 

cryostat from Oxford Instruments. 

Patents. They have a portfolio of 100 patents and applications in interchip coupling and multi-die 

chips, cabling, processor design, cloud quantum computing and quantum software tools. 

Partnerships. On top of Amazon, Microsoft, Zapata Computing and Strangeworks for cloud de-

ployments, they announced in 2022 a new partnership with Ampere Computing (USA) to create 

hybrid quantum-classical computers designed to run machine learning applications, with Keysight 

for control electronics and Bluefors for cryogeny. Ampere is a fabless company designing 128-core 

 

1254 See A Practical Quantum Instruction Set Architecture by Robert S. Smith, Michael J. Curtis and William J. Zeng, Rigetti Computing, 

2017 (15 pages). 

1255 In Quantum Kitchen Sinks: An algorithm for machine learning on near-term quantum computers, July 2018 (8 pages). 

1256 See Rigetti Pushes Back Roadmap on Development of 1,000-Qubit, 4,000 Qubit Models by Matt Swayne, The Quantum Insider, 

May 2022. 

1257 In June 2023, Chad Rigetti joined the Dutch investment fund QDNL Participations as a venture partner. 

https://investors.rigetti.com/news-releases/news-release-details/rigetti-computing-reports-first-quarter-2022-financial-results
https://arxiv.org/abs/1608.03355
https://arxiv.org/abs/1806.08321
https://thequantuminsider.com/2022/05/18/rigetti-pushes-back-roadmap-on-development-of-1000-qubit-4000-qubit-models/
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arm chips for servers1258. They have also various business and academic partnerships running in the 

UK, which led to the deployment in the UK of a 32-qubit Aspen system in June 2022 (why not the 

more recent 40 or 80 qubit Aspen?). With Zapata, they are building hybrid quantum-classical com-

pilation tools with the support of the 80Q Aspen-M QPU and Rigetti cloud services. At last, they 

announced a partnership with Riverlane (UK) in June 2022 to work on error correction. 

Rigetti is working with DARPA, having been selected to provide hardware, software and benchmarks 

for phase two of the DARPA ONISQ program (Optimization with Noisy Intermediate-Scale Quan-

tum). The aim is to create quantum computers able to solve complex optimization problems. This 

work is jointly done with Universities Space Research Association (USRA) and NASA’s Quantum 

Artificial Intelligence Laboratory (QuAIL). Rigetti has also a strong R&D partnership with the DoE 

Fermilab, which conducts testing and material designs in its Superconducting Quantum Materials 

and Systems Center (SQMS) led by Anna Grassellino1259. They are working on using Nb/Si combi-

nations and specific surface treatments, generating 450 µs T1. At last, they are also working with 

NASA on variational algorithms optimization techniques1260. 

Customer wise, they have a couple early adopters like Nasdaq who plans to use their systems to 

detect fraud, optimize order matching and handle risk management. 

 

IQM (2018, Finland, 167M€) is a spin-off from the Quantum Computing and 

Devices group of the Aalto University and from the VTT research center. Its 

funding is a mix of dilutive capital investment and debt financing through the 

European Investment Bank (EIB). 

In June 2020, IQM received 15M€ capital funding from the European Commission's EIC Accelerator, 

supplemented by a 2.5M€ grant. A new funding round of 128M€ was announced in July 2022. All-

in-all, IQM got a total of 167M€ in funding. 

IQM develops superconducting qubits QPUs after having initially created an on-chip cooling tech-

nology for superconducting and silicon chips based on electron transfer using an electron tunnel-

effect1261. The company states that their qubits are operable with a faster clock speed than competing 

superconducting qubits thanks to optimizations applied to qubits reset, gates and readout. They use 

tunable couplers for qubits entanglement. They also developed a fast graphene-based bolometer for 

qubit readout able to detect a single microwave photon. Its benefits is some power saving compared 

to parametric amplifiers1262. 

On the R&D stage, IQM participates to a research consortium including Aalto University and VTT 

which proposed in 2021 a qubit on-chip circuit to create microwaves pulses that could be used to 

drive superconducting qubits and working at 10 mK1263. Its size is one mm and would remove the 

need to use cables to feed the processor with microwave pulses. So far, it only creates a sinus wave 

at 1 GHz, still far from what is needed to drive a superconducting qubit, i.e., a short duration pulse 

with a precise waveform added to some carrier frequency at around 5 GHz. 

 

1258 See Ampere Goes Quantum: Get Your Qubits in the Cloud by Ian Cutress, AnandTech, February 2022. 

1259 See Superconducting Quantum Materials and Systems Center by Anna Grassellino, June 2021 (40 slides). 

1260 See Design and execution of quantum circuits using tens of superconducting qubits and thousands of gates for dense Ising optimi-

zation problems by Filip B. Maciejewski et al, QUAIL, USRA (University Space Research Association) and Rigetti, August 2023 (19 

pages). 

1261 See Quantum-circuit refrigerator by Kuan Yen Tan et al, 2017 (8 pages) and video. 

1262 See Bolometer operating at the threshold for circuit quantum electrodynamics by R. Kokkoniemi, Mikko Möttönen et al, Nature, 

September 2020 (19 pages). 

1263 See A low-noise on-chip coherent microwave source by Chengyu Yan et al, Nature Electronics, December 2021 (14 pages) and A 

new super-cooled microwave source boosts the scale-up of quantum computers, December 2021 that is clearly overselling this tech-

nology development. It also requires pulse shaping with other techniques (AWG, DAC). 

https://www.anandtech.com/show/17255/ampere-goes-quantum-cloudbased-solutions-with-rigetti
https://indico.fnal.gov/event/48767/contributions/212914/attachments/144283/183119/PAC2021SQMS.pdf
https://arxiv.org/abs/2308.12423
https://arxiv.org/abs/2308.12423
https://www.nature.com/articles/ncomms15189
https://www.youtube.com/watch?time_continue=8&v=l4OZP71IHTs
https://arxiv.org/abs/2008.04628
https://arxiv.org/abs/2103.07617
https://meetiqm.com/articles/press-releases/a-new-super-cooled-microwave-source-boosts-the-scale-up-of-quantum-computers/
https://meetiqm.com/articles/press-releases/a-new-super-cooled-microwave-source-boosts-the-scale-up-of-quantum-computers/
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It is closer to a local oscillator source! IQM also uses a TWPA from VTT in the first stage amplifica-

tion of qubit readout microwaves1264. This enables 5 to 10 qubits readout multiplexing with using 

different frequencies for qubits readouts with resonators of different lengths. 

In March 2022, IQM introduced a new super-

conducting-qubit type nicknamed the unimon 

which has better fidelities, of about 99.9% with 

single-qubit gates1265. It uses a single Josephson 

junction in a resonator, combining high anhar-

monicity in the superconducting loop, different 

anharmonicities for each qubit, better insensi-

tivity to low frequency charge noise and insen-

sitivity to magnetic flux noise (Figure 344). As 

of 2023, they had tested three unimon qubits 

given they use tunable couplers to create two-

qubit gates. 

 
Figure 344: IQM’s unimon circuit layout. Source: Unimon qubit by Eric 
Hyyppä, Mikko Möttönen et al, IQM and VTT, April 2022 (72 pages). 

They obtained two-qubit CPHASE gates fidelity above 99% and fidelities of 99.9% for X and Y gates. 

All with fast 13 ns gate (good), readout probe pulses of 100 ns (fine) and a T1 of 8.6 µs (not good). It 

must be tested with a large number of qubits and with two qubit gates1266. In August 2022, they also 

published an arXiv preprint explaining how they will implement long-distance reliable two-qubit CZ 

gates, based on a custom ETH Zurich transmon design1267. It can reach fidelities of 99.8%. They are 

also experimenting qubit readout mechanism using a bolometer, which so far has a low fidelity of 

61.8% due to the readout duration of 13.9 μs that is constrained by a T1 of 28 μs1268. 

After relying on VTT Micronova 2,600 m2 clean-room fab, they inaugurated their own Espoo 560 m2 

and 20M€ fab in November 2021 to manufacture their chips, a self-sufficiency strategy also seen with 

Rigetti. In 2020, the Finland government granted VTT with a 20.7M€ funding to acquire an IQM 

system. It should reach 54-qubit by 2024 and 150 by 2025. They had 5 qubits as of November 2021 

and 20 as of October 2023, with a Q8 Q-Score performance. IQM started to work in December 2022 

with Keysight to develop scalable control electronics. In August 2023, the company announced its 

commercial launch of its Spark system with 5 qubits for the academic market priced at around 1M€. 

The company had over 190 people as of September 2022. They opened a research lab in Munich, 

Germany in March 2020, one office in Spain in 2021, and one in Paris and Singapore in 2022. 

IQM’s business model is based on selling quantum computing systems to research and supercompu-

ting centers as well as proposing customized hybrid analog/digital "Co-Design QC" quantum proces-

sors. The latter could be classified as “quantum ASICs”, based on superconducting qubits1269. These 

systems are adapted to the execution of hybrid algorithms such as VQE (Variational Quantum Eigen-

solvers) and QAOA (Quantum Approximate Optimization Algorithm). 

 

1264 See Broadband continuous variable entanglement generation using Kerr-free Josephson metamaterial by Michael Perelshtein, Pertti 

Hakonen et al, March 2022 (15 pages). 

1265 See Unimon: A new qubit to boost quantum computers for useful applications, IQM, November 2022. 

1266 See Unimon qubit by Eric Hyyppä, Mikko Möttönen et al, IQM and VTT, April 2022 (72 pages) which provides a good scientific 

and technical documentation of unimon qubits. 

1267 See Long-distance transmon coupler with CZ gate fidelity above 99.8% by Fabian Marxer, Mikko Möttönen, Johannes Heinsoo et 

al, IQM, QCD Lab and VTT, August-December 2022 (24 pages). 

1268 See Single-Shot Readout of a Superconducting Qubit Using a Thermal Detector by András M. Gunyhó, Mikko Möttönen et al, 

IQM, Aalto University and VTT, March 2023 (14 pages). 

1269 Their method is described in Approximating the Quantum Approximate Optimization Algorithm by David Headley et al, February 

2020 (14 pages) and Improving the Performance of Deep Quantum Optimization Algorithms with Continuous Gate Sets by Nathan 

Lacroix, Alexandre Blais, Andreas Wallraff et al, May 2020 (14 pages). 

one Josephson junction
shunted by a single capacitor

coplanar waveguide

https://arxiv.org/pdf/2203.05896.pdf
https://arxiv.org/abs/2111.06145
https://meetiqm.com/articles/press-releases/iqm-unimon-qubit/
https://arxiv.org/pdf/2203.05896.pdf
https://arxiv.org/abs/2208.09460
https://arxiv.org/abs/2303.03668
https://arxiv.org/abs/2002.12215
https://arxiv.org/abs/2005.05275
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IQM will also implement a digital-analog quantum processor together with other partners like In-

fineon at the LRZ supercomputing center in Garching, near Munich in Germany1270. 

Their co-design offering is based on KQCcircuits, an open-source software tool based on KLayout 

for qubit design, using the OASIS format for masks that is lighter. It enables a graphic-based creation 

of circuits elements and contains a library with SQUIDs, complex waveguides, coplanar capacitors, 

qubits, flipchip connectors, indium bumps and other templates. 

They are partnering since August 2022 with Multiverse Computing for the software implementation 

of these co-designed QPUs, relying on Multiverse’s Singularity SDK. They also announced a part-

nership with Eviden/Atos together with the Finnish supercomputing center CSC which bought a 

classical QLM emulator for their services. This machine is used both to simulate the operation of 

IQM's quantum accelerator qubits and to drive it1271. CSC will provide scientific quantum computing 

resources to the country's researchers, much like GENCI+CEA/TGCC do in France and FZJ/JSC in 

Germany. Atos has also announced its interest to distribute an IQM quantum accelerator, among other 

market solutions, including the Pasqal simulator. 

In December 2022, IQM announced a partnership with Tech Mahindra (India) covering quantum 

computing, cryptography and communication technologies for the development of customer software 

solutions. 

 

Oxford Quantum Circuits (2017, UK, <$145M) was launched by Peter Leek 

from Clarendon Laboratory Oxford. The startup is run by Ilana Wisby and had 

a team of 60 people as of mid-2022. The company wants to remove the iden-

tified barriers that prevent superconducting qubits from scaling. 

OQC’s technology is based on their “coaxmon” superconducting qubits that are composed of highly 

coherent planar qubits1272 and using a 3D structure connecting the qubit chip with an interposer and 

using a layer for controlling the qubits on top of the chip and another one below for qubit readouts1273 

(Figure 345). It is based on various works from MIT and the University of Oxford, on an idea from 

Peter Leek1274. 

They are partnering with Cambridge Quantum Computing (CQC) which is developing a quantum 

compiler dedicated to their qubits. They also work with Classiq since December 2023. In April 2020, 

OQC obtained collaborative project funding from the British government of £7M. As part of this 

project, they are associated with SEEQC UK, Oxford Instruments, Kelvin Nanotechnology, the Uni-

versity of Glasgow and the Royal Holloway University of London. 

In July 2021, OQC announced that they were making their first system available only as a QCaaS 

solution, in private beta (quantum cloud as a service) without even saying how many qubits were 

deployed. They then announced in December 2021 that an 8-qubit version of their processor nick-

named Lucy would be made available on Amazon Braket and revealed that their July 2021 system 

had a mere 4 qubits. The OQC system became live on AWS Braket in February 2022. 

 

1270 See New EU Consortium shaping the future of Quantum Computing, IQM, February 2021. In November 2021, IQM was officially 

selected to provide its quantum computer to LRZ (Leibniz Supercomputing Centre) in association with an HPC to set-up an hybrid 

computing system as part of the Q-Exa project. It’s part of a €45.3M consortium project funded by BMBF (German Federal Ministry 

of Education and Research) with €40.1M. Although it was not detailed in the announcement, we can suspect that the provided QPU 

will have 50 qubits as planned by IQM in 2025. 

1271 See Atos, CSC and IQM join forces to accelerate the commercialization of European quantum technologies, June 2020. 

1272 See Surface acoustic wave resonators in the quantum regime, 2016 (40 slides). 

1273 The 3D layering and TSV structure is inspired from Solid-state qubits integrated with superconducting through-silicon vias by D. 

R. W. Yost et al, MIT, September 2020 (9 pages). This project was funded by IARPA. 

1274 See Double-sided coaxial circuit QED with out-of-plane wiring by J. Rahamim, Peter Leek et al, 2017 (4 pages), Calibration of a 

Cross-Resonance Two-Qubit Gate Between Directly Coupled Transmons by A.D. Patterson, Peter Leek et al, 2019 (8 pages) and Su-

perconducting microwave circuits for quantum computing by Peter Leek, 2018 (42 slides). 

https://www.meetiqm.com/articles/press-releases/iqm-project-awarded-12.4-million-euros
https://atos.net/fr/2020/communiques-de-presse/communiques-generaux_2020_06_18/atos-le-csc-et-iqm-sassocient-pour-accelerer-la-commercialisation-de-technologies-quantiques-europeennes
https://download.uni-mainz.de/fb08-spice/2016-05-17-Qubits/2016-Qubits-Leek.pdf
https://arxiv.org/pdf/1912.10942.pdf
https://arxiv.org/abs/1703.05828
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.12.064013
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.12.064013
https://indico.cern.ch/event/760005/contributions/3156839/attachments/1735338/2806540/2018-10-17-FundamentalPhysics.pdf
https://indico.cern.ch/event/760005/contributions/3156839/attachments/1735338/2806540/2018-10-17-FundamentalPhysics.pdf
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Late 2022 during the Q2B and thanks to various third party benchmarks, it became possible to access 

OQC’s qubit fidelities data. The fidelity of the OQC Lucy 8 qubit QPU goes from 89.9% to 96.8% 

depending on the qubit couples in the chip. The single gate fidelities are above 99.72%. T1 is between 

22 µs and 58.1 µs1275. The next iteration of OQC QPUs will have 32 qubits and better fidelities. In 

March 2023, OQC and Equinix also announced that their systems will be deployed by Equinix to 

provide cloud access to worldwide customers1276. It was delivered to Equinix in November 2023, 

touting “colocation” capabilities in HPC datacenters. 

 
Figure 345: OQC coaxmon schematics showing how microwave controls are distributed vertically onto the qubits and their 

resonator. Source: OQC. 

In April 2023, OQC announced the sale of their future 32 qubit QPU to CESGA in Spain and the 

creation of a knowledge center in Galicia in September 2023. This will be complemented by Fujitsu’s 

34 qubit quantum computer simulator running on the FX 700, the FUJITSU Server PRIMERGY HPC.  

 

Intel is another player in the superconducting qubits field. With no commercial 

solution so far as it is only a research field at this stage, completed by to the 

more natural avenue of electron spin silicon qubits they are also pursuing. At 

CES 2018, Intel's CEO proudly showcased a 49-qubit superconducting chip 

during his keynote, stuck between a passenger drone demonstration and a 

broad talk on artificial intelligence. 

Named Tangle Lake, the chip was  tested at Qutech in the Netherlands. They were at 7 qubits at the 

end of 2016, 17 qubits at the end of 2017 and 49 (uncharacterized) qubits in January 2017. Since then, 

no news. It seems that Intel is now entirely focused on electron spin qubits, along with their partner 

Qutech in The Netherlands, where they invested $50M back in 2015. 

 

Anyon Systems (2014, Canada) was created by Alireza Najafi-Yazdi. Their 

physics team is managed by Gabriel Éthier-Majcher and the startup had about 

20 employees as of mid-2023.  

They started with creating their Quantum Device Simulator (QDS), a software tool used in quantum 

computer design and simulation that can run on supercomputers. It was used by John Martinis' Google 

team in 2017 for the design of their superconducting 6 and 20-qubit processors1277. Their software 

was mainly used to predict the level of adjacent qubits crosstalk. It is part of Snowflake, an open 

source library for creating quantum circuits running both on quantum emulators and quantum com-

puters. Their main goal then became to create superconducting qubits quantum computers. 

 

1275 The data was presented at the Q2B in Santa Clara in December 2022. See also Benchmarking simulated and physical quantum 

processing units using quantum and hybrid algorithms by Mohammad Kordzanganeh et al, TerraQuantum, November 2022 (17 pages). 

1276 See Oxford Quantum Circuits Installing Quantum Computer in Equinix IBX Data Center With Plans To Open Access to Businesses 

Globally, Equinix, March 2023. 

1277 See Google's 'supreme' 20-qubit quantum computer by Tushna Commissariat, 2017. 

Solid-state qubits integrated with superconducting 
through-silicon vias by D. R. W. Yost et al, MIT, 

September 2020

Double-sided coaxial circuit QED with out-of-plane 
wiring by J. Rahamim et al, 2017 

Calibration of a Cross-Resonance Two-Qubit Gate 
Between Directly Coupled Transmons by A.D. 

Patterson et al, 2019 

https://arxiv.org/abs/2211.15631
https://arxiv.org/abs/2211.15631
https://www.equinix.com/newsroom/press-releases/2023/03/oxford-quantum-circuits-installing-quantum-computer-in-equinix-ibx-data-center-with-plans-to-open-access-to-businesses-globally
https://www.equinix.com/newsroom/press-releases/2023/03/oxford-quantum-circuits-installing-quantum-computer-in-equinix-ibx-data-center-with-plans-to-open-access-to-businesses-globally
https://physicsworld.com/a/googles-supreme-20-qubit-quantum-computer/
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The CEO and cofounder adopted a full stack approach, creating custom control electronics, dilution 

cryogenics and nearly custom anything. 

 
Figure 346: Anyon Systems superconducting chip and setup for its upcoming 12 qubit Monarq QPU to be delivered to Calcul Québec. 

Source: Quebec enters the era of quantum computing by Matthew Lapierre, CBC, August 2023. 

Their first 6-qubit system was deployed internally in 2021. They published related qubit fidelities 

data in March 2022 with 99.7% for single qubit gates and 95.6% for two qubit gates1278. Their T1 is 

10 µs and T2 is 8 µs, which is quite low, but is compensated by fast gates of about 20 ns. Their chip 

is manufactured at the Quantum-Nano Fabrication and Characterization Facility (QNFCF) from the 

University of Waterloo in Canada (Figure 346, left). 

They plan to deploy a 12-qubit system named Monarq in 2023 for Calcul Québec, a regional hybrid 

HPC-quantum computing research facility whose HPC hosts 1,500 Nvidia GPU. Software wise, they 

plan to support Cirq and Qiskit frameworks. 

I had the opportunity to visit their headquarters and integration laboratory in May 2023 in Montréal, 

Québec. The machines are real! Their Monarq system has a rather large cryostat with very large low-

level cold plates of about 60 cm wide (Figure 346, right). It is supposed to support up to 56 qubits, 

which may mean that their dilution yield is rather bad given the size of the cryostat chamber. You 

can’t easily beat Bluefors and the likes in your own garage! Otherwise, the company does not show 

any roadmap toward reaching some viable NISQ regime or has any publicized thoughts on FTQC. 

 
Bleximo (2017, USA, $1.5M) was founded by Alexei Marchenkov and Rich-

ard Maydra, two former Rigetti employees. 

If develops superconducting qubits processors tailored for specific needs and adapted to different 

markets including biotechs and financial services1279. They focus on improving the classical control 

electronics driving their qubits and are partnering with Q-CTRL which develops error correction 

codes quantum software. They created a 8-qubit processor, the Vortex 8TQ with qubit lifetime sitting 

around 100 μs1280, a qubit electronics control device, Tabor Electronics Proteus P9484M, with up to 

4 AWG channels, some shielding packaging for qubit chips, and even its own EDA software for su-

perconducting circuits design. They are also developing photonic interconnect solutions. 

They also develop quantum software solutions (aka “QCO”) for typical use cases like optimization, 

physics simulation and machine learning. 

 

1278 See Update on Performance Metrics, Anyon Systems, March 2022. 

1279 See Application-Specific Quantum Hardware is the Most Promising Approach for Early Practical Applications by Fabio Sanches, 

Chiara Pelletti, and Alexei Marchenkov, February 2022. 

1280 See Superconducting Quantum Processor Design at Bleximo by Chiara Pelletti and Fabio Sanches, March 2022 and Bleximo builds 

its competitive advantage with an application-specific approach, PhysicsWorld, June 2022. 

https://www.cbc.ca/news/canada/montreal/quantum-computers-quebec-anyon-ibm-1.6935778
https://www.anyonsys.com/news/anyon-updates-performance-metrics
https://medium.com/bleximo/application-specific-quantum-hardware-is-the-most-promising-approach-for-early-practical-a1fd7604699a
https://medium.com/bleximo/superconducting-quantum-processor-design-at-bleximo-f10e0df736c1
https://physicsworld.com/a/bleximo-builds-its-competitive-advantage-with-an-application-specific-approach/
https://physicsworld.com/a/bleximo-builds-its-competitive-advantage-with-an-application-specific-approach/
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In their team, Anastasia Marchenkova is a researcher producing a lot of educational video content. 

Their customer base seems made of US research labs (Berkeley University, DoE Berkeley Lab1281, 

Syracuse University, John Hopkins Applied Physics Laboratory). So, we’re not far from a contract 

research company. This is exemplified by their willingness to create application-specific hardware, 

which doesn’t make much sense from an economical and even practical standpoint1282. 

 

QuantWare (2021, The Netherlands, $14.7M) is a designer and manufacturer 

of superconducting qubits processors created by Matthijs Rijlaarsdam and 

Alessandro Bruno1283 . They offer their 25 qubits Contralto processor and a 

customizable connectivity that could for example help prototype specific quan-

tum error corrections codes. 

The chips have AirBridges and a proprietary TSV configuration (through-silicon via). It seems to be 

classical transmon superconducting qubits. They propose custom processors and a product design-to-

delivery cycle of 30 days, leveraging the Van Leeuwenhoek Lab cleanroom at TU Delft. 

They don’t build full-fledged quantum computers. Their first 5 -qubit Soprano QPU had a modest T1 

of 10 μs and a single-qubit gate fidelity of 99.99%. Contralto’s 25-qubit processor (shown in Figure 

347) could reach a T1 of 60 μs. 

They don’t provide data on the most important figures of merit: dual-qubits gates and readout fidelity. 

Who could use these QPUs? Seemingly, various research labs1284 and enabling technologies vendors, 

like their colleagues from Qblox and Delft Circuits and also SEEQC which used it to build a full-

fledge 5-qubit QPU in 2023 in Italy using some of their SFQ superconducting control electronics. 

They plan to double the number of qubits in their QPUs each and 

every year. In 2023, they announced a 64-qubit version, Tenor-

641285 . QuantWare has various partnerships in place, including 

with SEEQC (USA), with QuantrolOx (UK) and QphoX (The 

Netherlands). 

As we’ll see later in the cryoelectronics section around page 614, 

QuantWare also designs Crescendo, a TWPA (qubits readout trav-

eling waves parametric amplifiers). In September 2022, the com-

pany got a subsidy funding of 1.1M€ from Quantum Delta NL, 

the foundation running the Dutch quantum national plan, to de-

velop superconducting qubits based on undefined novel materials. 

 

Figure 347: QuantWare’s 25 qubit 
processor. Source: Quantware. 

 

1281 See Raising the Bar in Error Characterization for Qutrit-Based Quantum Computing, Monica Hernandez, Lawrence Berkely Na-

tional Laboratory in HPCwire, September 2021. 

1282 See Application-Specific Quantum Hardware is the Most Promising Approach for Early Practical Applications by Fabio Sanches, 

Bleximo, February 2022. 

1283 Among their scientific advisors are Charlie Marcus, formerly running the Microsoft Quantum Lab in Copenhagen, Denmark. He 

left Microsoft in November 2021. 

1284 See Multi-time quantum process tomography of a superconducting qubit by Christina Giarmatzi et al, Macquarie University, Nor-

dita, Stockholm University and KTH Royal Institute of Technology, August 2023 (9 pages) which does a multi-time quantum process 

tomography of a superconducting qubit comparing a Quantware Soprano chipset and an IBM 7 qubit QPU in the cloud, showing a 

clear advantage to IBM although the experiment is quite tough to interpret, using two different breeds of qubits with flux-tunable and 

fixed frequencies transmons. 

1285 See Quantware launches technology that makes superconducting quantum computers massively scalable, February 2023. 

https://www.youtube.com/channel/UCzaYH6WeohiHKj3Ih_GdZdQ
https://www.hpcwire.com/off-the-wire/raising-the-bar-in-error-characterization-for-qutrit-based-quantum-computing/?utm_source=rss&utm_medium=rss&utm_campaign=raising-the-bar-in-error-characterization-for-qutrit-based-quantum-computing
https://medium.com/bleximo/application-specific-quantum-hardware-is-the-most-promising-approach-for-early-practical-a1fd7604699a
https://arxiv.org/abs/2308.00750
https://www.quantware.eu/press/tenor-launch
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Atlantic Quantum (2022, USA/Sweden, $9M) is a startup cofounded by Jo-

nas Bylander from Chalmers University in Sweden, along with Bharath Kan-

nan (CEO), Simon Gustavsson, Youngkyu Sung, William D. Oliver, Shereen 

Shermak and Tim Menke, from the MIT. 

The startup develops scalable fluxonium superconducting 

qubits-based quantum computers with experts covering all 

aspects of the quantum computing stack, from chip design 

and device fabrication to gate calibration and quantum al-

gorithms (Figure 348). The cofounder’s research group de-

velops superconducting quantum electronic devices for 

quantum computing and simulation. Jonas Bylander re-

cently published a paper on an efficient qubit readout solu-

tion using two microwave pulses and getting rid of the par-

ametric amplifier, but it does not tell if it is in Atlantic Quan-

tum’s roadmap1286. 

 

Figure 348: Atlantic Quantum fluxonium 
superconducting chip. Which is insufficient to have 

an idea of its qubit fidelities, that is not yet 
published. Source: Atlantic Quantum. 

In September 2023, Atlantic Quantum was awarded a $1.25M contract by the Air Force Research Lab 

to develop its prototype fluxonium based quantum processor. 

 

Origin Quantum Computing (2017, China, $163.4M) aka “Yuanyuan Quan-

tum” is a startup created in Hefei by Guang-Can Guo and Guo Guoping out of 

the CAS quantum lab in Hefei, with Zhang Hui being their CEO. 

It closed a record $148M Series B funding round in July 2022 for a China quantum startup, making 

it a unicorn. Initially, it worked mainly on developing quantum algorithms and quantum emulation 

software. They were behind one of the records for 64-qubit quantum algorithm emulation on a super-

computer1287. They also created cloud-based emulation appliances supporting 32 and 64 qubits. 

The company works on a full-stack quantum offering including a 24 superconducting qubits system, 

on qubits control electronics (Quantum AIO), cryogenic equipment, on quantum software with an 

operating system (Origin Pilot), a programming framework (QPanda), the EmuWare virtual machine, 

a quantum machine learning framework (VQNet), a quantum programming language (QRunes), an 

integrated development environment (Qurator), and some applications frameworks for quantum 

chemistry (ChemiQ), fluid dynamics (OriginQ QCFD) and financial optimization. The company also 

create its NDPT-100, a non-destructive probe electrical measurement platform in December 2022, 

and the MLLAS-100 laser annealer that is useful for improving quantum chips quality in January 

20231288. 

They started to create their own quantum chips, including superconducting qubits chips with 6 qubits 

(KF C6-130) and 100 qubits (XW B2-100), using tunable couplers. They expected to reach 1,024 

qubits by 2025 with intermediate steps of 64 qubits in 2021 and 144 qubits in 2022. As of January 

2024, they 72-qubit Wukong QPU, using 126 tunable couplers, was made available on the cloud. The 

company is growing fast thanks to selling their QPUs to China’s universities investing in quantum 

computing education. 

SpinQ (China) is known for its NMR educational computers. It is working on a “Shoawei” 20-qubit 

superconducting qubits with an EDA software named Tianyi1289 and delivered 2 qubits in 2023. 

 

1286 See Transmon qubit readout fidelity at the threshold for quantum error correction without a quantum-limited amplifier by Liangyu 

Chen, Jonas Bylander, Giovanna Tancredi et al, August 2022 (8 pages). 

1287 See Researchers successfully simulate a 64-qubit circuit, June 2018. 

1288 See China develops MLLAS-100 laser annealer, useful for improving quantum chips quality by Global Times, January 2023. 

1289 See SpinQ Releases 20-qubit Superconducting System and Chip EDA by Huixuan (Viana) Ma, April 2023. 

https://arxiv.org/abs/2208.05879
https://phys.org/news/2018-06-successfully-simulate-qubit-circuit.html
https://www.globaltimes.cn/page/202301/1283174.shtml
https://www.linkedin.com/pulse/spinq-releases-20-qubit-superconducting-system-chip-eda-ma/
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Alibaba is active in using the resources of its datacenters to simulate quantum 

algorithms exceeding 50 qubits. China's leading e-commerce company is also 

partnering with the University of Science and Technology of China (USTC) 

of the Chinese Academy of Sciences (CAS) to create superconducting quan-

tum computers with superconducting qubits. 

Their quantum research effort is embedded in its DAMO Academy, established in 2017. 

They started with providing cloud access to 11 qubits as pf early 2018, on a technology platform 

developed with USTC. They announced in 2018 that they were creating a subsidiary, Ping-Tou-Ge, 

which develops NPUs (neuromorphic processors for AI) and, eventually, superconducting quantum 

chips1290. They have been working on fluxonium superconducting qubits, announcing qubit lifetimes 

T1 and T2 over 100 μs and a 99.5% iSWAP gate fidelity. In August 2023, they implemented a CZ two-

qubit gate with a similar fidelity, of 99.53% and fast gate time of 20 ns1291. 

However, in November 2023, Alibaba surprisingly seems to have dismantled its whole quantum lab 

and laid off its 30 employees. 

 

Baidu announced in August 2022 its Qian Shi QPU with 10 superconducting 

qubits, to be later expanded to 36 qubits using couplers to run two-qubit gates, 

reusing a concept first pioneered by Google in 2019. 

These qubits numbers where: T1 = 31 µs, T2 = 8.7 µs, single qubit gate at 99.8% and two-qubit gates 

at 96.4% (CX) and 96.8% (CZ). It was less than stellar. In January 2024, Baidu announced it was 

killing its quantum computing investments and donating its equipment to BAQIS in Beijing. 

 

In April 2021, RIKEN and Fujitsu created the 20 researchers RIKEN RQC-

Fujitsu Collaboration Center in Wako City, Japan, to do joint research and cre-

ate a transmon based superconducting qubit computer, with a goal of reaching 

1,000 physical qubits in 2026 and to develop an associated software platform. 

It leverages RIKEN’s existing work on superconducting qubits and Fujitsu's computing know-how. 

The research plan is quite classical: improving qubit manufacturing, reducing the size and noise of 

driving electronics components and wiring and improving error correcting codes. Some roadmaps 

were uncovered in August 2022. Fujitsu planned to release a first 64 qubits QPU by spring 2023 and 

delivered it in October 2023 (with no public qubit fidelities1292), combining it with Fujitsu’s classical 

40-qubit emulator and NTT qubit control software. Fujitsu also delivered #Qmio, a 32 qubits QPU to 

CESGA in Spain the same month. 

 
Toshiba has been conducting fundamental research in quantum computing 

since at least 2008, in quantum photonics and with superconducting qubits in 

its Frontier Research Laboratory. 

Here, Hayato Goto is a prolific scientist working in many disciplines. In 2022, he created a double-

transmon coupler that turns on/off coupling between two superconducting qubits in an efficient man-

ner, enabling fast computing and two-qubit gate fidelities of 99.99% and time of 24 ns1293. 

Now, on to cat-qubit and other bosonic qubits vendors... 

 

1290 See Alibaba Launches Chip Company "Ping-Tou-Ge"; Pledges Quantum Chip, September 2018. 

1291 See Native approach to controlled-Z gates in inductively coupled fluxonium qubits by Xizheng Ma et al, Alibaba, August 2023 (19 

pages). 

1292 We only know that RIKEN has reached between 96% and 99.1% two-qubit gate fidelities according to RIKEN and Subspace 

variational quantum simulator by Kentaro Heya et al, PRR, May 2023 (12 pages). 

1293 See Double-Transmon Coupler: Fast Two-Qubit Gate with No Residual Coupling for Highly Detuned Superconducting Qubits by 

Hayato Goto, PRA, March-September 2022 (10 pages). 

https://medium.com/syncedreview/chinese-internet-mogul-jack-ma-has-a-flair-for-naming-new-businesses-alibaba-originates-from-a-d63add4b6b0c
https://arxiv.org/abs/2308.16040
https://rqc.riken.jp/pdf/activity-report/RQC_ActivityReport_Publish_May2023.pdf
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.5.023078
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.5.023078
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.034038
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Alice&Bob (2020, France, $33M) was created by Théau Peronnin (ENS Lyon) 

and Raphaël Lescanne (ENS Paris). They are designing a fault-tolerant gate-

based quantum computer associating superconducting technology and stabi-

lized photon-based (in the microwave regime) cat-qubits. Their technology 

main benefit is its capability to implement a complete universal fault-tolerant 

quantum computer with a much lower ratio of physical per logical qubits than 

traditional transmon based superconducting qubits. It saves at least one order 

of magnitude, moving from 1,000 to 1 down to 90 to 1 (for a 10-8 error rate). 

Alice&Bob’s technology is based on the PhD thesis from the startup founders and the associated work 

of the Mazyar Mirrahimi’s Quantic team from Inria where Raphaël Lescanne was a doctoral student 

and where Zaki Leghtas as well as Jérémie Guillaud also work or worked1294, the CNRS and ENS 

Lyon and ENS Paris. Pierre Rouchon from MinesParistech is also a key contributor1295. 

Their chipsets are manufactured by CEA SPEC in Saclay. You can have a look at the manufacturing 

process in Figure 351 and at the qubit layout in Figure 350. 

Cat-qubits encode the state of a qubit with superposing opposite quantum states in micro-wave photon 

cavities, precisely, in the two-dimensional Hilbert space spanned by two coherent states of micro-

waves of same amplitude and opposite phase1296. These cat-qubits have a very low bit-flip error rate 

given it decreases exponentially with the average number of microwave photons used in the cat qubit 

cavity1297. It helps them beat a record T1 of 10 seconds in 20231298. Phase-flip errors can be corrected 

with repetition error codes having a rather low overhead1299. 

Cat-qubits can support a native implementation of 3-qubits Toffoli gates which, combined with 

Clifford gates, form a universal set of quantum gates. The implementation of such a universal gate 

set is a prerequisite to run quantum algorithms with a proven exponential speed-up. The Toffoli gate 

is an alternative to the usual (non-Clifford) T gate used in QFT-based algorithms. This gate can be 

corrected efficiently with avoiding magic state distillation, enabling fault-tolerance, and limiting error 

propagation between ancilla qubits1300. 

These qubits are more complex to design and operate but it would only take about 90 of them to 

create a well-corrected logical qubit with about 10-8 error rate, which would make it possible to create 

a better scalable architecture whereas with the current technologies of IBM, Google and Rigetti, about 

1,000 to 10,000 physical qubits are required to create a functional logical qubit given their expected 

fidelities. 

 

1294 Mazyar Mirrahimi did work in Michel Devoret's team at Yale University around 2012. See Dynamically protected cat-qubits: a 

new paradigm for universal quantum computation by Mazyar Mirrahimi, Zaki Leghtas and Michel Devoret, 2013 (28 pages). Jérémie 

Guillaud is now Chief of Theory at Alice&Bob. 

1295 See Quantum computation with cat qubits by Jérémie Guillaud, Joachim Cohen and Mazyar Mirrahimi, March 2022 (75 pages). 

1296 See Exponential suppression of bit-flips in a qubit encoded in an oscillator by Raphaël Lescanne et al, July 2019 (18 pages) and 

Repetition Cat Qubits for Fault-Tolerant Quantum Computation by Jérémie Guillaud and Mazyar Mirrahimi, July 2019 (23 pages). 

1297 See One hundred second bit-flip time in a two-photon dissipative oscillator by C. Berdou, Zaki Leghtas, Maryar Mirrahimi, Pierre 

Rouchon, Raphael Lescanne, Théau Peronnin, Taki Kontos et al, April 2022 (20 pages). 

1298 See Quantum control of a cat-qubit with bit-flip times exceeding ten seconds by Ulysse Réglade, Pierre Rouchon, Alain Sarlette, 

Mazyar Mirrahimi, Philippe Campagne-Ibarcq, Raphaël Lescanne, Zaki Leghtas et al, July 2023 (17 pages). 

1299 See Error Rates and Resource Overheads of Repetition Cat Qubits by Jérémie Guillaud and Mazyar Mirrahimi, March 2021 (17 

pages). Based on numerical simulation, it estimates that a fault-tolerant cat-qubits computer with a logical error probability of 10−10 

can be realized using 140 physical cat-qubits for Clifford gates and an average number of 15 photons per mode. A Toffoli gate could 

be implemented with only 180 physical cat-qubits including all required ancilla qubits. 

1300 They propose a ‘pieceable fault-tolerant’ implementation of the Toffoli gate, following the method introduced in Universal Fault-

Tolerant Gates on Concatenated Stabilizer Codes by Theodore J. Yoder, Ryuji Takagi and Isaac L. Chuang, September 2016 (23 pages). 

This is a substitute to the transversal gates technique. 

https://arxiv.org/abs/1312.2017
https://arxiv.org/abs/1312.2017
https://arxiv.org/abs/2203.03222
https://arxiv.org/abs/1907.11729
https://arxiv.org/abs/1904.09474
https://arxiv.org/abs/2204.09128
https://arxiv.org/abs/2307.06617
https://arxiv.org/pdf/2009.10756.pdf
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.031039
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.6.031039
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Figure 349: Alice&Bob cat-qubit cavity and its coupling to a transmon qubit and the ATS (asymmetrically threaded SQUID) that 

implements single and multiple qubit gates. Source: Alice&Bob. 

These corrected qubits could also play the role of associative quantum memory. Moreover, their sys-

tem avoids microwave radiations leaks between adjacent qubits. 

The gates they implement on top of a Toffoli gate are a CNOT and a Hadamard gate. SWAP gates are 

built with three CNOTs in a classical fashion. These are heavily used to circumvent the absence of 

many to many qubits’ connectivity in most 2D qubits layouts. All this will require a specific compiler, 

to be created later in the startup product lifecycle. 

      
Figure 350: Alice&Bob experimental cat-qubit chip as of mid-2023, with logical layout (left) and physical layout (right). Source: Cat 

qubits, a shortcut toward fault-tolerant quantum computer by Antoine Gras, Alice&Bob, CEA Leti Innovation Days – Quantum 
Computing, June 28th, 2023. 

On a practical way, these cat-qubits drives require some more corrections than regular transmon 

qubits. A continuous pulse tone drives the cat-qubit photons buffer. The qubit error corrections make 

use of an ATS (Asymmetrically Threaded SQUID), a nonlinear element that is flux biased with an 

AC current in the 4-8 GHz range (Figure 349). A single qubit gate requires two pulses (cat drive and 

dissipation phase). A cat-qubit readout uses two pulses on the coupling transmon and a readout pulse. 

Qubit readout uses 3 inbound pulses and one reflected pulse. And in total, cat-qubits require about 6 

control lines1301. 

 

1301 More details on how cat-qubits are physically implemented and controlled can be found in Autoparametric resonance extending 

the bit-flip time of a cat qubit up to 0.3 s by Antoine Marquet, Antoine Essig, Nathanaël Cottet, Audrey Bienfait, Théau Peronnin, 

Sébastien Jezouin, Raphaël Lescanne, Benjamin Huard et al, Alice&Bob and ENS Lyon, July 2023 (26 pages). It includes all the system 

wiring and lines driving the proposed qubit. 
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https://www.leti-innovation-days.com/2023-grenoble-quantum-computing/
https://www.leti-innovation-days.com/2023-grenoble-quantum-computing/
https://arxiv.org/abs/2307.06761
https://arxiv.org/abs/2307.06761


Understanding Quantum Technologies 2023 - Quantum computing hardware / Superconducting qubits - 411 

 

Figure 351: Alice&Bob chips manufacturing steps, in line with typical superconducting qubits manufacturing techniques. Source: 
Cat qubits, a shortcut toward fault-tolerant quantum computer by Antoine Gras, Alice&Bob, CEA Leti Innovation Days - Quantum 

Computing, June 28th, 2023. 

Sideways, Alice&Bob launched in July 2023 “The Box” a consulting unit, to help customers with 

building applications (in the future). They also opened a branch in Boston in October 2023 and an-

nounced a partnership with Equinix in November 2023 to serve large account customers using 

Equinix hosting facilities. 

 

Amazon (USA) started first to announce late 2019 its Amazon Braket cloud 

offering, based on using third-party quantum computers from D-Wave, Rigetti 

and IonQ, covered in the cloud section of this book, page 994. 

In December 2020, they went out of the woods with announcing their detailed plan to build their own 

quantum computers, using cat-qubits, in a thorough 118 pages paper1302. 

This work is getting the help from Caltech, including John Preskill, in connection with Yale Univer-

sity where some Caltech students did their PhDs in the teams of Rob Schoelkopf and Michel Devoret. 

The Amazon effort is led by Simone Severini (Director of Quantum Computing at AWS1303), Oskar 

Painter (Head of Quantum Hardware at AWS), Fernando G.S.L. Brandão (Head of Quantum Al-

gorithms at AWS and also researcher at Caltech) and Richard Moulds (GM Amazon Braket). 

The bulk of Amazon’s quantum team are based in the new 21,000-sqrt-ft AWS Center for Quantum 

Computing building next to Caltech in Pasadena, North of Los Angeles. It was inaugurated in October 

2021. 

The Amazon initially proposed architecture is largely inspired by what the French teams at Inria have 

investigated since 2013 with Mazyar Mirrahimi et al, including the founders of Alice&Bob1304. They 

wanted to create a FTQC. 

As of 2020, Amazon was planning to use an electro-acoustic resonator to host the cat qubits while the 

circuit element, the Asymmetrically Threaded SQUID (ATS) invented by Raphaël Lescanne and Zaki 

Leghtas, used by Alice&Bob to stabilize the cat-qubit is superconducting. While Alice&Bob QEC is 

based on dissipating excess qubit energy to maintain it in low-energy states with encoding it in a 

 

1302 See Building a fault-tolerant quantum computer using concatenated cat codes by Christopher Chamberland, John Preskill, Oskar 

Painter, Fernando G.S.L. Brandão et al, 2020 (118 pages). It is summarized in Designing a fault-tolerant quantum computer based on 

Schrödinger-cat qubits by Patricio Arrangoiz-Arriola and Earl Campbell, April 2021. See also Fault-tolerant quantum computing with 

biased-noise hardware by Earl Campbell, November 2020 (40 mn). Christopher Chamberland worked at IBM before AWS. He left 

AWS in 2023 to launch an AI startup that was stealth as of October 2023. 

1303 See Decode Quantum with Simone Severini from AWS, Fanny Bouton and Olivier Ezratty, May 2023 (1h20mn podcast). 

1304 On top of France’s founding work on cat-qubits, Amazon is also relying on many US Universities research like Caltech, Stanford, 

Chicago University and Yale University. 

https://www.leti-innovation-days.com/2023-grenoble-quantum-computing/
https://arxiv.org/abs/2012.04108
https://aws.amazon.com/fr/blogs/quantum-computing/designing-a-fault-tolerant-quantum-computer-with-cat-qubits/
https://aws.amazon.com/fr/blogs/quantum-computing/designing-a-fault-tolerant-quantum-computer-with-cat-qubits/
https://www.youtube.com/watch?v=fN5-UO2fy0c
https://www.youtube.com/watch?v=fN5-UO2fy0c
https://www.oezratty.net/wordpress/2023/decode-quantum-with-simone-severini-from-aws/
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linear oscillator driven by 10 GHz microwaves, Amazon chose a variant that uses linear harmonic 

oscillators-based cat-qubits using very compact piezoelectric nanostructures and phonons. Like with 

Alice&Bob, these cat-qubits self-corrects flip errors at the hardware level while phase errors are being 

handled by some QEC requiring, supposedly about 20 physical qubits. 

Cat-qubits encode information with microwaves put in coherent states with opposite phases, |+⟩ and 

|−⟩. The qubit computational basis states are defined as even and odds coherent states cats, meaning 

using positive and negative sign superpositions for these two cat-states. Like Alice&Bob, they will 

implement a universal gate set comprising X, Z, CNOT and Toffoli gates. They use two new ideas 

for implementing fault-tolerant Toffoli gates: an extremely small chip layout (“bottom-up Toffoli”) 

and a technique to lower the bit-flip error rate (“top-down Toffoli”). They also avoid crosstalk be-

tween cat-qubits with using four cat-qubits connected to a single dissipating reservoir. This compact 

layout is compatible with a scalable architecture but may generate significant crosstalk errors, which 

could be mitigated with a well-chosen filter design cutting the frequencies to remove crosstalk errors. 

They first plan to implement a 9-qubit QEC to obtain a logical error rate of 2.7 x 10-8. As a result, 

they expect to use 2000 superconducting qubits to create a 100 logical qubits system. If this works, 

as with Alice&Bob, it will make a significant difference with IBM and Google who plan to obtain the 

same number of logical qubits with one million physical qubits. The scalability constraints are much 

different in both cases, whether it deals with cryogenics, microwave generations and readouts, or 

cabling. AWS is also working on some interconnect technologies involving piezoelectric based con-

version of qubit state from the microwave to the optical domain, to enable long range interconnect 

between QPUs1305. 

In April 2021, University of Sydney science undergraduate Pablo Bonilla Ataides published in Nature 

Communications a paper on its ZXXZ surface code that would reduce the number of required physical 

qubits to create a logical qubit thanks to a lower error threshold. It brought the attention of Amazon 

researchers1306. This surface code could be used by Amazon who made a choice to use a relatively 

low number of photons per cat qubit (8 to 10, compared to about 15 for Alice&Bob, but the optimum 

number of photons is still to be determined experimentally), still requiring some first level bit-flip 

error correction on top of phase-flip correction. That’s where a ZXXZ surface code QEC could come 

into play. ZXXZ QEC codes are indeed mentioned as an option QEC technique in Amazon’s technical 

paper from December 2020. 

   
Figure 352: the first prototype Amazon cat-qubit chip of undisclosed characteristics, and their lab in Caltech 

opened in October 2021. Source: AWS. 

 

1305 See Design of an ultra-low mode volume piezo-optomechanical quantum transducer by Piero Chiappina, Oskar Painter et al, AWS, 

Caltech and Kavli Institute, March 2023 (14 pages). 

1306 See Student's physics homework picked up by Amazon quantum researchers by Marcus Strom, University of Sydney, April 2021, 

Sydney student helps solve quantum computing problem with simple modification by James Carmody April 2021 and The XZZX 

surface code by J. Pablo Bonilla Ataides et al, April 2021, Nature Communications (12 pages). 

https://arxiv.org/abs/2303.03664
https://www.sydney.edu.au/news-opinion/news/2021/04/13/student-physics-homework-picked-up-by-amazon-web-services-quantum.html
https://amp-abc-net-au.cdn.ampproject.org/c/s/amp.abc.net.au/article/100064328
https://www.nature.com/articles/s41467-021-22274-1
https://www.nature.com/articles/s41467-021-22274-1
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The AWS Center for Quantum Computing opened at Caltech in October 2021 and houses all Amazon 

teams working on quantum computing1307. They even then showcased a picture of a prototype quan-

tum processor, maybe the one with 9 qubits (Figure 352). In 2023, it seemed that AWS was exploring 

other types of bosonic qubits on top of cat-qubits, like GKP and dual rail bosonic qubits1308. The AWS 

research team is also exploring other qubit avenues including photon qubits. In December 2023, it 

announced having created its first logical qubit, but with no technical details. 

 

QCI (2015, USA, $18M) or Quantum Circuits Inc is a spin-off from Yale Uni-

versity co-founded by Rob Schoelkopf, Luigi Frunzio and Michel Devoret. 

Michel Devoret left the company in 2019, preferring to be a full-time re-

searcher at Yale University. 

Their technology is also based on bosonic qubits that solve noise and coherence problems, using Rob 

Schoelkopf’s team research at Yale. They have a long track-record in that space although they are not 

very talkative. They announced in 2019 that their system should be available some day on Microsoft 

Azure Quantum cloud. But so far, they have apparently not delivered any functional QPU. 

Technically, their planned qubits are stabilized by discrete parity measurement using a transmon and 

a so-called dual rail model1309 1310 and their two qubit gates are implemented using SNAP gates (Se-

lective Number-dependent Arbitrary Phase (SNAP) using the same transmon1311. They also planned 

to use micromachined 3D cavities with a good Q factor1312. They plan to obtain a linear gain in qubit 

lifetime with the number of physical qubits. It will still require some surface codes to fully correct 

flip-errors (on top of phase errors). They are also at the origin of the qbsolv framework that is part of 

their Mukai middleware and development platform launched in January 20201313. It supports D-Wave 

computers, Fujitsu digital-annealed computers and Rigetti superconducting qubits. 

 

Nord Quantique (2019, Canada, $7.6M) is a startup from the Institut Quan-

tique from the University of Sherbrooke that is working on creating a super-

conducting quantum computer using more efficient error correction, using 

GKP codes, another variation of bosonic codes, and 3D cavities created at Yale. 

The company was created by Julien Camirand Lemyre and Philippe St-Jean with the scientific support 

from Alexandre Blais and their investors are BDC Capital (USA), Quantonation (France) and Real 

Ventures (Canada). The company had a team of 20 as of May 2023, hosted at Institut Quantique in 

Sherbrooke. They have tested one qubit so far. Their chips were manufactured in Sherbrooke Univer-

sity’s nanofab and will soon be manufactured in Bromont with some components also manufactured 

by RIKEN Center for Quantum Computing1314. 

 

1307 See Announcing the opening of the AWS Center for Quantum Computing by Nadia Carlsten, October 2021. 

1308 See Demonstrating a long-coherence dual-rail erasure qubit using tunable transmons by Harry Levine, Oskar Painter et al, AWS, 

Caltech, Hebrew University of Jerusalem, July 2023 (20 pages). 

1309 See Demonstrating Quantum Error Correction that Extends the Lifetime of Quantum Information by Nissim Ofek, Zaki Leghtas, 

Steve Girvin, Liang Jiang, Mazyar Mirrahimi, Michel Devoret, Rob Schoelkopf et al, February 2016 (44 pages). 

1310 See Demonstrating a superconducting dual-rail cavity qubit with erasure-detected logical measurements by Kevin S. Chou, Shruti 

Puri, Steven M. Girvin, Robert J. Schoelkopf  et al, July 2023 (37 pages). 

1311 See Cavity State Manipulation Using Photon-Number Selective Phase Gates by Reinier W. Heeres, Eric Holland (who now works 

at Keysight), Liang Jiang, Robert Schoelkopf et al, March 2015 (9 pages). 

1312 See Multilayer microwave integrated quantum circuits for scalable quantum computing by Teresa Brecht, Michel Devoret, Rob 

Schoelkopf et al, Nature, 2015 (5 pages) and the related thesis Micromachined Quantum Circuits by Teresa Brecht, 2017 (271 pages). 

1313 See QCI Qbsolv Delivers Strong Classical Performance for Quantum-Ready Formulation by Michael Booth et al, May 2020 (7 

pages). 

1314 See Autonomous quantum error correction of Gottesman-Kitaev-Preskill states by Dany Lachance-Quirion, Philippe St-Jean et al, 

Nord Quantique, October 2023 (32 pages) which describes how autonomous error correction operates in their QKP qubits and their 

first experimental results. 

https://aws.amazon.com/fr/blogs/quantum-computing/announcing-the-opening-of-the-aws-center-for-quantum-computing/
https://arxiv.org/abs/2307.08737
https://arxiv.org/abs/1602.04768
https://arxiv.org/abs/2307.03169
https://arxiv.org/abs/1503.01496
https://arxiv.org/abs/1509.01127
https://rsl.yale.edu/sites/default/files/files/RSL_Theses/Brecht_Thesis_Final_ScreenVersion.pdf
https://arxiv.org/abs/2005.11294
https://arxiv.org/abs/2310.11400
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Quantum dots spins qubits 

Electron spins qubits are a new promising qubit technology with a lot of variations (Figure 354). 

Related research started later than superconducting qubits. Its potential benefits are miniaturization 

and scalability. It could leverage existing manufacturing processes for standard CMOS semiconduc-

tors1315. 

History 

Electron spin qubits quantum state is generally the spin orientation of an electron trapped in a poten-

tial well or of an electron hole, i.e. a missing electron and its virtual inverse impact on structural spin. 

It is usually considered that Daniel Loss with David DiVincenzo and Bruce Kane are the first to have 

devised ideas to use electron spins to create a quantum computer, a couple years after Peter Shor 

created his famous integer factoring eponymous algorithm. 

Daniel Loss (University of Basel) and David DiVincenzo (then at IBM Research) published a similar 

paper in 1996-1997 where they proposed the concept of quantum dots to create qubits with controlling 

the spin of electrons in a potential well1316. Their design used a two-qubit gate (SWAP) using an 

electric control of the tunneling barrier between neighboring quantum dots. A low gating voltage 

creates a coupling – aka Heisenberg coupling - between the neighbor qubits. The design also imple-

mented single qubit gates. The Loss-Vincenzo concept was later extended with using pairs of quantum 

dots electron spins, one being the qubit itself, and the other, capacitively coupled with the first one 

and being used for qubit readout with a spin-to-charge conversion using conductance measurement, 

usually with some radio-frequency reflectometry using a microwave pulse, a bit like with supercon-

ducting qubit readout. 

The first electron spin qubit was created in 2005 by a USA and Brazil team using GaAs on Si sub-

strates1317. But GaAs qubits suffer from a major limitation, a strong hyperfine coupling together with 

a nonzero nuclear spin that leads to dephasing. So, physicists looked at Si and SiGe alternatives, 

which showcase lower hyperfine coupling. They could even provide a quasi-noiseless environment 

for spins thanks to their nuclear-free isotopes 28Si and 72Ge isotopes. But they are much more chal-

lenging in terms of manufacturing, regardless of the supply of isotopically purified materials. 

The first demonstration of silicon spin qubit was made in 2012 by UNSW teams. In 2016, silicon 

qubits were demonstrated using industry-grade manufacturing processes by a French team from CEA-

Leti and IRIG in Grenoble1318. 

This belongs to the Si-MOS category, the most generic and easier to manufacture. Qubits are derived 

from planar MOS bulk or FDSOI technologies as well as with Fin-FET that are inspired from the 

latest CMOS manufacturing technologies. 

These spin qubits have a size of about 100x100 nm, leading to potential high densities when it will 

scale1319. 

 

1315 CMOS ("Complementary Metal Oxide Semiconductor") is the dominant technology used to produce microprocessors, for CPUs 

(Intel, AMD), GPUs (Nvidia, AMD), chipsets for smartphones (Qualcomm, Samsung, MediaTek, HiSilicon, etc.) and in a whole host 

of specialized sectors (microcontrollers, radio components, etc.). 

1316 See Quantum computation with quantum dots by Daniel Loss and David DiVincenzo, 1997 (20 pages). 

1317 See Coherent Manipulation of Coupled Electron Spins in Semiconductor Quantum Dots by Jason Petta et al, Science, 2005 (5 

pages). 

1318 See A CMOS silicon spin qubit by Romain Maurand, Maud Vinet, Marc Sanquer, Silvano De Fransceschi et al, 2016 (12 pages). 

1319 See The path to scalable quantum computing with silicon spin qubits by Maud Vinet, Nature Nanotechnology, December 2021 and 

Scaling silicon-based quantum computing using CMOS technology: State-of-the-art, Challenges and Perspectives by M. F. Gonzalez-

Zalba, Silvano de Franceschi, Tristan Meunier, Maud Vinet, Andrew S. Dzurak et al, Nature Electronics, November 2020-April 2023 

(21 pages). 

https://arxiv.org/abs/cond-mat/9701055
https://www.science.org/doi/10.1126/science.1116955
https://typeset.io/pdf/coherent-manipulation-of-coupled-electron-spins-in-3azu0qfv16.pdf
https://typeset.io/pdf/coherent-manipulation-of-coupled-electron-spins-in-3azu0qfv16.pdf
https://arxiv.org/pdf/1605.07599.pdf
https://www.nature.com/articles/s41565-021-01037-5
https://arxiv.org/abs/2011.11753
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Bruce Kane (UNSW) presented in 1998 another spin-based quantum computer concept based on 

placing individual phosphorous atoms (31P) in a pure silicon lattice structure1320. This approach is 

labelled “donors spin”. It is a hybrid scheme using quantum dots and single atom nuclear magnetic 

resonance (NMR) since qubits associate phosphorus atoms nuclear spin and silicon donors electron 

spins. The qubits are controlled by electrical and magnetic fields1321 (Figure 353). The main benefit 

is the long coherence of nuclear spins, which can theoretically extend to several seconds1322. 

The challenges lie with the way to pre-

cisely position the phosphorus atoms in 

the silicon lattice and how to handle 

qubits entanglement and readout. 

This is the path chosen by Michelle Sim-

mons at UNSW and in her startup SQC. 

The individual atoms are positioned in the 

silicon structure with lithography using a 

scanning tunneling microscope (STM). 

The first processor fully implementing 

this architecture was announced by SQC 

in 2022 (we cover it later). Similar options 

are pursued like the use of antimony nu-

cleus embedded in silicon lattice struc-

tures and controlled by microwaves by 

Andrea Morello from UNSW1323. 

 
Figure 353: the donor spin architecture with phosphorous atom implanted in a 
silicon substrate under a SiO2 isolation layer. Source: Toward a Silicon-Based 

Nuclear-Spin Quantum Computer by Robert G. Clark, P. Chris Hammel, 
Andrew S. Dzurak, Alexander Hamilton, Lloyd Hollenberg, David Jamieson, 

and Christopher Pakes, Los Alamos Science, 2022 (18 pages). 

Later, Andrea Morello and Patrice Bertet designed another hybrid approach, coupling transmon su-

perconducting qubits (for computing) and phosphorus in silicon nuclear spins with a donor electron 

(for creating a quantum memory)1324. 

 

1320 See A silicon-based nuclear spin quantum computer by Bruce Kane, Nature, 1998 and Silicon-based Quantum Computation by 

Bruce E. Kane, 2000 (14 pages). 

1321 See The Race To Make Better Qubits by Katherine Derbyshire, Semiconductor Engineering, November 2021. 

1322 The Bruce Kane concept is well described in Toward a Silicon-Based Nuclear-Spin Quantum Computer by Robert G. Clark, P. 

Chris Hammel, Andrew S. Dzurak, Alexander Hamilton, Lloyd Hollenberg, David Jamieson, and Christopher Pakes, Los Alamos Sci-

ence, 2022 (18 pages). It shows linear array of phosphorous donor atoms buried into a pure silicon wafer, operating in the presence of 

a large magnetic field and at sub-K temperatures. The donor atoms nuclear spins are be aligned either parallel or antiparallel with the 

magnetic field, corresponding to |0〉 and |1〉 qubit basis states. The metal gates are above an insulating barrier of SiO2. The A-gates 

above the 31P atoms enable single qubits gates while the J-gates in between the donors regulate an electron-mediated coupling between 

adjacent nuclear spins, for two-qubit operations. At last, qubit readout is done with either a single electron transistor (SET) or with a 

magnetic-resonance force microscope (MRFM, not shown). 

1323 See Coherent electrical control of a single high-spin nucleus in silicon by Serwan Asaad, Andrea Morello, Kohei M. Itoh, Andrew 

S. Dzurak et al, 2019 (56 pages). 

1324 See Donor Spins in Silicon for Quantum Technologies by Andrea Morello, Patrice Bertet and Jarryd Pla, 2020 (17 pages). 

https://library.lanl.gov/cgi-bin/getfile?00783368.pdf
https://library.lanl.gov/cgi-bin/getfile?00783368.pdf
https://www.nature.com/articles/30156
https://arxiv.org/abs/quant-ph/0003031
https://semiengineering.com/the-race-to-make-better-qubits/
https://library.lanl.gov/cgi-bin/getfile?00783368.pdf
https://arxiv.org/abs/1906.01086
https://www.researchgate.net/publication/343188532_Donor_Spins_in_Silicon_for_Quantum_Technologies
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Figure 354: various silicon spin qubits. (cc) Olivier Ezratty, 2022-2023. 

On top of the above two mainstream paths (Si-MOS/CMOS and donors), several other avenues are 

investigated in the quantum dots based spin qubit realm:  

• Silicon/silicon germanium (Si/SiGe) heterostructures qubits (Qutech, CEA IRIG) where germa-

nium is used for the stability of its spin holes1325 1326, large band gaps, higher electron mobility, 

stronger spin-orbit coupling, its insensitiveness to exchange coupling oscillations and long coher-

ence times. It is however more difficult to manufacture and scale, with gates that are far from the 

qubits1327 . Various sources of noise must be mitigated1328  1329 . A record breaking 4 entangled 

qubits was announced late 2020 by TU Delft, based on germanium. Germanium allows the crea-

tion of very fast quantum gates ranging from 0.5 to 5 ns1330. Spin hole germanium qubits use 

quantum dots with a Ge layer in between two GeSi layers, and spin germanium use an Si layer 

between to SiGe layers. 

• Gallium-arsenide (GaAs), first tested in 2005, but with very short coherence times due to spin 

interferences from gallium and arsenic atoms nuclei. 

• Electron spin trapped in carbon nanotubes (C12 Quantum Electronics) or carbon nano-

spheres (Archer Materials). These structures better protect the spin of a trapped electron, at the 

expense of more complicated interfaces and controls1331 1332 1333. 

 

1325 See the review paper Recent advances in hole-spin qubits by Yinan Fang et al, October 2022 (46 pages). 

1326 See Coherent control of a high-orbital hole in a semiconductor quantum dot with near-unity fidelity by Junyong Yan et al, December 

2022 (27 pages). 

1327 See this excellent germanium review paper: The germanium quantum information route by Giordano Scappucci, Silvano De Fran-

ceschi et al, 2020 (18 pages). 

1328 See Simulation of 1/f charge noise affecting a quantum dot in a Si/SiGe structure by Marcin Kępa et al, March 2023 (7 pages). 

1329 See Spatial noise correlations beyond nearest-neighbor in 28Si/SiGe spin qubits by Juan S. Rojas-Arias, Daniel Loss et al, February 

2023 (11 pages). 

1330 See also Quantum control and process tomography of a semiconductor quantum dot hybrid qubit, 2014 (12 pages). 

1331 See the review paper Carbon Nanotube Devices for Quantum Technology by Andrey Baydin et al, MDPI, February 2022 (26 pages). 

1332 See Universal quantum computer based on Carbon Nanotube Rotators by Motohiko Ezawa et al, University of Tokyo, November 

2022 (7 pages). 

1333 See Long-lived electronic spin qubits in single-walled carbon nanotubes by Jia-Shiang Chen et al, Nature communications, Febru-

ary 2023 (8 pages). 
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https://arxiv.org/abs/2303.13968
https://arxiv.org/abs/2302.11717
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8878677/pdf/materials-15-01535.pdf
https://arxiv.org/abs/2211.15942
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• Electrons trapped on solid (inert) neon1334 or on superfluid helium1335. This last technique is 

explored in various labs like RIKEN in Japan and also by EeroQ in the USA. 

 
Figure 355: specificities with pros and cons of each silicon spin qubit variety. (cc) Olivier Ezratty, 2022-2023. 

These qubits small dimensions and the possibility to integrate control electronics in or around the 

qubit chip make it an interesting candidate for large-scale quantum computing1336. There are however 

many challenges to overcome, particularly with materials design1337 (Figure 355). 

While in most cases, silicon qubits are planned to be used in the gate-based paradigm, it can also 

implement quantum simulations in analog mode1338. 

Science 

Spin qubits may allow the integration of a large number of qubits in a circuit, with potentially up to 

billions of qubits on a single chip. It seems to be the only technology that can achieve this level of 

integration. These qubits would have a rather long coherence time and an error rate at least as low as 

with superconducting qubits1339. 

 

1334 See Single electrons on solid neon as a solid-state qubit platform by Xianjing Zhou, Kater W. Murch, David I. Schuster et al, Nature, 

May 2022 (16 pages). The trapped electrons are coupled to a superconducting resonator on top of solid neon at 10 mK. It should bring 

better coherence but their current T2 is at 200 ns. 

1335 See Blueprint for quantum computing using electrons on helium by Erika Kawakami et al, RIKEN, QunaSys, OIST, and DLR, 

March 2023-September 2023 (28 pages). 

1336 A good up-to-date overview of silicon qubits can be found in Scaling silicon-based quantum computing using CMOS technology: 

State-of-the-art, Challenges and Perspectives by M. F. Gonzalez-Zalba, Silvano de Franceschi, Tristan Meunier, Maud Vinet, Andrew 

S. Dzurak et al, November 2020-April 2023 (21 pages). 

1337 See Democratizing Spin Qubits by Charles Tahan, November 2021 (19 pages) which describes the many challenges with quantum 

dots spin qubits and Quantum Technologies for Engineering: the materials challenge by Kuan Eng Johnson Goh, Leonid A Krivitsky 

and Dennis L Polla, IOP Publishing, March 2022 (14 pages). 

1338 See Quantum simulation of an exotic quantum critical point in a two-site charge Kondo circuit by Winston Pouse et al, Nature 

Physics, January 2023 (26 pages). 

1339 A record silicon qubit coherence time was broken in 2020 by a team from the University of Chicago, reaching 22 ms (T2). This is 

10,000 times longer than the usual coherence times around 100μs found in superconducting qubits. These qubits use double gaps in 

silicon carbide structures. See Universal coherence protection in a solid-state spin qubit by Kevin C. Miao, David D. Awschalom et al, 

August 2020 (12 pages). University of Chicago. 
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The control microwaves used have a higher energy level which explains why silicon qubits can the-

oretically operate around 1K instead of 15 mK for superconducting qubits1340. This level corresponds 

to microwaves with a frequency higher than 20 GHz, compared to the 4 to 8 GHz control microwaves 

of superconducting qubits. 

This higher temperature makes it possible to place denser control electronics around the qubits with-

out heating up the circuit too much. The reference data are as follows: only one milliwatt of energy 

can be consumed at 100 mK1341. 

This limits the control electronics to about 10,000 transistors in CMOS technology1342. Once devel-

oped, silicon qubits will require the use of massive error correction codes, such as surface codes or 

color codes. 

At the state-of-the-art level, the Australians, researchers from QuTech1343 and Jason Petta at Princeton 

have demonstrated two-qubit gates in different geometries. To get to the next step, the challenge is to 

control the electrostatic potential between the quantum wells where the electrons are stored - and thus 

their spin - with a number of grids that allow the qubits to be arranged not too far apart, typically on 

the order of a few tens of nanometers. 

Also, a lot must be done in materials design and process manufacturing1344, particularly to fight charge 

noise affecting the spins1345 1346. Other issues to address relate to the drift in control frequencies due 

to gate operations originated system heating1347 (see also Figure 362). 

Note that these qubits can be associated with photonics for long range connectivity. The states of 

these qubits can be transmitted via photons, which would enable distributed quantum computing ar-

chitectures1348. 

Qubit operations 

The general principle of quantum dots spin qubits consists in confining a spin carrier (an electron or 

an electron hole) in an electrostatically defined quantum well that is surrounded by tunnel barriers. A 

static magnetic field enables the creation of a 2-level system with spin up and down. Single gate 

rotations are handled by submitting the spins/holes to a radio frequency magnetic field. The spin 

being affected only by this field protects it against electrical noise and other undesirable interactions 

like phonons (atomic vibrations). Two-qubit gates are created with lowering the tunnel barrier be-

tween adjacent dots. Spin state measurement is implemented with a spin-to-charge conversion. 

 

1340 See Hotter is easier: unexpected temperature dependence of spin qubit frequencies by Brennan Undseth, Lieven M. K. Vandersypen 

et al, April 2023 (17 pages). 

1341 A milli-Watt of cooling power can be achieved with a double pulsed tube cryostat such as the BlueFors XLD1000 or the Oxford 

Instruments TritonXL. 

1342 This is explained in 28nm Fully-Depleted SOl Technology Cryogenic Control Electronics for Quantum Computing, 2018 (2 pages), 

from CEA-Leti and STMicroelectronics. It discusses the good performance of CMOS components manufactured in FD-SOI technology 

and operating at 4K, where the available cooling budget is even higher than at 100 mK. A 4K, the cooling power is in the order of a 

quarter of a Watt to a Watt. 

1343 See A Crossbar Network for Silicon Quantum Dot Qubits by R Li et al, 2017 (24 pages). 

1344 See the review paper Materials for Silicon Quantum Dots and their Impact on Electron Spin Qubits by Andre Saraiva, Wee Han 

Lim, Chih Hwan Yang, Christopher C. Escott, Arne Laucht and Andrew S. Dzurak, December 2021 (22 pages). 

1345 See Effects of Temperature Fluctuations on Charge Noise in Quantum Dot Qubits by Dan Mickelsen et al, May 2023 (8 pages). 

1346 See Low charge noise quantum dots with industrial CMOS manufacturing by Asser Elsayed et al, IMEC, December 2022 (22 

pages). 

1347 See Interacting Random-field Dipole Defect Model for Heating in Semiconductor-based Qubit Devices by Yujun Choi et al, Uni-

versity of Wisconsin-Madison, July 2023 (9 pages). 

1348 See Coherent shuttle of electron-spin states by Lieven Vandersypen et al, 2017 (21 pages). 

https://arxiv.org/abs/2304.12984
https://snw2018.nctu.edu.tw/download/snw2017/08242338.pdf
https://arxiv.org/ftp/arxiv/papers/1711/1711.03807.pdf
https://arxiv.org/abs/2107.13664
https://arxiv.org/abs/2305.14515
https://arxiv.org/abs/2212.06464
https://arxiv.org/abs/2308.00711
https://arxiv.org/abs/1701.00815
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Let’s now look at the details1349: 

• Qubit quantum state is generally the spin of a trapped individual electron in a potential well. 

The electrons are confined in a two-dimensions layer semiconductor structure, such as at the in-

terface between two different semiconductors as in GaAs/AlGaAs, in a small quantum well as in 

Si/SiGe, or between an insulator and semiconductor (MOS), with the two-dimensional conducting 

layer known as a two-dimensional electron gas (2DEG)1350. In normal temperature, the energy 

levels of valence electrons with different spin is the same, or “degenerate”. This spin degeneracy 

is lifted by using cryogeny at very low temperature (below a couple K) and with exposing the 

material under a magnetic field. 

• Single-qubit quantum gates use the principle of electron spin resonance (ESR). As with super-

conducting qubits, these gates rely on the irradiation of the qubit by microwaves pulses, either 

using electromagnetic cavities, or with radio-frequency lines in which an alternating current cre-

ates a magnetic field, or finally, using micro-magnets. The related microwaves use frequencies 

between 8 and 20 GHz. These gates are usually Rx and Ry gates with the microwave pulse phase 

driving the gate rotation around axis X or Y and their amplitude and duration driving the rotation 

angle. 

• Two-qubit quantum gates are created by controlling a tunneling interaction between two neigh-

boring qubits with a significant number of electrodes. These interact with each other by modifying 

the potential barrier that separates the two qubits. 

• The manipulations, as in single-qubit gates, are 

performed by applying square pulse currents to 

qubit barrier and plunger gates (Figure 356). 

• Common low-level gates of this type are the 

square root of a SWAP gate and a phase con-

trolled gate. 

 

Figure 356: how a two-qubit gate is implemented with reducing 
the tunnel barrier between two spins. Source: Maud Vinet. 

• Qubit readout frequently uses the conversion of the electron spin into electrical charge ("spin to 

charge") which is then exploitable by traditional electronics. It can exploit a second electron-spin 

positioned next to every computing qubit and using the Pauli spin blockage technique which 

forces the second electron spin to be the opposite of the measured electron spin1351. The measure-

ment then is based on a microwave pulse sent on the qubit and a reflected signal phase/amplitude 

analysis, aka gate reflectometry1352. Some other measurement techniques are proposed that avoid 

collapsing the electron spin to its basis states1353 or using resonant tunneling controlled by a con-

ventional transistor as tested by RIKEN1354. 

 

1349 See Silicon Qubits by Thaddeus D. Ladd 2018 (19 pages) which describes various methods other than the one discussed here. 

1350 See the review paper Quantum Dots / Spin Qubits by Shannon Harvey, April 2022 (20 pages). 

1351 See Rapid single-shot parity spin readout in a silicon double quantum dot with fidelity exceeding 99 % by Kenta Takeda et al, 

RIKEN, September 2023 (14 pages). 

1352 See an implementation with Gate-reflectometry dispersive readout and coherent control of a spin qubit in silicon by Alessandro 

et al, July 2019 (6  , Tristan MeunierMaud Vinet ,De Franceschi Silvano, Crippa

pages).  

1353 See Quantum non-demolition measurement of an electron spin qubit through its low-energy many-body spin environment by Harry 

E. Dyte et al, University of Sheffield, July 2023 (37 pages) which describes a non-destructive single-shot readout of GaAs qubits with 

high fidelity ≈99.85% without any “wavefunction collapse” and with using off-resonant coupling with thousands of redundant nuclear 

spin ancillas using RF pulses. It is related to the concept of Quantum Darwinism promoted by W. Zurek in Quantum theory of the 

classical: quantum jumps, Born’s Rule and objective classical reality via quantum Darwinism by Wojciech Hubert Zurek, 2018 (26 

pages). 

1354 See Readout using Resonant Tunneling in Silicon Spin Qubits by Tetsufumi Tanamoto and Keiji Ono, RIKEN and Teikyo Univer-

sity, August 2023 (11 pages). 
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In typical circuits, qubit drive is usually implemented with several wirings: L (lead, providing the 

electron for the quantum dot), P (plunger, control the electron population), T (for tunnel coupling 

between quantum dots), S (source) and D (drain). 

Research 

Here are now the main research laboratories that are exploring the silicon spin path, very often in 

multi-laboratory and multi-country partnership ventures. We’ll focus first on the Netherlands, Aus-

tralia, France and the USA, and will then cover other countries. 

 

In The Netherlands, TU Delft and QuTech are among the most active re-

search organizations in Europe around quantum dots based qubits. This activ-

ity is centered in Lieven M. K. Vandersypen’s lab at QuTech. 

Two main technology paths are explored there with Si-MOS quantum dots in partnership with Intel 

since 2015, and on silicon-germanium qubits under the leadership of Menno Veldhorst and Giordano 

Scappucci. On top of his main role at Forschungszentrum Jülich in Germany, David DiVincenzo is 

also a professor at the EEMCS Department at the TU Delft and a contributing scientist at QuTech. 

TU Delft collaborates on germanium qubits with Purdue University in Indiana and Wisconsin-Madi-

son University. 

In 2020, Menno Veldhorst’s team demonstrated the feasibility of germanium qubits with two entan-

gled qubits with fidelities of respectively 99.9% and 98% for one and two qubit gates, using germa-

nium electron holes and with two-qubit gate time of 75 ns over a coherence time of about 1μs1355. 

These qubits are built on a SOI substrate1356. 

Also in 2020, they implemented the same types of qubits in a 2x2 qubit array with a coherence time 

of 0.5 ms with 10 ns single qubit gate time1357 (the qubits are labelled P1 to P4 in Figure 357). 

  

Figure 357: silicon-germanium prototype qubits. Source: A two-dimensional array of single-hole quantum dots by F. van Riggelen, 
Giordano Scappucci, Menno Veldhorst et al, August 2020 (7 pages) and Silicon provides means to control quantum bits for faster 

algorithms by Kayla Wiles, Purdue University, June 2018. 

In 2022, they prototyped a Si-Ge spin qubits phase error correction proof of concept using the same 

4 SiGe qubits1358. They then extended the number of qubits to 6 while preserving good fidelities of 

99.77% for single-qubit gates and reaching 71% to 84% for two-qubit gates, with a T2 coherence time 

 

1355 See Fast two-qubit logic with holes in germanium by N.W. Hendrickx, Menno Veldhorst, Giordano Scappucci et al, January 2020 

in Nature et on arXiv in April 2019 (6 pages) also described in Reliable and extremely fast quantum calculations with germanium 

transistors, Qutech, January 2020. 

1356 The SOI for "silicon on insulator" is a technology from the French CEA-Leti and SOITEC. It adds a layer of silicon oxide insulator 

(SiO2 or "BOX" for "buried oxide") over the silicon wafers and on which are then etched transistors and other circuits conductors. 

1357 See A two-dimensional array of single-hole quantum dots by F. van Riggelen, Giordano Scappucci, Menno Veldhorst et al, August 

2020 (7 pages) and A four-qubit germanium quantum processor by N.W. Hendrickx et al, September 2020 (8 pages). 

1358 See Phase flip code with semiconductor spin qubits by F. van Riggelen, M. Veldhorst et al, QuTech, February 2022 (8 pages). 

https://arxiv.org/abs/2008.11666
https://phys.org/news/2018-06-silicon-quantum-bits-faster-algorithms.html
https://phys.org/news/2018-06-silicon-quantum-bits-faster-algorithms.html
https://arxiv.org/abs/1904.11443
https://qutech.nl/reliable-and-extremely-fast-quantum-calculations-with-germanium-transistors/
https://qutech.nl/reliable-and-extremely-fast-quantum-calculations-with-germanium-transistors/
https://arxiv.org/abs/2008.11666
https://arxiv.org/pdf/2009.04268.pdf
https://arxiv.org/abs/2202.11530
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of several μs1359. They also achieved interesting results based on two SiGe qubits, with two-qubit gate 

fidelities exceeding 99%, paving the road for fault-tolerance (although surface codes QEC would 

probably require much better fidelities in the 99.99% range and with way above 2 qubits)1360. 

Sideways, the QuTech team in collaboration with research teams from ICREA and IC2N in Spain 

also made interesting inroads with interfacing their SiGe qubits with a germanosilicide superconduct-

ing material. 

It could be useful in topological qubits design, to create gate-tunable superconducting qubits (gate-

mons), to create long-range coupling between spin qubits using superconductivity and microwave 

guides1361 1362. 

At last, they demonstrated also in 2022 a 36×36 gate electrode crossbar supporting 648 narrow-chan-

nel field effect transistors (FET) to drive SiGe qubits1363, and later developed a compiling solution to 

target this layout in the SpinQ project1364. 

Qutech is also the testing arm of Intel with its HorseRidge system and Si-MOS double quantum dots 

qubits. In 2020, QuTech and Intel announced having developed "hot" silicon qubits operating at 

around 1K, more precisely at 1.1K1365. At about the same time, UNSW researchers were testing sim-

ilar qubits at 1.5K1366. 

 

Australians are among the most active around silicon qubits, whether in the 

CQC2T teams at UNSW (University of New South Wales) or in other labor-

atories. Australian Universities are also teaming up with Microsoft Re-

search1367. 

UNSW's CQC2T (Center for Quantum Computing & Communication Technology) laboratory is led 

by Michelle Simmons. She also cofounded and runs SQC, a silicon qubit startup that spun-out of 

UNSW. Their specialty is donors spin qubits using phosphorous atoms implanted in silicon wafers, 

along the Bruce Kane model created in 1998 at UNSW and already described in the history part 

starting page 414. This is a home run! In 2020, a team from the University of Melbourne showed how 

machine learning could help calibrate the placement of phosphorus atoms in a 2D structure of qubits 

 

1359 See Universal control of a six-qubit quantum processor in silicon by Stephan G.J. Philips, Menno Veldhorst, Lieven M.K. Vander-

sypen et al, February QuTech and TNO, 2022 (38 pages). 

1360 See Quantum logic with spin qubits crossing the surface code threshold by Xiao Xue, Lieven M. K. Vandersypen et al, Nature, 

January 2022 (17 pages). 

1361 See Hard superconducting gap in a high-mobility semiconductor by Alberto Tosato, Francesco Borsoi, Menno Veldhorst, Giordano 

Scappucci et al, June 2022 (20 pages). 

1362 See Superconducting-Semiconducting Voltage-Tunable Qubits in the Third Dimension by T.M. Hazard, Charles Tahan et al, PRA, 

September 2023 (7 pages). 

1363 See A quantum dot crossbar with sublinear scaling of interconnects at cryogenic temperature by P. L. Bavdaz, James Clarke, Menno 

Veldhorst, G. Scappucci et al, Nature, 2022 (6 pages) and Shared control of a 16 semiconductor quantum dot crossbar array by Fran-

cesco Borsoi, Giordano Scappucci, Menno Veldhorst et al, September 2022 (33 pages). 

1364 See SpinQ: Compilation strategies for scalable spin-qubit architectures by Nikiforos Paraskevopoulos et al, QuTech, January 2023 

(18 pages). Not the China NMR QPU company. 

1365 See Hot, dense and coherent: scalable quantum bits operate under practical conditions by QuTech, April 2020 which refers to 

Universal quantum logic in hot silicon qubits by L. Petit, Menno Veldhorst et al, April 2020 in Nature and October 2019 in pre-print 

(10 pages). 

1366 See Hot qubits made in Sydney break one of the biggest constraints to practical quantum computers by UNSW, April 2020 referring 

to Silicon quantum processor unit cell operation above one Kelvin by C. H. Yang, Andrea Morello, Andrew S. Dzurak et al, February 

2019 (15 pages). 

1367 UNSW also received in 2018 a funding of $53M from the telecom operator Telstra, the Commonwealth Bank and the governments 

of Australia and the New South Wales region. 
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.034056
https://www.nature.com/articles/s41534-022-00597-1
https://arxiv.org/abs/2209.06609
https://arxiv.org/abs/2301.13241
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https://arxiv.org/abs/1910.05289
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https://arxiv.org/abs/1902.09126
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on a silicon substrate1368. We’ll cover these phosphorus-based qubits in the part dedicated to SQC a 

bit later in the vendor’s part starting page 427. 

Two other key scientists at UNSW are Andrew S. Dzurak and Andrea Morello. Andrea Morello’s 

team working with DoE’s Sandia Labs published in 2022 results with a single-qubit gate fidelity of 

99.95%, a C-Z two-qubit gate fidelity of 99.37% and 98.95% readout fidelity with two phosphorus 

nuclear spins coupled with a single silicon spin donor electron. They even produced a three-qubit 

entangled state (GHZ) with a fidelity of 92.5%. This was interesting but was not a “scalable” demon-

stration1369. 

Still, Andrea Morello and Andrew S. Dzurak usually work on more classical silicon quantum dots 

qubits. In 2018, they proved the feasibility of creating silicon qubits and developed protocols for 

reading the state of the spins of these qubits without the need for averaging via a process called "Pauli 

spin blockade", paving the way for error correction codes implementation and the creation of large-

scale quantum computers1370. They also obtained in 2019 a 2% error rate for two-qubit quantum gates 

and a 99.96% fidelity for one-qubit gates1371. 

Andrew S. Dzurak found in 2021 a way to improve the scalability of spin qubits with removing some 

the microwave circuits within the qubit chip and providing these microwaves to the qubits quantum 

dots with a dielectric microwave resonator (DR) made in potassium tantalate and activated by a dis-

crete loop coupler, made of a simple wire1372. It drives the ESR (Electron Spin Resonance) magnetic 

field that enables spin rotations and single qubit gates as well as spin state readout. All this saves at 

least two microwave circuits in the quantum dots chip, reducing heating and simplifying the chip 

design and, potentially, qubits topology. 

The global magnetic field generated by this system comes from a dielectric microwave resonator of 

0.7*0.55*0.3mm and the discrete loop coupler is even larger, while quantum spin qubits can scale 

down as low as 100 nm x100 nm (Figure 358). The team communicated on this technology as one 

that could enable scaling quantum dots to million qubits. So how are individual qubits controlled? 

Individual spin control and readout is activated by some classical direct current tension sent to each 

quantum dot in the qubit chip, replacing the usual microwave signals sent and reflected in the chip. 

The next step is to implement the qubit circuit on isotopically purified 28Si and check qubits coherence. 

While the solution simplifies the qubit chip wiring for some of the microwave lines, the prototype is 

based on using external microwave generators and readout systems, which doesn’t scale at all. It 

circles back to a cryo-CMOS component that was developed by another Australian team and with 

Microsoft, which we describe in the cryo-CMOS section, page 597. 

Andrea Morello's team is also studying the remote coupling of electron spins via photons in the visible 

or in radio waves spectrum. His team created silicon qubits exploiting the control of electron spin of 

intermediate layers of silicon atoms, increasing stability and reducing flip (or charge) errors1373. 

 

1368 See Machine learning to scale up the quantum computer by Muhammad Usman and Lloyd Hollenberg, University of Melbourne, 

March 2020. Also seen in To Tune Up Your Quantum Computer, Better Call an AI Mechanic by NIST associated with UNSW, March 

2020. 

1369 See Precision tomography of a three-qubit donor quantum processor in silicon by Mateusz Madzik, Andrea Morello et al, January 

2022 (51 pages). 

1370 See Tests show integrated quantum chip operations possible, October 2018 and Integrated silicon qubit platform with single-spin 

addressability, exchange control and single-shot singlet-triplet readout by M. A. Fogarty, Andrea Morello, Andrew S. Dzurak et al, 

Nature Communications, October 2018 (7 pages). 

1371 See Quantum World-First: Researchers Reveal Accuracy Of Two-Qubit Calculations In Silicon, May 2019. 

1372 See Single-electron spin resonance in a nanoelectronic device using a global field by Ensar Vahapoglu, Andrew S. Dzurak et al, 

Science Advances, August 2021 (7 pages) and Supplemental Materials (12 pages). 

1373 See UNSW use flat electron shells from artificial atoms as qubits by Chris Duckett, February 2020 and Engineers Just Built an 

Impressively Stable Quantum Silicon Chip From Artificial Atoms by Michelle Starr, February 2020 which refers to Coherent spin 

control of s-, p-, d- and f-electrons in a silicon quantum dot by Andrea Morello et al, 2020 (7 pages). 

https://phys.org/news/2020-03-machine-scale-quantum.html
https://www.nist.gov/news-events/news/2020/03/tune-your-quantum-computer-better-call-ai-mechanic
https://arxiv.org/abs/2106.03082
https://phys.org/news/2018-10-quantum-chip.html
https://www.nature.com/articles/s41467-018-06039-x
https://www.nature.com/articles/s41467-018-06039-x
https://bioengineer.org/quantum-world-first-researchers-reveal-accuracy-of-two-qubit-calculations-in-silicon/
https://advances.sciencemag.org/content/7/33/eabg9158
https://advances.sciencemag.org/content/advances/suppl/2021/08/09/7.33.eabg9158.DC1/abg9158_SM.pdf
https://www.zdnet.com/article/unsw-use-flat-electron-shells-from-artificial-atoms-as-qubits/
https://www.sciencealert.com/quantum-engineers-have-created-artificial-atoms-that-are-more-stable-for-quantum-computing
https://www.sciencealert.com/quantum-engineers-have-created-artificial-atoms-that-are-more-stable-for-quantum-computing
https://www.nature.com/articles/s41467-019-14053-w.pdf
https://www.nature.com/articles/s41467-019-14053-w.pdf
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It also managed, by chance, to control the spin of antimony atomic nuclei with an oscillating electric 

field1374. 

 
Figure 358: a proposal to improve the scalability of spin qubits with removing some the microwave circuits within the qubit chip 
and providing these microwaves to the qubit quantum dots with a dielectric microwave resonator. Source: Single-electron spin 
resonance in a nanoelectronic device using a global field by Ensar Vahapoglu, Andrew S. Dzurak et al, August 2021 (7 pages). 

  

In France, the silicon qubit effort is driven out of a group of research labs in 

Grenoble with CEA-Leti, CEA-LIST, CEA-IRIG, CNRS Institut Néel and 

UGA (Université Grenoble Alpes). 

In October 2018, the Grenoble-based team of Silvano De Franceschi (INAC, CEA), Tristan Meunier 

(Institut Néel, CNRS) and Maud Vinet (CEA-Leti) obtained a €14M ERC Synergy Grant for their 

QuQube project, spread over 6 years to produce a 100-qubit electron spin CMOS quantum proces-

sor1375. Since March 2020, the Grenoble team is also coordinating the 4-year European Quantum 

Flagship project QLSI which was formally launched in February 20211376. 

It consolidates fundamental research in silicon qubits and brings together CEA, CNRS Institut Néel, 

Atos, SOITEC and STMicroelectronics for France, IMEC (Belgium), Quantum Motion and UCL 

(UK), Infineon, IHP, U Konstanz, Fraunhofer and RWTH Aachen (Germany), UCPH (Denmark), TU 

Delft, U Twente and TNO (The Netherlands) and U Basel (Switzerland). With a budget of 15M€ to 

be shared between all these entities, the objective is to enable the manufacture and testing of 16 silicon 

qubits with gate fidelity of over 99%, and the preparation of a roadmap to be able to scale beyond a 

thousand qubits. 

The Grenoble silicon qubit project was led until 2022 by Maud Vinet (CEA-Leti) and Tristan 

Meunier (CNRS) until they launched Quobly in November 2022 (as Siquance).  

 

1374 See Engineers crack 58-year-old puzzle on way to quantum breakthrough by UNSW, March 2020 and Chance discovery brings 

quantum computing using standard microchips a step closer by Adrian Cho, March 2020. 

1375 See An ERC Synergy Grant for Grenoble research on quantum technologies, October 2018 (6 pages). A European Research Council 

Synergy Grand funds "moonshots" in European research involving at least two research laboratories. 14M€ is the maximum funding 

for such projects. 10M€ of core funding and 4M€ which can fund heavy investments or access to large infrastructures. 

1376 See New EU Quantum Flagship consortium launches a project on silicon spin qubits as a platform for large-scale quantum com-

puting, February 2021. QLSI was a follow-up project from the European collaborative project Mos-quito, a 3-year project from 2016 

to 2019 with 4M€ funding for studying the performance of different types of individual silicon spin qubits to provide recommendations 

for their large-scale implementation. 
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https://advances.sciencemag.org/content/7/33/eabg9158
https://advances.sciencemag.org/content/7/33/eabg9158
https://www.eurekalert.org/pub_releases/2020-03/uons-ec5030920.php
https://www.sciencemag.org/news/2020/03/chance-discovery-brings-quantum-computing-using-standard-microchips-step-closer
https://www.sciencemag.org/news/2020/03/chance-discovery-brings-quantum-computing-using-standard-microchips-step-closer
http://www.cea.fr/presse/Documents/DP/2018/DossierPresse-ERC-Synergy-QuCube.pdf
https://qutech.nl/2021/02/04/new-eu-quantum-flagship-consortium-launches-a-project-on-silicon-spin-qubits-as-a-platform-for-large-scale-quantum-computing/
https://qutech.nl/2021/02/04/new-eu-quantum-flagship-consortium-launches-a-project-on-silicon-spin-qubits-as-a-platform-for-large-scale-quantum-computing/


Understanding Quantum Technologies 2023 - Quantum computing hardware / Quantum dots spins qubits - 424 

This story started about 10 years earlier when CEA-Leti got interested in silicon qubits as a way to 

extend a then flailing Moore’s law. CEA-Leti implemented their first silicon quantum dots qubits in 

20161377. 

Here are some of the specifics of this endeavor. 

Different techniques. The Grenoble team mainly bets on Si-MOS silicon spin qubits. But they are 

still investigating SiGe qubits (CEA-IRIG), well as GaAs (for testing and calibration purpose) as well 

as silicon spin holes qubits, which are easier to control with a tension on the quantum dot transistor 

gate1378. 

Manufacturing capacity is a key asset from CEA-Leti, being one of the few public laboratories in 

the world with a CMOS component test production platform (IMEC is their counterpart in Europe, 

in Belgium). It includes all the tools required to produce 200 mm and 300 mm wafers. 

It allows the production of all kinds of components in silicon, germanium and III-V materials (pho-

tonics, gallium arsenide, gallium nitride, etc.). 

The CEA-Leti clean rooms are 

spread over several buildings, with 

the main one being 185 m long on 

8,000 m2 1379  (Figure 359). Here, 

CMOS qubits manufacturing pro-

cess uses 300 mm SOI wafers on 

with an additional thin layer of 

99.992% purified 28-isotope sili-

con1380. Validated production is to be 

later transferred to volume produc-

tion in commercial fabs such like 

those from STMicroelectronics in 

Crolles, France, or GlobalFoundries 

in the USA or Germany. 

 
Figure 359: the CEA-Leti’s pre-industrial 200/300 fabs in Grenoble. As of 2018. 

In its early stages, the size of the quantum computer market will be modest. In a conventional batch 

of 25 wafers alone, you can produce several thousand quantum chips in a single run, enough to power 

a large base of quantum supercomputers. But industry-grade clean rooms ensure quality processes 

that are not necessarily found in pre-production clean rooms. 

Staging progress with the Grenoble team expecting to progress in stages over a six-year period start-

ing in 2019: demonstration of a two-qubit silicon-based gate, demonstration of quantum simulation 

in a 4x4 array based on III-V material, demonstration six qubits in silicon, development of error 

correction codes and adapted algorithms, and fabrication of 100 2D array qubits in silicon at the end 

of this journey. 

 

1377 See A CMOS silicon spin qubit by Romain Maurand, Maud Vinet, Marc Sanquer, Silvano De Fransceschi et al, 2016 (12 pages) 

that was already mentioned. 

1378 See Dispersively probed microwave spectroscopy of a silicon hole double quantum dot by Rami Ezzouch, Maud Vinet, Matias 

Urdampilleta, Tristan Meunier, Marc Sanquer, Silvano De Franceschi, Romain Maurand et al, 2020 (13 pages) and A single hole spin 

with enhanced coherence in natural silicon by Nicolas Piot, Boris Brun, Vivien Schmitt, Maud Vinet, Matias Urdampilleta, Tristan 

Meunier, Yann-Michel Niquet, Silvano De Franceschi et al, Nature, September 2022 (15 pages). 

1379 Other research clean rooms exist in France: the C2N clean room in Palaiseau, the IEF in Orsay, the Thales TRT clean room in 

Palaiseau, the IEMN clean room in Lille, Femto-ST clean room in Besançon and the Laas clean room in Toulouse. In production are 

mainly the fab 200 and 300 at STMicroelectronics in Crolles, near Grenoble. Some of these laboratories are associated in the National 

Network of Large Technology Plants (Renatech). They make their platforms available to companies in project and contract mode. 

1380 The first test of spin control with isotopically purified silicon was achieved in 2011. See Electron spin coherence exceeding seconds 

in purified silicon by Alexei Tyryshskin, Kohei Itoh, John Morton et al, 2011 (18 pages). 

https://arxiv.org/pdf/1605.07599.pdf
https://arxiv.org/abs/2012.15588
https://www.nature.com/articles/s41565-022-01196-z
https://www.nature.com/articles/s41565-022-01196-z
https://arxiv.org/abs/1105.3772
https://arxiv.org/abs/1105.3772
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Control electronics with the Greno-

ble team creating control electronics 

operating at cryogenic temperature. 

The 2D architecture of Leti’s CMOS 

chip contains several layers with sil-

icon qubits and then the integrated 

electronics for control and qubit 

readout wiring. The qubits are dis-

tributed in 2D, but the integration of 

the components is also vertical 

within the components (Figure 360). 

 
Figure 360: 2D wiring to access spin qubits with scalable wiring. 

Source: Silicon Based Quantum Computing, Maud Vinet 2018 (28 slides). 

The measurement layer is located below the qubits while the layer for activating the qubits with 

quantum gates is above. For N2 qubits, they would need 2N control lines (horizontal, vertical) instead 

of 2N2, which would generate an appreciable gain in connectivity. The technique would work to gen-

erate one- and two-qubit quantum gates1381. 

The great challenge of these architectures is their variability, i.e., the differences in behavior from one 

qubit to another and from one circuit to another. This leads to a need for precise calibration, qubit by 

qubit, of the microwaves controlling and reading the state of the qubits. As for superconducting qubits, 

this calibration can be done using dedicated machine learning software. They use superconducting 

materials for the metal layer of these circuits, based on titanium nitride. This provides low resistance 

and reduces the noise of qubit state measurement. 

3D stacking is used to arrange chips components in 3D1382, which can help solve various scalability 

problems. CEA-Leti is using it CoolCube technology. The reference publications of these teams on 

CMOS qubits are numerous1383. 

Spin-photon coupling could be used to create a communication link between remote qubits. At the 

Néel Institute, the aim is to move electron spins over long-distances ("Long-distance coherent spin 

shuttling"). Here, a long-distance means 5 μm! But it makes enough to link qubits together, so it's 

worth it1384. 

 

In the USA, on top of Intel, several research labs are working on electron 

spin qubits. Let’s factor in the already mentioned DoE Sandia Labs with 

sites in New Mexico and California (Figure 361), and Purdue and Wiscon-

sin-Madison Universities. 

They work on the physics of silicon qubits and their error correction codes. They are targeting an 

operating temperature of 100 mK. Princeton University and Jason Petta’s team created in 2017 a 

two-qubit silicon CNOT gate with a very high level of reliability and low operating time, respectively 

200ns and 99%1385. 

 

1381 The technique is described in Towards scalable silicon quantum computing by Matias Urdampilleta, Maud Vinet, Tristan Meunier, 

Yvain Thonnart et al, 2020 (4 pages) as well as in the presentation Silicon Based Quantum Computing, Maud Vinet, 2018 (28 slides). 

1382 See CoolCube: A True 3DVLSI Alternative to Scaling Resource Library, Technologies Features by Jean-Eric Michallet, 2015. 

1383 These include A CMOS silicon spin qubit by Romain Maurand, Maud Vinet, Marc Sanquer, Silvano De Fransceschi et al, 2016 (12 

pages) which defines the basis of double quantum dot CMOS qubit, SOI technology for quantum information processing, 2016 which 

completes this description as well as Conditional Dispersive Readout of a CMOS Single-Electron Memory Cell by Simon Schaal et al, 

2019 (9 pages) which describes, in the framework of a partnership with the University of London, the work on reading the state of a 

CMOS quantum dot. And then Towards scalable silicon quantum computing by Maud Vinet et al, 2018 (4 pages). 

1384 See Coherent long-distance displacement of individual electron spins, 2017 (27 pages) and Quantum Silicon Grenoble, the project 

on which the Forteza report relies for a quantum computer made in France by Manuel Moragues, January 2020. 

1385 Seen in Quantum CNOT Gate for Spins in Silicon, 2017 (27 pages). 

https://indico.in2p3.fr/event/19917/contributions/76717/attachments/56344/74678/VinetQucube.pdf
http://perso.neel.cnrs.fr/matias.urdampilleta/publis/proc5.pdf
https://indico.in2p3.fr/event/19917/contributions/76717/attachments/56344/74678/VinetQucube.pdf
https://www.3dincites.com/2015/03/coolcube-a-true-3dvlsi-alternative-to-scaling/
https://arxiv.org/pdf/1605.07599.pdf
https://www.researchgate.net/profile/Dharmraj_Kotekar-Patil/publication/313454371_SOI_technology_for_quantum_information_processing/links/5a8526c90f7e9b2c3f503879/SOI-technology-for-quantum-information-processing.pdf?origin=publication_detail
https://hal-cea.archives-ouvertes.fr/cea-02184791/file/schaa.pdf
http://perso.neel.cnrs.fr/matias.urdampilleta/publis/proc5.pdf
https://arxiv.org/ftp/arxiv/papers/1701/1701.01279.pdf
https://www.industrie-techno.com/article/quantum-silicon-grenoble-le-projet-sur-lequel-mise-le-rapport-forteza-pour-un-ordinateur-quantique-made-in-france.58679
https://www.industrie-techno.com/article/quantum-silicon-grenoble-le-projet-sur-lequel-mise-le-rapport-forteza-pour-un-ordinateur-quantique-made-in-france.58679
https://arxiv.org/ftp/arxiv/papers/1708/1708.03530.pdf
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These are also double quantum 

dots qubits using silicon and ger-

manium. In October 2018, this 

Princeton team had succeeded in 

monitoring the state of its CMOS 

qubits with light and exploiting a 

microwave field to exchange a 

quantum between an electron 

and a photon1386. 

UCLA and Virginia Common-

wealth University are working 

on nanomagnets to drive silicon 

qubits1387. 

 
Figure 361: a typical double quantum dots spin qubit. Source: Toward realization of a 

silicon-based qubit system for quantum computing by Malcolm Carroll, Sandia Labs, 2016. 

Finally, HRL Malibu, a joint research subsidiary of Boeing and General Motors located in California 

is working on both GaAs and Si / SiGe spin qubits. In 2022, they achieved a CNOT gate fidelity of 

96.3±0.7%, SWAP fidelity of 99.3±0.5% with 6 silicon qubits arranged in a 1D array1388. They also 

work on triple-dot qubits with long lifetimes and better self-error correction1389. 

Let’s finish this list with a couple other countries: 

Switzerland: the Swiss National Science Foundation launched SPIN (Spin Qubits in Silicon), an 

electron spin qubits project in December 2019 with a funding of $18M. The end goal is to create a 

scalable universal quantum computer with more than a thousand logical qubits. The project led by 

the University of Basel also gathers researchers from ETH Zurich, EPFL and IBM Research Zurich. 

It looks like a “Plan B” for IBM who is so far focused commercially on superconducting qubits1390 
1391. We’ve also seen the key role of Daniel Loss in silicon qubits. He still works in Switzerland1392! 

Another key researcher is EPFL’s Andrea Ruffino, who is working with the Hitachi Cambridge La-

boratory in the design of a mixed silicon qubit and cryo-CMOS readout control circuit1393. 

UK: is another active country on silicon qubits, particularly in Oxford University, Cambridge Uni-

versity and UCL, and with their startup Quantum Motion. 

Germany: at the University of Aachen, researchers created double quantum dots of silicon with 

graphene1394. Also involved are Infineon, Leibnitz Institute IHP Microelectronics, Universität Kon-

stanz and Fraunhofer IPMS with its own cleanroom. 

 

1386 See How old-school silicon could bring quantum computers to the masses, October 2018 and In leap for quantum computing, 

silicon quantum bits establish a long-distance relationship by University of Princeton, December 2019. 

1387 See Quantum Control of Spin Qubits Using Nanomagnets by Mohamad Niknam et al, March 2022 (11 pages). 

1388 See Universal logic with encoded spin qubits in silicon by Aaron J. Weinstein et al, HRL, Nature, February 2023 (12 pages). 

1389 See Full-permutation dynamical decoupling in triple-quantum-dot spin qubits by Bo Sun et al, HRL, August 2022 (12 pages). 

1390 See for example A spin qubit in a fin field-effect transistor by Leon C. Camenzind et al, March 2021 (14 pages) which describes a 

FinFET hole spin qubit potentially operating at 4K. 

1391 See Two-qubit logic with anisotropic exchange in a fin field-effect transistor by Simon Geyer et al, IBM Research Zurich and 

University of Basel, December 2022 (35 pages) showcasing CTRL-R gates of 24 ns duration. 

1392 See Fully tunable longitudinal spin-photon interactions in Si and Ge quantum dots by Stefano Bosco, Daniel Loss et al, EPFL, 

March 2022 (18 pages) and A hot hole spin qubit in a silicon FinFET, IBM, March 2021. 

1393 See A cryo-CMOS chip that integrates silicon quantum dots and multiplexed dispersive readout electronics by Andrea Ruffino, 

Edoardo Charbon et al, Nature Electronics, December 2021 (14 pages). The circuit was implemented for three qubits. 

1394 See Bilayer graphene double quantum dots tune in for single-electron control by Anna Demming, March 2020. 

https://site.ieee.org/sfbanano/2016/12/01/dec-8th-2016-toward-realization-of-a-silicon-based-qubit-system-for-quantum-computing/
https://site.ieee.org/sfbanano/2016/12/01/dec-8th-2016-toward-realization-of-a-silicon-based-qubit-system-for-quantum-computing/
https://www.fastcompany.com/90242006/old-school-silicon-could-bring-quantum-computers-to-the-masses
https://phys.org/news/2019-12-quantum-silicon-bits-long-distance-relationship.html
https://phys.org/news/2019-12-quantum-silicon-bits-long-distance-relationship.html
https://arxiv.org/abs/2203.16720
https://www.nature.com/articles/s41586-023-05777-3
https://arxiv.org/abs/2208.11784
https://arxiv.org/abs/2103.07369
https://arxiv.org/abs/2212.02308
https://arxiv.org/abs/2203.17163
https://research.ibm.com/publications/a-hot-hole-spin-qubit-in-a-silicon-finfet
https://arxiv.org/abs/2101.08295
https://phys.org/news/2020-03-bilayer-graphene-quantum-dots-tune.html
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Figure 362: quantum dots spin qubits pros and cons. (cc) Olivier Ezratty, 2021-2023. 

Denmark: Niels Bohr Institute and CEA-Leti collaborated to build a silicon qubit 2x2 matrix using 

single electrons quantum dots. These were fabricated on a classical 300 mm SOI wafer coming out 

of the CEA-Leti fab in Grenoble. While not being operational qubits, these quantum dots electrons 

were controllable with voltage pulses bases gates. They also implemented electron swaps, that could 

be useful in optimizing SWAP gates in future systems1395. In another work with Purdue University in 

the USA, NBI researchers implemented four GaAs qubits in a 2x2 array1396. 

China also explores silicon qubits. They now publish more papers on this type of qubits1397 1398 1399. 

Japan silicon qubits are investigated at RIKEN. Their Semiconductor Quantum Information Device 

Theory Research Team is led by… Daniel Loss, yes, the same one. They were able in 2020 to measure 

the state of silicon qubits without altering it. This non-destructive measurement uses an Ising interac-

tion model based on ferromagnetism that evaluates the spin of atoms neighboring the atom containing 

the qubit spin electron1400. Teaming up with Qutech, they also work on shuttling electrons to connect 

distant silicon QPUs1401 1402, on SiGe high fidelity qubits1403 and on quantum error correction1404. In 

2023, the same team characterized the inter-qubit correlated noise in dense spin qubits1405. 

 

1395 See Single-electron operations in a foundry-fabricated array of quantum dots by Fabio Ansaloni, Benoit Bertrand, Louis Hutin, 

Maud Vinet et al, December 2020 (7 pages). 

1396 See Simultaneous Operations in a Two-Dimensional Array of Singlet-Triplet Qubits by Federico Fedele et al, October 2021 (12 

pages) and Roadmap for gallium arsenide spin qubits by Ferdinand Kuemmeth and Hendrik Bluhm, 2020 (4 pages). 

1397 See Semiconductor quantum computation by Xin Zhang Hai-Ou Li et al, December 2018 (23 pages). The document provides an 

overview of CMOS quantum technology but does not specify the specific contribution of Chinese research laboratories. 

1398 See Single spin qubit geometric gate in a silicon quantum dot by Rong-Long Ma et al, October 2023 (10 pages). 

1399 See A SWAP Gate for Spin Qubits in Silicon by Ming Ni et al, October 2023 (25 pages). 

1400 See Scientists succeed in measuring electron spin qubit without demolishing it, RIKEN, March 2020, mentioning Quantum non-

demolition readout of an electron spin in silicon by J. Yoneda et al, 2020 (7 pages). 

1401 See A shuttling-based two-qubit logic gate for linking distant silicon quantum processors by Akito Noiri et al, February 2022 (25 

pages). 

1402 See Conveyor-mode single-electron shuttling in Si/SiGe for a scalable quantum computing architecture by Inga Seidler et al, npj 

Quantum Information, November 2022 (7 pages). 

1403 See Fast universal quantum control above the fault-tolerance threshold in silicon by Akito Noiri, Giordano Scappucci et al, 2022 

(27 pages). 

1404 See Quantum error correction with silicon spin qubits by Kenta Takeda, Giordano Scappucci et al, RIKEN, Nature, January-August 

2022 (23 pages). 

1405 See Noise-correlation spectrum for a pair of spin qubits in silicon by J. Yoneda, Daniel Loss et al, Nature Physics, October 2023 

(20 pages). 

• active research in the field started later than
with other qubit technologies and spread 
over several technologies (full Si, SiGe, atom
spin donors).

• less funded  startup scene.

• qubits variability to confirm.

• high fabs costs and long test cycles (18 
months average).

• so far, only 4 to 15 entangled qubits 
(QuTech, UNSW, Princeton, University of 
Tokyo).

• scalability remains to be demonstrated.

• good scalability potential to reach millions of 
qubits, thanks to their size of 100x100 nm.

• works at around 100 mK - 1K => larger cooling
budget for control electronics vs 
superconducting qubits.

• relatively good qubits fidelity reaching 99.6% 
for two qubits gates in labs for a small number 
of qubits.

• adapted to 2D architectures usable with
surface codes or color codes QEC.

• can leverage existing semiconductor fabs.

• good quantum gates speed.q
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https://www.nature.com/articles/s41467-020-20280-3
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.040306
https://arxiv.org/abs/2011.13907
https://academic.oup.com/nsr/article/6/1/32/5257863
https://arxiv.org/abs/2310.06569
https://arxiv.org/abs/2310.06700
https://www.riken.jp/en/news_pubs/research_news/pr/2020/20200303_2/index.html
https://www.researchgate.net/publication/339626478_Quantum_non-demolition_readout_of_an_electron_spin_in_silicon
https://www.researchgate.net/publication/339626478_Quantum_non-demolition_readout_of_an_electron_spin_in_silicon
https://arxiv.org/abs/2202.01357
https://www.nature.com/articles/s41534-022-00615-2
https://arxiv.org/abs/2108.02626
https://www.nature.com/articles/s41586-022-04986-6
https://www.nature.com/articles/s41567-023-02238-6
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Vendors 

Key silicon based qubits industry vendors and startups are Intel (USA), SQC (Australia), Diraq 

(Australia), Quantum Motion (UK), Quobly (France), ARQUE (Germany), SemiQon (Finland), 

C12 Quantum Electronics (France), Equal1.labs (Ireland/USA) and Archer Materials (Australia). 

 

Silicon Quantum Computing or SQC (2017, Australia, $133.4M) is a spin-

off from UNSW and CQC2T launched by Michelle Simmons. In 2017, their 

goal was to reach 10 qubits by 20221406 and they expect to reach 100 qubits by 

2028. 

SQC uses the spin donor technique, trapping phosphorus atoms on a silicon substrate. Their qubit is 

made by controlling the association of the phosphorus atom nucleus spin and a silicon donor electron 

spin. They create two-qubit gates with two phosphorus atoms that are a few nanometers apart, using 

quantum tunneling. They showcased single-gates fidelity of about 99.99% and two-qubit gates speed 

of less than one nanosecond1407. 

In 2022, they touted having produced the “first ever quantum circuit”1408. It was a way to fulfill their 

2017 goal and showcase a 10-qubit processor, implemented in a 1D lattice. It was presented in an 

article published in Nature, implementing a particular physics simulation, the many-body Su–Schrief-

fer-Heeger (SSH) model (Figure 363). Of course, with just 10 qubits, it can’t showcase any quantum 

advantage. Unfortunately, the paper doesn’t provide qubit fidelities data1409. The paper was published 

as SQC announced it was starting a new financial round with a goal to obtain $130M1410. In July 2023, 

they ended up raising only AUS $50.4M. 

 
Figure 363: the atomic dots in SQC chips are precisely positioned. They contain several atoms. Source: The Use of Exchange Coupled Atom 

Qubits as Atomic-Scale Magnetic Field Sensors by Ludwik Kranz, et al , Advanced Materials, October 2022 (9 pages). Added in 2023. 

Mid-2021, Andrea Morello and Andrew S. Dzurak quit SQC where they were involved since the 

beginning. They preferred to focus on SiMOS qubit instead of phosphorus and donor qubits. It led to 

the creation of their startup Diraq, which we’ll discuss later. 

 

1406 This is documented in Silicon quantum processor with robust long-distance qubit couplings by Guilherme Tosi, Andrea Morello et 

al, 2017 (17 pages). 

1407 See Exploiting a Single‐Crystal Environment to Minimize the Charge Noise on Qubits in Silicon by Ludwik Kranz, Michelle 

Simmons et al, 2020 and A two-qubit gate between phosphorus donor electrons in silicon by Y. He, Michelle Simmons et al, 2019. 

1408 See how the media buy in such outrageous claim in A Huge Step Forward in Quantum Computing Was Just Announced: The First-

Ever Quantum Circuit by Felicity Nelson, Science Alert, June 2022. Hopefully, The Quantum Insider is not parroting the fancy claim 

and titled Silicon Quantum Computing Announces its First Quantum Integrated Circuit by James Dargan, June 2022. 

1409 See Engineering topological states in atom-based semiconductor quantum dots by M. Kiczynski, Michelle Simmons et al, Nature, 

June 2022 (11 pages). 

1410 See Quantum star kicks off crucial $130m funding push by Paul Smith, Financial Review, June 2022. 

https://onlinelibrary.wiley.com/doi/10.1002/adma.202201625
https://onlinelibrary.wiley.com/doi/10.1002/adma.202201625
https://arxiv.org/abs/1509.08538
https://onlinelibrary.wiley.com/doi/10.1002/adma.202003361
https://www.nature.com/articles/s41586-019-1381-2
https://www.sciencealert.com/a-huge-step-forward-in-quantum-computing-was-just-announced-the-first-ever-quantum-circuit
https://www.sciencealert.com/a-huge-step-forward-in-quantum-computing-was-just-announced-the-first-ever-quantum-circuit
https://thequantuminsider.com/2022/06/23/silicon-quantum-computing-announces-its-first-quantum-integrated-circuit/
http://sqc.com.au/wp-content/uploads/2022/06/RESEARCH-PAPER_Nature.pdf
https://www.afr.com/technology/quantum-star-kicks-off-crucial-130m-funding-push-20220610-p5asyr
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As a result, SQC sold in May 2022 its patent portfolio and special equipment related to SiMOS to 

SiMOS Newco, a company created in December 2021, and related to Diraq, that was created a month 

later1411. 

In 2022, they demonstrated the ability to have readout fidelities of 99%1412. In 2023, they created a 

digital simulation of their qubits which showed that they could reach 99.98% fidelities with two-qubit 

CNOT gates1413. They also improved their manufacturing capabilities with precisely positioned phos-

phorus atoms dots in silicon1414. 

 
Quantum Motion Technologies (2017, UK, $63M) is an Oxford University 

spin-off that wants to create high-density silicon quantum computers. 

The startup co-founded by John Morton (UCL) and Simon Benjamin (Oxford University) wants to 

industrialize a process created by Joe O'Gorman's team at Oxford University, which consists of clearly 

separating silicon qubits and their measurement. Measurement was supposed to be carried out with a 

magnetic probe mechanically moved on the surface and making "square" movements, guided by a 

MEMS (micro-electro-mechanical device). This probe system was designed to avoid the use of con-

trol electronics and allow a better separation between the qubits1415. A data rate separation process 

with intermediate mediation rates was limiting leakage effects1416. It seems that this technology is not 

the one they will implement! 

In January 2021, Quantum Motion presented with Hitachi Cambridge, University of Cambridge and 

EPFL a 50 mK cryo-CMOS including quantum dots qubit arrays, row-column control electronics 

lines and analog LC resonators for multiplexed readout, using 6-8 GHz microwave resonators. This 

was a first step to implement time- and frequency-domain multiplexing scalable qubits readout1417. 

In March 2021, Quantum Motion announced a record of stability of 9 seconds for an isolated silicon 

qubit. The chips were manufactured by CEA-Leti in Grenoble1418. Quantum Motion and UCL are part 

of the Quantum Flagship QLSI on silicon qubit that is led by Maud Vinet1419. 

Their roadmap consists of producing 5 qubit "small cells" by 2022 in a structure that could then be 

reproduced in matrix patterns. They believe they can create a quantum computer with 100 logical 

qubits by 2029, a typical milestone for most quantum computer vendors. 

 

1411 See UNSW Sydney spin-out buys quantum computing hardware technology by Lauren Croft, Lawyers Weekly, May 2022. 

1412 See Ramped measurement technique for robust high-fidelity spin qubit readout by Daniel Keith, Michelle Simmons et al, Septem-

ber 2022 (7 pages). 

1413 See High-Fidelity CNOT Gate for Donor Electron Spin Qubits in Silicon by Ludwik Kranz, Stephen Roche, Samuel K. Gorman, 

Joris. G. Keizer, and Michelle Y. Simmons, PRA, February 2023 (12 pages). 

1414 See The Use of Exchange Coupled Atom Qubits as Atomic-Scale Magnetic Field Sensors by Ludwik Kranz, Samuel K. Gorman, 

Brandur Thorgrimsson, Serajum Monir, Yu He, Daniel Keith, Keshavi Charde, Joris G. Keizer, Rajib Rahman, and Michelle Y. Sim-

mons, Advanced Materials, October 2022 (9 pages). 

1415 See A silicon-based surface code quantum computer by Joe O'Gorman et al, 2015 (14 pages). The paper is co-authored by John 

Motin and Simon Benjamin who are two co-founders of the startup Quantum Motion Technologies. Their Si-MOS qubits are mixing 

planar and 3D SOI components and are laid out to enable surface code error correction. 

1416 See A Silicon Surface Code Architecture Resilient Against Leakage Errors by Zhenyu Cai (Quantum Motion Technologies) et al, 

April 2018 (19 pages). 

1417 See Integrated multiplexed microwave readout of silicon quantum dots in a cryogenic CMOS chip by A. Ruffino, January 2021 

(14 pages). 

1418 See Spin Readout of a CMOS Quantum Dot by Gate Reflectometry and Spin-Dependent Tunneling, by Virginia N. Ciriano-Tejel, 

Maud Vinet, John Morton et al, 2021 (18 pages). 

1419 See Remote capacitive sensing in two-dimensional quantum-dot arrays by Jingyu Duan, Michael A. Fogarty, James Williams, Louis 

Hutin, Maud Vinet and John J. L. Morton, 2020 (31 pages) which described the coupling technique using silicon nanowires (SiNW) to 

measure qubits spins with remote capacitive charge sensing 

https://www.lawyersweekly.com.au/newlaw/34386-unsw-sydney-spin-out-buys-quantum-computing-hardware-technology
https://www.science.org/doi/10.1126/sciadv.abq0455
https://journals.aps.org/prapplied/pdf/10.1103/PhysRevApplied.19.024068
https://onlinelibrary.wiley.com/doi/10.1002/adma.202201625
https://arxiv.org/pdf/1406.5149.pdf
https://arxiv.org/abs/1904.10378
https://arxiv.org/pdf/2101.08295.pdf
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.010353
https://arxiv.org/pdf/2005.14712.pdf
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They provided an update on their architecture in an arXiv preprint in August 20221420. They then 

showcased in October 2022 the Bloomsbury 3x3mm2 chip manufactured at Global Foundries con-

taining 1,024 quantum dots and a year later, how they were efficiently characterizing the chip1421. 

In June 2023, they published a preprint describing an original pipelining architecture designed to 

facilitate the run of several similar shots serially on a single chip. Instead of using a grid with 

√𝑁 × √𝑁 qubits, they create an array with 𝑁 × 𝐷, 𝐷 being the number of time a given shot must be 

executed. It can be useful for example for NISQ VQE algorithms where the same (Paul string related) 

shot must be executed up to a million times. The 𝑁 qubits are actually shuttling from left to right in 

the circuit layout as shown in Figure 364 and are subject to series of rotation and coupling gates that 

are mandated in variational circuits using a QAOA gates ansatz. This supposes that electron shuttling 

works at this scale. At this point in time, it seems to be a blueprint. 

 
Figure 364: the Quantum Motion proposed pipeline architecture which is adapted to running many shots of the same algorithm in 

a NISQ fashion. N spin qubits are physically travelling horizontally (shuttling) from left to right in a 2D circuit are subject to series of 
rotation and entangled gates as they move. This enabless the execution of up to D serialized similar shots. Source: Pipeline 

quantum processor architecture for silicon spin qubits by S. M. Patomäki, Simon Benjamin et al, June 2023 (21 pages). 

In the software area, Quantum Motion developed QuEST, an open source, hybrid multithreaded and 

distributed, GPU accelerated simulator of quantum circuits. It works both on any laptop or on super-

computers. It supports pure (computational state vector) and mixed states (density matrices) to repro-

duce the effects of noise and decoherence1422 1423. 

 

Intel is a key contender in the race for silicon qubits (Figure 367). They started 

working on superconducting qubits, but it seems it was a secondary route for 

them. They started with producing a wafer with 26 qubit chips in 2017 and 

made some progress since they, although it is rather hard to evaluate. 

 

1420 See Silicon edge-dot architecture for quantum computing with global control and integrated trimming by Michael A. Fogarty, 

August 2022 (13 pages). 

1421 See Rapid cryogenic characterisation of 1024 integrated silicon quantum dots by Edward J. Thomas et al, Quantum Motion and 

UCL, October 2023 (22 pages). 

1422 See QuEST and High Performance Simulation of Quantum Computers by Tyson Jones et al, December 2018 (8 pages). 

1423 See Distributed Simulation of Statevectors and Density Matrices by Tyson Jones, Bálint Koczor and Simon C. Benjamin, Quantum 

Motion and University of Oxford, November 2023 (56 pages) which describes various distributed computing emulation techniques. 

https://arxiv.org/abs/2306.07673
https://arxiv.org/abs/2306.07673
https://arxiv.org/abs/2208.09172
https://arxiv.org/abs/2310.20434
https://arxiv.org/abs/1802.08032
https://arxiv.org/abs/2311.01512
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Intel's quantum work is managed under the direction of Anne Matsuura1424 and James Clarke for 

hardware. In June 2018, Intel made another announcement with a highly integrated chip using SiMOS 

qubits, with 1,500 qubits, fabricated in the D1D fab located in Portland, Oregon, with an etch density 

of 50 nm, six times greater than the early 2018 generation. 

 

Figure 365: Intel SiGe quantum dots circuit implementation and process quality.  Source: Qubits made by advanced semiconductor 
manufacturing by A.M.J. Zwerver, Menno Veldhorst, L.M.K. Vandersypen, James Clarke et al, 2021 (23 pages). 

But this chip, like many that did follow, was produced to test their manufacturing capacity and their 

material designs. They were not functional particularly with regards to two-qubit gates. In 2022, Intel 

did show again some interesting data related to their qubits manufacturing capacity, producing chips 

with 3 to 55 quantum dots on 300 mm wafers and a >95% production yield, using 193 nm Deep UV 

immersion photolithography instead of electron beam lithography1425. 

These SiGe qubits have a relaxation time of >1s (T1), coherence times of >3 ms (T2) and single qubit 

gates of >99% (and no published data for two-qubit gates…). These qubits had to be characterized 

by the DoE Argonne lab in Chicago in its Q-NEXT research center1426 (Figure 365). 

As part of their efforts in manufacturing, they are now using, like CEA-Leti, a cryo-wafer prober 

provided by Afore and Bluefors, that enables testing entire wafers at 1.6K, significantly accelerating 

the testing and characterization process (Figure 366, left)1427. 

 

1424 See Intel's quantum efforts tied to next-gen materials applications, January 2019 and Intel's spin on qubits and quantum manufac-

turability, both from Nicole Hemsoth, November 2018 and Leading the evolution of compute, Anne Matsuura, June 2018 (26 slides). 

1425 See Qubits made by advanced semiconductor manufacturing by A.M.J. Zwerver, Menno Veldhorst, L.M.K. Vandersypen, James 

Clarke et al, 2021 (23 pages). 

1426 See Intel to install quantum computing test bed for Q-NEXT, April 2022. 

1427 See Probing single electrons across 300 mm spin qubit wafers by Samuel Neyens, James S. Clarke et al, Intel, July 2023 (15 pages). 

https://arxiv.org/abs/2101.12650
https://arxiv.org/abs/2101.12650
https://www.nextplatform.com/2019/01/09/intels-quantum-efforts-tied-to-next-gen-materials-applications/
https://www.nextplatform.com/2018/11/06/intels-spin-on-qubits-and-the-quantum-manufacturability/
https://www.nextplatform.com/2018/11/06/intels-spin-on-qubits-and-the-quantum-manufacturability/
http://www.teratec.eu/library/pdf/forum/2018/Presentations/Forum_Teratec_2018_A3_04_Anne_Matsuura_Intel.pdf
https://arxiv.org/abs/2101.12650
https://www.anl.gov/article/intel-to-install-quantum-computing-test-bed-for-qnext
https://arxiv.org/abs/2307.04812
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Figure 366: how Intel is saving time with a Bluefors/a-Fore cryo-prober. Source: Intel. 

QuTech and Intel work well together on these qubits. QuTech got a $50M investment from Intel in 

2015 to explore it. Intel announced in 2018 that it had succeeded in controlling a two-qubit SiMOS 

processor with single and two quantum gates running Deutsch-Jozsa and Grover algorithms on a very 

small scale. These silicon-germanium qubits manufactured by Intel were tested by the Vandersypen 

Laboratory at the University of Delft, part of QuTech1428. Since 2018, Intel has kept a rather low 

profile on its silicon qubit advances1429. 

 
Figure 367: Intel quantum computing timeline. (cc) Olivier Ezratty, 2022-2023. 

At the beginning of 2020, Intel announced that it had developed with QuTech the HorseRidge cryo-

component. It is a CMOS component operating at 4K that is used to generate the microwaves used to 

drive both superconducting and silicon qubits. A second version was announced in 2021. We cover it 

in the section dedicated to cryo-CMOS electronics. 

In May 2023, Intel and RIKEN announced a research partnership covering classical supercomputing 

and silicon qubit quantum computing. But it is not clear what they will do respectively in this part-

nership. 

 

1428 See A programmable two-qubit quantum processor in silicon by T F Watson et al, TU Delft, May 2018 (22 pages). 

1429 See What Intel Is Planning for The Future of Quantum Computing: Hot Qubits, Cold Control Chips, and Rapid Testing by Samuel 

Moore, August 2020, which provides a rather pedagogical overview of Intel's approach to silicon qubits. 
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Figure 368: Intel Tunnel Falls 12-qubit chip. Source: Intel. 2023. 

In June 2023, Intel presented a 12-qubit prototype chip named Tunnel Falls to be provided to aca-

demic partners for testing including the University of Maryland LPS, the DoE Sandia National La-

boratories, the University of Rochester and the University of Wisconsin-Madison. It was manufac-

tured on 300 mm wafers at the D1 fab in Hillsboro, Oregon, using EUV lithography from ASML, and 

with a 95% yield rate. The chip has a size of 50 nm x 50 nm and has 62 control pins (Figure 368). 

 

equal1.labs (2017, Ireland/USA, 10M€) is creating a charge electron spin 

qubits chip manufactured in 22 nm FD-SOI technology at GlobalFoundries in 

Dresden, Germany. 

They announced in 2021 a 422 qubits test chip embedded in a full-rack system with its cryogeny, 

Alice mk1. At this stage, they are just able to inject single electrons in their quantum dots and simulate 

numerically some one- and two-qubit quantum gates, but not much more1430. 

Their next generation Aquarius is to fit into a desktop packaging, planned for 2022, and is to house 

one million qubits. They position their systems to run quantum neural networks for imaging applica-

tions. 

In May 2021, equal1 uncovered a prototype chip operating at 3.7K and including 10 million transis-

tors handling qubits controls and readout with arbitrary waves generation (AWGs), all coupled to an 

external FPGA, as well as some classical cryogenic memory. There’s a caveat with their coherence 

time being only 150 ns. Equal1 also designs its own cryogenic system. 

The company was created by Dirk Leipold, Mike Asker and Bogdan Staszewski from the University 

of Dublin. Elena Blokhina is their CTO. They expected to raise $50M by 2022 which has seemingly 

not happened yet as of this writing in 2023. 

 

Diraq (2022, Australia, $3M) is a startup spun out of UNSW created by An-

drew S. Dzurak that develops quantum dots electron spin qubits. The company 

set a goal to build a one billion qubits computer, the largest so far with com-

mercial vendors. 

Their first planned steps are to reach 9 and then 256 qubits. The team is already set up with a bunch 

of scientists and engineers like Arne Laucht, Henry Yang. Andrea Morello from UNSW is also a 

scientific advisor for the venture. Morello and Dzurak were previously working with Michelle Sim-

mons in her company SQC and they parted away in 2021. 

 

1430 See A Single-Electron Injection Device for CMOS Charge Qubits Implemented in 22-nm FD-SOI by Imran Bashir, Elena Blokhina 

et al, 2020 (4 pages). 

https://www.equal1.com/wp-content/uploads/2020/11/A-Single-Electron-Injection-Device-for-CMOS-Charge-Qubits-Implemented-in-22-nm-FD-SOI.pdf?x67451
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The founding team has a good track record in the advancement of quantum dots based qubits with 

many “firsts” achieved since 2014, including many patented processes (SiMOS - Silicon-Metal-Ox-

ide-Semiconductor qubits, resonators and qubit electrical control, etc). 

After the creation of Diraq, some scientific announcements were made through various collaborative 

research publications, on their qubit initialization fidelities1431, qubit gates fidelities variability1432, 

benchmarking1433, qubit control1434 1435 1436, direct spin readout with a microwave parametric ampli-

fier1437 1438 and error suppression techniques1439. 

In December 2022, Diraq announced some figures of merit for their prototype qubits with 99.96% 

single qubit gate fidelities and 99% two-qubit gate fidelities, tagged “highest” which may mean many 

things. Also, with 3 ns one qubit gate speed and 40 ns two qubit gate speed, all operating at 1.5K1440. 

Diraq was awarded an AUS $3M grant from the NSW Quantum Computing Commercialisation Fund 

(QCCF). 

 

Quobly (2022, France, 19M€), formerly Siquance, is the silicon qubit startup 

launched in November 2022 by Maud Vinet, Tristan Meunier and François 

Perruchot out of CEA-Leti and CNRS Institut Néel. They ambition to release 

a 100 physical qubit system by 2026 with some intermediate in between. They 

seem work with spin silicon qubits but are also interested by silicon hole 

spins1441. 

Their focus is manyfold, with tuning manufacturing processes to ensure the best qubit quality and 

with an end-to-end system approach, looking at ways to optimize cryogenics and control electronics, 

including CryoCMOS qubit control chips. 

On top of a first round of funding of 19M€ announced in July 2023, they got an EIC Transition grant 

of 2.5M€ to develop their FD-SOI quantum processor demonstrator using a 4x4 multicore architec-

ture targeting the needs of NISQ applications. With 16 cores sitting on the same chip, they plan to 

accelerate the execution of variational NISQ algorithms which require running identical circuits a 

large number of times. 

 

1431 See Beating the Thermal Limit of Qubit Initialization with a Bayesian Maxwell’s Demon by Mark A. I. Johnson, Kohei M. Itoh, 

Andrew S. Dzurak, Andrea Morello et al, PRX, October 2022 (15 pages). 

1432 See Bounds to electron spin qubit variability for scalable CMOS architectures by Jesús D. Cifuentes, Andrew S. Dzurak et al, 

March 2023 (20 pages). 

1433 See Stability of high-fidelity two-qubit operations in silicon by Tuomo Tanttu, Kohei M. Itoh, Robin Blume-Kohout, Andrea Mo-

rello, Andrew S. Dzurak, March 2023 (13 pages). 

1434 See On-demand electrical control of spin qubits by Will Gilbert, Kohei M. Itoh, Andrea Morello, Andrew S. Dzurak et al, Nature 

Nanotechnology, January 2023 (21 pages). 

1435 See Implementation of an advanced dressing protocol for global qubit control in silicon by I. Hansen, Kohei M. Itoh, Andrew S. 

Dzurak et al, Applied Physics Reviews, September 2022 (9 pages). 

1436 See Implementation of the SMART protocol for global qubit control in silicon by Ingvild Hansen, Andrew S. Dzurak et al, August-

September 2021 (9 pages). 

1437 See Direct detection of spin resonance with a microwave parametric amplifier by Wyatt Vine, Andrea Morello et al, November 

2022 (28 pages). 

1438 See Gate-based spin readout of hole quantum dots with site-dependent g-factors by Angus Russell, Andrew S. Dzurak, Alessandro 

Rossi et al, June 2022-April 2023 (16 pages). 

1439 See Real-time feedback protocols for optimizing fault-tolerant two-qubit gate fidelities in a silicon spin system by Nard Dumoulin 

Stuyck, Andrew S. Dzurak et al, September 2023 (6 pages). 

1440 See High-fidelity operation and algorithmic initialisation of spin qubits above one kelvin by Jonathan Y. Huang, Natalia Ares, 

Andrea Morello Andrew S. Dzurak et al, August 2023 (29 pages). 

1441 See Strong coupling between a photon and a hole spin in silicon by Cécile X. Yu, Maud Vinet et al, June 2022-May 2023 (26 pages). 

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.041008
https://arxiv.org/abs/2303.14864
https://arxiv.org/abs/2303.04090
https://www.nature.com/articles/s41565-022-01280-4
https://pubs.aip.org/aip/apr/article-abstract/9/3/031409/2835390/Implementation-of-an-advanced-dressing-protocol
https://arxiv.org/abs/2108.00836
https://arxiv.org/abs/2211.11333
https://arxiv.org/abs/2206.13125
https://arxiv.org/abs/2309.12541
https://arxiv.org/abs/2308.02111
https://arxiv.org/abs/2206.14082
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SemiQon (2023, Finland, 2.5M€) is a newcomer in the silicon qubit arena 

that spun out of VTT with Himadri Majumdar (CEO), Mika Prunnila (Chief 

Research Officer), Janne Lehtinen (CSO) and Markku Kainlauri (Fabrica-

tion lead). 

The company is based at the Micronova research facility for nano- and microtechnology located in 

Espoo Finland. They are shooting for a million qubits with ultra-low charge noise quantum dots op-

erating at 1K and driven by house made cryo-CMOS control electronic circuits built on the same chip 

as the quantum dots. Their first prototype wafer presented in April 2023 contains 32 QPUs with 48 

qubits and its CMOS embedded multiplexers and amplifiers control electronics (Figure 369). In July 

2023, the company got a 2.5M€ funding from the EIC as part of the SCALLOP project which deals 

like the company with creating quantum dots qubits integrated by cryo-CMOS for their control. This 

funding is shared with Qblox as part of this project. 

 
Figure 369: SemiQ first chip prototype sampled in April 2023. Each square is a quantum dot qubit. The circuits on the right are the 

cryo-CMOS control signals multiplexer and amplifiers. Source: SemiQon web site. 2023. 

 

EeroQ Quantum Hardware (2016, USA, $7.5M) develops an exotic quan-

tum processor using trapped (and more or less flying/moving) electrons on su-

perfluid helium (“eHe”)1442. 

The startup was launched by Johannes Pollanen from the University of Michigan (CSO), Dave Fer-

guson, Nick Farina (CEO) and Faye Wattleton (EVP)1443. In May 2021, Steve Lyon, a Princeton Uni-

versity Professor, joined them as their CTO. The company got some undisclosed NSF and private 

funding from VCapital in 2022. 

 

1442 See the well-crafted Electron-on-helium qubit page on Wikipedia. 

1443 See Helium surface fluctuations investigated with superconducting coplanar waveguide resonator by N.R. Beysengulov, Johannes. 

Pollanen et al, 2022 (10 pages). It deals with a superconducting resonator and not with a qubit. 

https://en.wikipedia.org/wiki/Electron-on-helium_qubit
https://arxiv.org/pdf/2111.02350.pdf
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The idea of using electron floating in vacuum over superfluid helium came out in 1999 at the Michi-

gan State University and Bell Labs1444 1445. It consisted in creating an analog quantum simulator using 

collective sets of electrons excited at Rydberg energy levels. Johannes Pollanen's conducted research 

in superconducting and two-dimensional qubits (silicon, graphene) in that same university 1446. The 

1999 idea was then extended by Steve Lyon between 2003 and 2006 to use the spins of individual 

electron with quantum coherence exceeding 10 seconds, and with circuit designs resembling ion traps 

and using shuttling electrons to implement two-qubit gates1447. 

 
Figure 370: different zoom level on the EeroQ chip showing the CMOS electrodes design to control the placement, spin and 

individual of individual shuttling electrons. Source: Building a quantum computer in reverse by Nick Farina, July 2023. 

In July 2023, EeroQ announced the “tape-out” of its new Wonder Lake chip at a US semiconductor 

foundry1448. It is probably Global Foundries, which is nearly the only commercial company in the 

USA able to manufacture such custom CMOS components. 

Tape out means the chip was sent for fabrication and production, with probably a couple months of 

wait as is custom in CMOS manufacturing. This chip contains 2,432 qubits, requiring only around 30 

control lines (Figure 370). In that chip, electrons will hover at approximately 10 nm above the helium 

superfluid surface, being trapped by control voltages from electrodes located beneath the helium on 

the CMOS circuit. When available, EeroQ will test two-qubit gates, using magnetic dipole-dipole 

interaction1449. Their plans are to reach >10s qubit coherence times (T1), have high qubit connectivity, 

use electrons mobility on the helium surface and obtain 99.9% two-qubit gate fidelities. They plan to 

scale up to 10,000 qubits using a monolithic chip. 

 

1444 See Quantum Computing with Electrons Floating on Liquid Helium by P. M. Platzman and M. I. Dykman, Science, June 1999 (3 

pages). 

1445 See Quantum computing using floating electrons on cryogenic substrates: Potential And Challenges by Ash Jennings et al, RIKEN, 

October 2023 (25 pages). 

1446 See Integrating superfluids with superconducting qubit systems by Johannes Pollanen, Kater Murch et al, Michigan State University, 

Washington University in Saint Louis, 2019 (11 pages). 

1447 See Spin-based quantum computing using electrons on liquid helium by Steve Lyon, PRA, 2003- 2006 (12 pages). 

1448 See Building a quantum computer in reverse by Nick Farina, July 2023. 

1449 See Coulomb interaction-driven entanglement of electrons on helium by Niyaz R. Beysengulov, Johannes Pollanen et al, October 

2023 (19 pages). 

https://eeroq.com/2023/07/19/building-a-quantum-computer-in-reverse/
https://arxiv.org/abs/quant-ph/0007113
https://arxiv.org/abs/2310.04119
https://arxiv.org/abs/1907.07730
https://arxiv.org/abs/cond-mat/0301581
https://eeroq.com/2023/07/19/building-a-quantum-computer-in-reverse/
https://arxiv.org/abs/2310.04927
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While EeroQ is the only commercial venture in the 

spin on helium qubit realm, academic laboratories are 

investigating the path like Michigan State University 

(where EeroQ’s ideas were born), DoE Argonne Na-

tional Laboratory, University of Notre Dame, Prince-

ton University (Steve Lyon’s origin lab) 1450  and 

RIKEN et al1451 . Others like the University of Chi-

cago, the DoE Lawrence Berkeley National Labora-

tory, the MIT and Stanford are investigating electron 

based qubits on solid neon using niobium on silicon 

circuitry at 10 mK as shown in Figure 371, with a rec-

ord 100 µs coherence time. 

 
Figure 371: electrons on neon. Source:  Electron charge 

qubits on solid neon with 0.1 millisecond coherence time by 
Xianjing Zhou, David Schuster et al, Nature, October 2022-

October 2023 (9 pages). 

 

C12 Quantum Electronics (2020, France, $10M) was launched by Matthieu 

Desjardins and his twin brother Pierre. It is a project originating from the 

LPENS at ENS Paris and 15 years of research from Takis Kontos in this lab, 

with contributions from Jérémie Vienot at Institut Néel Grenoble. 

 
Figure 372: C12 Quantum Electronics carbon nanotubes and how it is controlled. Source: C12. 2023. 

Their goal is to use carbon nanotubes to trap electrons used in electron spin qubits and build the 

surrounding control circuitry on silicon substrate (Figure 372). 

This technology can improve qubits isolation and coherence time by a factor of 100, up to one second, 

while keeping a strong coupling for fast qubit manipulation. The qubits are controlled by spin-photon 

coupling in the microwave regime, using frequency multiplexing to avoid crosstalk. 

Qubit readout uses spin to charge coupling with a single charge coupling with 8 qubits1452. The chal-

lenges sit in materials, design, control electronics, connectivity, topology and error correction codes. 

 

1450 See Spin dynamics in quantum dots on liquid helium by M. I. Dykman et al, December 2022 (11 pages). 

1451 See Hybrid Rydberg-spin qubit of electrons on helium by Erika Kawakami et al, RIKEN, DLR, QunaSys and OIST, March 2023 

(27 pages). 

1452 A related technique is described in Charge Detection in an Array of CMOS Quantum Dots by Emmanuel Chanrion, Pierre-André 

Mortemousque, Louis Hutin, Silvano de Franceschi, Franck Balestro, Maud Vinet, Tristan Meunier, Matias Urdampilleta et al, Greno-

ble CEA-Leti, CNRS Institut Néel and UGA, August 2020 (8 pages). 

french startup created by Matthieu
and Pierre Desjardins

with the help from Taki Kontos (LPENS)

electron spins qubits trapped in carbon nanotubes

expecting 99.9% two-qubit gate fidelities.

qubits are based on a single 
electron spin isolated in a 2 nm 

diameter carbon nanotube

spin qubit manipulated 
and read-out with 

a 7 GHz microwave 
superconducting resonator

electrons move in one direction 

it can be trapped in a quantum dot 
by defining an electrostatic potential 
with underneath control electrodes.

coupling to the resonator can be 
switched on and off by freezing the 

motion of electron in one of the two 
quantum dots.

multiple spins can be coupled for 2-qubit gate 
to the same resonator enabling all-to-all 

connectivity between qubit

decoherence is limited with using zero spin isotope C12

in nanotubes, suspending the tube above the substrate 
and removing the oxide 

quantum emulator 
and qubit simulators 
announced on 
OVHcloud in 2023

https://arxiv.org/abs/2210.12337
https://arxiv.org/abs/2210.12337
https://arxiv.org/abs/2212.10683
https://arxiv.org/abs/2303.03688
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.14.024066
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The nanotubes are mechanically integrated into the circuit at the end of the manufacturing process1453. 

The carbon nanotubes are grown by C12 using a CVD process (chemical vapor deposition). The 

connection between two qubits is based on microwave cavities, exploiting CQED (Cavity Quantum 

Electrodynamic). Of course, there are still many challenges to develop this kind of qubit but it is 

worth exploring. It could even have some use cases beyond computing, in quantum sensing. In March 

2022, C12 announced it was starting a manufacturing partnership with CEA-Leti. These will provide 

their quantum chips on silicon on 200 mm wafers. 

These will contain the super-

conducting electronics con-

trolling the state of their car-

bon nanotubes that will be po-

sitioned on the chips.  In Oc-

tober 2023, the company 

opened its new headquarter in 

Paris with a small fab han-

dling most processes from 

building, characterizing and 

post-selecting nanotubes with 

the right chirality, and their 

underlying silicon handling 

chip, plus two cryostats for 

testing (Figure 373). 

 
Figure 373: C12’s new testing room with two cryostats, a typical setup for many quantum 

computing startup nowadays. They have two other floors for their carbon nanotube and related 
circuits manufacturing tooling. (cc) Photo: Olivier Ezratty, 2023. 

On the software engineering side, Eviden works with C12 to develop its quantum compiler, to create 

digital simulation models of its qubits and for co-designing quantum gates. It was announced as Cal-

listo on OVHcloud in June 2023. 

 

Archer Materials (2017, Australia) develops quantum computing and sensing 

technologies based on carbon nanospheres that operate at room tempera-

ture1454. 

The company was cofounded by Mohammad Choucair who invented their 12CQ chip design and by 

Martin Fuechsle who contributed to the development of the single electron transistor and worked at 

UNSW with Michelle Simmons1455. 12 is not a number of qubits but the isotopic weight of the zero 

spin carbon atoms used in these nanospheres trapping some electron and its spin. Electrons are delo-

calized around the nanosphere and not setting inside it, contrarily to the C12 Quantum Electronics 

electrons that are stored inside nanotubes. 

They built their first three-nanospheres chip in 2019, in red, in Figure 374, the 50 nm nanospheres 

being surrounded by driving electrodes, but without any visible coupling between these qubits. In 

February 2021, Archer announced that they had achieved “electronic transport” in a single qubit at 

room temperature in its 12CQ quantum computing qubit processor chip. 

 

1453 It is described in Nanoassembly technique of carbon nanotubes for hybrid circuit-QED by Tino Cubaynes, Matthieu Desjardin, 

Audrey Cottet, Taki Kontos et al, September 2021 (6 pages). 

1454 See Archer Materials granted trading halt ahead of quantum computing chip agreement by Quantum Analyst, 2020 and Room 

temperature manipulation of long lifetime spins in metallic-like carbon nanospheres by Bálint Náfrádi, Mohammad Choucair et al, 

2016 (32 pages) which describes in detail this technique of electron spin trapping in a 35 nm wide carbon nanosphere. In April 2021, 

Archer Materials announced it would sell off all its mineral traditional business to iTech Minerals, to focus on quantum technologies. 

1455 Their 12CQ processor is patented in the USA, Japan and Europe (since February 2022). See WO2017091870 - A QUANTUM 

ELECTRONIC DEVICE (55 pages). The patent dates from 2017 and is very sketchy with regards to single and multiple qubit gates 

operations. We can still learn they use SiO2 isolation layers of 200 to 400 nm between control electrodes and nanospheres. Conductors 

can use unspecified graphene structures. The spin stability in their device is amazingly small, at around 115 ns, not sufficient to run 

several quantum gates. 

https://arxiv.org/abs/2007.11575
https://thequantumdaily.com/2020/05/01/archer-materials-granted-trading-halt-ahead-of-quantum-computing-chip-agreement/
https://arxiv.org/abs/1611.07690
https://arxiv.org/abs/1611.07690
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017091870
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017091870
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It however does not mean that it is a fully functional qubit that can be operated with quantum gates1456. 

In July 2021, they announced that they were embedding some parts of their qubits control electronics 

in the qubit chip, that records the Continuous Wave Electron Spin Resonance (cwESR) signals gen-

erated by a superconducting on-chip resonator (Figure 374, Figure 375). 

In February 2022, through a collab-

oration with EPFL, they demon-

strated the use of a single-chip inte-

grated electron spin resonance 

(ESR, seemingly at 9.4 GHz ac-

cording to their patent) detector 

based on high electron mobility 

transistor (HEMT) to detect and 

characterize their qubit at room 

temperature1457. 

 
Figure 374: Archer qubits. 

Source: Archer. 

 
Figure 375: Archer-EPFL spin-resonance 

circuit. Source: Archer. 

The resonator was manufactured by OMMIC (France), a fab company specialized in III-V wafer 

processes. This technology is as mature as superconducting qubits were in the mid 1990’s when it 

became possible to create the first qubits. 

What would be needed are some tomographies for their qubit state, showing real superposition, and 

a full cycle of reset, flip and phase single qubit quantum gates and qubit readout, then implement this 

with a couple entangled qubits. One can wonder how they will drive their qubits with microwave 

pulses at room temperature given the ambient thermal noise will be larger than the pulse themselves. 

The road ahead is still quite long for them. Based on this 2022 milestone, the company CEO fore-

casted “mobile quantum computing” use-cases. That is quite an oversold proposal. It deserves scrutiny, 

if not strong skepticism. 

In December 2020, Archer launched a partnership with Max Kelsen, another Australian company, 

specialized in QML software development. Max Kelsen and Archer will develop QML algorithms 

based on Qiskit, eying a future execution on Archer’s processor. They also announce ghat Global-

Foundries would become the manufacturer of their 12Q qubit chip. The company is also developing 

graphene-based biosensor chip aka “lab on chip”. This is a more short-term and credible product 

proposal than their room temperature spin qubits. 

In June 2023, the company announced that their chip was operating not only at room temperature but 

also in the air, without requiring vacuum conditions. 

So, we have nanotubes and nanospheres. How about nanoribbons of carbon? It is investigated at the 

research stage but there’s no startup in the radar1458! 

 

Qpi (2019, India) is a QML software and hardware development company, 

providing the QpiAI library. They are working on creating the ASGP (AI Sys-

tem Generating Processor), a hybrid classical-quantum compute chip. 

Practically speaking, they planned first to introduce a qubit control chip in September 2021 operating 

at 4K and produced in a 22 nm TSMC CMOS process1459. 

 

1456 Their electron spin T1/T2 is very low, at 175 ns at 27°C. They also said they tested microwave pulses from 4 GHz to 420 GHz. 

Seen in their video Archer's Quantum Computing Q&A Webinar, April 2020. 

1457   See Quantum information detected using mobile compatible chip technology, Archer Materials, February 2022. 

1458 See Ultra-Fast All-Electrical Universal Nano-Qubits by David T. S. Perkins and Aires Ferreira, University of York, July 2023 (16 

pages). 

1459  Source: QpiAI in Partnership With IISc Launches Joint Certification for AI and Quantum Computing to Upskill Enterprises, 

Schools and Colleges, March 2021. 

https://www.youtube.com/watch?v=_Y3IUKdwKCo
https://archerx.com.au/src/uploads/2022/02/20220201_Quantum-information-detected-using-mobile-compatible-chip-ASX-Release.pdf
https://arxiv.org/abs/2307.09890
https://www.businesswireindia.com/qpiai-in-partnership-with-iisc-launches-joint-certification-for-ai-and-quantum-computing-to-upskill-enterprises-schools-and-colleges-71780.html
https://www.businesswireindia.com/qpiai-in-partnership-with-iisc-launches-joint-certification-for-ai-and-quantum-computing-to-upskill-enterprises-schools-and-colleges-71780.html
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This chip was to control the microwaves sent to both superconducting and electron spin qubits pro-

cessors. They later announced a room temperature control chip named QpiAISense. They are now 

developing a full-stack classical and silicon qubit solution in a single package. It is supposed to con-

tain a classical chip for optimization (ASGP for “AI System Generating Processor”), their micro-

waves cryogenic control chip and a silicon spin-qubit based QPU (quantum processing unit). 

They signed a partnership with QuantrolOx in April 2022 to develop their QPU and set-up a lab in 

Finland for that purpose, where part of QuantrolOx team is installed. Their goal is to start with re-

leasing a functional 25 qubits system. They plan later to create a one million electron spin quantum 

dots qubits processor. Overselling seems not to be an issue for them. QpiAI Tech is a subsidiary 

selling software services for quantum computing and AI to transportation, materials, manufacturing, 

finance, and pharmaceutical business. 

 

ARQUE (Germany) is a spin-off or JARA-Institute for Quantum Information 

of RWTH Aachen University and Research Center Jülich created by Markus 

Beckers (CEO), Hendrik Bluhm (CSO), Jan Klos (CTO) et al. Their claim is 

typical, about creating scalable quantum computers. 

Their roadmap includes 2-4, 50, 200, 10,000 then 1 million qubits. They plan to use electron shuttling 

to connect SiGe spin qubits and to have 99.9% gate fidelities1460. 

In August 2023, ARQUE announced that is was relying on Infineon to manufacture its qubit chips. It 

makes sense since they are both German. The other option would have been to rely on GlobalFound-

ries which also has some manufacturing capabilities in Germany. 

NV centers qubits 

This qubit technology is based on the control of electron spins trapped in artificial defects of crystal-

line carbon structures in which one carbon atom is replaced by one nitrogen atom and another carbon 

atom is replaced by a void, gap or cavity. Practically speaking, it is a bit more complex since the 

qubits themselves are stored in nuclear spins of surrounding carbon and nitrogen atoms1461. 

History 

Defects in diamonds have been studied since 1930 with the examination of infrared absorption. This 

made it possible to distinguish two categories of diamonds: type I with an absorption band of 8 μm 

in the infrared and type II without this band. The defects explain the color of diamond gems. 

It was not until 1959 that these impurities were found to be related to the presence of nitrogen, at 7.8 

μm and that nitrogen atoms were well isolated in the diamond crystal. In 1975, it was discovered that 

some heat treatment could control the diffusion of nitrogen atoms in the diamond. These nitrogen 

centers explain the diamond color. It has four types: one nitrogen atom isolated in a gap, two nitrogen 

atoms, three nitrogen atoms surrounding a gap and four nitrogen atoms. 

It is the first type that is interesting for both quantum computing and quantum sensing. We can visu-

alize these defects with a confocal microscope (having a very shallow depth of field) by illuminating 

them with a green laser beam that will generate some red light. 

These NV centers diamonds are slightly pink. These properties make it possible to generate single-

photon sources thanks to the isolation of a NV center. Nitrogen-rich artificial diamonds are used to 

manufacture these NV centers. Gaps are generated with irradiation. 

 

1460 See The SpinBus Architecture: Scaling Spin Qubits with Electron Shuttling by Matthias Künne et al, JARA and ARQUE, June 

2023 (15 pages). 

1461 See the review paper Diamond Integrated Quantum Photonics: A Review by Prasoon K. Shandilya et al, July 2022 (31 pages) 

which provides a good 360° overview of NV centers, and not only for quantum computing. 

https://arxiv.org/abs/2306.16348
https://arxiv.org/abs/2207.08844
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Vacuum annealing at about 800°C-900°C moves 

the vacancies next to the nitrogen atoms in the 

crystal structure 1462  (Figure 376). This is ex-

plained by nitrogen atoms being as large as car-

bon atoms. The gap creates a small bar of elec-

trons that serve as a virtual magnet via their spin. 

Diamonds can also be produced at NV centers 

with vacuum deposition of hydrogen and me-

thane (CVD, for Chemical Vapor Deposition) to 

create a perfect diamond crystal structure and 

then with ion implantation with nitrogen ion 

beams1463 (Figure 377). 

      
Figure 376: how NV center cavities look in real diamonds. Source: 

TBD. 

The carbon structure surrounding a NV center protects the cavity area well. The state of the gap is 

unstable and quantum. It is controlled by lasers and microwaves. The qubit state readout is performed 

using a laser excitation to measure fluorescent brightness. 

 
Figure 377: how are nitrogen vacancies created. 

Source: NV Diamond Centers from Material to Applications by Jean-François Roch, 2015 (52 slides). 

Science 

The free electron from the cavity is coupled to another one from the nitrogen atom near the cavity, as 

shown in Figure 378. The cavity includes two other pairs of electrons from the nitrogen atom in the 

cavity, with a total zero spin. The process involves controlling the collective spin of these two free 

electrons as well as the spin of the nitrogen nucleus of the cavity and possibly of neighboring 13C 

carbon atoms nuclei1464. 

 

1462 See NV Diamond Centers from Material to Applications by Jean-François Roch, 2015 (52 slides) for an historical view of NV 

centers and a thesis that describes the different techniques of NV centers creation in Engineering of NV color centers in diamond for 

their applications in quantum information and magnetometry, Margarita Lesik, 2015 (139 pages). 

1463 See a description of this manufacturing process in CVD diamond single crystals with NV centres: a review of material synthesis 

and technology for quantum sensing applications by Jocelyn Achard, Vincent Jacques and Alexandre Tallaire, 2019 (41 pages). 

1464 Approximately 1.1% of the carbon atoms in diamond are of the 13C isotope. The most common isotope is 12C. 14C is present in trace 

amounts and is used to date carbonaceous objects due to its half-life of 5,730 years. See Coherent control of an NV- center with one 

adjacent 13C  by Burkhard Scharfenberger et al, 2014 (24 pages). 
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http://www.phys.ens.fr/~dalibard/CdF/2015/JF_Roch_20_mai_2015.pdf
https://tel.archives-ouvertes.fr/tel-01158995/document
http://www.phys.ens.fr/~dalibard/CdF/2015/JF_Roch_20_mai_2015.pdf
https://tel.archives-ouvertes.fr/tel-01158995/document
https://tel.archives-ouvertes.fr/tel-01158995/document
https://arxiv.org/abs/1912.09749
https://arxiv.org/abs/1912.09749
https://iopscience.iop.org/article/10.1088/1367-2630/16/9/093043
https://iopscience.iop.org/article/10.1088/1367-2630/16/9/093043
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The cumulative spin of the two electrons of the cavity is 0, 1 or -1 because it adds the spins of two 

electrons that are either ½ or -½. These electron spins are controlled by a combination of microwave 

and magnetic field. 

 

Figure 378: the nitrogen vacancy contains two free electrons with similar or opposite spin which store one qubit of information. The 
nuclear spins from surrounding 13C are also used to store each one qubit of information, in relation with the cavity spins qubit. 

(cc) Olivier Ezratty, 2021.Image source: The nitrogen-vacancy colour centre in diamond by Marcus W. Doherty, Jörg Wrachtrup et 
al, February 2013 (101 pages). 

Commonly used NV centers are called NV¯ because of the addition of an external electron into the 

cavity. The cavity has 6 electrons, three from the surrounding carbons, two from the nitrogen valence 

shell and one captured from the bulk. There are other variations like vacancies without this captured 

electron (NV0), which are less optically active than the NV- or positively charges NV+1 and NV+2 that 

are optically inactive. For these reasons, they are not commonly used. 

Figure 379 contains a diagram that describes what a NV center can look like in practice considering 

that there are many different implementations, knowing that NV centers are used not only for com-

puting but, in a dominant manner, in quantum sensing as well as for the creation of individual photon 

sources used in quantum communications and cryptography. NV centers can be integrated in circuits 

fabricated on an SOI silicon wafer with a layer of SiO2 insulator. It is then covered with a matrix 

Fresnel lens, used to focus a control and readout laser1465. It is frequently associated with other pho-

tonics components when the NV center spins are used to generate photons for quantum communica-

tions1466. 

Figure 380 shows a diagram explaining how these rather complex qubits operate with the various 

energy levels and transitions of the cavity and its free electrons using microwaves and green photons. 

The vertical arrows represent useful energy transitions1467. This is applicable to the NV¯ species. The 

vacancy qubit state is controlled with 2.87 GHz microwaves that change the spin state of the vacancy 

electrons and switches the vacancy state between |0⟩ and |1⟩. 

The degeneracy of the spins 1 and -1 at the 3A level (meaning: same energy level for different quantum 

states) can be lifted by exposing the qubit to a static magnetic field. Other techniques are used to 

change the qubit state of the surrounding 13C and 14N nucleus spins. 

 

1465 See Spin Readout Techniques of the Nitrogen-Vacancy Center in Diamond by David Hoper et al, 2018 (30 pages). 

1466 See Hybrid Quantum Nanophotonics: Interfacing Color Center in Nanodiamonds with Si3N4-Photonics by Alexander Kubanek et 

al, July 2022 (55 pages) that describes such hybrid nanophotonic circuits. 

1467 See the excellent review paper Quantum computer based on color centers in diamond by Sebastien  Pezzagna and Jan Meijer, May 

2020 (17 pages). 

diamond crystal structure
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the vacancy carbon 

atom
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structure
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one comes from the nitrogen atom, 
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the cavity via an n-p junction

these electron collective spin is 0, 

1 ou -1, each electron having a ½ 

or -½ spin

NV center components

https://arxiv.org/abs/1302.3288
https://www.mdpi.com/2072-666X/9/9/437/htm
https://arxiv.org/abs/2207.12751
https://aip.scitation.org/doi/pdf/10.1063/5.0007444
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Figure 379: examples of NV centers implementation and controls to guide laser light on the cavities. 

Source: Spin Readout Techniques of the Nitrogen-Vacancy Center in Diamond by David Hoper et al, 2018 (30 pages). 

The vacancy qubit readout uses an incoming green photon, usually at 532 nm. It results in an excita-

tion to a state with energy higher than the triplet excited state 3E. Then, the electron relaxes to the 3E 

state by transmitting part of its energy to atomic vibrations also known as phonons. Subsequently, the 

relaxation might follow two different paths: 

• Back directly to the 3A state by emitting a 637 nm photon (red light). 

• Through a channel involving a non-radiative transition from the 3E state to the 1E state assisted 

by phonons, a radiative transition from the singlet state 1E to the singlet state 1A, which emit an 

infrared 1042 nm photon and a relaxation back to the 3A state. When following this relaxation 

path, the final spin state is always zero, regardless of the initial value of the spin. 

The probability to follow one or the other relaxation path depends on the spin state. For zero spin 

state, the first relaxation channel has the highest probability, whereas for ±1 spin state, the second 

relaxation channel has the highest probability. As the probability of following one of the two paths is 

never zero regardless to the spin state, this results in an error in the assignment of the spin state, and 

therefore generates some spin state readout noise. 

As shown in Figure 380, the |0⟩ and |1⟩ qubit states can correspond to null/non null spin cavities at 

the levels 3A or 3E. The single qubit gates are then generated with microwave pulses at either 2.87 

GHz or 1.42 GHz, generating Rabi oscillations in the NV center cavity. Using 3A levels favors long 

coherence times which is useful to build quantum memories and quantum sensors while using 3E 

levels enables fast readouts thanks to a better fluorescence differentiation. It is favored in some quan-

tum sensing setups. 

NV centers qubits operate theoretically at room temperature1468. Recent experiments have reached a 

400 µs T1 at ambient temperature1469. 

 

1468 See A programmable two-qubit solid-state quantum processor under ambient conditions by Yang Wu of Hefei's USTC in China, 

2018 (5 pages). He describes an NV center managing two qubits at ambient temperature exploiting the cavity electron spin and the 

associated nitrogen atom nucleus spin. See also the review paper Quantum information processing with nitrogen–vacancy centers in 

diamond by Gang-Qin Liu et al, 2018 (15 pages). 

1469 See Success in mass production technology for ultra-high-purity 2-inch diamond wafer; expected to spur realization of quantum 

computing, August 2022 and Long spin coherence times of nitrogen vacancy centers in milled nanodiamonds by B. D. Wood et al, 

PRB, May 2022 (11 pages). 
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Center in Diamond par David Hoper & 

Al, 2018 (30 pages).

NV center implementation
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https://www.mdpi.com/2072-666X/9/9/437/htm
https://www.researchgate.net/publication/330633525_A_programmable_two-qubit_solid-state_quantum_processor_under_ambient_conditions
https://www.researchgate.net/publication/323566038_Quantum_information_processing_with_nitrogen-vacancy_centers_in_diamond
https://www.researchgate.net/publication/323566038_Quantum_information_processing_with_nitrogen-vacancy_centers_in_diamond
https://www.ad-na.com/magazine_en/archives/1401
https://www.ad-na.com/magazine_en/archives/1401
https://arxiv.org/abs/2112.01899
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But it seems however that good conditions of operations for managing various transitions, including 

driving two-qubit gates, are requiring temperatures of about 1K to 4K1470. 

 
Figure 380: energy transitions in an NV center. (cc) compilation by Olivier Ezratty, 2022-2023. 

NV centers have a relatively low DWF of 3%. This 

Debye-Waller factor which is measured by the ratio 

between the ZPL (zero-phonon lines) red emission 

and the total ZPL plus the phonon sideband emission 

(PSB). The ZPL is the sharp zero–phonon lines of lu-

minescence of NV center in the visible spectrum that 

is of interest (Figure 381). The phonon sideband is a 

thermal effect that is problematic1471. Also, the DWF 

gets improved with low operating temperatures. This 

reduces qubit readout errors and explains why, on 

practice, a temperature of 4K is mandated1472 ! An-

other reason is that at low temperature, the spectral 

lines of the different energy states of the cavity are 

different, better spaced and easier to distinguish1473.  

 

Figure 381: visualizing a ZPL and phonon-side-band. Source: 
Suppression of fluorescence phonon sideband from nitrogen 
vacancy centers in diamond nanocrystals by substrate effect 
by Hong-Quan Zhao et al, Hokkaido and Osaka Universities, 

Japan, Optics Express, 2012 (8 pages). 

 

1470 See some architecture aspects of NV center qubits in Blueprinting quantum computing systems by Simon J. Devitt, July 2023 (35 

pages). 

1471 See Suppression of fluorescence phonon sideband from nitrogen vacancy centers in diamond nanocrystals by substrate effect by 

Hong-Quan Zhao et al, Hokkaido and Osaka Universities, Japan, Optics Express, 2012 (8 pages). 

1472 The technique is documented in Quantum information processing with nitrogen vacancy centers in diamond by Gang-Qin Liu and 

Xin-Yu Pan, 2018 (15 pages) and in Diamond NV centers for quantum computing and quantum networks by Lilian Childress and 

Ronald Hanson, 2017 (5 pages). 

1473 This interdependence between hyperfine spectral lines and temperature is not unique to diamond cavities. They are common in 

crystalline structures because temperature modifies many parameters such as the relative arrangement of the atoms in the crystals which 

leads to changes in electrical and magnetic gradients and therefore spins, etc. 
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https://www.researchgate.net/publication/228443635_Suppression_of_fluorescence_phonon_sideband_from_nitrogen_vacancy_centers_in_diamond_nanocrystals_by_substrate_effect
https://www.researchgate.net/publication/228443635_Suppression_of_fluorescence_phonon_sideband_from_nitrogen_vacancy_centers_in_diamond_nanocrystals_by_substrate_effect
https://arxiv.org/abs/2307.15883
https://www.researchgate.net/publication/228443635_Suppression_of_fluorescence_phonon_sideband_from_nitrogen_vacancy_centers_in_diamond_nanocrystals_by_substrate_effect
https://www.researchgate.net/publication/323566038_Quantum_information_processing_with_nitrogen-vacancy_centers_in_diamond
https://qutech.nl/wp-content/uploads/2017/03/Diamond-NV-centers-for-quantum-computing-and-quantum-networks.pdf
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A joint QuTech-Fujitsu-Element Six team demonstrated in 2022 a fault-tolerant operation of a NV 

centers based QPU with logical qubits made of 5 physical spin qubits and two additional measurement 

qubits in a 29-qubit QPU running at 10K1474. 

As shown in Figure 382 in page 445, the configuration was using different qubits: the NV center 

cavity was used as an auxiliary qubit with its two electrons, then the nuclear spin of the nearby nitro-

gen and five nuclear spins of 13C were used for one flag and five data qubits. 

 
Figure 382: an error correction code implemented with NV centers qubits. Source: Fault-tolerant operation of a logical qubit in a 

diamond quantum processor by M. H. Abobeih et al, May 2022 (11 pages). 

Another team, in Japan, implemented a similar error correction code with a Shor-3 codes using 6 

qubits1475. 

Qubit operations 

The general principle of operation for these NV center qubits is as follows1476: 

• Qubit quantum state is based on a two-state computational basis, with |0⟩ corresponding to the 
3A energy zero spin base level and |1⟩ to the same level but with a non-zero spin. The computa-

tional basis is sometimes |+1⟩ and | − 1⟩ corresponding to the two non-zero spin levels of the 3A 

basis. Most techniques use the neighboring 13C and 14N atoms nuclear spins as qubits and are 

arranged in clusters. The NV center electrons spin is used as a mediator to control the neighbor 

atomic spins. 

• Single-qubit quantum gates are microwave-activated and exploit spin-state energy transitions 

at a frequency of 2.87 GHz1477. 

 

1474 See QuTech and Fujitsu realise the fault-tolerant operation of a qubit by Qutech, May 2022 and Fault-tolerant operation of a logical 

qubit in a diamond quantum processor by M. H. Abobeih et al, May 2022 (11 pages). 

1475 See Quantum error correction of spin quantum memories in diamond under a zero magnetic field by Takaya Nakazato et al, Nature 

Communications Physics, April 2022 (7 pages). 

1476 I was initially inspired by a diagram from lecture 3 of Hélène Perrin's course, February 2020. Then I integrated other sources of 

information. See in particular The nitrogen-vacancy color center in diamond by Marcus Doherty, Joerg Wrachtrup et al, 2013 (101 

pages) which describes in particular the energy levels variations of NV centers as a function of their temperature. 

1477 As we have seen about trapped ions, hyperfine transitions are energetic transitions of low energy electrons, here in the microwave 

regime, which are generally related to the interaction between the magnetic polarities of the nucleus of the atoms with the magnetic 

field generated by the electrons. Knowing that here we are talking about electrons that do not rotate around the nucleus of an atom but 

in a cavity. 

https://www.nature.com/articles/s41586-022-04819-6
https://www.nature.com/articles/s41586-022-04819-6
https://qutech.nl/2022/05/05/qutech-and-fujitsu-realise-fault-tolerant-operation-of-qubit/
https://www.nature.com/articles/s41586-022-04819-6
https://www.nature.com/articles/s41586-022-04819-6
https://www.nature.com/articles/s42005-022-00875-6
http://www-lpl.univ-paris13.fr/bec/bec/Teaching/chapter3slides.pdf
https://arxiv.org/abs/1302.3288
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• Two-qubit quantum gates use different methods: coupling NV centers with entangled photons 

which doesn’t work well, magnetic coupling, or with coupling the NV center with the nucleus 

spin of neighboring 13C and 14N atoms with microwaves1478. There are many variations of two-

qubit gates like a CNOT1479, a CZ or even a weird exp(iπSz⊗Iz)
1480. 

 
Figure 383: characterization of NV centers setup. Source: Forefront engineering of nitrogen-vacancy centers in diamond for 

quantum technologies by Felipe Favaro de Oliveira, 2017 (235 pages). 

• Qubits readout uses the capture of the fluorescence of the cavity activated by a laser and with an 

APD (avalanche photodiode) or a CCD sensor, like what is done with trapped ions and cold atoms. 

It consists in illuminating the cavity with a green (546 nm) laser. This excites level 3A in 3E but 

without changing the spin1481. The non-zero spin state 3E will generate a non-radiative transition 

passing through the 1A state. The null spin state 3E will generate the emission of a red photon (689 

nm) which will be detected by the CCD sensor. This optical readout of single isolated qubits 

works only at low temperatures to avoid the creation of perturbation affecting neighbor qubits. 

 

1478 See some explanations in Entanglement in NV centers by Alexander Okupnik, Andrei Militaru and Ramon Gao, ETH Zurich, 2017 

(34 slides). 

1479 See some detailed explanations in Colour centers in diamond by Joerg Wrachtrup, 2017 (36 slides). 

1480 See A programmable two-qubit solid-state quantum processor under ambient conditions by Yang Wu et al, NPJ, 2019 (5 pages). 

1481 This technique is labelled ODMR for optically detected magnetic resonance. 

https://elib.uni-stuttgart.de/bitstream/11682/9394/1/MAIN-Submitted-02.06.17.pdf
https://elib.uni-stuttgart.de/bitstream/11682/9394/1/MAIN-Submitted-02.06.17.pdf
https://qudev.phys.ethz.ch/static/content/QIPII17/ExerciseClass/Krinner/pres5.pdf
https://qudev.phys.ethz.ch/static/content/QIPII17/Lecture/QIPII_17_L07_NVC_1.pdf
https://www.researchgate.net/publication/330633525_A_programmable_two-qubit_solid-state_quantum_processor_under_ambient_conditions
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• The measurement of the cavity electron spin can exploit other techniques, each with their ad-

vantages and disadvantages: SCC (spin to charge conversion1482), NMR (readout is assisted by 

the nucleus spin of neighboring atoms) and only by photonics means, knowing that lasers are used 

in all cases, and spin fluorescence detection, with a microwave photon counter operating at cryo-

genic temperatures1483. Only nuclear spin readouts can be nondestructive (QND)1484. 

The technology is not easy to industrialize on a large scale, whether it is the chip itself or the 

control lasers (Figure 384). Figure 383 shows a schematic diagram of the control mechanism for 

these qubits1485. 

 
Figure 384: pros and cons of NV centers qubits. (cc) Olivier Ezratty, 2022-2023. 

Research 

The main countries involved are China, the Netherlands (TU Delft and Qutech1486), Australia (Uni-

versity of Melbourne, Quantum Brilliance), Germany (University of Ulm), Japan (NII and NTT, Fu-

jitsu along with QuTech), some laboratories in France (such as CEA SPEC) and of course in different 

labs in the USA (Harvard, MIT, …) and in China. 

NV Centers based quantum computers have been very low key for a few years. It seemed that NV 

centers have more promising uses in quantum sensing for the creation of precision magnetometers or 

for quantum memories interoperable with qubits realized with other technologies such as supercon-

ducting qubits in hybrid systems. This is a path recently explored by the University of Delft1487, in 

Japan1488 and by CEA-SPEC with Patrice Bertet as shown in Figure 385, with a superconducting 

qubit linked to a NV center memory qubit. 

 

1482 Explained in detail in Spin readout via spin-to-charge conversion in bulk diamond nitrogen-vacancy sets by Harishankar Jayakumar, 

September 2018 (5 pages). 

1483 See Single electron-spin-resonance detection by microwave photon counting by Zhiren Wang, Léo Balembois, Marianne Le Dantec, 

Philippe Goldner, Thierry Chanelière, Daniel Estève, Denis Vion, Patrice Bertet, Emmanuel Flurin et al, January 2023 (16 pages). 

1484 See Color Centers in Diamond by Andreas Wallraff, ETH Zurich, 2017 (34 slides). 

1485 Seen in Forefront engineering of nitrogen-vacancy centers in diamond for quantum technologies by Felipe Favaro de Oliveira, 

2017 (235 pages). 

1486 Qutech demonstrated a 10-qubit prototype with a coherence time of one minute and working at 3.7K in 2019. See Fully controllable 

and highly stable 10-qubit chip paves way for larger quantum processor, Qutech, 2019. 

1487 See Diamond-based 10-qubit register with coherence more than one minute, November 2019. 

1488 See Coherent Coupling between a Superconducting Qubit and a Spin Ensemble by Shiro Saito et al, 2012 (7 pages). 

• room–temperature operations need 
some fact-check.

• not demonstrated at scale so far.

• qubits controls complexity with lasers 
and microwaves => not easy to scale.

• NV centers applications are more 
centered on quantum magnetometry
and sensing than computing.

• high-complexity of NV centers circuits 
manufacturing.

• works at 4K, with simple cryogeny without dilution 
and helium 3.

• can also potentially work at ambiant temperature, 
with some limitations on entanglement.

• long coherence time > 1 ms.

• strong and stable diamond structure.

• can also help create quantum memory for other
qubits types, like superconducting qubits.

• possible to integrate it with optical quantum 
telecommunications.
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https://arxiv.org/ftp/arxiv/papers/1809/1809.07380.pdf
https://arxiv.org/abs/2301.02653
https://qudev.phys.ethz.ch/static/content/QIPII17/Lecture/QIPII_17_L07_NVC_1.pdf
https://elib.uni-stuttgart.de/bitstream/11682/9394/1/MAIN-Submitted-02.06.17.pdf
https://elib.uni-stuttgart.de/bitstream/11682/9394/1/MAIN-Submitted-02.06.17.pdf
https://qutech.nl/2019/09/12/fully-controllable-and-highly-stable-10-qubit-chip-paves-way-for-larger-quantum-processo/
https://qutech.nl/2019/09/12/fully-controllable-and-highly-stable-10-qubit-chip-paves-way-for-larger-quantum-processo/
https://www.swissquantumhub.com/diamond-based-10-qubit-register-with-coherence-more-than-one-minute/
https://www.ntt-review.jp/archive/ntttechnical.php?contents=ntr201209fa2.html
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There are also variants of NV center techniques with defects introduced in phosphorus-doped silicon 

carbide. It would have the advantage of creating qubits whose readout is more accurate since being 

based on the emission of a narrow frequency fluorescence1489. 

In a similar fashion, MIT prototyped in 2020 a NV 

centers chip replacing nitrogen with silicon and 

germanium. They assembled 128 qubits but these 

were not operational 1490 . China researchers are 

also experimenting NV center qubits but so far, 

their prototype has only 3 qubits 1491 . They said 

could reach 99.92% CNOT fidelities in 2022, to no 

avail1492 . In another work, Australian researchers 

were able to implement single Clifford group qubit 

gates with NV- centers with a fidelity of 99.3%1493. 

Harvard researchers are working on creating entan-

glement gates using nanomechanical resonators 

with programmable connectivity via mechanical 

transport of qubits in nanopillars. It is weird but in-

teresting1494. 

 

Figure 385: NV center used as a quantum memory for a 
superconducting qubit, which could lead to create 

heterogeneous qubits. Source Quantum technologies with hybrid 
systems, Patrice Bertet et al, 2015 (8 pages). 

Manufacturing 

Artificial diamonds are produced either with high-pressure high-temperature processes (HPHT) or 

with chemical vapor deposition (CVD)1495. The latter is used for quantum use cases. 

One of the challenges to create functional NV centers quantum processors is the precise implantation 

of vacancies and nitrogen atoms in diamonds. NV centers are manufactured using various methods. 

NV vacancies are usually produced by electrons, neutrons, protons or ions irradiation to create the 

vacancies followed by thermal annealing at temperatures above 650 °C to move the vacancies close 

to the defect atoms (here, nitrogen). A tiny share of nitrogen atoms impurities are deposed during the 

CVD (chemical vapor deposition) production of artificial diamond. 

One technique makes use of targeted ion depositions of ion beams with masking and ebeam lithogra-

phy nanopatterning, as shown in Figure 3861496. 

 

1489 See Study Takes Step Toward Mass-Producible Quantum Computers, 2017. 

1490 See Large-scale integration of artificial atoms in hybrid photonic circuits by Noel H. Wan, Dirk Englund et al, MIT, UC Berkeley, 

Sandia Labs, Nature, 2020 (11 pages). 

1491 See Quantum anomaly detection of audio samples with a spin processor in diamond by Zihua Chai et al, January 2022 (8 pages). 

1492 See 99.92%-Fidelity CNOT Gates in Solids by Filtering Time-dependent and Quantum Noises by Tianyu Xie et al, December 2022 

(46 pages). 

1493 See High Fidelity Control of a Nitrogen-Vacancy Spin Qubit at Room Temperature using the SMART Protocol by Hyma H. Val-

labhapurapu et al, UNSW, August 2022 (7 pages). Clifford group gates are the simplest to implement and are not sufficient to create a 

universal gate set. It misses either a 3-qubit Toffoli gate or a T gate. 

1494 See Programmable Quantum Processors based on Spin Qubits with Mechanically-Mediated Interactions and Transport by F. Fung, 

M. D. Lukin et al, Harvard University, July 2023 (7 pages). 

1495 See the thesis Engineering of NV color centers in diamond for their applications in quantum information and magnetometry by 

Margarita Lesik, 2015 (138 pages) and the review paper Chemical vapour deposition diamond single crystals with nitrogen-vacancy 

centres: a review of material synthesis and technology for quantum sensing applications by Jocelyn Achard, Vincent Jacques and 

Alexandre Tallaire, 2020 (30 pages). 

1496 See Scalable fabrication of coupled NV center – photonic crystal cavity systems by self-aligned N ion implantation by T. Schroder 

and A. Stein, May 2017 (13 pages). 

https://www.pnas.org/content/pnas/112/13/3866.full.pdf
https://www.pnas.org/content/pnas/112/13/3866.full.pdf
https://bioengineer.org/study-takes-step-toward-mass-producible-quantum-computers
https://www.nature.com/articles/s41586-020-2441-3
https://arxiv.org/abs/2201.10263
https://arxiv.org/abs/2212.02831
https://arxiv.org/abs/2208.14671
https://arxiv.org/abs/2307.12193
https://tel.archives-ouvertes.fr/tel-01158995
https://arxiv.org/ftp/arxiv/papers/1912/1912.09749.pdf
https://arxiv.org/ftp/arxiv/papers/1912/1912.09749.pdf
https://www.bnl.gov/isd/documents/95289.pdf
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Figure 386: example of NV center implantation technique using a mask. Source: Scalable fabrication of coupled NV center – 

photonic crystal cavity systems by self-aligned N ion implantation by T. Schroder and A. Stein, May 2017 (13 pages). 

The University of Bristol created a variation of this process with positioning nanodiamonds on a 

silicon-nitride wafer and using an array of optical fibers to control it1497. Another promising technique 

created by Berkeley Labs is based on gold ions implantation that could scale to thousands of qubits1498. 

Vendors 

Quantum Brilliance (2019, Australia), Turing Inc (2016, USA), XeedQ (2021, Germany) and Sax-

onQ (2021, Germany) are the startups dedicated to creating NV center-based quantum computers. 

 

Quantum Brilliance (2019, Australia/Germany, $29.4M) develops a NV cen-

ters QPU operating at room temperature, created by ANU (Australian National 

University) researchers, Andrew Horsley (CEO) and Marcus Doherty (CSO). 

The company also has offices in Singapore and the UK. 

They estimate that their solution will be size/weight/performance/cost/power competitive and bring 

some quantum advantage earlier than competing systems from Google and IBM that they brand 

« quantum mainframes ». They want to create “quantum desktops”1499. 

They introduced in March 2021 a 5 qubit prototype fitting into a 2U classical 19-inch server form 

factor1500. They expect to reach 50 top 100 qubits by 2028 and to then scale up this architecture with 

connecting several units together1501. One future step is to fit their whole system in a large PCI board 

as shown in Figure 387. To learn more about these systems, you need to look at the scientific papers 

coauthored by Marcus Doherty1502. 

 

1497 See Heterogeneous integration of solid state quantum systems with a foundry photonics platform by Hao-Cheng Weng et al, Uni-

versity of Bristol, April 2023 (8 pages). The technique seems more adapted to quantum communication than quantum computing. 

1498 See Ion-Trap Advance: Berkeley Lab Pioneers Way That Could Increase Scalability to Over 10,000 Qubits for Quantum Sensing, 

Quantum Computing by Matt Swayne, May which refers to Direct formation of nitrogen-vacancy centers in nitrogen doped diamond 

along the trajectories of swift heavy ions by Russell E. Lake et al, March 2021 (5 pages). 

1499 See Breakthrough: Quantum computers will soon fit in your phone by Maija Palme, Sifted, August 2021. 

1500 In some sources, the number of available qubits is two and not five! I found out in a December 2022 preprint that their current 

commercial GPU has only two qubits fitting in a 6U rack. See Software for Massively Parallel Quantum Computing by Thien Nguyen 

et al, November-December 2022 (21 pages). 

1501 See Diamond-Based Quantum Accelerator Puts Qubits in a Server Rack by Charles Q. Choi, March 2021. The illustrative picture 

comes from Quantum Brilliance. See also some technical details in Quantum accelerators: a new trajectory of quantum computers by 

Marcus Doherty, Quantum Brilliance, March 2021. 

1502 See Optimisation of diamond quantum processors by YunHeng Chen, Marcus W. Doherty,  et al, September 2020 (42 pages), Spin-

to-Charge conversion with electrode confinement in diamond by Liam Hanlon, Marcus W. Doherty et al, August 2021 (16 pages) and 

Optical activation and detection of charge transport between individual color centers in room-temperature diamond by Artur Lozovoi, 

Marcus W. Doherty et al, October 2021 (15 pages). 

https://www.bnl.gov/isd/documents/95289.pdf
https://www.bnl.gov/isd/documents/95289.pdf
https://arxiv.org/abs/2304.10227
https://thequantumdaily.com/2021/05/18/ion-trap-advance-berkeley-lab-pioneers-way-that-could-increase-scalability-to-over-10000-qubits-for-quantum-sensing-quantum-computing/
https://thequantumdaily.com/2021/05/18/ion-trap-advance-berkeley-lab-pioneers-way-that-could-increase-scalability-to-over-10000-qubits-for-quantum-sensing-quantum-computing/
https://arxiv.org/abs/2011.03656
https://arxiv.org/abs/2011.03656
https://sifted.eu/articles/diamond-quantum-computer/
https://arxiv.org/abs/2211.13355
https://spectrum.ieee.org/tech-talk/computing/hardware/nitrogen-vacancy-diamond-quantum-computer-accelerator-qubits-server-rack
https://www.springerprofessional.de/en/quantum-accelerators-a-new-trajectory-of-quantum-computers/18942454
https://arxiv.org/abs/2002.00545
https://arxiv.org/abs/2108.09027
https://arxiv.org/abs/2108.09027
https://arxiv.org/abs/2110.12272
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You find that they have an error rate of 10-5 for single qubit gates, which is fine, and expect to have a 

similar level for two-qubit gates. But what is documented is a 99.2% two-qubit gate fidelity, which is 

not stellar nor sufficient to implement fault-tolerant quantum computing. 

In April 2021, Quantum Brilliance also announced a partnership with Quantum-South (Uruguay) 

and to develop proof of concepts optimization quantum applications for air and maritime cargo com-

panies. This is a bit early given their existing 5-qubits but why not exploring the path. 

In January 2022, Quantum Bril-

liance announced DE-Brill, a joint 

research project with the Fraunhofer 

Institute for Applied Solid State 

Physics IAF and the University of 

Ulm funded by the German govern-

ment quantum plan. 

The partnership is focused on the 

development of manufacturing 

(Fraunhofer) and control (Ulm) 

techniques of NV center qubits. 

 

Figure 387: Quantum Brilliance PCI board. Source: Quantum Brilliance. 

The total investment of this 5-year project starting in December 2021 if €19.9M with 78.4% funded 

by BMBF, the German ministry of research. In April 2022, the company launched a joint R&D hub 

with La Trobe University and RMIT University around material design and manufacturing. This and 

other German universities working on NV centers1503 create a critical mass of skills in NV centers 

aimed at quantum computing. Germany’s involvement deals with manufacturing these NV center 

based chips with high precision. 

At home in Australia, the Pawsey Supercomputing Research Centre announced in June 2022 the 

installation of a Gen1 Quantum Brilliance quantum accelerator with two qubits. In their current QPU, 
13C nucleus spins are controlled with radiofrequencies, microwaves for the cavity electron spins and 

optical channels for fluorescence readout, with the electron getting its spin from surrounding 13C 

nucleus, implementing a QND (non-demolition measurement). At this point, the system does not re-

quire any cooling but qubit fidelities and other figures of merit may cooling at some point. All control 

electronics fit in a 6U 19 inch chassis. Supported qubit gates are RX, RY and CZ. It uses a typical 

star model with several 13C atoms surrounding one nitrogen vacancy. 

In 2023, Quantum Brilliance release its Qristal software suite that contains the Qristal Emulator, sup-

porting C++ and Nvidia CUDA APIs, Nvidia QODA programming environment and MPI (Message 

Passing Interface, an open library standard for distributed memory parallelization used in large-scale 

parallel computing1504). 

 

Turing Inc (2016, USA, $15.5M) is a startup willing to create quantum com-

puting hardware and software, based on NV centers qubits and operating at 

4K1505. 

They also develop error correction systems that they market to other industry specialists. A way to 

avoid putting all your eggs in the same basket! At last, they seem to work on some form of quantum 

memories that could be useful in entanglement based QKD deployments. 

 

1503 See Optically coherent nitrogen-vacancy defect centers in diamond nanostructures by Laura Orphal-Kobin et al, Humboldt-Uni-

versität and Ferdinand-Braun-Institut both in Berlin, 2022 (26 pages). 

1504 See Software for Massively Parallel Quantum Computing by Thien Nguyen et al, November-December 2022 (21 pages). 

1505 See Turing Inc: Large Scale Universal Machines, 2017, which details this a little bit. 

https://arxiv.org/abs/2203.05605
https://arxiv.org/abs/2211.13355
https://web.archive.org/web/20181128120423/https:/medium.com/@TuringQuantum/turing-inc-large-scale-universal-machines-9eee95e23ea3
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XeedQ (2021, Germany) is developing XQ1, an NV-center-based multi-qubit 

mobile quantum processor running at room-temperature. It fits in a desktop 

format with 4 qubits and consuming only 150 W. Two-qubit gate fidelity is 

>90% and single qubit gate >95% which is quite average. 

The company created by Gopalakrishnan Balasubramanian, formerly at the Max Planck Institute for 

Biophysical Chemistry in Göttingen and is based in Leipzig. He published a wealth of papers on the 

physics of NV centers but not on NV-centers-based quantum computers nor how do you entangle 

such qubits at room temperatures. They plan to release a version with 256 qubits by 2026 and to 

deliver their first QPU “Baby Diamond” to Goethe University as of early 2024. It is weird to read on 

their web site that “quantum systems offer encryption standards that are virtually impossible to breach. 

Welcome to future-proof quantum secure communications on a mobile footprint”. Someone should 

tell them that PQC doesn’t need a quantum computer to run. 

 

SaxonQ (2021, Germany) wants to create some NV center based mobile quan-

tum computer. The system is mobile, on wheels and has a size of about half a 

rack. 

However, not very surprisingly, it looks like being available on their website but with no characteris-

tics at all (number of qubits, fidelities). The company based in Leipzig was cofounded by Marius 

Grundmann (CEO), Dominique Bouwes (COO) and Jan Meijer (CTO). 

Other spin cavities variants 

Besides NV centers, another similar technique is investigated at the research stage that uses various 

vacancies in silicon carbide crystal structures (SiC), silicon in diamond vacancies (SiV1506 1507) and 

even tin vacancies SnV- 1508. Vacancies can be missing nearby couples of carbon and silicon atoms, 

called divacancies (VSiVC
0) or just a missing silicon atom (VSi

-)1509. 

Others use transition metal defects with chromium, vanadium, molybdenum, tungsten, erbium1510 and 

hexagonal boron nitride (h-BN)1511. In 2022, a research team from the DoE Argonne National Lab 

created a prediction model of the coherence time of vacancies depending on their characteristics, 

which can help investigate new materials1512. 

SiC qubits could theoretically work at ambient temperature1513. 

 

1506 See Neutral silicon vacancy centers in undoped diamond via surface control by Zi-Huai Zhang et al, Princeton University, North-

western University and Element Six, June 2022 (16 pages). 

1507 See Deterministic Creation of Strained Color Centers in Nanostructures via High-Stress Thin Films by Daniel R. Assumpcao et al, 

Harvard, September 2023 (8 pages) which could operate at about 1.5K. 

1508 See Heterogeneous integration of spin-photon interfaces with a scalable CMOS platform by Linsen Li, Dirk Englund et al, MIT, 

QuTech,  August 2023 (23 pages). 

1509 See Single artificial atoms in silicon emitting at telecom wavelengths by W. Redjem et al, 2020 (4 pages). 

1510 See Roadmap for Rare-earth Quantum Computing by Adam Kinos, Alexandre Tallaire et al, March 2021 (47 pages). 

1511 See First-principles theory of extending the spin qubit coherence time in hexagonal boron nitride by Jaewook Lee, Huijin Park and 

Hosung Seo, npj, September 2022 (9 pages). 

1512 See A mathematical shortcut for determining quantum information lifetimes by Leah Hesla, Argonne National Lab, April 2022 and 

Generalized scaling of spin qubit coherence in over 12,000 host materials by Shun Kanai, David D. Awschalom et al, PNAS, April 

2022 (8 pages). It shows that the coherence time T2 of vacancies is dependent on the cavity spin density (ni) of nucleus i, the crystalline 

structure, the nuclear spin-factor (gi), and the nuclear spin quantum number (Ii) according to the formula 

 

1513 The DoE Argonne National Laboratory together with researchers from Hungary, Sweden and Russia published in 2019 a work on 

SiC qubits operating at room temperature. See Scientists Find Yet Another Way to Get Qubits Working at Room Temperature by David 

Nield, March 2020 and Novel Qubit Design Could Lead to Quantum Computers That Work at Room Temperature by Matt Swayne, 

March 2020 which references Quantum well stabilized point defect spin qubits by Viktor Ivády et al, May 2019 (20 pages). 

https://www.uni-goettingen.de/en/balasubramanian-gopalakrishnan-dr---nanoscale-spin-imaging-mpi-bpc/441857.html
https://arxiv.org/abs/2206.13698
https://arxiv.org/abs/2309.07935
https://arxiv.org/abs/2308.14289
https://arxiv.org/pdf/2001.02136.pdf
https://arxiv.org/abs/2103.15743
https://www.nature.com/articles/s41699-022-00336-2
https://www.anl.gov/article/a-mathematical-shortcut-for-determining-quantum-information-lifetimes
https://www.pnas.org/doi/10.1073/pnas.2121808119
https://www.sciencealert.com/scientists-have-found-another-way-to-get-qubits-working-at-room-temperature
https://thequantumdaily.com/2020/03/18/novel-qubit-design-could-lead-to-quantum-computers-that-work-at-room-temperature/
https://arxiv.org/abs/1905.11801
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While these vacancies could be used to create qubits and quantum processors like with NV centers, 

they are currently aimed mostly at quantum photonics applications.  

One of the reasons is that 

some SiC vacancies have 

fluorescence wavelengths 

corresponding to fiber optics 

telecom wavelengths in the 

near infrared band around 

1.5 µm, in the so-called 4H-

SiC hexagonal lattice ver-

sion1514 (Figure 388). 

 

Figure 388: other cavities are interesting due to their transition frequencies that sit in the 
telecommunication wavelengths. Source: Quantum Information Processing With Integrated 

Silicon Carbide Photonics by Sridhar Majety et al, March 2022 (50 pages). 

SiC vacancies can indeed be used as interesting sources of single or entangled photons in quantum 

communications and cryptography. SiC photon sources are implanted on nanophotonic devices1515. It 

could also be used in quantum repeaters thanks to relatively long spin coherence times above 50 ms. 

Also, SiC vacancies can show a much better DWF (Debye-Waller factor) than diamond NV centers. 

However, their readout contrast must be improved1516. 

In quantum information processing, SiC vacancies are investigated in various areas such as with 

quantum simulation and measurement-based quantum computing. There are some specific technol-

ogy paths like using SiC spin qubits that are coupled by photons1517. 

SiC vacancies have very long coherence times in the seconds range1518. It leads to theoretically long 

computing time, although, it would work with solving many other problems like large entanglement 

capacities and high two-qubit gate fidelities. Thus, when you read in the media that SiC could achieve 

a hundred million operations, you may get skeptic and right to be so1519. Indeed, the related paper 

simply computes this number of operations by dividing SiC qubit coherence time of 5 seconds by a 

single-qubit gate time. They have not implemented it yet, particularly given it is useless to do that on 

a single qubit. It would be nice to have a tomography of a 2-qubit gate...:)! Then, you have to deal 

with the specifics of the readout of 29Si and 13C nuclear spins readouts used in such devices1520. 

At last, oxygen vacancies (aka ST1) implantation in diamond are studied in China1521 and in Hun-

gary1522. 

 

1514 See the excellent review paper Quantum Information Processing With Integrated Silicon Carbide Photonics by Sridhar Majety et 

al, March 2022 (50 pages). 

1515 See Integrated quantum photonics with silicon carbide: challenges and prospects by Daniil M. Lukin, Melissa A. Guidry and Jelena 

Vuckovic, October 2020 (20 pages) and Fabrication and nanophotonic waveguide integration of silicon carbide colour centres with 

preserved spin-optical coherence by Charles Babin, Florian Kaiser et al, November 2021 (18 pages). 

1516 See Room temperature coherent manipulation of single-spin qubits in silicon carbide with a high readout contrast, by Qiang Li et 

al, July 2021 (10 pages). 

1517 See Silicon photonic quantum computing with spin qubits by Xiruo Yan et al, 2021 (28 pages). 

1518 See Five-second coherence of a single spin with single-shot readout in silicon carbide by Christopher P. Anderson, David D. Aws-

chalom et al, 2021 (9 pages). 

1519 See Quantum Computing: Researchers Achieve 100 Million Quantum Operations by Francisco Pires, Tom’s Hardware, February 

2022. 

1520 See Measuring nuclear spin qubits by qudit-enhanced spectroscopy in Silicon Carbide by Erik Hesselmeier, Jörg Wrachtrup et al, 

October 2023 (9 pages). 

1521 See A neutral oxygen-vacancy center in diamond: A plausible qubit candidate and its spintronic and electronic properties by Y. G. 

Zhang et al, Applied Physics Letter, August 2014. Not open access. 

1522 See Investigation of oxygen-vacancy complexes in diamond by means of ab initio calculations by Nima Ghafari Cherati et al, 

February 2023 (9 pages). 

https://arxiv.org/abs/2111.00136
https://arxiv.org/abs/2111.00136
https://arxiv.org/abs/2111.00136
https://arxiv.org/abs/2010.15700
https://arxiv.org/abs/2109.04737
https://arxiv.org/abs/2109.04737
https://arxiv.org/abs/2005.07876
https://aip.scitation.org/doi/10.1063/5.0049372
https://www.science.org/doi/10.1126/sciadv.abm5912
https://www.tomshardware.com/news/quantum-computing-researchers-achieve-100-million-quantum-operations
https://arxiv.org/abs/2310.15557
https://pubs.aip.org/aip/apl/article-abstract/105/5/052107/378011/A-neutral-oxygen-vacancy-center-in-diamond-A?redirectedFrom=fulltext
https://arxiv.org/abs/2302.09593
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Photonic (2019, Canada, $140M) is a spin-off from the Silicon Development 

Lab at Simon Fraser University in Vancouver with Stephanie Simmons as their 

Chief Quantum Officer, Paul Terry as CEO and 120 employees as of Novem-

ber 2023. Microsoft is one of their investors in their 2023 round of $100M. 

Their technology is based on “T” defects in silicon, aka “T centres”, using similar techniques as with 

SiC and NV vacancies1523 1524. At the physical level, processing and memory qubits are handled with 

nuclear spins of hydrogen and 13C atoms in a 28Si substrate. Silicon vacancy electron spins are used 

for the indirect non-demolition measurement of these nuclear spin qubits and to create spin-photon 

interactions in the telecom wavelength band O (around 1,326 nm). The whole nuclear and electron 

spin ensemble form these T centres and are placed in optical cavities connected in a many-to-many 

fashion through a web of optical fibers and (not detailed) routing. This helps create short and long-

distance entanglement sharing between qubits (but heralded, so in a probabilistic manner), enabling 

gate teleportation (two-qubit gates). As a result, high-connectivity demanding QLDPC quantum error 

correction can be implemented. They expect to create chipsets handling up to 1,000 T centres and 

4,000 optical fibers, all this being driven by global and local electric and magnetic fields. The way 

they plan to manufacture these chipsets is not clear yet, particularly with regards to the precise posi-

tioning of the T centres in the 28Si substrate. The system operates at about 1K to 2K. 

 

Quantum Transistor (2022, Israel) is a stealth company building a vacancy-

based quantum processor that was cofounded by Shmuel Bachinsky (CEO) 

and Moshe Tordjman (CTO), who was previously a researcher from Technion 

and MIT. 

Topological qubits 

In this category of qubits and quantum computing, we must create a distinction between the notion 

of "topological" which defines a type of qubit based on anyons and the "Majorana fermions" or “Ma-

jorana Zero Mode” (MZM) which are a variant of anyons to create topological qubits. Of all the types 

of qubits, they are the most mysterious and complex to understand1525 (Figure 394). 

History 

Ettore Majorana predicted in 1937 the existence of a new class of particles that are is its own anti-

particles. It was labelled “Majorana fermions”. 

The notion of anyon "quasiparticle", i.e. particle representation models that describe the state of elec-

tron clouds around atoms, in the superconducting regime and in 2D, was first proposed by Jon Magne 

Leinaas and Jan Myrheim from the University of Oslo in 1976 and then elaborated by Frank Wilczek 

in 19821526. 

Majorana fermions are a specific type of these quasiparticles organized along a small superconducting 

wire in 1D structures. 

 

1523 See Silicon-Integrated Telecommunications Photon-Spin Interface by L. Bergeron et al, 2020 (15 pages). 

1524 See the blueprint Scalable Fault-Tolerant Quantum Technologies with Silicon Colour Centres by Stephanie Simmons, Photonic, 

October 2023 (16 pages) which documents well their architecture. 

1525 See Topological Quantum Computing by Torri Yearwood, January 2020 and A Short Introduction to Topological Quantum Com-

puting by Ville Lahtinen and Jiannis K. Pachos, May 2017 (44 pages). 

1526 See On the theory of identical particles by Jon Magne Leinaas and Jan Myrheim, 1976 (23 pages) and See Quantum Mechanics of 

Fractional-Spin Particles by Frank Wilczek, PRL, 1982. See also the essay Quanta of the Third Kind by Frank Wilczek, November 

2021 that provides an excellent simplified view of what are anyons, braiding and quasiparticles. The author explains three specifics of 

quasiparticles: fractionalization (where quasiparticles have properties that are subparts of usual whole-number multiples like spins or 

unit of electron electric charge or angular momentum), flux tubes (fractional angular momentum made possible by particles orbiting 

around tubes of magnetic flux like in type II superconductors) and dimensional reduction (with point-like structures). 

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.1.020301
https://arxiv.org/abs/2311.04858
https://medium.com/mit-6-s089-intro-to-quantum-computing/topological-quantum-computing-2343e7674606
https://arxiv.org/abs/1705.04103
https://medium.com/mit-6-s089-intro-to-quantum-computing/topological-quantum-computing-2343e7674606
https://medium.com/mit-6-s089-intro-to-quantum-computing/topological-quantum-computing-2343e7674606
https://www.ifi.unicamp.br/~cabrera/teaching/referencia.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.957
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.957
https://inference-review.com/article/quanta-of-the-third-kind
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They have collective electron behaviors in crystalline networks at very low temperature1527. 

Alexei Kitaev then had the idea in 1997 to use anyons for quantum calculations when he was a re-

searcher at Microsoft. He published two foundational papers in 2000 describing the category of fer-

mionic quantum computers and a model of spinless fermions in a 1D superconducting nanowire, aka 

a Kitaev chain 1528. There are several various variations of fermionic quantum computing being in-

vestigated, including analog quantum computing with cold atoms1529 or with specific superconduct-

ing settings like Cooper pair splitters1530. 

In 2008, Liang Fu and C.L. Kane from the University of Pennsylvania predicted that Majorana bound 

states can appear at the interface between topological insulators and superconductors1531. 

In 2012, Leo Kouwenhoven then at TU Delft announced the detection of Majorana Zero Modes qua-

siparticles at TU Delft and later on in 2018 when he was at Microsoft Research in Delft. 

Some other advances came out in 2016 

from the MIT and in 2018, from a group of 

three American universities UC Irvine, 

UCLA and Stanford, who said they discov-

ered real Majorana fermions. In May/June 

2019, German and Austrian researchers 

said they succeeded in creating two-di-

mensional topological phenomena like 

Majorana zero modes1532. 

Princeton researchers also published in 

June 2019 the results of their work that led 

them to control the state of a quasiparti-

cle1533 (Figure 389). 

 
Figure 389: a Majorana Zero mode discovered at Princeton in 2019. Source: 
Mysterious Majorana Quasiparticle Is Now Closer To Being Controlled For 

Quantum Computing, June 2019. 

2021 marked the beginning of a crisis winter for Majorana fermion. It started with an expression of 

concern and a withdrawal of Leo Kouwenhoven’s 2018 Nature paper1534. 

 

1527 This is the thesis of Hugo de Garis in Topological Quantum Computing The TQC Shock Wave and its Impact on University Com-

puter Science Teaching, 2011 (29 pages). 

1528 See Fermionic quantum computation by Serguei B. Bravyi and Alexei Y. Kitaev, 2000 (18 pages) and Unpaired Majorana fermions 

in quantum wires by Alexei Kitaev, 2000 (16 pages). 

1529 See The Power of Noisy Fermionic Quantum Computation by Fernando de Melo et al, April 2013 (21 pages) and Quantum register 

of fermion pairs by Thomas Hartke et al, MIT, March 2021 (10 pages). Fermionic atoms are isotopes with an odd number of neutrons 

so that its total nucleus and electron spin is half-integer. Fermionic quantum computing was defined by Serguei B. Bravyi and Alexei 

Y. Kitaev in Fermionic quantum computation, 2000 (18 pages) around the notion of local fermionic modes. 

1530 See Fermionic quantum computation with Cooper pair splitters by Kostas Vilkelis et al, QuTech and Kavli Institute, September 

2023 (15 pages). 

1531 See Superconducting proximity effect and Majorana fermions at the surface of a topological insulator by Liang Fu and C.L. Kane, 

2008 (4 pages) and Josephson Current and Noise at a Superconductor-Quantum Spin Hall Insulator-Superconductor Junction by Liang 

Fu and C.L. Kane, 2008 (4 pages). 

1532 See Computing Faster With Quasi-Particles, May 2019 referring to Topological superconductivity in a phase-controlled Josephson 

junction by Hechen Ren et al, Nature, April 2019. 

1533 See Mysterious Majorana Quasiparticle Is Now Closer To Being Controlled For Quantum Computing, June 2019 mentioning Ob-

servation of a Majorana zero mode in a topologically protected edge channel by Ali Yazdani et al, Science, June 2019 (12 pages). 

1534 See Quantized Majorana conductance by Leo Kouwenhoven et al, 2017 (26 pages) which was followed by an "expression of 

concern" from the authors warning readers about the veracity of the published results, which were not reproducible due to a problem 

with the calibration of measuring instruments. The coverage on the paper withdrawal in 2021 was dense, starting with Data manipula-

tion and omission in 'Quantized Majorana conductance', Zhang et al, Nature 2018 by Frolov et al, March 2021 (31 slides) which spurred 

Microsoft’s Big Win in Quantum Computing Was an ‘Error’ After All, by Tom Simonite, Wired, February 2021. Another of their paper 

was later retracted. See Retraction Note: Epitaxy of advanced nanowire quantum devices by Sasa Gazibegovic, Leo Kouwenhoven et 

al, Nature, April 2022. 

https://bioengineer.org/mysterious-majorana-quasiparticle-is-now-closer-to-being-controlled-for-quantum-computing/
https://bioengineer.org/mysterious-majorana-quasiparticle-is-now-closer-to-being-controlled-for-quantum-computing/
https://profhugodegaris.files.wordpress.com/2011/04/tqcarticle.pdf
https://profhugodegaris.files.wordpress.com/2011/04/tqcarticle.pdf
https://arxiv.org/abs/quant-ph/0003137
https://arxiv.org/abs/cond-mat/0010440
https://arxiv.org/abs/cond-mat/0010440
https://arxiv.org/abs/1208.5334
https://arxiv.org/abs/2103.13992
https://arxiv.org/abs/2103.13992
https://arxiv.org/abs/quant-ph/0003137
https://arxiv.org/abs/2309.00447
https://arxiv.org/abs/0707.1692
https://arxiv.org/abs/0804.4469
https://bioengineer.org/computing-faster-with-quasi-particles/
https://arxiv.org/abs/1809.03076
https://arxiv.org/abs/1809.03076
https://bioengineer.org/mysterious-majorana-quasiparticle-is-now-closer-to-being-controlled-for-quantum-computing/
https://arxiv.org/abs/1906.10133
https://arxiv.org/abs/1906.10133
https://arxiv.org/abs/1710.10701
https://www.nature.com/articles/s41586-020-2252-6
https://www.nature.com/articles/s41586-020-2252-6
https://zenodo.org/record/4587841#.YJ7XQ6gzbb1
https://zenodo.org/record/4587841#.YJ7XQ6gzbb1
https://www.wired.com/story/microsoft-win-quantum-computing-error/
https://www.nature.com/articles/s41586-022-04704-2
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In a March 2022 Twitter thread Sergey Frolov made an impressive inventory on many other unreliable 

Majorana research papers with other retracted papers1535 or that should be retracted. He used to work 

at TU Delft with Leo Kouwenhoven on Majorana fermions and moved in 2012 to the University of 

Pittsburgh1536. The withdrawal came after Sergey Frolov and his fellow Pittsburgh researcher Vincent 

Mourik unsuccessfully tried to reproduce Kouwenhoven’s experiment 1537 . Early in 2022, Leo 

Kouwenhoven left Microsoft in March 20221538. Charlie Marcus from Microsoft Research in Den-

mark also quit Microsoft late 2021 to return to academic research at the Niels Bohr Institute1539. 

Sergei Frolov is himself making discoveries on Majorana bound states using the 4π Majorana-Jo-

sephson effect using a fluxonium superconducting qubit, the ensemble being branded a 

braidonium1540. 

He also reported in 2022 that looking at research experimental data from 2012 did show the presence 

of Majorana modes in nanowire devices1541. Other researchers in Germany succeeded in integrating 

a topological insulator into a superconducting qubit in 2022, following on a 2013 proposal from re-

searchers from Caltech and Harvard1542. Another 2020 proposal is to couple a Majorana qubit playing 

the role of a well-protected quantum memory and a superconducting qubit for computation and to 

implement a SWAP gate between these1543. 

In August 2019, NIST physicists led by Nick Butch announced the discovery by chance of interesting 

properties of uranium ditelluride (UTe2). It would be superconducting at 1.7K with the ability to do 

so via Cooper pairs with identical spins in addition to opposite spins, allowing three types of pairs. 

This would give it a rare ability to get a magnetic flux resistant superconductivity. This material would 

thus have topological properties in this framework allowing to create topological qubits that are more 

stable and less subject to decoherence1544. Related work was published by researchers from John 

Hopkins University in 2018 with superconducting topological qubits made of a bismuth-palladium 

alloy1545. And the story goes on and on around Majorana fermions that are discovered, believed to be 

discovered or rediscovered depending on the case. Most of the time, the discoveries deal with very 

weak experimental signals that are confused with ambient noise. 

 

1535 See Chiral Majorana fermion modes in a quantum anomalous Hall insulator–superconductor structure, Science, 2017 (7 pages) 

was the subject of an expression of concern in December 2021 and was retracted in November 2022 by Science with the following 

comment: “Readers who failed to reproduce the findings requested raw data files from the authors, which they provided. Subsequently, 

the provenance of the raw data came into question; additionally, an analysis of the raw and published data revealed serious irregular-

ities and discrepancies”. 

1536 See Signatures of Majorana fermions in hybrid superconductor-semiconductor nanowire devices, Kavli Institute of Nanoscience, 

Delft University of Technology, 2012. 

1537 The story is well told in Major Quantum Computing Strategy Suffers Serious Setbacks by Philip Ball, Quanta Magazine, September 

2021. The same Philip Ball that was mentioned in the part of this book related to quantum matter taxonomy, page 116. 

1538 See Kouwenhoven departs, Microsoft presents Majoranas, Delta GTU Delft, March 2022. 

1539 As shown in his LinkedIn profile: https://www.linkedin.com/in/charles-marcus-02984597. 

1540 See Braiding quantum circuit based on the 4π Josephson effect by John P. T. Stenger, Michael Hatridge, Sergey M. Frolov and 

David Pekker, University of Pittsburg, Physical Review B, 2019 (10 pages). 

1541 See We cannot believe we overlooked these Majorana discoveries by Sergey Frolov and Vincent Mourik, University of Pittsburg 

and FZ Jülich, March 2022 (9 pages). 

1542 See Integration of Topological Insulator Josephson Junctions in Superconducting Qubit Circuits by Tobias W. Schmitt et al, FZ 

Jülich, March 2022 (14 pages). And Proposal for Coherent Coupling of Majorana Zero Modes and Superconducting Qubits Using the 

4π Josephson Effect by David Pekker, Chang-Yu Hou, Vladimir E. Manucharyan and Eugene Demler, PRL, 2013 (8 pages). 

1543 See SWAP gate between a Majorana qubit and a parity-protected superconducting qubit by Luca Chirolli et al, Berkeley, May 2022 

(7 pages). 

1544 See Newfound Superconductor Material Could Be the 'Silicon of Quantum Computers' Possible "topological superconductor" 

could overcome industry's problem of quantum decoherence, August 2019, mentioning Nearly ferromagnetic spin-triplet superconduc-

tivity by Sheng Ran et al, 2019. 

1545 See Observation of half-quantum flux in the unconventional superconductorβ-Bi2Pd by Yufan Li & Al, October 2018 (12 pages). 

https://twitter.com/spinespresso/status/1503352928656138241
https://www.researchgate.net/publication/318578490_Chiral_Majorana_fermion_modes_in_a_quantum_anomalous_Hall_insulator-superconductor_structure
https://www.science.org/doi/10.1126/science.abn5849
file:///C:/Travail/%20the%20provenance%20of%20the%20raw%20data%20came%20into%20question;%20additionally,%20an%20analysis%20of%20the%20raw%20and%20published%20data%20revealed%20serious%20irregularities%20and%20discrepancies
https://nccr-qsit.ethz.ch/news/conferences-events/monte-verita-2012/abstracts-talks/sergey-frolov--tu-delft.html
https://www.quantamagazine.org/major-quantum-computing-strategy-suffers-serious-setbacks-20210929/
https://www.delta.tudelft.nl/article/kouwenhoven-departs-microsoft-presents-majoranas
https://www.linkedin.com/in/charles-marcus-02984597
https://arxiv.org/abs/1808.03309
https://arxiv.org/abs/2203.17060
https://arxiv.org/abs/2007.04224
https://www.researchgate.net/publication/234119533_Proposal_for_Coherent_Coupling_of_Majorana_Zero_Modes_and_Superconducting_Qubits_Using_the_4_p_Josephson_Effect
https://www.researchgate.net/publication/234119533_Proposal_for_Coherent_Coupling_of_Majorana_Zero_Modes_and_Superconducting_Qubits_Using_the_4_p_Josephson_Effect
https://arxiv.org/abs/2205.01410
https://www.nist.gov/news-events/news/2019/08/newfound-superconductor-material-could-be-silicon-quantum-computers
https://www.nist.gov/news-events/news/2019/08/newfound-superconductor-material-could-be-silicon-quantum-computers
https://science.sciencemag.org/content/365/6454/684
https://science.sciencemag.org/content/365/6454/684
https://arxiv.org/abs/1810.11265
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Majorana fermions are searched on gold1546, on the surface of superconducting nanowires1547, in crys-

tals1548, in 2D graphene1549, not to mention other publications that are not obvious to analyze1550. 

 

Figure 390: how topological quantum computing is supposed to work. 
Source: Computing with Quantum Knots by Graham Collins, Scientific American, 2006 (8 pages). 

 

1546 See Quantum Computing Breakthrough: First Sighting of Mysterious Majorana Fermion on Gold by Jennifer Chu, MIT, Indian 

Institute of Technology, University of California & Hong Kong University, 2020. And Signature of a pair of Majorana zero modes in 

superconducting gold surface states by Sujit Manna et al, MIT, 2019 (35 pages). 

1547 See Alternative route to topological superconductivity Hub, April 2020. University of Copenhagen in collaboration with Microsoft. 

Refers to Flux-induced topological superconductivity in full-shell nanowires by S. Vaitiekėnas et al, March 2020 (38 pages). 

1548 See Building block for quantum computers more common than previously believed by Chanapa Tantibanchachai, Johns Hopkins 

University, April 2020. 

1549 See Observation of Yu-Shiba-Rusinov states in superconducting graphene by E. Cortés-del Río, Pierre Mallet et al, 2020 (22 pages) 

and published in Advanced Materials in April 2021. 

1550 See The observation of photon-assisted tunneling signatures in Majorana wires par Ingrid Fadelli, May 2020, Quantum computers 

do the (instantaneous) twist by Chris Cesare, August 2020 on a topological error correction system and Fractional statistics of anyons 

in a two-dimensional conductor, C2N, April 2020. 

http://www.cs.virginia.edu/~robins/Computing_with_Quantum_Knots.pdf
https://scitechdaily.com/quantum-computing-breakthrough-first-sighting-of-mysterious-majorana-fermion-on-gold/
https://arxiv.org/abs/1911.03802
https://arxiv.org/abs/1911.03802
https://www.swissquantumhub.com/alternative-route-to-topological-superconductivity/
https://arxiv.org/abs/2003.13177
https://phys.org/news/2020-04-block-quantum-common-previously-believed.html
https://arxiv.org/abs/2010.10377
https://phys.org/news/2020-05-photon-assisted-tunneling-signatures-majorana-wires.html
https://phys.org/news/2020-08-quantum-instantaneous.html
https://phys.org/news/2020-08-quantum-instantaneous.html
https://www.c2n.universite-paris-saclay.fr/en/science-society/news/actu/144
https://www.c2n.universite-paris-saclay.fr/en/science-society/news/actu/144
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Science 

The principle of topological quantum computing is based on the notion of anyon which are "qua-

siparticles" integrated in two-dimensional systems, given that there are Abelian and non-Abelian an-

yons! Anyons are asymmetrical and two-dimensional physical structures whose symmetry can be 

modified. This makes it possible to apply some topology principles with sets of successive permuta-

tions applied to pairs of anyons that are in proximity in circuits (Figure 391). 

The related algorithms are based on the concepts of topological braid or node organizations ("braids"). 

Their representation explains this, with a temporal evolution of the permutations of temporal anyons 

going from bottom to top, knowing that in other representations, it may go from top to bottom1551. 

The diagram in Figure 390 

clarifies this a little. Topolog-

ical quantum gates require a 

long sequence of anionic per-

mutations as with the CNOT 

gate shown at the bottom of 

the diagram. They are a sort of 

quantum error correction 

code. 

 

Figure 391: anyon braiding explained topologically. 

You need two Majorana fermions to create a single two-level quantum system, aka a qubit. With 

Majorana modes, you implement XX, YY and ZZ two-qubit measurements which are well protected 

and a CNOT is built with two consecutive such measurements. But a T gate is not natively protected 

making it hard to implement FTQC. Some researchers in China still found a workaround to create 

non-Clifford single-qubit phase gates1552. 

By the way, let’s clarify a little bit the weird vocabulary from this field. Majorana fermions are non-

Abelian excitations. They are also called Majorana Zero Modes (MZM) or Majorana bound states or 

even Majorinos. You have also Majorana Edge Modes (MEM) and Majorana Pi Modes (MPM)1553. 

Others non-Abelian anyons exist like Ising anyons, Fibonacci anyons1554 and Jones-Kauffman anyons. 

Qubit operations 

Let’s give a try to explaining how Majorana qubits work on a practical basis, given there are many 

variations of these. 

• Qubit quantum state involves a Majorana code also called a Majorana box qubit or Majorana 

qubit. Correction is partially built in with a Majorana stabilizer code forming the even-fermion-

parity ground-state subspace of two parallel Kitaev Majorana chains in their fermionic topological 

phase. An extension using three Kitaev chains and housing two logical qubits of the same parity 

is called the “hexon” Majorana code. The proposed circuit in Figure 392 shows superconducting 

islands containing six MZMs (“hexons”) connected together with superconducting topological 

nanowires, given Microsoft seems to be planning to use four MZMs (“tetrons”)1555. 

 

1551 Topological qubits could also be realized in photonics-based architecture. See New photonic chip promises more robust quantum 

computers, September 2018, involving researchers in Australia, Italy and Switzerland. 

1552 See Universal topological quantum computation with strongly correlated Majorana edge modes by Ye-Min Zhan et al, March 2022 

(18 pages) which is about creating non-Clifford π/10 gates. 

1553 To sort things out, see the excellent thesis Quantum Field Theories, Topological Materials, and Topological Quantum Computing 

by Muhammad Ilyas, August 2022 (204 pages). 

1554 See A short introduction to Fibonacci anyon models by Simon Trebst, Matthias Troyer et al, 2009 (24 pages). 

1555 See Scalable Designs for Quasiparticle-Poisoning-Protected Topological Quantum Computation with Majorana Zero Modes by 

Torsten Karzig, June 2017 (34 pages). 

https://phys.org/news/2018-09-photonic-chip-robust-quantum.html
https://phys.org/news/2018-09-photonic-chip-robust-quantum.html
https://arxiv.org/pdf/2004.03297.pdf
https://arxiv.org/abs/2208.09707
https://arxiv.org/abs/0902.3275
https://arxiv.org/abs/1610.05289
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• Single-qubit quantum gates operations can be driven between the MZMs and semiconducting 

quantum dots as with the example shown in Figure 392. An H gate can be implemented with an 

X measurement following by a Z rotation conditioned by the result of the X measurement. In a 

way, it looks like a form of measurement based quantum computing (MBQC). 

 
Figure 392: an example of Majorana fermion encoded with 6 MZM connected to topological superconductor nanowires, aka 

“hexons”. Source: Scalable Designs for Quasiparticle-Poisoning-Protected Topological Quantum Computation with Majorana Zero 
Modes by Torsten Karzig, June 2017 (34 pages). Added in 2023. 

• Two-qubit quantum gates like a regular CNOT are created with combinations of single Pauli X 

and Z measurement with XX and ZZ joint measurement between qubits as shown in Figure 

3931556. A T or Toffoli gate in the non-Clifford gates group must be created to achieve universality. 

 
Figure 393: an explanation of the complicated way to implement a CNOT entanglement gate with Majorana fermions. Source: 

Optimization of the surface code design for Majorana-based qubits by Rui Chao, Michael E. Beverland, Nicolas Delfosse and 
Jeongwan Haah, Microsoft and USC, October 2020 (19 pages). Added in 2023. 

• Qubit readout can use projective measurement using charge sensing1557. It can use cryoCMOS 

chip operating a low temperature (3K) as tested by Microsoft in Australia with the capability to 

support up to 1,000 qubits. You can measure only half the qubits at a given time. 

 

1556 Microsoft patented such a CNOT gate, in Quantum computing methods and devices for majorana tetron qubits, USPTO patent US 

2018 / 0052806 A1 filed on August 31, 2016 by Microsoft Technology Licensing (14 pages). 

1557 See Readout of Majorana Qubits by Jacob F. Steiner and Felix von Oppen, Freie Universität Berlin April 2020 (28 pages). 
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https://arxiv.org/abs/1610.05289
https://arxiv.org/abs/1610.05289
https://arxiv.org/abs/2007.00307
https://patentimages.storage.googleapis.com/6e/e6/47/c3b465386b1acd/US20180052806A1.pdf
https://arxiv.org/abs/2004.02124
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• Error correction. Majorana have embedded error correction enabling them to potentially reach 

gate fidelities in the 10-6 error zone according to Microsoft. Still, some error correction codes are 

required to create logical qubits with smaller error rates, in the FTQC regime, but also to imple-

ment non-Clifford quantum gates which are not native with Majorana fermions. The planned 

quantum error correction codes are Floquet codes, a variant of surface codes, and then, LDPC 

codes. All of this being implemented in a fault-tolerant manner, which adds its own overhead. 

Particularly with the magic state distillation required to correct T gates. 

Research 

On top of the above-mentioned labs, different physics laboratories are working on topological qubits, 

notably in the USA, China, Germany1558, the UK, the Netherlands, Denmark, Australia1559, Japan1560 
1561, Finland1562 and also in France. 

Maryland1563 , Caltech1564 , Wisconsin Madison1565  and Purdue1566  Universities also have teams 

working on topological quantum computing and/or Majorana fermions, the two later working with 

Microsoft Research. It is also the case of the Quantum Science Center (QSC) from the DoE ORNL 

as well as the Sandia Labs1567 1568. The KouBit Lab from the University of Illinois and led by Angela 

Kou also investigate topologically protected superconducting qubits as well as a team led by Javad 

Shabani at the New York University. Researchers from Cambridge University are proposing to 

create NISQ QPUs with topological qubits1569. 

Even IBM is working on Majorana fermions. In 2022, an IBM Research team published a paper 

showing how they could simulate Majorana Zero Modes (MZM), Majorana Pi Modes (MPM) and 

 

1558 See Majorana Zero Modes in Fermionic Wires coupled by Aharonov-Bohm Cages by Niklas Tausendpfund et al, University of 

Cologne, August-September 2022 (16 pages). Theory without experiment. 

1559 See Many-body Majorana braiding without an exponential Hilbert space by Eric Mascot et al, University of Melbourne and Uni-

versity of Illinois, March 2023 (7 pages). Simulation. 

1560 See the tutorial Majorana nanowires for topological quantum computation by Pasquale Marra, University of Tokyo, June 2022- 

December 2022 (58 pages). 

1561 See Topological quantum gates and topological entangled states by braiding Majorana fermions by Motohiko Ezawa, University 

of Tokyo, April 2023 (15 pages). 

1562 See Ultra-thin designer materials unlock quantum phenomena, Aalto University, December 2020 and Topological superconductiv-

ity in a van der Waals heterostructure by Shawulienu Kezilebieke et al, March 2021 (27 pages). 

1563 See On-demand large conductance in trivial zero-bias tunneling peaks in Majorana nanowires by Haining Pan and Sankar Das 

Sarma, University of Maryland, March 2022 (8 pages) and Euler-obstructed Cooper pairing: Nodal superconductivity and hinge Ma-

jorana zero modes by Jiabin Yu, Yu-An Chen and Sankar Das Sarma, University of Maryland, Physical Review B, March 2022 (47 

pages). 

1564 See Dephasing and leakage dynamics of noisy Majorana-based qubits: Topological versus Andreev by Ryan V. Mishmash, Bela 

Bauer, Felix von Oppen and Jason Alicea, November 2019 (22 pages). 

1565 See Realizing Majorana zero modes in magnetic field-free InAs-Al nanowires with fewer growth constraints by Benjamin D Woods 

and Mark Friesen, University of Wisconsin-Madison, April 2023 (13 pages). 

1566 See Ternary Logic Design in Topological Quantum Computing by Muhammad Ilyas et al, Purdue and Portland Universities, April 

2022 (53 pages). 

1567 See Logical Majorana fermions for fault-tolerant quantum simulation by Andrew J. Landahl et al, Sandia Labs and University of 

New Mexico, October 2021-February 2023 (23 pages). 

1568 See Ultra-High-Precision Detection of Single Microwave Photons based on a Hybrid System between Majorana Zero Mode and a 

Quantum Dot by Eric Chatterjee et al, DoE Sandia Labs, January 2023 (19 pages) which is about the use of MZM to detect single 

photons. 

1569 See A proposal to demonstrate non-abelian anyons on a NISQ device by Jovan Jovanović et al, University of Cambridge, June-

July 2023 (43 pages). 

https://arxiv.org/abs/2208.09382
https://arxiv.org/abs/2303.00761
https://arxiv.org/abs/2206.14828
https://arxiv.org/abs/2304.06260
https://www.sciencedaily.com/releases/2020/12/201217135338.htm
https://arxiv.org/abs/2002.02141
https://arxiv.org/abs/2002.02141
https://arxiv.org/abs/2110.07536
https://arxiv.org/pdf/2109.02685.pdf
https://arxiv.org/pdf/2109.02685.pdf
https://arxiv.org/pdf/1911.02582.pdf
https://arxiv.org/abs/2304.07286
https://arxiv.org/abs/2204.01000
https://arxiv.org/abs/2110.10280
https://arxiv.org/abs/2206.06521
https://arxiv.org/abs/2206.06521
https://arxiv.org/abs/2306.13129
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Majorana braiding on 27-qubits quantum computers1570. A large Google AI team did a similar exper-

iment with 47 qubits from its Sycamore processor and simulating Majorana Edge Modes1571. A team 

led by the Flatiron Institute emulated MZM on ten trapped ions of ytterbium1572. 

Teams in Finland and Russia also work on topological qubits1573. 

Research on topological qubits still goes on at TU Delft with some recent work on the way to stabilize 

entanglement of topological qubits1574. 

In France, a team at the CEA-IRIG in Grenoble (Julia Meyer, Moïra Hocevar, Edith Bellet-Amalric), 

Pierre Mallet of CNRS Institut Néel in Grenoble, Hugues Pothier at the CEA in Saclay and Pascal 

Simon at the LPS in Orsay1575 do work on Majorana fermions and on various topological matter, 

particularly on Andreev's states, the linked states and the physics of weak links, different areas that 

remain to be explored in these lines. Some of these researchers are conducting joint projects with TU 

Delft. Marko J. Rančić from TotalEnergies is also exploring the field with generating MZM out of 

noisy qubits1576. 

 
Figure 394: pros and cons of Majorana fermions and topological qubits. (cc) Olivier Ezratty, 2022-2023. 

Majorana zero modes (MZMs) were also found by researchers in China in 2022 with iron-based 

superconductors showcasing topological vertices1577 1578 1579. In February 2020, John Preskill (father 

of the notions of quantum supremacy and NISQ) predicted that by 2030, we will be able to 

 

1570 See Observing and braiding topological Majorana modes on programmable quantum simulators by Nikhil Harle et al, Yale Uni-

versity, MIT & IBM Research, March 2022 (14 pages). Tested with 27-qubit superconducting systems. 

1571 See Noise-resilient Majorana Edge Modes on a Chain of Superconducting Qubits by Xiao Mi et many al, Google AI, April 2022 

(24 pages). 

1572 See Dynamical topological phase realized in a trapped-ion quantum simulator by Philipp T. Dumitrescu et al, Nature, Flatiron 

Institute, July 2021-July 2022 (18 pages). 

1573 See Half-quantum vortices and walls bounded by strings in the polar-distorted phases of topological superfluid 3He by J.T. Makinen, 

G.E. Volovik et al, 2018 (17 pages). 

1574 See Topological Entanglement Stabilization in Superconducting Quantum Circuits by Guliuxin Jin and Eliska Greplova, TU Delft, 

May 2022 (10 pages). 

1575 See Pascal Simon’s presentation Majorana zero modes around skyrmionics textures, 2021 (75 slides). 

1576 See Exactly solving the Kitaev chain and generating Majorana-zero-modes out of noisy qubits by Marko J. Rančić, TotalEnergies, 

August-November 2022 (16 pages). 

1577 See Ordered and tunable Majorana-zero-mode lattice in naturally strained LiFeAs by Meng Li et al, Nature, May 2022 (38 pages). 

1578 See also Topologically protected quantum entanglement emitters by Jianwei Wang et al, February 2022 (10 pages) which deals 

with topologically protected matter although not formally a Majorana fermion 

1579 See Dynamics simulation of braiding two Majorana-zero-modes via a quantum dot by Luting Xu et al, Tianjin University, China, 

April 2023 (6 pages). 

• topological qubits programming is different and 
requires an additional software layer.

• rather few laboratories involved in this path.

• no startup was launched in this field. Microsoft 
is the only potential vendor. IBM is investigating
the field in Zurich.

• works at low cryogenic temperatures like 
superconducting qubits < 20mK.

• no Majorana fermion qubit demonstrated yet.

• theorically very stable qubits with low
level of required error correction.

• long coherence time and gates speed 
enabling processing complex and deep
algorithms.

• potential qubits scalability, built with
technologies close to electron spin qubits.

• some researches in the topological matter
field could be fruitful with no Majorana
fermions.
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https://arxiv.org/abs/2203.15083
https://arxiv.org/abs/2204.11372
https://www.nature.com/articles/s41586-022-04853-4
https://arxiv.org/pdf/1807.04328.pdf
https://arxiv.org/abs/2205.09100
https://equipes2.lps.u-psud.fr/wp-content/uploads/2021/12/Colloque_Krakow.pdf
https://arxiv.org/abs/2108.07235
https://arxiv.org/abs/2206.04512
https://assets.researchsquare.com/files/rs-640328/v1_covered.pdf?c=1646852472
https://arxiv.org/abs/2304.04270
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demonstrate two entangled topological qubits, against Jonathan Dowling (a photonicist) who did not 

believe it could be created! The object of this symbolic bet? A good beer and a pizza! Jonathan 

Dowling died in Summer 2020 and will therefore not be able to see if he won or lost his bet in 2030. 

By the way, we cover in this part only the physical topological qubits like Majorana fermions not the 

topological error correction codes implemented with other types of qubits like superconducting qubits. 

Vendors 

 
Microsoft Research has investigating topological quantum computing and Ma-

jorana fermions for quite a few years but has not shown any prototype. 

The company is making a bet there, up to saying that “if they fail, everybody will also fail in quantum 

computing”. While being a little arrogant and a very risky bet, it would bring lots of strategic ad-

vantages if it worked! Indeed, Majorana qubits would be much more reliable and generate fewer 

errors, with the implication that we could avoid using some of the classical quantum error correction 

codes that are implemented with other types of qubits1580. 

A Fields Medal in 1986 for his work on the Poincaré conjecture, Fields Medal winner Michael Freed-

man joined Microsoft in 1997, coming from the University of Santa Barbara. He demonstrated with 

Alexei Kitaev the possibility of implementing quantum computing with a hypothetical particle, the 

Majorana fermion, conceptualized in 1937 by Ettore Majorana1581. This fermion is a strange particle, 

whose charge and energy are zero and which is its own antiparticle. Freedman and Kitaev were hired 

by Microsoft Research. Created by Michael Freedman, Microsoft Quantum Santa Barbara (Station 

Q) is located on the campus of the UCSB (University of California Santa Barbara). They were com-

plemented by Leo Kouwenhoven’s team based in Microsoft’s Delft Lab in the Netherlands and with 

Charles Marcus from the Niels Bohr Institute who also joined Microsoft Research. They both left 

Microsoft in 2022 and 2021. Microsoft also collaborates with Purdue University in Indiana, where 

its dedicated research team Microsoft Quantum Purdue works on III-V superconductors. 

Majorana fermions are strange behaviors of electrons and their spin that are found at both ends of 

superconducting wires. They operate at very low temperatures, as for superconducting and silicon-

based qubits, at about 15-20 mK1582. 

Seen up close, these qubits are sophisticated variants of superconducting qubits (Figure 395). These 

"topological" mesh associations provide protection against qubit decoherence because the shape of 

the braids does not matter as long as their topology is stable (Figure 396). 

Microsoft announced at the Build conference in May 2018 that they would release their first fermion-

based quantum computer from Majorana in 20231583. After Leo Kouwenhoven’s 2017 paper with-

drawal in 2021, this planning seems somewhat challenging1584. But let’s not count Microsoft out of 

the game too rapidly. All discoveries have their ups and downs. 

 

1580 Here are a few examples on how Microsoft communicated on Majorana fermions when they started being vocal about it: Microsoft 

Ready to Build a Quantum Computer by Juliette Raynal, 2016, A Software Design Architecture and Domain-Specific Language for 

Quantum Computing, 2014 (14 pages), Quantum Computing at Microsoft (56 slides) and Quantum Computing Research at Microsoft 

(59 slides) by Dave Wecker and A short introduction to topological quantum computation by Ville Lahtinen and Jiannis Pachos, 2017, 

(43 pages). And some videos: keynote of November 2017 with Leo Kouwenhoven (43 mn), Build conference of May 2018 on Q# 

(1h15mn) and Majorana qubits by Xiao Hu, in May 2017 (22 mn). 

1581 See Topological Quantum Computation by Michael H. Freedman, Alexei Kitaev, Michael J. Larsen and Zhenghan Wang, 2002-

2009 (12 pages). 

1582 See Majorana Qubits by Fabian Hassler, 2014 (21 pages). 

1583 See this video ad: Introducing Quantum Impact (Ep. 0), February 2020 (4 minutes). 

1584 See Topological quantum computing for beginners, by John Preskill (55 slides). 

https://www.industrie-techno.com/article/microsoft-pret-a-batir-un-ordinateur-quantique.46719
https://www.industrie-techno.com/article/microsoft-pret-a-batir-un-ordinateur-quantique.46719
https://www.microsoft.com/en-us/research/wp-content/uploads/2016/02/1402.4467.pdf
https://www.microsoft.com/en-us/research/wp-content/uploads/2016/02/1402.4467.pdf
https://www.aps.org/units/fiap/meetings/conference/upload/1-5-Wecker-Quantum-Computing.pdf
http://www.hpcuserforum.com/presentations/boston2013/QuantumComputingMicrosoft.pdf
http://www.hpcuserforum.com/presentations/boston2013/QuantumComputingMicrosoft.pdf
https://www.microsoft.com/en-us/quantum/default.aspx
https://www.youtube.com/watch?v=70Z-UUPjYY4
https://www.youtube.com/watch?v=S_ZGWmyPp7g
https://www.youtube.com/watch?v=gpwRs-_vvhY
https://arxiv.org/pdf/quant-ph/0101025.pdf
https://arxiv.org/abs/1404.0897
https://www.youtube.com/watch?v=ba88EwG5b0Q
https://www.on.kitp.ucsb.edu/online/exotic_c04/preskill/pdf/Preskill.pdf
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If a failure meant stop all research, Thomas Edison would not have discovered the light bulb and 

many vaccines and cancer treatments wouldn’t see the light of day! 

 
Figure 395: typical combination of a topological and a 

superconducting qubit. Source: Majorana Qubits by Fabian 
Hassler, 2014 (21 pages). 

 

Figure 396: how braiding is sequenced during topological computing. 
Source: Topological quantum computing for beginners, by John Preskill 

(55 slides). 

In 2022, as Kouwenhoven was leaving Microsoft, the company published some new results related 

to Majorana fermions and scalable quantum computing. It dealt with the observation of a 30 μeV 

topological gap in indium arsenide-aluminum heterostructures. But it seemed that this topological 

qubit was only digitally simulated and not implemented practically1585. Just before, in February 2022, 

another Microsoft team published a paper related to a quantum error correction code (planar Floquet 

code) that was suitable for topological qubits and with a very high threshold exceeding 1% (meaning, 

qubits with 1% error rates are sufficient to implement error correction which seems a very high error-

rate compared to what would be needed with superconducting qubits and surface codes, that require 

errors way below 0.1%)1586. 

Between November 2022 and June 2023, Microsoft upped again the ante with publishing a paper on 

the discovery of Majorana zero modes (MZM), discussing a lot about the TGP protocol used to detect 

a topological phase1587 1588 1589 1590 (Figure 397). But again and again, the results were contested. This 

paper was actually first submitted to PRX Quantum and rejected by their referees. The paper was then 

submitted it to PRA with different referees who accepted it although, with some reserves on the lack 

of experimental data1591 1592. It smells fishy at first glance! 

 

1585 See In a historic milestone, Azure Quantum demonstrates formerly elusive physics needed to build scalable topological qubits by 

Jennifer Langston, March 2022, Microsoft has demonstrated the underlying physics required to create a new kind of qubit by Chetan 

Nayak, March 2022, based on Protocol to identify a topological superconducting phase in a three-terminal device by Dmitry Pikulin et 

al, March 2021 (28 pages). 

1586 See Performance of planar Floquet codes with Majorana-based qubits by Adam Paetznick, Nicolas Delfosse et al, February 2022 

(20 pages). 

1587 See InAs-Al Hybrid Devices Passing the Topological Gap Protocol by Morteza Aghaee et al, PRB, July 2022-June 2023 (54 pages). 

1588 See Microsoft’s quantum machine: New data available today by Chetan Nayak, Microsoft, November 2022. 

1589 See the webinar Why and what is the future of the topological qubit? by Chetan Nayak, Microsoft, November 2022. Microsoft 

announced that its Majorana Zero Mode qubits could have fidelities in the 6-nines range, meaning errors around 10-6. 

1590 See Microsoft says its weird new particle could improve quantum computers by Karmela Padavic-Callaghan, New Scientist, June 

2023. 

1591 See Editorial: Transparency in Physical Review Articles, Randall D. Kamien et al, June 2023. 

1592 Sergei Frolov tweet explaining that “Physical review editors are lying. They manipulated peer review to go around our comments. 

1 year ago PRX reached out to @VincentMourik and got a full run down on this paper. It got Rejected. Then PRB took it... But it is 

the same editors!”. 

https://arxiv.org/abs/1404.0897
https://www.on.kitp.ucsb.edu/online/exotic_c04/preskill/pdf/Preskill.pdf
https://news.microsoft.com/innovation-stories/azure-quantum-majorana-topological-qubit/
https://www.microsoft.com/en-us/research/blog/microsoft-has-demonstrated-the-underlying-physics-required-to-create-a-new-kind-of-qubit/
https://arxiv.org/abs/2103.12217
https://arxiv.org/abs/2202.11829
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.107.245423
https://cloudblogs.microsoft.com/quantum/2022/11/17/microsofts-quantum-machine-new-data-available-today/
https://msazurequantum.eventbuilder.com/event/68272/recording
https://www.newscientist.com/article/2378782-microsoft-says-its-weird-new-particle-could-improve-quantum-computers/
https://journals.aps.org/prb/pdf/10.1103/PhysRevB.107.210001
https://twitter.com/spinespresso/status/1671558089382957056
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Figure 397: Microsoft’s latest iteration of a MZM, published in 2023. Source: InAs-Al Hybrid Devices Passing the Topological Gap 

Protocol by Morteza Aghaee et al, PRB, July 2022-June 2023 (54 pages). 

Overall, these Microsoft’s research results have a very low TRLs have not been successful so far. We 

have for example no idea about the number of physical or logical qubits that they could implement, 

and how these are driven from the control and readout standpoint. 

Microsoft obviously also invested on software development, first with its Liquid platform, then with 

F# for scripting and with the Q# language used for quantum programming, launched at the end of 

2017. One of the contributors to these efforts is researcher Krysta Svore from Columbia University. 

In 2018, Microsoft recruited a certain Helmut Katzgraber, one of the apostles of D-Wave quantum 

annealing and MBQC (measurement-based quantum computers)1593. 

 
Quoherent (2021, USA, 6.2M) wants to create a portable quantum computer 

using topological insulators, and operating at room temperature. 

Their CTO is David Carroll, a quantum materials physicist and the Director of the Center for Nano-

technology and Molecular Materials at Wake Forest University in North Carolina. The startup which 

is based in Alabama has not released any public roadmap. 

 
Nokia's Bell Labs in the USA, located in Murray Hill, New Jersey, work or 

worked on topological qubits1594. 

Nokia also supports Oxford University's Quopal initiative on the use of quantum in machine learning. 

Nokia likes to remind us that Grover and Shor's algorithms were discovered by their creators when 

they worked at the Bell Labs. Nokia is also working on quantum cryptography, at least at the level of 

its transport on optical fibers, as demonstrated by this partnership with SK Telecom of 2017. 

 

There is even a private research company, Quantum Gravity Research (2009, USA) with an over-

arching goal to create a unified physics theory encompassing gravity and quantum physics that also 

undertakes research in topological computing1595. 

 

1593 See Quantum Driven Classical Optimizations, August 2018 (28 min video). 

1594 See Quantum computing using novel topological qubits at Nokia Bell Labs published in 2017, which describes their approach with 

topological qubits. 

1595 See Exploiting Anyonic Behavior of Quasicrystals for Topological Quantum Computing by Marcelo Amaral et al, Quantum Gravity 

Research, July 2022 (20 pages). 

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.107.245423
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.107.245423
http://quopal.com/
https://www.telecomasia.net/content/sk-telecom-nokia-team-quantum-cryptography
https://www.youtube.com/watch?v=Xk4iaT-2ITc
https://media.nature.com/full/nature-cms/uploads/ckeditor/attachments/7475/quantum-computing.pdf
https://media.nature.com/full/nature-cms/uploads/ckeditor/attachments/7475/quantum-computing.pdf
https://arxiv.org/abs/2207.08928
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The organization created by Klee Irwin employs about 20 researchers like Fang Fang, Raymond 

Aschheim, Marcelo Amaral, Dugan Hammock, Richard Clawson and Michel Planat. They envision 

“a specific substructure of spacetime at the smallest scale, so that in this view physical reality is like 

a mosaic tiling language of Planck scale, 3-dimensional, tetrahedron-shaped pixels”. Let’s say it is 

quite difficult to fact-check these sorts of claims and their practicality! 

Trapped ions qubits 

Trapped ions are positively ionized atoms that are trapped by electrodes and sometimes also magneti-

cally in a confined space and placed next to each other. The atoms are generally alkaline metals from 

the second column of Mendeleev's table (called "Group IIA" in Mendeleev's notation or group 2 in 

the modern notation, with beryllium, magnesium, calcium, strontium, barium), then as ytterbium 

which is a rare earth in the lanthanide family, and finally, quite rarely, metals of group IIB or 12 (zinc, 

cadmium, mercury) 1596. 

History 

Before the very notion of a qubit even existed, scientists tried to control ions in space. Wolfgang Paul 

created in 1953 a way to control ions with a mass spectrometer avoiding the use of a magnetic field, 

named the “Paul trap”. He got the Nobel prize in Physics in 1989. Later, in 1959, Frans Penning and 

Hans Dehmelt were able to control individual electrons with a magnetron trap that was later named 

the “Penning trap”. Penning traps are still being studied, particularly in their 2D variant. 

In the USA, David Wineland from NIST created the laser cooling technique starting in 1979, using 

Doppler effect with magnesium ions. He got the Nobel prize in physics in 2012 along with Serge 

Haroche. In 1989, he used the technique to cool ions at their zero-point energy of motion with the 

sideband cooling technique that goes farther than Doppler cooling1597. 

Juan Ignacio Cirac and Peter Zoller from the University of Innsbruck in Austria proposed in 1995 

a blueprint to create a gate-based quantum processor with a linear trap of ions controlled by laser 

beams1598. They initiated a long-lasting experience in the field at Innsbruck, which led to the creation 

of the startup AQT in 2017. 

Science 

Here are some specifics of trapped ions qubits… (Figure 398). 

Why ions? The interest of exploiting ions is to allow to trap them magnetically or with electrodes. It 

is also possible to couple them at long distance, of the order of several tens of microns. It can also be 

hybridized with several ion types mixed together, like calcium and strontium, to get their related 

benefit such as fast gates for calcium and stability for strontium1599. The used elements have several 

common characteristics related to their electron layer configuration such as excitation levels from the 

ground state that are of short duration and allow their use for atoms cooling with laser and the Doppler 

effect. The energy state corresponding to the |0⟩ and the excited energy level corresponding to |1⟩ 
state are both stable over time, which facilitates the implementation of quantum gate operations. 

 

1596 See this interesting perspective on trapped ions qubits in Introduction to Trapped Ion Quantum Computing by Gabriel Mintzer from 

MIT, February 2020. 

1597 It is too complex to describe the Doppler cooling limit and how sideband cooling works. See Laser cooling of trapped ions by 

Jürgen Eschner, Giovanna Morigi, Ferdinand Schmidt-Kaler and Rainer Blatt, 2003 (13 pages) which describes various ions cooling 

techniques. 

1598 See Trapped Ion Quantum Computing: Progress and Challenges by Colin Bruzewicz et al from MIT, April 2019 (56 pages). This 

is a very well-documented state-of-the-art review of trapped ion technology. And the founding article Quantum Computations with 

Cold Trapped Ions by Juan Ignacio Cirac and Peter Zoller, 1995 (4 pages). 

1599 See Benchmarking a high-fidelity mixed-species entangling gate by A. C. Hughes et al, Oxford University, August 2020 (7 pages). 

https://medium.com/mit-6-s089-intro-to-quantum-computing/introduction-to-trapped-ion-quantum-computing-59a1debc9f9c
https://www.quantumoptics.at/images/publications/papers/josab03_eschner.pdf
https://arxiv.org/abs/1904.04178
http://iontrap.umd.edu/wp-content/uploads/2013/10/Quantum-computations-with-cold-trapped-ions.pdf
http://iontrap.umd.edu/wp-content/uploads/2013/10/Quantum-computations-with-cold-trapped-ions.pdf
https://arxiv.org/pdf/2004.08162.pdf


Understanding Quantum Technologies 2023 - Quantum computing hardware / Trapped ions qubits - 465 

Long coherence time. Trapped ions usually have a rather long coherence time of up to several tens 

of seconds. Although gate times are long, the ratio between coherence time and gate time is currently 

quite good at up to 106, while it is at 103 for superconducting qubits and about 200 for cold atoms 

qubits. 

 
Figure 398: pros and cons of trapped ions qubits. (cc) Olivier Ezratty, 2022-2023. 

Qubit fidelities. Trapped ions show a low error rate with up to single-qubit 99.99987% and two-qubit 

gates 99.94% fidelity (Figure 399). The table below illustrates these fidelities depending on the quan-

tum gate implementation and used ions. This and long coherence time make it possible to theoretically 

execute "deep algorithms” with a large number of quantum gates and to obtain a good quantum vol-

ume, to use IBM’s terminology. However, this error rate seems to increase with the number of qubits, 

at least in 1D architectures like the one from IonQ. 

There’s a tendency with trapped ions vendors like IonQ and Quantinuum to measure qubit fidelities 

with the SPAM method which encompasses the whole process from state preparation to measurement. 

In March 2022, IonQ tested its new barium ions and improved fidelities with a record 99.96% SPAM 

fidelity. Quantinuum reached simultaneously a SPAM fidelity of 99.9904% also with barium ions1600, 

which is clearly best-in-class in the qubit world. 

 
Figure 399: some trapped ions fidelities obtained with different atoms. Data is a little old but since it is coming from research labs, 

it is not far from what is obtained in 2023 by commercial vendors like IonQ and Quantinuum. 
Source: lecture 1 on trapped ions, Hélène Perrin, February 2020 (77 slides). 

 

1600 See High fidelity state preparation and measurement of ion hyperfine qubits with I>1/2 by Fangzhao Alex An et al, March 2022 (5 

pages). 

• unproven scalability options 
beyond 50 qubits (ions 
shuttling, 2D architectures, 
photon interconnect, micro-
Penning traps).

• two-qubit gate times 
increasing with ion distance 
in 1D and 2D settings.

• relatively slow computing 
due to long quantum gate 
times which may be 
problematic for deep 
algorithms.

• identical ions => no calibration required like with
superconducting/electron spin qubits.

• good qubits stability.

• excellent qubit gate fidelities and high ratio between
coherence time and gate time => supports deep algorihms
in number of gate cycles.

• entanglement possible between all qubits on 1D 
architecture which speeds up computing, avoiding SWAP 
gates.

• requires some cryogeny at 4K to 10K => simpler.

• easy to entangle ions with photons for long distance 
communications.
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http://www-lpl.univ-paris13.fr/bec/bec/Teaching/chapter1slides.pdf
https://arxiv.org/abs/2203.01920
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Connectivity. Trapped ions qubits can all be entangled with each other with using phonons, but it 

depends on how they are distributed in space1601. This simplifies the implementation of many algo-

rithms, avoiding the usage of costly SWAP gates to connect distant qubits. The shortcoming is that it 

doesn’t scale well. The larger the number of qubits, the slower the two-qubit gates will be and the 

lesser quality they will have. One alternative is to use Rydberg states for two-qubit gates at the ex-

pense of a nearest neighbor connectivity instead of one-to-many connectivity. Ion shuttling is another 

option to scale the number of qubits, at the expense of circuit execution times. 

Calibration. Since these qubits are atoms, they are identical and do not require (much) calibration 

adjustments like with superconducting qubits whose physical properties vary from one qubit to an-

other depending on their materials and manufacturing. Still, qubit transition frequency can vary across 

the device, for example due to radiofrequency magnetic fields. 

Ion variations. There are five main variations of trapped ions being used, depending on the energy 

transitions applied to manage the two states of a qubit1602. Each of these modes correspond to different 

transition frequencies: 

• Zeeman qubits use electromagnetic waves of a few MHz with magnetic field control. They are 

very sensitive to it but allow to have qubits with a very low error rate once this field is well 

controlled1603. Raman based control of these types of qubits is possible1604. 

• Hyperfine structure qubits use microwaves of a few GHz and laser-based Raman transitions1605. 

This works with ions having a non-zero spin nucleus. The other cases concern ions with zero spin 

nuclei, i.e., those whose proton and neutron numbers are both even. This explains why some ele-

ments such as calcium are sometimes used in several of these categories, with different isotopes 

such as 40Ca+ in optical qubits and 43Ca+ in qubits of hyperfine structure. The number of neutrons 

in these ions changes the spin of the nucleus of atoms and its hyperfine energy states. In this 

category, IonQ and Quantinuum are using hyperfine structure qubits driven by lasers and Oxford 

Ionics is using microwave gates. 

• Fine structure qubits use submillimeter waves of a few THz. These are exotic qubits not used 

in the commercial world. 

• Optical qubits use photons of a few hundred THz. AQT is using this type of qubits. 

• Rydberg qubits use so-called Rydberg energy states controlled by VUV ultraviolet rays (vacuum 

ultraviolet, not transmitted in air, needs vacuum), with wavelengths under 122 nm1606 or at about 

243 nm which propagates well in air. It is used by the new startup Crystal Quantum Computing 

(France), the leading scheme coming from the group of Markus Hennrich from Stockholm Uni-

versity1607. 

 

1601 See Benchmarking an 11-qubit quantum computer by Christopher Monroe et al, March 2019 (8 pages). 

1602 See Ion traps you never knew existed by M. Malinowski, February 2022 which makes an interesting inventory of trapped ions 

settings. 

1603 See Comparing Zeeman qubits to hyperfine qubits in the context of the surface code: 174Yb+ and 171Yb+ by Natalie Brown, April 

2018 (7 pages). 

1604 See Fault-Tolerant Parity Readout on a Shuttling-Based Trapped-Ion Quantum Computer by J. Hilder, et al, PRX, February 2022 

(16 pages). 

1605 See Controlling Qubits With Microwave Pulses Reduces Quantum Computer Error Rates, Increases Efficiency by Matt Swayne, 

2020, which references Robust and resource-efficient microwave near-field entangling 9Be+ gate by G. Zarantonello, November 2019 

(6 pages). See glossary for Raman transition. 

1606 See for example Speeding-up quantum computing using giant atomic ions by Stockholm University, April 2020. 

1607 See Sub-microsecond entangling gate between trapped ions via Rydberg interaction by Chi Zhang, Markus Hennrich et al, Stock-

holm University, August 2019 (23 pages). 

https://arxiv.org/abs/1903.08181
https://arxiv.org/abs/1803.02545
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011032
https://thequantumdaily.com/2020/01/15/controlling-qubits-with-microwave-pulses-reduces-quantum-computer-error-rates-increases-efficiency/
https://arxiv.org/abs/1911.03954
https://phys.org/news/2020-04-speeding-up-quantum-giant-atomic-ions.html
https://arxiv.org/abs/1908.11284
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Figure 400: various types of trapped ions and their respective energy transitions. 

Source: Trapped Ion Quantum Computing: Progress and Challenges by Colin Bruzewicz et al from MIT, April 2019 (56 pages). 

Figure 400 contains a description of these variants based on ion energy levels and transitions. On the 

left, a generic structure of ion energy levels with the transitions allowing the change of qubit state 

and those used to prepare the qubit state or to read it. These charts showing atoms electronics energy 

transitions including fine and hyperfine transitions are called Grotrian diagrams. In the middle and 

on the right, the different energy transitions used to define the |0⟩ and |1⟩ of the qubit. The height 

between the two levels characterizes the energy level that separates these two states. The higher it is, 

the higher the frequency used to modify the qubit state, going from radio waves of a few MHz to 

extreme ultraviolet in the case of Rydberg qubits. 

 
Figure 401: proposal for an array of trapped ions. 

Source: Unit cell of a Penning micro-trap quantum processor by Shreyans Jain, Jonathan P. Home et al, August 2023 (10 pages). 

The spatial stabilization of trapped ions is achieved in two main ways with ion traps that allow indi-

vidual control of their position1608: 

 

1608 See many details in Multi-wafer ion traps for scalable quantum information processing by Chiara Decaroli, 2021 (248 pages). 

https://arxiv.org/abs/1904.04178
https://arxiv.org/abs/2308.07672
https://ethz.ch/content/dam/ethz/special-interest/phys/quantum-electronics/tiqi-dam/documents/phd_theses/Thesis_Chiara_Decaroli
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• With a magnetic field and an electric quadrupole: these are the Penning traps, invented in 1959. 

Among other places, they have been tested at the ETH Zurich in Jonathan P. Home’s team and in 

a 2D version which has the advantage of being theoretically scalable1609 1610 (Figure 401). 

• With a variable electric field: these are the Paul traps named after Wolfgang Paul. These traps 

are either linear in 1D structure (in Figure 402 in (f)) or flattened to create 2D structures1611. They 

are the most often used. The flat version is used by Quantinuum and IonQ. 

 
Figure 402: the various ways to trap ions. RF Paul trap geometries with (a) RF trapping basic concept with quadrupolar fields oscillating at 

an RF frequency produced by parabolic electrodes. (b) The simplest cylindrically symmetric version of the basic RF trap. (c) The simplest 
translationally symmetric version of the basic RF trap. (d,e) Topologically equivalent deformations of the geometry shown in (b). (f) 

Topologically equivalent deformations of the geometry shown in (c) with additional endcap electrodes added to form a four-rod, linear trap. 
(g) The four-rod trap in (f) may be deformed such that all electrodes reside in a single plane, forming a linear “surface-electrode trap.” (h) A 

subset of the electrodes in a linear trap [a surface-electrode trap is depicted here, but segmentation may be applied to other linear trap 
geometries, such as that shown in (f) may be segmented to allow trapping in multiple zones, along the axial direction. 

Source: Trapped Ion Quantum Computing: Progress and Challenges by Colin Bruzewicz et al from MIT, April 2019 (56 pages). 

These various traps are implemented with integrated circuits using variations of direct current (static) 

and radio-frequency electrodes to provide ion trapping fields. Then, lasers play several roles to cool 

the ions with the Doppler effect and by sideband cooling to slow down phonons (these are inter-ions 

vibrations, kind of shock waves)1612, to initialize the energy state of the qubits to its ground |0⟩ state, 
to create quantum gates and finally, and for qubits state readout1613. Laser beams can be conveyed 

using wave guides. The ions are usually aligned in rows and separated by about 2 to 5 μm as shown 

in Figure 403 but other settings are proposed in 2D fashion, like what is planned by Quantinuum, 

beyond their racetrack 2023 configuration. 

Temperature. Trapped ions are supposed to operate at room temperature. In practice, they generate 

an annoying heating effect, which is not fully explained at the moment. This may require some cool-

ing between 4K and 10K1614. 

 

1609 See Scalable arrays of micro-Penning traps for quantum computing and simulation by S. Jain, Jonathan P. Home et al, April 2020 

(21 pages). 

1610 See Unit cell of a Penning micro-trap quantum processor by Shreyans Jain, Jonathan P. Home et al, August 2023 (10 pages). 

1611 See Controlling Two-Dimensional Coulomb Crystals of More Than 100 Ions in a Monolithic Radio-Frequency Trap by Dominik 

Kiesenhofer, Christian F. Roos et al, April 2023 (16 pages). 

1612 Ions are controlled in the Lamb-Dicke regime, when ions motion is much smaller than the wavelength of the laser light that is used 

to control it. This allows the manipulation of the ion's quantum states. 

1613 See Quantum information processing with trapped ions by Christian Roos, 2012 (53 slides) on how trapped ion qubits are driven. 

1614 See Closed-cycle, low-vibration 4 K cryostat for ion traps and other applications by P. Micke et al, May 2019 (15 pages) which 

describes a cryostat for ion trapped processors using a pulsed head. 

https://arxiv.org/abs/1904.04178
https://arxiv.org/pdf/1812.06755.pdf
https://arxiv.org/abs/2308.07672
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.020317
https://indico.cern.ch/event/127522/contributions/108744/attachments/83047/118974/Roos_QuantumInformationProcessingWithTrappedIons.pdf
https://aip.scitation.org/doi/full/10.1063/1.5088593
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The interest of such cooling is also to improve the quality of the ultra-high vacuum chamber with 

cryo-pumping, like with cold atoms settings. It also avoids the potential side effects of thermal pho-

tons. Lasers and ions readout imagers may also need some cooling at reasonable temperatures, from 

10K to -35°C depending on the case (Figure 404). Scientific cameras are also thermoelectrically 

cooled at moderate negative temperatures, but not always. Lasers are nowadays usually only passively 

air cooled and their controllers and supplies use fans. 

At last, some ion chips now include integrated detectors like SNSPDs (superconducting nanowire 

single-photon detectors) which are cooled at 4K. Researchers from the University of Innsbruck and 

from ETH Zurich are thinking about making the trapped ion technology "portable", using compact 

cryogenics and requiring more compact lasers1615. 

They are part of the EU-funded PIEDMONS project (E2020). It also involves Infineon Austria1616. 

 
Figure 403: different lines of trapped ions over time. Compilation: Olivier Ezratty. 2020-2023. 

Trapped ions or ion traps? These two namings are used but let’s separate them. Trapped ions are 

two-level quantum objects, aka qubits. Ion traps are the circuits on which these ions are controlled 

electromagnetically. Thus, when referring to a qubit type, I prefer to use the trapped ions naming. 

Use cases. Trapped ions have at least two other use cases: quantum memories, and their integration 

in quantum repeaters for secure quantum telecommunications, including quantum keys distribu-

tion1617.  This involves interactions between trapped ions and photons, using cavities. 

Scale-in. The current record of well controlled trapped ions is around 32. What currently limits scala-

bility is the ions heating rate related to the decoherence on the motional “quantum bus” connecting 

 

1615 See Quantum computers to become portable, August 2019. 

1616 See 2D Linear Trap Array for Quantum Information Processing by Philip C. Holz, Rainer Blatt et al, September 2020 (20 pages). 

1617 See Single-qubit quantum memory exceeding 10-minute coherence time by Ye Wang (Chine), 2017 (6 pages). 
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121 qubits 171Yb+ (quantum simulation), 
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https://phys.org/news/2019-08-quantum-portable.html
https://onlinelibrary.wiley.com/doi/10.1002/qute.202000031
https://arxiv.org/abs/1701.04195
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the qubits together. It grows with the surface and is still not fully understood. One solution are micro 

Penning trap arrays developed by Jonathan Home at ETH Zurich, which gets rid of the RF fields 

confining the ions. Penning traps can control over 100 ions but are not really “useful”. 

 
Figure 404: the 4K cryostat used a while ago by Christopher Monroe’s team at the University of Maryland to trap more  

than a hundred ytterbium ions. It operated a 4.2K SHS pulse tube and a Sumitomo compressor1618. Source: Cryogenic trapped ion 
system for large scale quantum simulation by Christopher Monroe et al, 2018 (17 pages). 

Another avenue is using shuttling ions within various zones in a chip1619 1620. This is the basis of 

rather old research and is still pursued practically by Quantinuum in their future 2D architecture. It 

seems to be a credible approach although being plagued by speed constraints. 

Scale-out. The most common solution consists in connecting ion qubits with entangled photons in 

potentially long distances. This would enable the creation of distributed quantum computing archi-

tectures, a plan devised among others by IonQ to circumvent the scalability limitations of their 

qubits1621. Links of over 400 m were tested by a team of researchers led by Tracy Northup and Ben 

Lanyon from the University of Innsbruck with two calcium ions separated by 230 meters using a 520 

m long optical fiber, to be later expanded to 50 km1622 1623. There is still a long way to go before it 

enables distributed quantum computing. 

 

1618 See the thesis Towards Cryogenic Scalable Quantum Computing with Trapped Ions by Matthias Brandl, 2016 (138 pages) which 

documents very well the overall engineering of a quantum computer based on trapped ions. 

1619 See Building a prototype for the world’s first large-scale quantum computer, 2022, related to Blueprint for a microwave trapped 

ion quantum computer by Bjoern Lekitsch et al, ScienceAdvances, February 2017 (11 pages). It deals with microwave gates using a 

static magnetic field with high fidelities and low crosstalk, a technique proposed by Mintert and Wunderlich in 2001. It adds ions 

transport between trapped ions modules. Laser-based gate control doesn’t scale well due to the way phonons work and also due to the 

complexity of laser beams alignment. They plan to use silicon circuits and X-junction plus on-chip control electronics. Trapping ions 

would require an area of 103.5×103.5 m2 and 23x23 connected vacuum chambers corresponding to the guestimate in 2017 of what was 

needed to factorize an RSA key of 2048 bits. Now, it’s 100 times fewer qubits. It still makes 10.3x10.3 m2 with a power dissipation of 

300W per module, so, with 4 modules now. It is surprisingly low and deserves some recalculation. See also A Shuttle-Efficient Qubit 

Mapper for Trapped Ion Quantum Computers by Suryansh Upadhyay et al, April 2022 (7 pages) which is also pursuing an ion shuttling 

approach. 

1620 See High-Fidelity Transport of Trapped-Ion Qubits in a Multi-Layer Array by Deviprasath Palani, Tobias Schaetz et al, University 

of Freiburg, May 2023 (8 pages). 

1621 See Large Scale Modular Quantum Computer Architecture with Atomic Memory and Photonic Interconnects by Christopher Mon-

roe et al, 2014 (16 pages). 

1622 See Entanglement of Trapped-Ion Qubits Separated by 230 Meters by V. Krutyanskiy, Maria Galli, Nicolas Sangouard, Tracy 

Northup et al, PRL, February 2023 (22 pages). 

1623 See Atom-photon coupling with trapped ions by Tracy Northup, 2022 (40 slides). 

pulse tube SHS SRDK-415D2 
with a Sumitomo F-70L 

compressor

https://iopscience.iop.org/article/10.1088/2058-9565/aae0fe/pdf
https://iopscience.iop.org/article/10.1088/2058-9565/aae0fe/pdf
https://www.quantumoptics.at/images/publications/dissertation/brandl_diss_web.pdf
https://www.sussex.ac.uk/research/explore-our-research/physics-and-astronomy/prototype-first-large-scale-quantum-computer
https://www.science.org/doi/10.1126/sciadv.1601540
https://www.science.org/doi/10.1126/sciadv.1601540
https://arxiv.org/abs/2204.03695
https://arxiv.org/abs/2204.03695
https://arxiv.org/abs/2305.05741
https://arxiv.org/abs/1208.0391
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.050803
https://indico.cern.ch/event/939271/attachments/2101564/3533187/30_2020_VS_PPFS_Northup.pdf


Understanding Quantum Technologies 2023 - Quantum computing hardware / Trapped ions qubits - 471 

The current showstopper seems to be the very low success rate of these photonic entangled Bell pairs 

of about 2.18×10−4 1624 1625. 

Qudits. One other escape route to scalability is to create qudits using ions and several energy levels 

extending the Hilbert computing space. The most recent record is with 13 energy levels obtained with 
137Ba+ ions controlled by four different lasers1626. It was evaluated using SPAM benchmarking (state 

preparation and measurement) with 91.7%±0.3% fidelities. Some work in Russia deals with code 

compilation for qudits1627. 

Instead of qudits, there is also a possibility to encode multiple qubits per ions1628. 

Quantum simulations can also be done with trapped ions, so far, with up to 51 qubits1629. It has also 

been proposed for the simulation of linear vibronic coupling models (LVCMs)1630. But this is not 

available in the commercial domain like with neutral atoms quantum simulations. 

Qubit operations 

The general principle of trapped ion qubits is as follows: 

• Preparation with neutral atoms being first heated in a small heating oven and then ionized and 

cooled by laser beams. Ions are then confined in vacuum in different ways by a magnetic and/or 

electric fields with variants of Paul and Penning traps as seen earlier. Qubits initialization is rely-

ing on electric dipole or quadrupole transitions driven by lasers to set them up at the right energy 

level corresponding to the |0⟩ ground state. All this happens in an ultra-vacuum chamber. 

• Qubit quantum state corresponds to two relatively stable energy levels of the trapped ions that 

are controllable by optical or microwave transitions. 

• Single-qubit quantum gates are activated by microwave, laser or magnetic dipole electric fields. 

These gates are very slow compared to superconducting qubit gates, at around 1 µs. Gates could 

be as fast as 10 ns with hyperfine qubits but with lower fidelities. 

• Two-qubit quantum gates often use lasers beams and exploit the phonon phenomenon that links 

atoms together by vibrations that propagate from one atom to another, which is valid for qubits 

aligned in linear Paul traps1631. It however doesn’t scale well beyond a couple dozen ions. Gates 

are quite slow, at around 15 µ to 1 ms1632. 

 

1624 See High-Rate, High-Fidelity Entanglement of Qubits Across an Elementary Quantum Network by L. J. Stephenson et al, Univer-

sity of Oxford, PRL, 2020 (6 pages). 

1625 See Ion Trap with In-Vacuum High Numerical Aperture Imaging for a Dual-Species Modular Quantum Computer by Allison L. 

Carter, Christopher Monroe et al, UMD, October 2023 (8 pages). 

1626 See Control and Readout of a 13-level Trapped Ion Qudit by Pei Jiang Low et al, University of Waterloo, June 2023 (23 pages). 

1627 See Compiling quantum circuits with qubits embedded in trapped-ion qudits by Anastasiia S. Nikolaeva et al, February 2023 (7 

pages). 

1628 See Polyqubit quantum processing by Wesley C. Campbell and Eric R. Hudson, UCLA, October 2022 (9 pages). 

1629 See Exploring Large-Scale Entanglement in Quantum Simulation by Manoj K. Joshi, Rainer Blatt, Peter Zoller et al, Nature, May-

November 2023 (14 pages). 

1630 See Trapped-ion quantum simulations for condensed-phase chemical dynamics: seeking a quantum advantage by Mingyu Kang et 

al, Duke University, May 2023 (23 pages). 

1631 Photon mediated entanglement was invented in 2004 by Christopher Monroe et al. See Scalable Trapped Ion Quantum Computation 

with a Probabilistic Ion-Photon Mapping by L.-M. Duan, B. B. Blinov, D. L. Moehring and Christopher Monroe, University of Mich-

igan, 2004 (6 pages). 

1632 See Real-time hybrid quantum-classical computations for trapped-ions with Python control-flow by Tobias Schmale et al, March 

2023 (8 pages). 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.110501
https://arxiv.org/abs/2310.07058
https://arxiv.org/abs/2306.03340
https://arxiv.org/abs/2302.02966
https://arxiv.org/abs/2210.15484
https://arxiv.org/abs/2306.00057
https://arxiv.org/abs/2305.03156
https://arxiv.org/abs/quant-ph/0401020
https://arxiv.org/abs/quant-ph/0401020
https://arxiv.org/abs/2303.01282
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• And the two-qubit gate error rate scales polynomially with the number of qubits, as ∼(𝑇/𝑇2)𝑁
𝛼, 

with the gate time T, single-qubit decoherence time T2 and 1 ≤ α ≤ 2, generating the need for 

faster gates and low α coefficient, depending on many implementation parameters1633 1634 1635. 

More scalable variants use microwave fields distributed through the ions supporting circuit1636 or 

efficiently distribute laser beams on nanophotonic circuits1637 1638 or even piezo-optomechanical 

photonic integrated circuits1639. 

• Qubits readout uses the detec-

tion of the ion fluorescence with 

either superconducting photon 

detectors (SNSPDs)1640 or CCD 

image sensors after ions are ex-

cited by a laser1641 (Figure 405). 

The excited ions corresponding 

to the |1⟩ state are visible while 

the unexcited ions correspond-

ing to the and |0⟩ state are not. 

    
Figure 405: examples of image sensors for trapped ions qubits readout with an Oxford 

Instrument Andor iXon Ultra 888 UVB (left) and a Hamamatsu H10682-210 PMT (right). 

Qubit readout could also use NbTiN superconducting nanowire single-photon detectors (SNSPDs) 

employing grounded aluminum mirrors as electrical shielding that are integrated into linear surface-

electrode RF ion traps instead of fluorescence-based camera devices1642. 

Setup 

The typical trapped ions setup contains a ultra-vacuum chamber containing a chip where the ions are 

“floating on”. The ions are prepared in a heater with neutral atoms, with ablation loading using a laser 

pulse on a target or with a MOT (magneto-optical trap) like cold atoms. The chamber is cooled at 

reasonable temperatures of about 4K. 

 

1633 See Assessing the Progress of Trapped-Ion Processors Towards Fault-Tolerant Quantum Computation, PRX, 2017 (41 pages). 

1634 See Fast design and scaling of multi-qubit gates in large-scale trapped-ion quantum computers by Yotam Shapira et al, Weizmann 

Institute, July 2023 (13 pages). 

1635 See Theory of robust multiqubit nonadiabatic gates for trapped ions by Yotam Shapira, Roee Ozeri, Ady Stern et al, PRA, March 

2020 (15 pages). 

1636 Trapped ions single and two qubit gates can be generated with only microwave magnetic fields and radiofrequency magnetic field 

gradients and no lasers. See High-fidelity laser-free universal control of two trapped ion qubits by R. Srinivas et al, February 2021 (40 

pages). 

1637 See Integrated optical addressing of an ion qubit by Karan K. Mehta et al, Nature Nanotechnology, 2016 (8 pages). 

1638 See Integrated optical multi-ion quantum logic by Karan K. Mehta, Jonathan P. Home et al, ETH Zurich, Nature, October 2020 (12 

pages). 

1639 See High-fidelity trapped-ion qubit operations with scalable photonic modulators by C. W. Hogle et al, Sandia Lab, MITRE and 

MIT, npj Quantum Information, July 2023 (6 pages). 

1640 See State Readout of a Trapped Ion Qubit Using a Trap-Integrated Superconducting Photon Detector by S. L. Todaro, David Wine-

land et al, NIST, University of Colorado Boulder, University of Oregon, PRL, 2020 (7 pages). 

1641 See Real-time capable CCD-based individual trapped ion qubit measurement by S. Halama et al, April 2022 (16 pages) which 

compares a fast CCD camera with PMT (photomultiplier tubes) and superconducting nanowire single-photon detectors (SNSPDs). It 

is an Andor iXon Ultra 888 UVB from Oxford Instruments of 1024x1024 pixels and operating at -35°C and 200 frames per seconds 

with reasonable noise. It works in UV light. The reference PMT comparison example is a Hamamatsu H10682-210. 

1642 See Trap-Integrated Superconducting Nanowire Single-Photon Detectors with Improved RF Tolerance for Trapped-Ion Qubit State 

Readout by Benedikt Hampel et al, NIST, February 2023 (6 pages). 

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.041061
https://arxiv.org/abs/2307.09566
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.101.032330
https://arxiv.org/abs/2102.12533
https://www.nature.com/articles/nnano.2016.139
https://arxiv.org/abs/2002.02258
https://www.nature.com/articles/s41534-023-00737-1
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=929700
https://arxiv.org/abs/2204.09112
https://arxiv.org/abs/2302.01462
https://arxiv.org/abs/2302.01462
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Ions are positioned and controlled by DC currents, microwave and laser pulses, thus the associated 

control electronics. Like with cold atoms, an image sensor is involved in the qubit readout using a 

laser-driven fluorescence. All of this can fit into about two standard data-center racks like with AQT 

(Austria)1643 (Figure 406). 

 
Figure 406: generic architecture of a trapped ion quantum computer which fits into a 2-rack system. (cc) Olivier Ezratty, 2022-2023. 

Research 

About a hundred research teams around the world are working on trapped ion qubits in almost every 

country working on quantum technologies (Australia, Austria, Canada, China, Denmark, Finland, 

France, Germany, India, Israel, Japan, the Netherlands, Singapore, Switzerland, UK, USA)1644. 

Rainer Blatt from the University of Innsbruck is one of the pioneers in this field. He created a register 

of 14 addressable qubits in 2011 and increased it to 20 addressable and individually controllable 

qubits in 2018, using calcium ions. Rainer Blatt then cofounded Alpine Quantum Technologies 

(2017, Austria) where he characterized up to 10 high quality trapped ions qubits. In 2021, his team 

also demonstrated the use of trapped ions to create qudits with 3, 5 and 7 levels, potentially opening 

the path for more powerful trapped ion based quantum computing1645. 

Quantum simulation using trapped ions, and an Ising model as with the D-Wave, is also investigated 

by some laboratories such as at ETH Zurich in Jonathan P. Home’s Trapped Ions Quantum Infor-

mation Group (TIQG), the University of Maryland, elsewhere in the USA1646 and also in China1647. 

 

1643 See some architecture aspects of trapped ions qubits in Blueprinting quantum computing systems by Simon J. Devitt, July 2023 

(35 pages). 

1644 There were 98 research laboratories in the world working on trapped ions in 2020. See this table listing them all in List of Ion 

Trapping Groups, February 2020. 

1645 See A universal qudit quantum processor with trapped ions by Martin Ringbauer et al, September 2021 (14 pages). 8 levels for a 

calcium-based trapped ion qubit. 

1646 See Digital Quantum Simulation with Trapped Ions by Kenny Choo and Tan Li Bing, 2016 (29 slides) and Programmable Quantum 

Simulations of Spin Systems with Trapped Ions by Christopher Monroe et al, 2019 (42 pages) and a follow-up with Programmable 

quantum simulations of bosonic systems with trapped ions by Or Katz and Christopher Monroe, July 2022 (7 pages). 

1647 See Probing critical behavior of long-range transverse-field Ising model through quantum Kibble-Zurek mechanism by B.-W. Li 

et al, August 2022 (10 pages). 
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https://arxiv.org/abs/1902.08543
https://arxiv.org/abs/2307.15883
https://quantumoptics.at/images/miscellaneous/IonTrappers.pdf
https://quantumoptics.at/images/miscellaneous/IonTrappers.pdf
https://arxiv.org/pdf/2109.06903.pdf
https://qudev.phys.ethz.ch/static/content/QSIT16/talks/qsit_ions.pdf
https://arxiv.org/pdf/1912.07845.pdf
https://arxiv.org/pdf/1912.07845.pdf
https://arxiv.org/abs/2207.13653
https://arxiv.org/abs/2207.13653
https://arxiv.org/abs/2208.03060
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In May 2020, Wesley Campbell's UCLA team associated with UNSW announced that they had sta-

bilized barium ions (133Ba+) to build quality qubits in a linear trap1648. The quality of these barium 

ions is compared to that of 2,014 qubits with a 10-fold improvement. This quality is evaluated only 

with the SPAM indicator which measures a fidelity on a qubit after preparation, some initialization 

single qubit gates and measurement (SPAM = "state preparation and measurement"). 

Let’s also mention the IQOQI (Aus-

tria, see Rainer Blatt, one of their la-

boratories, Figure 407) and the IQST 

(Germany), and their calcium based 20 

qubits prototype1649 as well as the Ion 

Quantum Technology Group from the 

University of Sussex (UK) that is run 

by Winfried Hensinger and its 10 

qubits prototype, proposing an archi-

tecture design to scale up to 1,000 

qubits through a cluster of quantum 

processors1650 . The group led to the 

creation of the startup Universal 

Quantum (2019, UK). 

 

Figure 407: Rainer Blatt’s lab in Innsbruck. 

In March 2021, the DoE Sandia Labs launched the QSCOUT (Quantum Scientific Computing Open 

User Testbed), a cloud quantum computing resource available to selected researchers from universi-

ties and other government research agencies1651. It is a 171Yt based trapped ions system of 3 qubits 

used for benchmarking and for algorithms development, particularly in computational chemistry. It 

will later be expanded to a 10 and then 32 bits system, by 2023, on par with 2021’s IonQ’s capacity, 

which is using Sandia Labs’ ion traps. At a low-level, this system is programmed with the in-house 

assembly language Jaqal (“Just Another Quantum Assembly Language"). In August 2023, Sandia 

Labs introduced an ion trap capable of controlling up to 200 ions1652. 

The MIT Lincoln Labs works on integrated silicon photonics for the manipulation of ions1653. 

Also, in the USA, a team from Georgia Tech led by Creston Herold and including NIST and DoE 

Oak Ridge’s quantum lab and funded by DARPA is working on rare-earth trapped ion systems using 

the less used Penning traps, that controls the position of the trapped ions with magnetic and electric 

fields, using permanent magnets made of neodymium and samarium cobalt1654. At this point, they 

control 10 trapped ions. 

 

1648 See Physicists develop world's best quantum bits by Stuart Wolpert of UCLA, May 2020 which refers to High-fidelity manipulation 

of a qubit enabled by a manufactured nucleus by Justin Christensen et al, May 2020 (5 pages). First precaution of use: identify the 

author of the article. It happens to be a certain Stuart Wolpert from UCLA, in charge of media relations at the University where the 

published work comes from. So he does the PR for the laboratory and publishes his article on a site where it is possible (Physorg). 

1649 They coauthored Observation of Entangled States of a Fully Controlled 20-Qubit System, April 2018 (20 pages). 

1650 See Blueprint for a microwave trapped ion quantum computer by Winfried Hensinger et al, 2017 (12 pages) and their review paper 

Quantum control methods for robust entanglement of trapped ions by C H Valahu, Winfried Hensinger et al, Journal of Physics B: 

Atomic, Molecular and Optical Physics, 2022 (27 pages). 

1651 See Rare open-access quantum computer now operational, Sandia Labs, March 2021. 

1652 See Bigger and better quantum computers possible with new ion trap, dubbed the Enchilada - Sandia Labs produces its first devices 

capable of supporting 200 trapped ion qubits, Sandia Labs, August 2023. 

1653 See Integrated multi-wavelength control of an ion qubit by Robert J. Niffenegger et al, January 2020-January 2021 (25 pages). 

1654 See DARPA Probing Quantum Computing Capabilities by Meredith Roaten, June 2022 and Universal Control of Ion Qubits in a 

Scalable Microfabricated Planar Trap by Creston D. Herold et al, February 2016 (17 pages). Back in 2016, their single qubit gate 

fidelity was 97% which is far from being stellar for trapped ions. 

https://phys.org/news/2020-05-physicists-world-quantum-bits.html
https://www.nature.com/articles/s41534-020-0265-5
https://www.nature.com/articles/s41534-020-0265-5
https://arxiv.org/pdf/1711.11092.pdf
https://www.researchgate.net/publication/313254175_Blueprint_for_a_microwave_trapped_ion_quantum_computer/download
https://www.sussex.ac.uk/physics/iqt/wp-content/uploads/2022/09/valahu22.pdf
https://share-ng.sandia.gov/news/resources/news_releases/quantum_testbed/
https://newsreleases.sandia.gov/enchilada_trap/
https://newsreleases.sandia.gov/enchilada_trap/
https://arxiv.org/abs/2001.05052
https://www.nationaldefensemagazine.org/articles/2022/6/23/darpa-probing-quantum-computing-capabilities
https://arxiv.org/abs/1509.05378
https://arxiv.org/abs/1509.05378
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The European Flagship includes the AQTION project, which is led by the University of Innsbruck 

and has a budget of €9.57M. The objective is to reach 50 operational qubits to prepare the next phase, 

beyond 100 qubits, by adopting a distributed architecture with photonic links. Alpine Quantum Tech-

nologies (AQT), the University of Oxford, ETH Zurich, Fraunhofer IOF and Atos are participating. 

Atos works on the solution software stacks and applications. 

In Israel, a team of researchers from the Weissman Institute announced in 2022 the creation of the 

first local quantum computer using 5 strontium ions1655. It is less than stellar at this point. They plan 

to reach 64 qubits someday. 

In Russia, the Russian Quantum Center, the P.N. Lebedev Physics Institute of the Russian Academy 

of Sciences and Rosatom presented in 2021 a prototype of a trapped ions computer, starting with 4 

qubits. Looks like they are late in the catch-up game behind the USA, UK and Austria! 

In China, various teams are working on gates improvements1656 1657 and error mitigation1658. 

Vendors 

 

IonQ (2016, USA, $736M1659) is a spin-off from the University of Maryland 

specialized in the design of universal quantum computers based on ytterbium 

trapped ions, and later, barium ions1660. 

Co-founded by Christopher Monroe, professor at the university who was their Chief Scientist until 

October 2023 when he left the company, the company CEO is Peter Chapman, a former e-commerce 

executive at Amazon. IonQ’s cap table includes Google Ventures, Amazon, Samsung Ventures, Mi-

crosoft, Lockheed Martin, Bosch and HPE. In June 2020, they created an advisory board including 

David Wineland, Umesh Vazirani, Margaret Williams (ex-Cray) and Kenneth Brown (Duke Univer-

sity). In March 2021, IonQ announced a new round of funding with a merger agreement through the 

Special Purpose Acquisition Company (SPAC) mechanism, with the fund dMY Technology Group 

III. The funding was made of $350M coming from investors including Hyundai, Kia Corporation1661 

and Breakthrough Energy Ventures. The remaining $300M came from dMY and an IPO that was 

finalized in October 20211662. As of September 2023, the company had a staff of about 300 people. 

Technology. IonQ currently uses 1D arrays of ions of variable length. They are controlled by lasers 

for both cooling, quantum gates and readout and with a small circuit fitting in a tiny vacuum chamber 

(Figure 408). Trapped ions enable all-to-all connectivity between ions, making it easier to run algo-

rithms and avoiding the usage of costly SWAP gates. This enables very good optimization of quantum 

algorithms to minimize the number of gates to be executed as shown in the example in Figure 409. 

 

1655 See Trapped Ion Quantum Computer with Robust Entangling Gates and Quantum Coherent Feedback by Tom Manovitz, Yotam 

Shapira, Lior Gazit, Nitzan Akerman and Roee Ozeri, March 2022 (12 pages). 

1656 See A low-crosstalk double-side addressing system using acousto-optic deflectors for atomic ion qubits by Rui-Rui Li et al, June 

2023 (6 pages). 

1657 See Entangling gates for trapped-ion quantum computation and quantum simulation by Zhengyang Cai et al, February 2023 (19 

pages). 

1658 See Error-Mitigated Quantum Simulation of Interacting Fermions with Trapped Ions by Wentao Chen et al, February 2023 (15 

pages). 

1659 This amount includes $84M from VCs and the 2021 SPAC. It excludes the total $165M grants the company and Christopher 

Monroe’s lab in Maryland University got from the US government, per their 2021 investor presentation. 

1660 See A Reconfigurable Quantum Computer by David Moehring, 2017 (20 slides). 

1661 They seem to have closed links with South Korea. These investors add up with a partnership with Q Center. See IonQ and South 

Korea's Q Center Announce Three-Year Quantum Alliance, January 2021. To provide to the Q Center students to the IonQ computer 

online. 

1662 See QC ethics and hype: the call is coming from inside the house by Scott Aaronson, October 2020, who found this IPO to be 

pushing the envelope of bullshit a bit too far. 

https://arxiv.org/abs/2111.04155
https://arxiv.org/abs/2306.01307
https://arxiv.org/abs/2302.02148
https://arxiv.org/abs/2302.10436
https://static1.squarespace.com/static/59f110aec027d83296f84ecb/t/5a3a1789419202030ef1dfd8/1513756588569/IonQ+-+Ion+Trap+QC+Program+-+Dave+Moehring%2C+CEO%2C+IonQ.pdf
https://ionq.com/news/january-19-2021-ionq-and-south-korea-q-center-announce-three-year-alliance
https://ionq.com/news/january-19-2021-ionq-and-south-korea-q-center-announce-three-year-alliance
https://www.scottaaronson.com/blog/?p=5387
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But, as with all trapped ions qubits QPUs, this is achieved at the expense of relatively slow gates in 

comparison with superconducting and silicon qubits QPUs. The scalability of trapped ions is being 

questioned and it shows up well in the history of the company. At the beginning of 2018, they an-

nounced a record of 53 coherent and entangled qubits, but these were used for quantum simulation 

and not with gate-based computing. 

  

Figure 408: IonQ trapped ion drive system, the small vacuum enclosure where the ions are located, and the chip controlling the ions 
position coming from the DoE’s Sandia Labs. Sources: IonQ and Ground-state energy estimation of the water molecule on a 

trapped ion quantum by Yunseong Nam, Christopher Monroe et al, March 2019 (14 pages). 

At the end of 2018, they said they had reached 79 qubits associated with 160 storage qubits but with 

no fidelity numbers1663. It never became a product. In 2019, they had 11 characterized qubits1664. In 

October 2020, IonQ announced that it had created the world's most powerful quantum computer with 

32 qubits and a quantum volume of 4,000,000 but it took over a year and a half for this system to 

become live and tested1665 and made available on Amazon Braket, Microsoft Azure Quantum and 

Google cloud. They claimed to handle error correction codes with 13 (and sometimes, 16) physical 

qubits per logical qubits. They also announced the creation of a Quantum Data Center sized to host 

10 of their quantum computers. 

  
Figure 409: how the good connectivity with trapped ions enables a good compression of the code. 

Source: Fast Quantum Modular Exponentiation by Rodney Van Meter and Kohei Itoh, 2005 (12 pages). 

Roadmap. In December 2020, IonQ unveiled its 5 years roadmap with plans to use rack-mounted 

modular quantum computers small enough to be networked together in a datacenter by 2023. IonQ 

adopted a new benchmark metric of their own: algorithmic qubits, using log2 of IBM’s quantum vol-

ume and a different computing mode that we cover in the benchmarking section of this book, using a 

set of QED-C benchmarks (page 1011). Their 32 qubits reached 22 algorithmic qubits with plans to 

reach 29 algorithm qubits by 2023, 64 by 2025 with the Tempo system with using a 16:1 error-cor-

rection encoding (meaning: 16 physical qubits per logical qubits1666) and gate-times of 300 µs. 

 

1663 See IonQ Has the Most Powerful Quantum Computers With 79 Trapped Ion Qubits and 160 Stored Qubits by Brian Wang, Decem-

ber 2018. 

1664 See Benchmarking an 11-qubit quantum computer by K. Wright et al, November 2019. 

1665 See IonQ Unveils World's Most Powerful Quantum Computer, IonQ, October 2020. 

1666 See Fault-Tolerant Operation of a Quantum Error-Correction Code by Laird Egan et al, IonQ, September 2020-January 2021 (23 

pages). 

3 bits addition algorithm using qubits adjacent to the other
same algorithm adapted to qubits which are 

all interconnected with the other

https://arxiv.org/pdf/1902.10171.pdf
https://arxiv.org/pdf/1902.10171.pdf
https://arxiv.org/pdf/quant-ph/0408006.pdf
https://www.nextbigfuture.com/2018/12/ionq-has-the-most-powerful-quantum-computers-with-79-trapped-ion-qubits-and-160-stored-qubits.html
https://www.nature.com/articles/s41467-019-13534-2
https://ionq.com/news/october-01-2020-most-powerful-quantum-computer
https://arxiv.org/abs/2009.11482
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Later, they will rely on a 32:1 ratio. The 29 algorithmic qubits milestone was achieved in 2023 with 

their 32 qubit Forte system1667, which will expand to 35 algorithmic qubits in 2024 with Forte Enter-

prise (and 0.4% announced two-qubit error rates). They also reached 29 algorithmic qubits with a 

prototype 29 qubit system using barium instead of ytterbium in October 2023. 

Then, they expected to scale beyond 64 and reach a broad quantum advantage with 256 then 1,024 

algorithmic qubits by 2026 and 2028 (Figure 410). The caveat is that this can be achieved only with 

scaling-out their quantum processors, assembling several units of 64 qubits through photonic links in 

a distributed computing manner. Something that has not been tested yet beyond one-to-one qubit 

connectivity1668. 

 
Figure 410: IonQ’s qubits roadmap as published in March 2021. They have indeed reached 29 algorithmic qubits in 2023. 

Source: IonQ. 

IonQ announced in August 2021 their Reconfigurable Multicore Quantum Architecture (RMQA) de-

tailing how they would create 64 ions chips (video). It would assemble 4 chains or lines of 16 ions, 

12 being usable as qubits and the 4 remaining for cooling, in a single chip manufactured on a glass 

support (Evaporated Glass Traps) replacing their previous silicon-based platform built by Sandia Labs 

and Honeywell. These chunks of 16 ions can be moved around, paired and entangled, to create dy-

namic 32 ions units. IonQ stated that this architecture could scale-up and support even more blocks 

of 16 ions. Well, if that actually works in practice, why not! They are also working to stabilize two-

qubit gates control, using some randomized benchmarking technique1669. 

A team associating IonQ, Duke University in Durham and ColdQuanta  (now Infleqtion) published 

an interesting paper describing the architecture of a trapped ions systems cryostat from Montana In-

struments that is optimized to minimize the vibrations coming from the pulse tube. 

This seems to be one of the figures of merit to ensure the stability of the trapped ions qubits and their 

control devices likes lasers1670. 

 

1667 See Benchmarking a trapped-ion quantum computer with 29 algorithmic qubits by Jwo-Sy Chen et al, IonQ, August 2023 (12 

pages). 

1668 The associated concepts were laid out in Scaling the ion trap quantum processor by Christopher Monroe and J. Kim, Science, 2013 

(7 pages). It consists in associating one qubit of two ions QPUs with probabilistic entangled photons. See also Large-scale modular 

quantum-computer architecture with atomic memory and photonic interconnects by Christopher Monroe, Robert Raussendorf et al, 

PRA, 2013 (16 pages). 

1669 See Extremum seeking control of quantum gates by Erfan Abbasgholinejad et al, September 2023 (5 pages). 

1670 See High stability cryogenic system for quantum computing with compact packaged ion traps by Robert F. Spivey et al, August 

2021 (12 pages). ColdQuanta seems involved here given a cold atoms system can reuse some of the experimental setting crafted for 

trapped ions. Interestingly, in its 2021 investor presentation, IonQ pretended that their system was operating at room temperature! 

https://www.youtube.com/watch?v=yvzU748e0V4
https://arxiv.org/abs/2308.05071
https://courses.physics.illinois.edu/phys513/sp2016/reading/week14_trapped_ion_talk/1164.full.pdf
https://arxiv.org/abs/1208.0391
https://arxiv.org/abs/1208.0391
https://arxiv.org/abs/2309.04553
https://arxiv.org/pdf/2108.05290.pdf
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The qubits are cooled at 5K while laser-based cooling using the Doppler effect cool it at an even 

lower temperature. 

In December 2021, after they had finalized their SPAC and IPO, IonQ announced they were switching 

from ytterbium to barium ions (precisely 133Ba+1671). The reasons were well explained: it provides 

better gates and readout fidelities, and the ions are primarily controlled with visible light rather than 

ultraviolet light, using standard silicon photonics technology, which can better enable QPU photonics 

interconnect1672. They also secured the provisioning of these atoms with a partnership with DoE’s 

PNNL (Pacific Northwest National Laboratory) in February 2022. 

In February 2022, IonQ and Duke University presented a new way to create 3-qubit gates including 

a Toffoli gate using state squeezing1673. This sort of gate is interesting since it can be the basis for a 

universal gate-set enabling fault-tolerance. It can help speed up many algorithms including Grover 

and variational quantum eigensolvers (VQEs). In November 2022, they announced a new generation 

trapped ions control chip, with multilayered glass trap and better routing of driving signals. 

Crisis. On May 3rd, 2022, IonQ 

was literally attacked by a 

short-seller financial company, 

Scorpion Capital, which pub-

lished a scathing report on their 

business, presented as a 

scam1674 . This 193-page report 

was very long, apparently de-

tailed and based on many inter-

views. But it was misplaced 

(Figure 411). 

 
Figure 411: Scorpion Capital review cover page with extreme and misleading statements. 

It did criticize IonQ wrongly on many points like when explaining that quantum computers couldn’t 

even do a 1+1 calculation. They pinpointed exaggerations that can be found in IonQ investor March 

2021 presentation. They even said that their 32-qubit system was non-existent (which is not true at 

all). They also highlighted that their ions control chip was produced by Sandia Labs, a DoE lab oper-

ated by Honeywell, but it was not a secret. The same with Hyundai being both one of their investors 

and also a customer, on far-fetched use-case plans related to battery designs and 3D image recognition. 

They could have been harsh on their aggressive roadmap, their scalability goals and their related QPU 

interconnect plans but seemingly lacked the scientific background to do so 1675. 

All of this was border line defamation as was shown later. IonQ was then defended by preeminent 

quantum computing analysts1676. A couple days later, IonQ announced the “select” availability of their 

31 bits Forte system a couple months after having released its 23-qubits Aria system supporting 20 

 

1671 See Ba-133: the Goldilocks qubit? by UCLA Hudson Lab. 

1672 See IonQ Announces New Barium Qubit Technology, Laying Foundation for Advanced Quantum Computing Architectures, IonQ, 

December 2021. 

1673 See $N$-body interactions between trapped ion qubits via spin-dependent squeezing by Or Katz, Marko Cetina and Christopher 

Monroe, February 2022 (7 pages). 

1674 See The “World’s Most Powerful Quantum Computer” Is A Hoax With Staged Nikola-Style Photos – An Absurd VC Pump With 

A Recent Lock-Up Expiration Takes SPAC Abuses To New Extremes by Scorpion Capital, May 2022 (183 slides). 

1675 I mention this in the paper Mitigating the quantum hype, January 2022 (26 pages) that is quoted in Scorpion’s presentation on slide 

14. They may have just read its title! 

1676 See A short report has placed a spotlight on IonQ, a quantum computing champion. This should not deflect long term interest in 

this or other quantum technologies by David Shaw, Doug Finke and André M. König, May 2022. 

https://hudsongroup.physics.ucla.edu/content/ba-133-goldilocks-qubit
https://investors.ionq.com/news/news-details/2021/IonQ-Announces-New-Barium-Qubit-Technology-Laying-Foundation-for-Advanced-Quantum-Computing-Architectures/default.aspx
https://arxiv.org/abs/2202.04230
https://scorpioncapital.s3.us-east-2.amazonaws.com/reports/IONQ.pdf
https://scorpioncapital.s3.us-east-2.amazonaws.com/reports/IONQ.pdf
https://arxiv.org/abs/2202.01925
https://www.factbasedinsight.com/weathering-the-first-quantum-short/
https://www.factbasedinsight.com/weathering-the-first-quantum-short/
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algorithmic qubits (as of August 20221677). The system featured an Acousto-Optic Deflector (AOD) 

which dynamically directs laser beams towards individual ions to drive qubit gates and supports up 

to 40 ions. Like many quantum computing traded companies, their investor presentations are also 

border line, particularly when representing the competition state of the art1678. 

Use cases. IonQ works with a couple customers like Goldman Sachs on financial services on top of 

the above-mentioned Hyundai. They also partner with Accenture to develop customer applications. 

They also published various use cases which are far from reaching any quantum advantage given the 

number of involved qubits. One involved some oversold fancy human cognition modeling using a 

mere 11 qubits1679 1680, a Monte Carlo simulation done with 20 qubits with FCAT, a service subsidiary 

of Fidelity, a financial services company1681 1682 and some quantum learning testbed implemented 

with 4 to 8 qubits1683 which are therefore far from being “business ready”. They also work with Air-

bus on various use cases including QAOA-based cargo plane loading optimizations (details around 

page 1068). Their CEO said emphatically in 2023 that reaching 64 qubits in 2024 would be a 

ChatGPT moment. This is highly questionable given the narrow scope of applications that could bring 

some sort of quantum advantage at this threshold (“quantum machine learning” in IonQ’s plans). 

Partnerships. In November 2019, Microsoft announced the integration of IonQ's quantum acceler-

ator support into its Azure Quantum cloud offering and its Q#, QDK and Visual Studio development 

tools. All this was made available to developers from late spring 2020. IonQ is also proposed by 

Google in its own cloud offering, on top of Amazon AWS Braket. IonQ became in 2021 the only 

quantum computer vendor available on Amazon, Google and Microsoft clouds (with 11 qubits, being 

extended to 32 qubits). In May 2023, IonQ Aria went online on Amazon Braket with 25 algorithmic 

qubits. In September 2021, IonQ announced the creation of a joint laboratory with the University of 

Maryland (UMD), the Q-Lab, with $20M funding. Among other things, the lab is tasked with training 

UMD students on quantum computing. In 2022, they also established business development subsidi-

aries in Germany and Israel. In January 2023, IonQ announced the opening of an R&D, production 

and data center site in Bothell, Washington state, near Seattle. 5,785 m2. They announced some new 

partnership with Dell in November 2022, with TII in Abu Dhabi in 2023 as well as with Bearing 

Point, and finally with QuantumBasel, which is to deploy two generations of IonQ systems with 35 

and then 64 algorithmic qubits capabilities in their quantum “datacenter” (which is not really an ap-

propriate naming for quantum computing)1684. In September 2023, IonQ got an order from AFRL in 

the USA to deliver two unspecified barium based QPUs for $25.5M, probably Tempo’s 64 qubit sys-

tem. It fits a pattern in many countries where defense or civil agencies order pre-quantum advantage 

QPUs to fund in a non-dilutive way the R&D of the related companies. 

In January 2023, IonQ made the acquisition of the assets from Entangled Networks (Toronto) which 

develops a QPU interconnect hardware and software solution. 

 

1677 See IonQ Aria: Past and Future (Part Two) by IonQ, August 2022. 

1678 See IonQ Investor Updates, May 2023 (19 slides). Look at the QEC overhead comparison in slide 8 and modular architecture 

comparison in slide 9, with an image of an ion trap (scaling to a maximum 48 qubits) compared with a full system with a million qubit 

projected by Google in 2030. 

1679 See IonQ Demonstrates How Human Cognition Models Could Run on Quantum Computers by Matt Swayne, June 2023. 

1680 See Quantum Circuit Components for Cognitive Decision-Making by Dominic Widdows et al, University of California, Berkeley 

and the University of London and IonQ, Entropy, March 2023 (22 pages). 

1681 See IonQ and Fidelity Center for Applied Technology Announce Development of Scalable Quantum State Preparation for Monte 

Carlo Algorithms, May 2023 

1682 See Quantum State Preparation of Normal Distributions using Matrix Product States by Jason Iaconis et al, March 2023 (15 pages). 

1683 See Generative quantum learning of joint probability distribution functions by Elton Yechao Zhu et al, November 2022 (17 pages). 

1684  See IonQ and QuantumBasel Partner to Achieve Future Quantum Advantages With Deployment of Two Generations of IonQ 

Quantum Systems in Europe, IonQ, June 2023. 

https://ionq.com/posts/august-02-2022-ionq-aria-part-two-past-and-future
https://s28.q4cdn.com/828571518/files/doc_presentation/2023/05/23-05-15-Investor-Updates-May-2023.pdf
https://thequantuminsider.com/2023/06/06/ionq-demonstrates-how-human-cognition-models-could-run-on-quantum-computers/
https://www.mdpi.com/1099-4300/25/4/548
https://ionq.com/news/ionq-and-fidelity-center-for-applied-technology-announce-development-of
https://ionq.com/news/ionq-and-fidelity-center-for-applied-technology-announce-development-of
https://arxiv.org/abs/2303.01562
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.4.043092
https://ionq.com/news/ionq-and-quantumbasel-partner-to-achieve-future-quantum-advantages-with
https://ionq.com/news/ionq-and-quantumbasel-partner-to-achieve-future-quantum-advantages-with
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Quantinuum (USA/UK) is the result of the merger in June 2021 of Honeywell 

Quantum Systems (USA, a branch of Honeywell) and the software company 

Cambridge Quantum Computing (UK), with an investment of $300M for a 

stake of 55% for Honeywell in the resulting company1685, with an additional 

$300M equity announcement done in January 2024. The Quantinuum renam-

ing occurred in December 2021. 

Quantinuum’s CEO is Rajeeb (Raj) Hazra since February 2023, formerly from Micron and Intel. He 

replaced Ilyas Khan who was previously the founder and CEO of CQC who merged with HQS to 

become Quantinuum. The company has more than 600 people overall. Honeywell started working in 

quantum computing in 2016 in "stealth" mode. Their team came in particular from the NIST Boulder 

lab and the University of Colorado with some alumni from the University of Maryland and Christo-

pher Monroe's team (IonQ). In March 2020, they announced the development of a quantum computer 

that was bound to become be “the most powerful in the world”, doubling the power of the previous 

record that was then held by IBM1686. The initial announcement dealt with a four-qubit trapped ions-

based quantum processor1687, its power being evaluated using IBM's quantum volume benchmark. 

Trapped ion QCCD is the trapped ions technique they are using (for "quantum charge-coupled de-

vice"). It uses ytterbium-based ions coupled with barium ions for cooling. This technique was devel-

oped in 2002 by Christopher Monroe, David Wineland and Dave Kielpinski1688. They are reusing 

many other works from various research laboratories spread out between 2008 and 2012. 

Ions are generated from a jet of collimated atoms obtained by heating a solid ytterbium target. They 

are then "hit" by a laser, which removes an electron from the valence layer of the atom (the last one). 

Only one electron remains in this layer, giving rise to an ion with a positive charge, Yb+. The laser 

cooling of these ions is well-controlled thanks to their favorable energy level pattern. Thanks to their 

electrical charge, it is possible to trap and move these atoms using electrostatic and radiofrequency 

potentials. The ions quantum states correspond to two "hyperfine" energy states related to the inter-

action between the magnetic moment of the nucleus and that of the electrons of the ion. These hyper-

fine levels are also used in cesium atomic clocks. 

 

Figure 412: Quantinuum scalability roadmap. In 2023, they delivered the H2 system with a 1D race-track arrangement of qubits. 
They key milestone will be to create 2D arrangement with shuttling ions, enabling larger scale quantum computing. 

Source: Quantinuum. 2023. 

 

1685 See Honeywell Quantum Solutions And Cambridge Quantum Computing Merge With Go-Public In Mind by Paul Smith-Goodson, 

June 2021. 

1686 See Honeywell Achieves Breakthrough That Will Enable The World's Most Powerful Quantum Computer and How Honeywell 

Made the Leap into Quantum Computing by Honeywell, March 2020. In Honeywell has it created the world's most powerful quantum 

computer, March 2020, I analyze the ad in detail, with the text embedded in the book as a compacted version. 

1687 The performance is described in detail in: Demonstration of the QCCD trapped ion quantum computer architecture by J. M. Pino 

et al, 2020 (8 pages). This can be complemented by the presentation Shaping the future of quantum computing by Tony Uttley, the 

head of Honeywell's quantum team at the Q2B conference at QC Ware in California in December 2019 (slides). 

1688 It is described in Architecture for a large-scale ion-trap, 2002 (4 pages). 

https://www.forbes.com/sites/moorinsights/2021/06/08/honeywell-quantum-solutions-and-cambridge-quantum-computing-merge-and-plan-to-go-public-by-end-of-year/?sh=73c53acf2b67%20
https://www.honeywell.com/en-us/newsroom/pressreleases/2020/03/honeywell-achieves-breakthrough-that-will-enable-the-worlds-most-powerful-quantum-computer
https://www.honeywell.com/en-us/newsroom/news/2018/09/leap-into-quantum-computing
https://www.honeywell.com/en-us/newsroom/news/2018/09/leap-into-quantum-computing
https://www.oezratty.net/wordpress/2020/honeywell-ordinateur-quantique/
https://www.oezratty.net/wordpress/2020/honeywell-ordinateur-quantique/
https://www.honeywell.com/content/dam/honeywell/files/HQS-QCCD-Demonstration.pdf
https://www.youtube.com/watch?v=LRzhb7OkQ9s
https://drive.google.com/file/d/117Eza1_iVzx0M_V3PNV-j1GQF41HHsSF/view
https://www.researchgate.net/publication/11308739_Architecture_for_a_large-scale_ion-trap_quantum_computer/link/0912f50c7546f933b9000000/download
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The transition frequency between the two hyperfine levels of ytterbium is 12.6 GHz1689. The hyper-

fine states of the ytterbium ion are well suited for quantum computation because they are very stable, 

which allows them to have a long coherence time. 

Shuttling ions is a technique used to handle their connectivity. This idea was proposed in 2002 by 

Dave Wineland and co. This was the first working shuttling ions setup. Usually, qubits based on 

electrons, cold atoms or superconducting circuits do not move (too much) where they sit. Their system 

prepares ytterbium atoms, ionizes them and sends them into a hole that feeds the chip. It then uses 

about ions storage and sorting areas (in orange, yellow and blue in Figure 413). 

The ytterbium ions are confined above a rail of three rows of electrodes whose variable voltage allows 

to control their position and to move them laterally. It enables logical operations between several 

qubits while moving them at will between storage areas and interaction areas during operations. 

Their initial system was using 198 direct current (DC) electrodes for controlling the displacement and 

positioning of ytterbium ions coupled with barium ions used for cooling. The chip used cryogenic 

surface traps dynamically rearranging the position of the ytterbium/barium ion pairs and implement-

ing quantum gates running in parallel on several areas of the circuit. Ions circulate above the green 

band, allowing arbitrary movements of the ions along the band. Once positioned, they are transferred 

to the middle band to get submitted to a single qubit quantum gate, or in the side bands for two-qubits 

quantum gates, as explained in Figure 413. One of these operations is a SWAP gate that allows the 

ions to be physically interchanged. This process is significantly different from the 1D ions arrange-

ments used by IonQ. One challenge is to mitigate dephasing and leakage errors generated by ion 

shuttling. 

 

Figure 413: overall control architecture in 1D versions of Quantinuum’s trapped ions, as presented in 2020. 

Slow gates. The disadvantage of the technique is its slow quantum gates. The time required to con-

figure the ions to create a quantum gate is 3 to 5 ms, which is not negligible, especially for algorithms 

that require a large number of quantum gates. This is a showstopper with regards to both NISQ and 

FTQC algorithms that require a very large number of quantum gates, in the range of 108 to 1015. This 

limitation doesn’t show up when testing these systems with a rather small number of qubits, below 

30 and shallow algorithms. 

 

1689 See Laser-cooled ytterbium ion microwave frequency standard by S. Mulholland et al, 2019 (16 pages). 
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https://arxiv.org/pdf/1811.06421.pdf
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Cooling. Their initial system operated at 12.6K and with a temperature stability of 2mK which avoids 

disturbing the ions and their superposed and entangled quantum states. Helium cooling is comple-

mented by a so-called "sympathetic cooling" technique which combines the use of Doppler effect and 

Raman cooling on the barium ions next-door to the ytterbium ions. The Coulomb interaction between 

the barium ions cools the ytterbium ions next to the barium ions. A barium ion cooling operation takes 

place before each two-qubit gate execution. Ion laser cooling has been operating at room temperature 

for more than 30 years. Trapped ions cooling at 12.6K also minimizes the abnormal ions heating 

effect, which is not fully understood. This abnormal heating is greatly reduced when the trap is cooled. 

Qubit gates. The system is built around four-qubit chunks and uses one- and two-qubit quantum gates 

that are activated by lasers, via the Raman effect that requires a pair of beams. The single-qubit gates 

are activated by a pair of 370.3 nm Raman beams in circular polarization. The system allows the 

generation of X, Y and Z gates for which quarter and half turns are performed around the three axes 

of the Bloch sphere. These rotations are done with very high precision according to Honeywell. This 

ensures a minimum error rate for single-qubit quantum gates. 

 

Figure 414: how single and two-qubit gates are implemented in Quantinuum trapped ions systems. Source: Honeywell, 2020. 

Two-qubit gates use two additional pairs of laser beams that act on pairs of ytterbium atoms that have 

been brought closer together by the circuit's positioning control electrodes. Two ions are thus moved 

by the electrodes into the same potential well before being coupled by laser. The qubits can then be 

separated and moved elsewhere to interact with other qubits. 

Qubits readout is performed with a classical imager that detects the energetic state of the ions via 

their laser-activated fluorescence. This imager is a PMT array, i.e. a linear array of photomultipliers 

(Photo-Multiplier Tubes). Their architecture allows a qubit readout during processing, without dis-

turbing the neighboring qubits. This would allow the implementation of conditional logic, with IF 

THEN ELSE like with classical programming. They are also using the mid-circuit measurement and 

qubit reuse technique (MCMR) which can be used to optimize the length of quantum algorithms. The 

system includes an FPGA programmable electronic circuit for qubits controls, sitting outside the cry-

ogenic enclosure. 

Qubit fidelities are very good. They launched their 6-qubit H0 system in June 2020, then their 10-

qubits H1 system in October 2020 with an initial quantum volume of 128 (7 qubits x 7 gates depth). 

Their quantum volume reached 512 in March 2021 (9x9 qubits with 10 qubits). Single-qubit gate 

fidelity were above 99.991% and two-qubit gate fidelity above 99.76% while readout fidelity is at 

99,75% with a measurement crosstalk at 0.2%, characterized as the decay of a qubit coherence in an 

equal superposition state, while repeatedly measuring the nearest qubit1690 (Figure 415). 

As of April 2022, they had 12 running qubits reaching a quantum volume of 212 with their System 

Model H1-2. It is a rare quantum processor with a quantum volume reached with all available qubits. 

Their related fidelities were 99.994% for single-qubit gates, 99.81% for two-qubit gates and 99.72% 

 

1690 See Get to Know Honeywell’s Latest Quantum Computer System Model H1 by Honeywell, October 2020. 
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for qubits readout1691. Meanwhile, their H1-1 system launched in June 2022 has 20 qubits (despite a 

lower “version” number), which enabled them in September 2022 to reach a QV of 8,192 (213) 1692 

(Figure 416). 

This system adds arbitrary angle two-qubit gates which helps shorten the length of many algorithms, 

particularly those relying on a QFT (quantum Fourier transform). As of June 2023, their record quan-

tum volume was 219 with a H1-1 system using 20 qubits1693. 

 
Figure 415: evolution of Quantinuum systems quantum volume. Source: Quantum 

Volume reaches 5 digits for the first time: 5 perspectives on what it means for 
quantum computing, Quantinuum, February 2023. 

 
Figure 416: the “race track” processor released 

in 2023. Source: A Race Track Trapped-Ion 
Quantum Processor by S. A. Moses et al, May 

2023 (24 pages). 

Logical qubits. In July 2021, HQS announced the creation of the first logical qubits using color codes 

with their 10 trapped ions qubits1694. Their work on correction error went on with creating a QEC 

toric code implemented thanks to mid-circuit measurement in Quantinuum’s processor1695 and with 

trials of topological code with 27 qubits1696. As part of this latter work, Quantinuum researchers cre-

ated a GHZ entangled state of 32 qubits with a fidelity of 82%. This is a state superposing two com-

putational basis states where all the qubits are either with values |0⟩ or |1⟩. Then, late 2022, they 

created 8 corrected logical qubits encoding in 10 physical qubits using their in-house Iceberg stabi-

lizer code on a 12-qubit H1-2 QPU1697. Fidelities were not documented, but the system had a quantum 

volume of only 28. They also work with Microsoft to build compilers1698. 

From 1D to 2D. Quantinuum started with using a 1D trapped ion bar. They planned to adopt a 2D 

bar layout that would allow them to move the ions in two directions and accumulate more of them 

and connect them with their neighbors in two dimensions1699 (Figure 412). 

 

1691 See Quantinuum Announces Quantum Volume 4096 Achievement by Kortny Rolston-Duce, Quantinuum, April 2022. 

1692 See Quantinuum System Model H1 Product Data Sheet Version 5.00, June 14, 2022 (9 pages). 

1693 See Quantinuum H-Series quantum computer accelerates through 3 more performance records for quantum volume: 217, 218, and 

219, Quantinuum, June 2023. 

1694 See Realization of real-time fault-tolerant quantum error correction by C. Ryan-Anderson et al, HQS, July 2021 (22 pages). 

1695 See Topological Order from Measurements and Feed-Forward on a Trapped Ion Quantum Computer by Mohsin Iqbal et al, Quan-

tinuum, February 2023 (13 pages). 

1696 See Creation of Non-Abelian Topological Order and Anyons on a Trapped-Ion Processor by Mohsin Iqbal et al, May 2023 (26 

pages). 

1697 See Protecting Expressive Circuits with a Quantum Error Detection Code by Chris N. Self et al, November 2022 (15 pages). 

1698 See Advances in compilation for quantum hardware -- A demonstration of magic state distillation and repeat-until-success protocols 

by Natalie C. Brown et al, Quantinuum and Microsoft, October 2023 (35 pages). 

1699 See Transport of multispecies ion crystals through a junction in an RF Paul trap by William Cody Burton et al, June 2022 (6 pages) 

where they describe how they can transport ytterbium and barium in 2D structures. 

https://www.quantinuum.com/news/quantum-volume-reaches-5-digits-for-the-first-time-5-perspectives-on-what-it-means-for-quantum-computing
https://www.quantinuum.com/news/quantum-volume-reaches-5-digits-for-the-first-time-5-perspectives-on-what-it-means-for-quantum-computing
https://www.quantinuum.com/news/quantum-volume-reaches-5-digits-for-the-first-time-5-perspectives-on-what-it-means-for-quantum-computing
https://arxiv.org/abs/2305.03828
https://arxiv.org/abs/2305.03828
https://www.quantinuum.com/pressrelease/quantinuum-announces-quantum-volume-4096-achievement
https://assets.website-files.com/617730fbcf7b7c387194556a/62a8f7244596df4d854c2222_Quantinuum%20H1%20Product%20Data%20Sheet%20v5%2014JUN22.pdf
https://www.quantinuum.com/news/quantinuum-h-series-quantum-computer-accelerates-through-3-more-performance-records-for-quantum-volume-217-218-and-219
https://www.quantinuum.com/news/quantinuum-h-series-quantum-computer-accelerates-through-3-more-performance-records-for-quantum-volume-217-218-and-219
https://arxiv.org/pdf/2107.07505.pdf
https://arxiv.org/abs/2302.01917
https://arxiv.org/abs/2305.03766
https://arxiv.org/abs/2211.06703
https://arxiv.org/abs/2310.12106
https://arxiv.org/abs/2206.11888
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In 2023, they launched a “racetrack” 1D close circuit layout with their H2-1 QPU as shown in Figure 

416 and described in detail in Figure 417. It adds a lot of nuts and bolts compared with their initial 

architecture described in Figure 414 with a Magneto Optical Trap (MOT) that replaces the oven used 

in system H1. It reduces the startup time by cooling the atoms before sending them in the trap. 

They also implement more efficient RF electronic signals routing with additional metal layers beneath 

the trap top metal layer and voltage broadcasting which ties external signals sources to multiple DC 

electrodes in the trap and relies on conveyor belt regions on each side of the trap where ions are stored. 

Thanks to the use of only three voltage signals for 20 ion wells on each side of the trap, it greatly 

improves electrode control efficiency1700. 

 

Figure 417: the layout of the “race track” processor released in 2023. Image and legends  source: A Race Track Trapped-Ion 
Quantum Processor by S. A. Moses et al, May 2023 (24 pages). 

Software tools. In May 2022, Quantinuum launched InQuanto, a quantum computational chemistry 

software platform that was developed with the support of BMW, Honeywell, JSR, Mitsui & Co, 

Nippon Steel Corporation and TotalEnergies. The platform makes it possible to associate various 

quantum algorithms coupled with chemistry-specific noise-mitigation techniques running on NISQ 

systems. It also breaks down larger problems into smaller subproblems that fits existing NISQ ma-

chines. InQuanto is based on Quantinuum’s open source toolkit TKET, which had been downloaded 

500,000 times as of September 2022. You can wonder whether there are that many quantum develop-

ers in the world! 

Quantinuum is investing a lot in QNLP (quantum natural language). They released lambeq in March 

2022, a Python library that “converts any natural language sentence into a quantum circuit” that 

contains Bobcat, a neural-based Combinatory Categorial Grammar (CCG) parser, Bobcat. It is used 

to pre-process natural language training data to be subsequently used for various NLP applications 

(classification, summaries, etc). 

 

1700 See A Race Track Trapped-Ion Quantum Processor by S. A. Moses et al, May 2023 (24 pages) which describes in details the race 

track architecture of system H2. 
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Case studies. In July 2022, a team assembling researchers from JP Morgan Chase Bank and the 

University of Maryland published an amazing paper saying that a (Quantinuum) quantum computer 

may be better at summarizing long documents1701. That was not exactly true. First, it was a hybrid 

algorithm with a lot of classical data preparation. The classical part analyzed a dataset of 300,000 

news articles from CNN and the Daily Mail and precomputed it with a BERT NLP classical deep 

learning model that handles sentences extraction and converts them into vectors. Second, the experi-

ment worked to summarize text from respectively 20 to 8 and 14 to 8 sentences, corresponding exactly 

to the number of used qubits in Quantinuum QPUs versions H1-1 and H1-2. On the H1-1, the quantum 

computing part executed at most 765 two-qubit gates with a computing depth of 159 and 2000 shots. 

The experiment was based on using three quantum optimization algorithms working under con-

straints: QAOA, L-VQE1702 and XY-QAOA and the comparison was made vs a classical random 

guess, with XY-QAOA being the best. This was to date the best optimization under constraint problem 

ever solved by a quantum computer. But its capacity is obviously limited to simple and short texts. It 

could not summarize a 300 sentences document given there are not enough physical qubits available, 

and fidelities allowing very long depth computing accordingly. It could not of course summarize the 

scientific paper for you since it contains several hundred sentences that are way more complicated 

than short news from CNN and The Daily Mail. In the end, we always must find out if the thing scales 

well or not, and under which circumstances, which was not addressed in the paper. In September 2023, 

they released an interesting paper showcasing a use case involving superconductivity physics simu-

lation, using 32 qubits, which is quite rare nowadays1703. They also sold a QPU to RIKEN in Japan 

in October 2023. 

Partnerships. Quantinuum initially touted several partnerships: with Microsoft, for the integration 

of its systems in Azure Quantum which became operational in July 2020 and for the support of the 

QIR (quantum intermediate representation), an investment in Cambridge Quantum Computing 

(2014, UK, which they later merged with) and Zapata Computing (2017, USA, $64M). In February 

2022, IBM invested about $25M in Quantinuum, probably more interested by its software branch 

(CQC) with which they had been partnering for a while. Their first customers include DHL, Merck, 

Accenture and Samsung, who works on new batteries designs and JPMorgan Chase to create quan-

tum algorithms in the financial sector. All of this for pilot projects. 12 or 20 qubits are way too few 

to enable production grade applications. They also work with JSR Corporation (Japan) to improve 

semiconductor design and research with organic and inorganic materials. In May 2023, Quantinuum 

announced a partnership with HSBC. They will first use Quantinuum Quantum Origin QRNG solu-

tion based on using their qubits in their cybersecurity deployments, on top of some PQC. They will 

also investigate future QML use cases, including NLP cases in the likes of the previous reference1704. 

They also partner with KPMG to translate an existing algorithm made for Quantinuum QPUs into 

Q#1705. 

 

Alpine Quantum Technologies or AQT (2017, Austria, $34.8M) is a spin-off 

from the University of Innsbruck created by Rainer Blatt. Peter Zoller and 

Thomas Monz. Ignacio Cirac (MPI) and Jonathan Home (ETH Zurich) are 

among their scientific advisors. 

 

1701 See Long Story Short: Researchers Say Quantum Computers May be Better at Summarizing Long Documents by Matt Swayne, 

The Quantum Insider, June 2022, referring to Constrained Quantum Optimization for Extractive Summarization on a Trapped ion 

Quantum Computer by Pradeep Niroula et al, June 2022 (16 pages). 

1702 See Layer VQE: A Variational Approach for Combinatorial Optimization on Noisy Quantum Computers by Xiaoyuan Liu et al, 

May 2022 (22 pages). So, we deal with a very recent algorithm! 

1703 See Measuring the Loschmidt amplitude for finite-energy properties of the Fermi-Hubbard model on an ion-trap quantum computer 

by Kévin Hémery et al, Quantinuum, NIST and the University of Maryland, September 2023 (18 pages). 

1704 See HSBC and Quantinuum Explore Real World Use Cases of Quantum Computing in Financial Services, May 2023. 

1705 See KPMG and Microsoft join Quantinuum in simplifying quantum algorithm development via the cloud, March 2023 

https://thequantuminsider.com/2022/06/27/long-story-short-researchers-say-quantum-computers-may-be-better-at-summarizing-long-documents/
https://arxiv.org/abs/2206.06290
https://arxiv.org/abs/2206.06290
https://arxiv.org/pdf/2102.05566.pdf
https://arxiv.org/abs/2309.10552
https://www.quantinuum.com/news/hsbc-and-quantinuum-explore-real-world-use-cases-of-quantum-computing-in-financial-services
https://www.quantinuum.com/news/kpmg-and-microsoft-join-quantinuum-in-simplifying-quantum-algorithm-development-via-the-cloud
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AQT drives its microwave trapped ions without the use of lasers, which simplifies the device. They 

use only one laser for photoionizing their calcium ions, which creates the ions at start-up, and another 

for measuring the qubit state by fluorescence after calculations. The fidelity of their qubits is 99.6% 

for two qubits and drops to 86% for 10 qubits1706. 

AQT has 20 working qubits working out of two 19-inches datacenter rack1707. The associated research 

team had already entangled 14 ions back in 20111708! It reached 24 qubits in 2023. Their PINE system 

uses a linear Paul trap that supports up to 50 ions, including from multiple species. It can be used 

beyond quantum computing for quantum clocks or spectroscopy experiments. 

        
Figure 418: AQT’s pane system to trap their calcium ions, the 2-rack system, and how they implemented a fault-tolerant T gate 

with magic state preparation. Source: Demonstration of fault-tolerant universal quantum gate operations by Lukas Postler, Rainer 
Blatt, Thomas Monz et al, Nature, November 2021 and May 2022 (14 pages). 

AQT is also experimenting using qudits of dimension 5 with its ions1709 . In May 2022, Thomas 

Monz’s team announced the first realization of a fault-tolerant CNOT gate across two logical qubits 

made with 16 physical qubits and using 7-qubits color codes quantum error correction plus one meas-

urement qubit (above, in Figure 418, right, so 16=2x(7+1)). They also separately implemented a fault-

tolerant T gate using magic state preparation with flag qubits, fully using their 16 qubits1710. In 2023, 

they published a blueprint to implement an FTQC architecture although they still have a hard time to 

scale their number of qubits1711. The company is also studying the implementation of qudits to scale 

the computing mathematical space. They experimented the entanglement of two qudits, encoded in 

five states of calcium ions1712. 

Their PINE system supports Qiskit, Cirq, PennyLane and Pytket (Figure 419). They team up with 

NTT on developing financial applications1713. 

 

1706 See Characterizing large-scale quantum computers via cycle benchmarking by Alexander Erhard et al, 2019 (13 pages). 

1707 In EU Team Make Progress Toward European-Only Compact Quantum Computer That Could Run on Solar Power by Matt Swayne, 

The Quantum Insider, October 2021, we see them touting an energetic performance: a 24 qubits experimental system consumes only 

1,500 W, like a kettle. Unfortunately, with 24 qubits can be emulated on a laptop that consumes less than 30W! 

1708 See 14-Qubit Entanglement: Creation and Coherence by Thomas Monz et al, 2011 (4 pages). 

1709 See Native qudit entanglement in a trapped ion quantum processor by Pavel Hrmo, Rainer Blatt, Tomas Monz et al, June 2022 (9 

pages). 

1710 See Demonstration of fault-tolerant universal quantum gate operations by Lukas Postler, Rainer Blatt, Thomas Monz et al, Nature, 

November 2021 and May 2022 (14 pages). 

1711 See Strategies for practical advantage of fault-tolerant circuit design in noisy trapped-ion quantum computers by Sascha Heußen 

et al, January 2023 (36 pages). 

1712 See Native qudit entanglement in a trapped ion quantum processor by Pavel Hrmo, Marcus Huber, Rainer Blatt, Philipp Schindler, 

Thomas Monz and Martin Ringbauer, Nature Communications, April 2023 (6 pages). 

1713 See Quantum computing in finance - Quantum readiness for commercial deployment and applications, NTT, February 2022 (17 

pages). 

https://arxiv.org/abs/2111.12654
https://arxiv.org/abs/1902.08543
https://thequantumdaily.com/2021/10/28/eu-team-make-progress-toward-european-only-compact-quantum-computer-that-could-run-on-solar-power/
https://arxiv.org/abs/1009.6126
https://arxiv.org/abs/2206.04104
https://arxiv.org/abs/2111.12654
https://arxiv.org/abs/2301.10017
https://www.nature.com/articles/s41467-023-37375-2
https://www.aqt.eu/GDC_EMEA_Whitepaper.pdf
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In 2023, they obtained a quantum volume of 128 (7 qubits) with this PINE QPU, which is behind the 

state of the art in trapped ions as we’ve seen with IonQ and Quantinuum results1714. 

 

Figure 419: AQT PINE QPU setup. 
Source: Out-of-the-box integration of a fully functionable, table-top size quantum processor into your system, AQT. 

 
Oxford Ionics (2019, UK, $47M) is a spin-off from the Department of Physics 

at Oxford University created by Chris Balance and Tom Harty which is devel-

oping a trapped ions QPU with low-noise control electronics. 

They were originally called Nqie Limited. The company was founded by Thomas Harty and Christo-

pher Ballance and includes Jochen Wolf, all from Oxford University. They announced in July 2022 

that they are teaming up with Infineon for the manufacturing of their trapped ions chips but they also 

work with EPFL. Infineon formally opened its quantum lab near Munich in October 2023, to develop 

and test ion trap circuits with about 20 researchers. In 2023, Oxford Ionics published a paper describ-

ing WISE (Wiring using Integrated Switching Electronics), a proposal to wire an ion-traps chip sup-

porting up to 1,000 ions qubits in a 2D qubit array layout1715. They use switches instead of DACs 

with the benefit of lower power dissipation, plus analog mux and demux components and a 3D chip 

internal layout. 

 

Universal Quantum (2018, UK, $14.6M) is a spin-off from the Ion Quantum 

Technology Group at the University of Sussex in the UK led by Winfried 

Hensinger. They are developing a trapped ion system that uses microwaves 

transmitted by electrical circuits, and magnetic fields to control them instead 

of lasers. They won a $67M deal with DLR in Germany in November 2022. 

 
Figure 420: Universal Quantum’s shuttling ion architecture in their Penning traps. Source: Universal Quantum. 

 

1714 See State of quantum computing in Europe: AQT pushing performance with a quantum volume of 128, AQT, February 2023. 

1715 See How to wire a 1000-qubit trapped ion quantum computer by M. Malinowski et al, Oxford Ionics, PRX Quantum, May-October 

2023 (21 pages). 

https://www.aqt.eu/pine-set-up/
https://www.aqt.eu/aqt-pushing-performance-with-a-quantum-volume-of-128/
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.040313
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They use Penning traps which are well known. The company presentation video gives the impression 

that they use a 2D process similar to Quantinuum’s1716 (Figure 420). The cooling required is around 

70K, which is done with liquid nitrogen. They still need to use lasers at least for the Doppler based 

ions cooling during their preparation, then for the qubit state readout combining the usual laser exci-

tation and fluorescence readout with a CMOS or CCD sensor1717. They use electrodes to drive qubit 

gates. In 2022, they announced their plan to reach one million qubits, some day, with using a modular 

approach1718. They plan to use electric fields to connect several modules on their silicon based wafer. 

 

Aquabits (2021, Canada) is developing a trapped ions qubit processor using 

‘aquaporins’, that trap ions inside artificial water channels. It is supposed to 

avoid using lasers and micro-nano fabrication techniques, making these qubits 

highly scalable. There’s no public way to find out how all these qubits are con-

trolled, entangled and measured. 

 

eleQtron Gmbh (2020, Germany, 15.35M€) develops a NISQ trapped ions 

quantum computer. They use their Magnetic Gradient Induced Coupling 

(MAGIC) technology to control the qubits which was introduced in 2012. 

The project involves the University of Siegen and Infineon. They are partnering with ParityQC (Aus-

tria) for software development within the ATIQ consortium with a total funding of 44.5M€ including 

37M€ from the German government through DLR, of which eleQtron got 9.1M€. They initially 

planned to release a 10-qubit processor in 2023. 

 

Qudora Technologies (Germany) is a spin-off from PTB and the University 

of Leibniz Hannover launched by Amado Bautista (CEO), Henning Hahn (also 

CEO), Christian Ospelkaus, Piet O. Schmidt and Andreas Waag who have a 

strong experience in semiconductor circuits design. 

They develop a trapped-ion QPU with the goal to assemble 50 qubits. They use a mix of lasers and 

oscillating magnetic fields embedded inside the processor to control their ions. 

 
Hon Hai / Foxconn (Taiwan) announced in December 2021 it is starting the 

development of a trapped ions quantum computer in its quantum computing 

research center, part of its Research Institute1719. 

The quantum lab is directed by Min-Hsiu Hsieh who was previously an associate professor at the 

Centre for Quantum Software and Information from the University of Technology Sydney. He’s more 

specialized in quantum information sciences than in trapped ions computing. The lab focuses on hard-

ware development with trapped ion qubits, enabling technologies development and algorithms and 

software tools development for Foxconn’s internal usage. In April 2023, the company announced it 

would deliver a 5-10 ions QPU within 5 years. The trapped-ion research team is led by Guin-Dar Lin. 

Their new trapped-ions lab opens at the end of 2023 in the Baokao Science and Intellectual Park 

Xindian in New Taipei City. 

 

Crystal Quantum Computing (2021, France) was a stealth startup until 

2022, created by Quentin Bodart (with a long-lasting experience with neutral 

atoms, including quantum microgravimeters) and Luca Guidon (from the 

CNRS MPQ laboratory in Paris). 

 

1716 The ion routing process is described in Efficient Qubit Routing for a Globally Connected Trapped Ion Quantum Computer by 

Winfried Hensinger et al, February 2020 (13 pages). This is the origin of the illustration used in these lines. 

1717 The ion control process with Penning Traps used by Universal Quantum seems to be described in Microfabricated Ion Traps by 

Winfried Hensinger et al, 2011 (28 pages). 

1718 See How Universal Quantum is rising to the million-qubit challenge, Universal Quantum, February 2022. 

1719 See Hon Hai to develop trapped ion quantum computers, Taipei Times, December 2021. 

https://www.youtube.com/watch?v=rYe9TXz35B8&feature=emb_logo
https://arxiv.org/abs/2002.12782
https://arxiv.org/abs/1101.3207
https://medium.com/@universalquantum/how-universal-quantum-is-rising-to-the-million-qubit-challenge-638efc64206
https://www.taipeitimes.com/News/front/archives/2021/12/13/2003769498
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Its goal is to create a trapped ion quantum computer using strontium 88 ions energized at Rydberg 

levels. Their ions would be easier to control than classical trapped ions, using UV lasers at 243 nm 

(generated with IR lasers and double frequency doubling) and THz microwave directive antennas, all 

being handled in a Penning trap on a chip running at 30K. 

 

neQxt (2023, Germany) is a startup cofounded by Sebastian Deuser (CEO), 

Christian Zimmermann (COO), Björn Lekitsch (CTO), Janine Hilder (CSO), 

and Ferdinand Schmidt-Kaler (scientific advisor). It spun out of Universität 

Mainz. 

The only thing they communicate on is saying they use a shuttling ions-based architecture and laser 

driven qubit gates, which are both commonplace1720. 

 

Quantum Art (2022, Israel, $24M) is a trapped-ions startup based in Tel Aviv 

that was created by Tal David, the former coordinator of the defense minister 

and then for the whole government quantum strategy for 10 years, with Roee 

Ozeri from the Weizmann Institute and Amit Ben Kish from Raphael. Their 

roadmap is to reach 64 qubits based on the 5 trapped-ions experimental system 

built by Roee Ozeri1721. 

Neutral atoms qubits 

Neutral atoms, aka cold atoms, are another atomic form of qubits in addition to trapped ions1722. They 

are both trapped, but not exactly in the same way. Since these atoms are not used in ionized form, 

they are not trapped with electrodes but with lasers. The atoms preparation is done in multiple steps. 

An atom cloud is first trapped and cooled in a MOT (magneto-optical-trap)1723. Then other lasers 

using the method of "optical tweezing" or “optical traps” will precisely control the position of the 

atoms and arrange them in patterns like 2D matrices1724. 

Neutral atoms can be used to create qubits with their two states corresponding to different atomic 

energy levels, where transitions are controlled by a variable mix of laser beams and microwaves. 

These atoms have controllable high-energy so-called Rydberg states which can be used as the |1⟩ 
qubit state and/or for coupling qubits with two-qubit gates or for setting-up a Hamiltonian for a quan-

tum simulation run. 

Indeed, neutral atoms qubits can be used in two ways: with gate-based computing using one and two-

qubit gates and for quantum simulations, using a prepared state of interconnected qubits that are con-

verging to a minimum energy level, helping to find a solution to chemical simulation and optimization 

problems. Quantum simulation also simulate the “Hubbard model” (aka Fermi-Hubbard model) 

which modelizes strongly correlated electronic materials like condensed matter and high-temperature 

superconducting materials1725. 

 

1720 See Quantum Circuit Compiler for a Shuttling-Based Trapped-Ion Quantum Computer by Fabian Kreppel et al, July 2022-Novem-

ber 2023 (35 pages). 

1721 See Scalable architecture for trapped-ion quantum computing using RF traps and dynamic optical potentials by David Schwerdt, 

Roee Ozeri et al, Quantum Art and Weizmann Institute of Science,  November 2023 (19 pages). 

1722 See this excellent review paper: Quantum simulation and computing with Rydberg-interacting qubits by Manuel Agustin Morgado 

and Shannon Whitlock, Laboratory of Exotic Quantum Matter, University of Strasbourg, December 2020 (28 pages). 

1723 It creates a variable magnetic field and associate three pairs of lasers to cool down the atoms below the Doppler limit, using the 

Zeeman variable shift effect. The frequency of the lasers used for atoms cooling would have to be changed as they are cooled. A 

workaround is to progressively change their resonance frequency with a varying magnetic field so that it’s aligned with the cooling 

laser frequency. 

1724 See Quantum information processing with individual neutral atoms in optical tweezers by Philippe Grangier, (47 slides). 

1725 See Quantum simulation of the Hubbard model with ultracold fermions in optical lattices by Leticia Tarruell (ICFO, Spain) and 

Laurent Sanchez-Palencia (CPHT, France), January 2019 (38 pages). 

https://arxiv.org/abs/2207.01964
https://arxiv.org/abs/2311.01168
https://arxiv.org/pdf/2011.03031.pdf
http://www.ncts.ncku.edu.tw/phys/qis/110513/files/speech/Philippe_Grangier_3.pdf
https://arxiv.org/abs/1809.00571
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Neutral atoms are very versatile and have various other use cases on top of quantum computing and 

simulation, including quantum sensing, with applications in microgravity detection, electromagnetic 

spectrum analysis and atomic clocks and also quantum memories and repeaters1726. We cover these 

various use cases in other parts of this book. 

History 

Neutral atom-based computing history starts a long time ago with fundamental physics research be-

fore quantum computing was even conceptualized. High energy atom states were formalized by Jo-

hannes Rydberg in Sweden in 1887 based on Johann Balmer’s series. It was later explained by Niels 

Bohr in 1913 with his semiclassical model of the hydrogen atom with discrete energy levels. An 

extended understanding of the observed hydrogen spectrum was done by Wolfgang Pauli in 19261727. 

In parallel with the many research on Bose-Einstein Condensate, which are not relevant for neutral 

atoms computing, mechanisms were developed in the 1980s to control individual atoms in vacuum 

using lasers1728. It was first demonstrated in 1985 at the Bell Laboratories by Steven Chu, creating 

what they called "optical molasses" due to the viscosity of the confined sodium atoms used in their 

experiment. 

In 1985, Claude Cohen-Tannoudji, Alain Aspect and Jean Dalibard started to work on laser-based 

atoms cooling using Doppler effect. In 1987, David Wineland and Wayne Itano improved laser cool-

ing, which led the way for various applications including ultrahigh resolution spectroscopy and 

atomic clocks. In 1988, scientists led by Claude Cohen-Tannoudji at ENS Paris and others from Stan-

ford University developed new atoms cooling mechanisms based on laser optical pumping, light shifts 

and laser polarization gradients1729. They invented “Sisyphus cooling” in 1989, a cold atom cooling, 

aka polarization gradient cooling technique, reaching temperatures below the Doppler cooling limit. 

This led Claude Cohen-Tannoudji to be awarded the Nobel prize in physics in 1997, together with 

Steven Chu. 

Laser cooling of atoms then reached very low temperatures, in the nK range. It contributed in 1995 

to the discovery in the USA, of gaseous Bose-Einstein condensates that was devised in the mid-1920s 

by Bose and Einstein. 

Ultra-cold atoms were used to create more precise atomic clocks than the cesium-based ones running 

at room temperature starting in 1998 in France. 

In the 1980s, Serge Haroche, started to work with Rydberg atoms and their integration in supercon-

ducting cavities, pioneering cavity electrodynamics (CQED), light-atoms interactions, cold atoms 

control and the understanding of quantum decoherence. 

So, how about neutral atoms and quantum computing? First, we have the raw idea of a quantum 

simulator by Richard Feynman in 1981. In 1996, Seth Llyod demonstrated that it “was possible” to 

implement such scheme, noticeably with controlled atoms1730. 

While quantum simulation can be theoretically implemented with trapped ions and superconducting 

qubits, the cold atom way is the only one that is seriously investigated and which has reached the 

commercial stage. 

 

1726 See Highly-efficient quantum memory for polarization qubits in a spatially-multiplexed cold atomic ensemble by Julien Laurat et 

al, 2018 (6 pages) and Experimental realization of 105-qubit random access quantum memory by N. Jiang et al, 2019 (6 pages). 

1727 See Rydberg Physics by Nikola Šibalić and Charles S Adams, 2018 (28 pages). 

1728 See New Mechanisms for Laser Cooling by Claude Cohen-Tannoudji and William D. Phillips, 1990 (8 pages). 

1729 See Laser cooling and trapping of neutral atoms by Jean Dalibard and Claude Cohen-Tannoudji (20 pages). 

1730 See Universal Quantum Simulators by Seth Lloyd, 1996 (7 pages). 

https://www.nature.com/articles/s41467-017-02775-8
https://www.nature.com/articles/s41534-019-0144-0
http://iopscience.iop.org/book/978-0-7503-1635-4/chapter/bk978-0-7503-1635-4ch1
http://www.phys.ens.fr/~cct/articles/Physics-today/Physics-today-43-33-1990.pdf
https://pro.college-de-france.fr/jean.dalibard/publi2/laser_cooling.pdf
http://personalpages.to.infn.it/~mussod/1073.full.pdf
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Then things started to get serious with two-qubit gates proposals from Dieter Jaksch, J. Ignacio Cirac 

and Peter Zoller1731 and from Gavin K. Brennen et al in 19981732, with improvements from Jaksch, 

Zoller and Mikhail Lukin in 20001733. In 2012, J. Ignacio Cirac and Peter Zoller proposed a set of 

criteria for quantum simulators similar to those from David DiVincenzo’s 2000 for gate-based quan-

tum computing (in Figure 421)1734. 

The first two-qubits gates with pairs of Rydberg atoms were implemented in 2009 by Mark Saffman 

from the University of Wisconsin (with “gg-qubits”, which we cover later) and at the Institut 

d’Optique in France (“gr-qubits”). 

Many progresses were made in the 2010’s which encouraged many scientists to create their own 

companies. It started with the creation of ColdQuanta (2007), Muquans (2011), both using cold atoms 

for quantum sensing in micro-gravimetry, BraneCell (2015), Atom Computing (2018), Pasqal (2019) 

and QuEra (2020). Besides Muquans (now in France’s Exail), all the others are positioned in the 

quantum computing market although Exail is also a technology provider for Pasqal for lasers. 

 
Figure 421: comparisons of gate-based quantum computing (left) and quantum simulation (right). Source: Quantum simulation and 

computing with Rydberg-interacting qubits by Manuel Agustin Morgado and Shannon Whitlock, December 2020 (28 pages). 

Science 

Neutral atoms are non-ionized atoms with an equivalent number of protons and electrons. Neutral 

atoms used in cold atoms computing belong to the first column in the table of elements, having a 

single electron in the valence layer, such as hydrogen, sodium, lithium, cesium, potassium, or rubid-

ium, the last one being the most commonly used. This alkaline metal has interesting energy transitions 

that correspond to common lasers wavelengths as well as easily generated microwaves between 3 and 

10 GHz. It is possible to manage with them so-called closed transitions which allow, with lasers, to 

make atoms transit between several states in a cyclic and controlled manner. But ytterbium and stron-

tium with two electrons in their valence shell are also used, but with the qubit state stored in the atom 

nucleus spin and separated with a magnetic field instead of hyperfine electronic states1735. On top of 

that, states are stable long enough to perform computations, i.e. about a hundred microseconds. Other 

elements are investigated like dysprosium and praseodymium who are lanthanide elements. 

 

1731 See Entanglement of atoms via cold controlled collisions by Dieter Jaksch, H.-J. Briegel, J. Ignacio Cirac, C. W. Gardiner and Peter 

Zoller, 1998 (4 pages). 

1732 See Quantum Logic Gates in Optical Lattices by Gavin K. Brennen, Carlton M. Caves, Poul S. Jessen, and Ivan H. Deutsch, PRL, 

1998 (7 pages). 

1733 See Fast Quantum Gates for Neutral Atoms by D. Jaksch, J. Ignacio Cirac, Peter Zoller, Mikhail D. Lukin et al, PRL, 2000 (4 

pages). 

1734 See Goals and opportunities in quantum simulation by J. Ignacio Cirac and Peter Zoller, Nature Physics, 2012 (3 pages). 

1735 See Repetitive Readout and Real-Time Control of Nuclear Spin Qubits in 171Yb Atoms by William Huie et al, September 2023 (28 

pages). 

https://arxiv.org/pdf/2011.03031.pdf
https://arxiv.org/pdf/2011.03031.pdf
https://arxiv.org/abs/quant-ph/9810087
https://arxiv.org/abs/quant-ph/9806021
https://arxiv.org/abs/quant-ph/0004038
https://www.nature.com/articles/nphys2275
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.030337
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Cold atoms can be used in Rydberg states, which correspond to a very high level of energetic excita-

tion, between 50 and 100 electron quantum number (layer position in atom against Bohr’s model, 

labelled n or N). This creates very large electron orbits, scaling by N2. These high energy states are 

used to create entanglement between atoms and thus to operate multi-qubit quantum gates or large 

Hamiltonians in quantum simulation modes. These excited states have a fairly good stability level of 

about 100 μs.  

        

Figure 422: Rydberg state are high-energy level of excited atoms that create a dipole in the atom. It enables entanglement with neighbor 
atoms. Source: Interacting Cold Rydberg Atoms: a Toy Many-Body System by Antoine Browaeys and Thierry Lahaye, 2013 (20 pages). 

It is several orders of magnitude longer than the classical excited states (hyperfine, which are used 

for cold atoms qubit states). This stability is somehow equivalent to the coherence time of supercon-

ducting qubits. 

Cold atoms computing also exploits the Rydberg blockade effect, where a Rydberg atom excited with 

a high energy level (with n>50-70) prevents neighboring atoms from reaching that level. When ex-

cited, these atoms behave like accentuated dipoles, the orbit of the electrons of the valence layer being 

very inclined as shown in Figure 422. They also have a disproportionate size of up to one micron 

(μm) in diameter for n=100 with 87Ru. This is close to being in an ionized state1736. Their electromag-

netic characteristics make the atoms react with their neighbors whose excitation they block within a 

perimeter of up to 20 μm, which is huge at the atomic scale. Activated Rydberg atom can also be 

excited by lasers to generate well-isolated single photons that can be used in nonlinear optics1737. This 

provides yet another source of single photons, in addition to quantum dots. The Rydberg blockade 

phenomenon could also be implemented in quantum telecommunications, in spectroscopy and in 

atomic clocks1738. 

But as usual with all qubit types, there are many variations of cold atoms qubits (Figure 423). First, 

you have three breeds of qubits whose manifold is based on classical energy levels. With ground-

Rydberg qubits which are controlled by UV, visible and infrared lasers, Rydberg-Rydberg qubits con-

trolled by microwaves and lasers, ground-ground qubits controlled by microwaves and optical lasers, 

and at last, nuclear spin atoms controlled by optical lasers using Raman transitions. 

Some vendors like Pasqal and QuEra are investigating the first three types of qubits, seemingly fa-

voring gr-qubits and rr-qubits for quantum simulation and gg-qubits for gate-based computing. 

 

1736 This presentation of 52 slides from 2014 describes well the history and geometry of the Rydberg atoms. 

1737 See Observation of coherent many-body Rabi oscillations by Yaroslav Dudin and Alex Kuzmich, GeorgiaTech, 2012 (5 pages) and 

Nonlinear quantum optics mediated by Rydberg interactions by Sebastian Hofferberth et al, 2016 (26 pages). 

1738 See Photon-Mediated Quantum Information Processing with Neutral Atoms in an Optical Cavity by Stephan Welte, 2019 (124 

pages). 

Rb

http://www.bourbaphy.fr/browaeys.pdf
https://www.sif.it/static/SIF/resources/public/files/va2014/Pfau_3.pdf
https://arxiv.org/abs/1205.7061
https://arxiv.org/abs/1602.06117
https://mediatum.ub.tum.de/doc/1483691/file.pdf
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Topological states allowing to create more reliable qubit-based computing systems are also studied1739. 

 

Figure 423: the various ways to control cold atoms. Source: Quantum simulation and computing with Rydberg-interacting qubits by 
Manuel Agustin Morgado and Shannon Whitlock, December 2020 (28 pages) and additions by Olivier Ezratty, 2022-2024. 

Cold atoms qubits are the most common ones that can be used in both gate-based quantum computing 

and in quantum simulation computing mode (aka analog quantum simulation). In the first case, qubits 

are individually controlled over time with single and two-qubit gates, to read qubit state at the end of 

processing1740. With quantum simulation1741, a so-called Hamiltonian is prepared with specific atoms 

geometry and connectivity, usually using Rydberg states, which then converges itself into an energy 

minimum leading to qubits measurement. Individual qubits are controlled only at the initialization 

stage and for readout. In that case, there is no sequential programing, but variational algorithms based 

on a classical cost function minimization can be used. 

Most neutral atoms systems and qubit types can be used in both paradigms, but it seems that the gate-

based model is the most demanding and complicated to handle1742.  

 

1739 See Topologically protected edge states in small Rydberg systems by Antoine Browaeys et al, 2018 (6 pages) and Observation of 

a symmetry protected topological phase of interacting bosons with Rydberg atoms by Antoine Browaeys, Thierry Lahaye et al, 2019 

(20 pages). Quantum simulation using cold atoms is also a tool to simulate topological matter. See Scientists unveil first quantum 

simulation of 3-D topological matter with ultracold atoms by Hong Kong University of Science and Technology, July 2019. 

1740 See Versatile neutral atoms take on quantum circuits by Hannah J Williams, Nature, 2022 (2 pages) which describes two such 

methods, implemented by QuEra and ColdQuanta and mentioned later. 

1741 See Toward quantum simulation with Rydberg atoms by Thanh Long Nguyen, 2016 (182 pages), Quantum simulations with ultra-

cold atoms in optical lattices by Christian Gross and Immanuel Bloch, 2017 (8 pages), Tunable two-dimensional arrays of single 

Rydberg atoms for realizing quantum Ising models by Thierry Lahaye and Antoine Browaeys, 2017 (13 pages), Quantum read-out for 

cold atomic quantum simulators, par J. Eisert et al, 2018 (20 pages), Quantum critical behaviour at the many-body localization transition 

by Markus Greiner et al, 2018 (10 pages), Quantum Kibble-Zurek mechanism and critical dynamics on a programmable Rydberg 

simulator by Alexander Keesling et al, 2019 (16 pages) and Many-body physics with individually controlled Rydberg atoms by Antoine 

Browaeys and Thierry Lahaye, 2020 (14 pages). 

1742 It also requires specific compilation tools, as described in Computational Capabilities and Compiler Development for Neutral Atom 

Quantum Processors: Connecting Tool Developers and Hardware Experts by Ludwig Schmid et al, September 2023 (32 pages). 
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https://arxiv.org/pdf/2011.03031.pdf
https://arxiv.org/abs/1803.05293
https://arxiv.org/abs/1810.13286
https://arxiv.org/abs/1810.13286
https://phys.org/news/2019-08-scientists-unveil-quantum-simulation-d.html
https://phys.org/news/2019-08-scientists-unveil-quantum-simulation-d.html
https://media.nature.com/original/magazine-assets/d41586-022-01029-y/d41586-022-01029-y.pdf
https://www.theses.fr/2016PA066695.pdf
https://science.sciencemag.org/content/sci/357/6355/995.full.pdf
https://science.sciencemag.org/content/sci/357/6355/995.full.pdf
https://hal.archives-ouvertes.fr/hal-01366953/document
https://hal.archives-ouvertes.fr/hal-01366953/document
https://arxiv.org/abs/1807.04567
https://arxiv.org/abs/1807.04567
https://arxiv.org/abs/1812.06959
https://arxiv.org/abs/1809.05540
https://arxiv.org/abs/1809.05540
https://arxiv.org/abs/2002.07413
https://arxiv.org/abs/2309.08656
https://arxiv.org/abs/2309.08656
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Thus, three situations in the market can be observed: startups like Pasqal and QuEra are explicitly 

saying that they start first with the quantum simulation paradigm – sometimes labelled “programma-

ble Hamiltonian - with plans to later also support gate-based models, others like Infleqtion tout their 

positioning on gate-based quantum computing but actually start with quantum simulation and at last, 

others like Atom Computing start readily with a gate-based approach. The landscape suddenly 

changed in December 2023 when Harvard and MIT announced having created 48 logical qubits and 

fault-tolerance with 280 cold atoms. Although they modestly improved the physical qubits perfor-

mance, with using post-selection, it was considered as being a breakthrough1743. 

 
Figure 424: pros and cons of cold atoms quantum computers and simulators. (cc) Olivier Ezratty, 2022-2023. 

One concern being addressed is the speed of operations. One single shot can last about half a second, 

explained by the time it takes to prepare the atoms. Actual computing is quite fast (about 5 µs) with 

additional time for the disposal of the used atoms after each shot (about 20 ms). Shot times could 

potentially be accelerated by one to two orders of magnitude by improving the way atoms are pre-

pared and arranged in the vacuum chamber. Other concerns relate to how these systems can scale 

with regards to atoms placement and control, particularly given tweezer-based placement control 

must be deactivated during computing (Figure 424). 

Qubit operations 

We’ll look here at the way qubits lifecycle works, from initialization to readout, with quantum gates 

in-between (for gate-based systems)1744. The general principle is as follows: 

• Quantum state for the |0⟩ and |1⟩ qubit basis corresponds to a ground and excited state, which 

depends on the qubit type as seen previously with ground-Rydberg, Rydberg-Rydberg, ground-

ground and nuclear spin atoms qubits. The most commonplace for gate-based computing seems 

to be the ground-ground case. The qubit |0⟩ state is usually prepared with laser pumping or with 

some microwave pulse. Contrarily to superconducting and quantum dots spin qubits who are static 

in nature in their electronic circuits, atoms must be first arranged in space before any computing 

can start. The qubits can be arranged in 1D, 2D1745 or 3D matrices1746 (Figure 425). 

 

1743 See Logical quantum processor based on reconfigurable atom arrays by Dolev Bluvstein, Mikhail D. Lukin et al, Nature, December 

2023 (42 pages) and the corresponding arXiv. 

1744 See Neutral Atom Quantum Computing Hardware: Performance and End-User Perspective by Karen Wintersperger et al, April-

May 2023 (27 pages) that contains a good description of neutral atoms computers operations. 

1745 See the thesis Rydberg interactions in a defect-free array of single-atom quantum systems by Daniel Ohl de Mello, 2020 (147 

pages) which describes the way to fill a 2D matrix of a hundred heavy atoms. 

1746 See Three-Dimensional Trapping of Individual Rydberg Atoms in Ponderomotive Bottle Beam Traps by Antoine Browaeys, Thierry 

Lahaye et al, 2019 (8 pages). 

• adapted to quantum simulations more 
than to universal gates computing.

• crosstalk between qubits that can be 
mitigated with two-elements atom 
architectures.

• not yet operational QND (quantum non 
demolition) measurement that is required 
for QEC and FTQC.

• slow operations (1 Hz simulation cycle).

• hard to implement with gate-based model.

• losing atoms during computing.

• long qubit coherence time and fast gates.

• operational systems with 100-300 atoms.

• identical atoms, that are controlled with the 
same laser and micro-wave frequencies (but 
dual-elements architectures are investigated).

• works in both simulation and gate-based
paradigms.

• no need for specific integrated circuits.

• uses standard apparatus.

• low energy consumption.
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https://www.nature.com/articles/s41586-023-06927-3
https://arxiv.org/abs/2312.03982
https://arxiv.org/abs/2304.14360
https://tuprints.ulb.tu-darmstadt.de/11504/1/Dissertation_Final_Ohl_de_Mello.pdf
https://arxiv.org/abs/1908.00853
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They are cooled, controlled, 

and positioned by several la-

sers organized in precision 

optical tweezers1747. A qubit 

can be based on a single 

atom or on a group of atoms 

depending on the methods 

used. The atoms are prepared 

with a hot or cold source 

(some μK) which then feeds 

an ultra-vacuum chamber 

where a MOT is cooling 

them with laser lasers. 

 

Figure 425: how an array of cold atoms is being prepared. Source: Rydberg atom quantum 
technologies by James Shaffer, 2019 (24 pages). 

• Single-qubit quantum gates are activated by a mix of microwaves (a few GHz, compatible with 

hyperfine states in the case of Rydberg-Rydberg or ground-ground qubits) and laser pumping to 

change the energy state of the cold atom between its ground and excited state. These gates can 

also use Raman transitions driven by lasers on two frequencies or by a combination of the Stark 

effect of spectral line shifting under the effect of an electric field and microwaves. In most cases, 

cold atoms single qubit gates are Rz(θ) (arbitrary phase rotation). The best single-qubit gate fidel-

ities were 99.9% as of 2022  1748. 

• Two-qubit quantum gates also use a variable mix of microwaves and lasers most of the time, 

using Rydberg state, the related Rydberg blockage phenomenon, and dipole-dipole interactions1749. 

They are applied to atoms in their ground or excited state, which projects its valence layer elec-

trons into a high orbit. For rubidium , there is only one electron to manage in this layer. These 

quantum gates can in practice involve more than two qubits, which is useful to set up a Hamilto-

nian in quantum simulation mode. The fidelity of two qubit gates was quite low in 2016 with a 

maximum of 75% with rubidium and 81% in 2016 with cesium. It increased to a better level of 

99.5% with 60 operating qubits in 20231750 and even 99.85% in 20221751, both with CZ gates. The 

decoherence of cold atoms qubits has different origins: photoionization, spontaneous emission of 

photons, transitions induced by black body radiation, stability of control lasers and laser pulse 

timing and precision control of atoms in space1752. The two-qubit gate set is variable. It can for 

example contain a CPHASE, CZ (ColdQuanta/Infleqtion, QuEra) and XY gate. These gates usu-

ally work in the nearest neighborhood fashion. With cold-atoms, two-qubit gates are usually faster 

to operate than single qubit gates1753. 

 

1747 See the review paper Roadmap for optical tweezers by Giovanni Volpe et al, Journal of Physics Photonics, April 2023 (136 pages). 

Up to several thousands atom can be positioned and controlled by tweezers using a mix of SLMs and AODs. 

1748 See Multi-qubit entanglement and algorithms on a neutral-atom quantum computer by T. M. Graham et al, ColdQuanta, Nature, 

April 2022 (25 pages). 

1749 In 2019, American researchers were able to create multi-qubit quantum gates with 95% fidelity based on cold atoms, in Parallel 

implementation of high-fidelity multi-qubit gates with neutral atoms by H. Levine et al, August 2019 (16 pages). Two-qubit gate bases 

in Direct Measurement of the van der Waals Interaction between Two Rydberg Atoms by Lucas Béguin, Antoine Browaeys et al, 2013 

(5 pages). And Quantum information processing with individual neutral atoms optical tweezers by Philippe Grangier (47 slides). 

1750 See Compiling Quantum Circuits for Dynamically Field-Programmable Neutral Atoms Array Processors by Daniel Bochen Tan, 

Mikhail D. Lukin et al, June 2023 (18 pages). 

1751 See Two-qubit gate in neutral atoms using transitionless quantum driving by Archismita Dalal et al, University of Calgary, Jun 

2022 (22 pages). 

1752 Source: Quantum Computing with Neutral Atoms, 2013 (42 slides). 

1753 It could even reach the nanosecond scale as experimented in Ultrafast energy exchange between two single Rydberg atoms on a 

nanosecond timescale by Y. Chew et al, Nature Photonics, 2022 (7 pages). 

https://arxiv.org/abs/1907.09231
https://arxiv.org/abs/1907.09231
https://iopscience.iop.org/article/10.1088/2515-7647/acb57b
file:///C:/Travail/•%09https:/www.nature.com/articles/s41586-022-04603-6
https://arxiv.org/pdf/1908.06101.pdf
https://arxiv.org/pdf/1908.06101.pdf
https://arxiv.org/abs/1302.4262
http://www.ncts.ncku.edu.tw/phys/qis/110513/files/speech/Philippe_Grangier_1.pdf
https://arxiv.org/abs/2306.03487
https://arxiv.org/abs/2206.08915
http://web.archive.org/web/20181123112737/http:/www.physics.udel.edu/~msafrono/650/Lecture%2013.pdf
https://www.nature.com/articles/s41566-022-01047-2
https://www.nature.com/articles/s41566-022-01047-2
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• Qubit readout uses a CCD 

or CMOS camera detecting 

the atoms fluorescence with 

a method like the one used 

with trapped ions and NV 

centers. Figure 426 shows a 

simplified description a cold 

atom qubits system with la-

ser and microwave-based 

control tools and qubit 

measurement using fluores-

cence and a camera. This 

method is destructive of the 

qubit state. It is not yet a 

QND measurement. 

 

Figure 426: typical devices arrangement to control cold atoms. Source: Quantum computing 
with atomic qubits and Rydberg interactions: Progress and challenges by Mark Saffman, 

2016 (28 pages). 

• Cold atoms are not the easiest candidate to implement measurement-based quantum error correc-

tion for creating FTQC systems. There are however various investigated solutions to create non 

demolition measurement like with moving atoms to a readout zone, using a second atomic element 

as ancilla qubits, shelving data qubits in auxiliary atomic levels, using optical cavities or even 

ancillary atomic ensembles1754 to implement fault-tolerant error correction without the need for 

qubit readout1755. Readout fidelities are still to be improved and are currently in the 95% range1756. 

Cold atoms quantum computing can also be based with other programming paradigms, like fermionic 

computing. One proposal from the MIT associates pairs of cold atoms in 2D optical lattices in which 

the quantum information is encoded in the vibrational state of the atom pairs1757. 

Other hybrid paradigms are also investigated involving a mix of gate-based and analog circuits1758. 

Setup 

In general, cold atom-based systems operate at room temperatures but atoms are cooled at below 1 

mK and in ultra-high vacuum. In practice, it is the ultra-high vacuum pumps and the atoms laser 

cooling that ensures this thermalization, but for a large number of atoms, a 4K cryostat is to be used 

to cool the inside of the atoms chamber and the vacuum pump. Preparing and controlling the qubits 

is based on a set of lasers, light structuring devices (SLM and AODs), polarizing beam splitters and 

microwaves devices (Figure 427). Microwaves are sent in a “one to many” mode and usually coupled 

with targeted photons to control individual gates. Cold atom qubits vendors often argue that their 

QPUs work at ambient temperature and do not require any refrigerant based cooling system. 

While they do not use cryostats like those that cool superconducting and silicon qubits, they still cool 

their qubits, using different methods combining ultra-vacuum pumps, magnetic traps and lasers. And 

now, some are even using a 4K cryostat to cool their ultra-vacuum pump and chamber to avoid the 

pollution of their tweezer-assembled 2D grid by spare atoms, at least, beyond 200 atoms. 

 

1754 This inventory comes from High-fidelity parallel entangling gates on a neutral atom quantum computer by Simon J. Evered, Mi-

khail D. Lukin et al, Nature, April-October 2023 (21 pages) which contains a good related bibliography. 

1755 See Measurement-free fault-tolerant quantum error correction in near-term devices by Sascha Heußen et al, Aachen University and 

Forschungszentrum Jülich, July 2023 (24 pages). 

1756 See Fast Preparation and Detection of a Rydberg Qubit Using Atomic Ensembles by Wenchao X et al, PRL, July 2021 (6 pages). 

1757 See Quantum register of fermion pairs by Thomas Hartke, Botond Oreg, Ningyuan Jia and Martin Zwierlein, MIT, 2021 (10 pages). 

1758 See Quantum simulation of fermionic systems using hybrid digital-analog quantum computing approach by Nikita Guseynov and 

Walter Pogosov, December 2021-May 2022 (20 pages). 

http://iopscience.iop.org/article/10.1088/0953-4075/49/20/202001/ampdf
http://iopscience.iop.org/article/10.1088/0953-4075/49/20/202001/ampdf
https://www.nature.com/articles/s41586-023-06481-y
https://arxiv.org/abs/2307.13296
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.050501
https://arxiv.org/pdf/2103.13992.pdf
https://arxiv.org/abs/2112.15158
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Figure 427: overall architecture of a cold atoms based computer. (cc) Olivier Ezratty, 2022-2023. 

Here are some explanations on the mentioned devices1759: 

MOT (magneto-optical trap) uses laser cooling and a spa-

tially-varying magnetic field to create a trap for our cold at-

oms where they are cooled with lasers, Doppler and Sisyphus 

effects. The MOT contains a weak quadrupolar spatially var-

ying magnetic field generated by a coil of about 8 cm diam-

eter and four to six glass doors letting through circularly po-

larized red lasers beams which are slowing down the move-

ment of the atoms at the center of the MOT. It enables the 

atoms to reach very low temperatures of under 1 mK. Figure 

428 shows the chamber used by Pasqal, which contains a 

MOT. It is quite heavy, weighing more than 25 kg. The 

chamber is pumped to be under ultra-vacuum. 

 

Figure 428: a vacuum chamber from Pasqal, which 
contains a MOT. 

SLM (spatial light modulator) are LCD systems modulating light. The SLMs breeds used in cold 

atom tweezers modulate the laser light phase using nematic liquid crystal layers instead of just its 

intensity like in regular LCD chips and create sort of a hologram. Phase SLMs are usually based on 

LCOS chips thanks to their controllable birefringence, with vendors like Hamamatsu, Holoeye and 

Thorlabs. SLMs are used to create optical tweezers that precisely control atoms position in vacuum 

and at the nanometer scale1760 1761.  Tweezers are used to create custom 2D layout arrangements, or 

graphs, of atoms with a precise positioning corresponding to the problem to solve in quantum simu-

lation mode. It is the quantum equivalent of a programmable FPGA circuit1762. The atoms must be 

separated by about 5 µm in their 2D grid, a distance slightly larger than the Rydberg blockage radius 

and which also corresponds to the SLM-based holography resolution. 

AOM (acoustic-optical modulators) aka AOD (acousto-optic deflectors) uses an acousto-optic effect 

to diffract and shift the frequency of light using sound waves at radio frequencies. It contains a pie-

zoelectric transducer that is attached to a material such as glass. 

 

1759 See Roadmap on Atomtronics: State of the art and perspective by L. Amico, August 2020-June 2021 (113 pages). 

1760 See High-Precision Laser Beam Shaping and Image Projection by Jinyang Liang, 2012 (126 pages). 

1761 See Spatial light modulators, MPD, 2020 (6 pages). 

1762 See Field-Programmable Qubit Arrays: The Quantum Analog of FPGAs by Yuval Boger, EETimes, February 2023. 
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An oscillating electric signal creates transducer vibrations, producing sound waves within the mate-

rial, changing the refraction index1763. 

Image sensors. They are used as described above for qubit readout but also in combination with 

tweezers while positioning the atoms1764. They are either CCD or CMOS imagers. 

Research 

The most active research laboratories with cold atom-based qubits are in the USA (Harvard with 

Mikhail Lukin, University of Wisconsin with Mark Saffman1765, Adam Kaufman from JILA in 

Colorado1766, Caltech with Vladan Vuletic and Manuel Endres, Princeton with Jeff D. Thompson, 

who investigates nuclear spin neutral atoms and circular Rydberg atoms1767 1768 1769, Caltech with 

Manuel Endres1770 , GeorgiaTech and the Quantum Systems Accelerator (QSA) from the DoE 

and the  ), in the UK at the University of CambridgeoratoryLawrence Berkeley National Lab

University of Strathclyde in the group of Jonathan Pritchard1771, in Austria at the University of 

Innsbruck1772  and the University of Vienna, Germany (Max Planck Institute, Free University of 

Berlin, University of Stuttgart, University of Darmstadt1773), The Netherlands (Eindhoven University 

of Technology 1774 ) and 

Taiwan1775.  

In France we have Institute d’Optique Graduate School with Antoine Browaeys and Thierry Lahaye 

who cofounded Pasqal, and the Unistra laboratory in Strasbourg run by Shannon Whitlock, who is 

behind the project aQCess and the European Flagship EuRyQa (with Pasqal).1776. 

Another European H2020 project, AtomQT, covers research with cold atoms, both qubits and sensing. 

In France, it involves the Bordeaux Optics Institute and the LPMMC in Grenoble with Benoît Ver-

mersch. 

 

1763 See alternative and more scalable approaches as proposed in An integrated photonic engine for programmable atomic control by 

Ian Christen et al, MIT and CSEM, August 2022 (16 pages). 

1764 See High-fidelity detection of large-scale atom arrays in an optical lattice by Renhao Tao, Immanuel Bloch et al, September 2023 

(9 pages). 

1765 See Quantum computing with atomic qubits and Rydberg interactions: Progress and challenges by Mark Saffman, 2016 (28 pages). 

1766 See Ytterbium nuclear-spin qubits in an optical tweezer array by Alec Jenkins, Adam M. Kaufman et al December 2021-May 2023 

(21 pages). 

1767 See High-fidelity gates with mid-circuit erasure conversion in a metastable neutral atom qubit by Shuo Ma, Guido Pupillo, Shruti 

Puri, Jeff D. Thompson et al, Nature, May-October 2023 (17 pages). 

1768 See Universal Gate Operations on Nuclear Spin Qubits in an Optical Tweezer Array of 171Yb Atoms by Shuo Ma, Jeff D. Thompson 

et al, PRX, Princeton University, 2022 (12 pages). 

1769 See Optimizing Rydberg Gates for Logical Qubit Performance by Sven Jandura, Jeff D. Thompson and Guido Pupillo, October 

2022 (15 pages). 

1770 See Erasure conversion in a high-fidelity Rydberg quantum simulator by Pascal Scholl, Manuel Endres et al, Caltech and Stanford 

University, Nature, May-October 2023 (17 pages). 

1771 See Randomized Benchmarking using Non-Destructive Readout in a 2D Atom Array by B. Nikolov et al, University of Strathclyde, 

January 2023 (9 pages). 

1772 See Universal Quantum Computation in Globally Driven Rydberg Atom Arrays by Francesco Cesa and Hannes Pichler, University 

of Innsbruck and University of Trieste, May 2023 (6 pages). 

1773 See Defect-free assembly of 2D clusters of more than 100 single-atom quantum systems by Daniel Ohl de Mello et al, February 

2019-May 2023 (5 pages). 

1774 See Robust control and optimal Rydberg states for neutral atom two-qubit gates by Madhav Mohan et al, December 2022 (14 

pages). 

1775 See High-fidelity Rydberg control-Z gates with time-optimal pulses by T. H. Chang et al, Taiwan, March 2023 (8 pages). 

1776 See Time-Optimal Two- and Three-Qubit Gates for Rydberg Atoms by Sven Jandura and Guido Pupillo, February 2022 (24 pages). 

https://arxiv.org/abs/2208.06732
https://arxiv.org/abs/2309.04717
https://arxiv.org/abs/1605.05207
https://arxiv.org/abs/2112.06732
https://arxiv.org/abs/2305.05493
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.021028
https://arxiv.org/abs/2210.06879
https://www.nature.com/articles/s41586-023-06516-4
https://arxiv.org/abs/2301.10510
https://arxiv.org/abs/2305.19220
https://arxiv.org/abs/1902.00284
https://arxiv.org/abs/2212.10159
https://arxiv.org/abs/2303.16395
https://arxiv.org/abs/2202.00903
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In Germany, Johannes Zeiher from the Mack Planck Institute of Quantum Optics created SNACQ 

in 2022, a research group on cold atoms (“Scalable Neutral Atom Quantum Computing”). Its ambition 

it to create the first error-corrected logical qubit1777. It complements Immanuel Bloch’s team (Quan-

tum Many-body Systems), Gerhard Rempe’s group (Quantum Dynamics) and Arno Rauschenbeu-

tel’s team at Humboldt-Universität in Berlin. 

In 2017, Mikhail Lukin's team from Harvard University and a team from MIT assembled 51 rubid-

ium atoms1778. It went up to 256 qubits in July 20211779. In 2023, it was handling two-qubit CZ gates 

with 60 atoms with 99.5% fidelities. Antoine Browaeys’s team at Institut d’Optique reached 72 cold 

atoms in a 3D structure in 2018, 196 in 20201780. and 500 in 2021. Several startups are positioned in 

the cold atoms computing market, including Infleqtion (formerly ColdQuanta, 2007, USA, working 

initially on quantum sensing), Atom Computing (2018, USA), Pasqal (2019, France), QuEra Com-

puting (2020, USA, linked to Mikhael Lukin and Harvard) and Planqc (2022, Germany). 

 
Figure 429: sorting out the cold atoms computing challenges per generation. Source: Quantum simulation and computing with Rydberg-

interacting qubits by Manuel Agustin Morgado and Shannon Whitlock, December 2020 (28 pages) and text formatting by Olivier Ezratty, 2022. 

You may obviously wonder whether China is also working on cold atom. You bet they are, like in all 

quantum fields. It includes the Key Laboratory of Quantum Optics in Shanghai, the Center for Cold 

Atom Physics in Wuhan, both from the China Academy of Science1781 and Xidian University1782 
1783 1784. Some of these labs are focused on building cold atom based quantum sensors and repeaters. 

 

1777 See Johannes Zeiher launches new research group, February 2022. 

1778 See Quantum simulator with 51 qubits is largest ever by Matt Reynolds, 2017 which refers to Probing many-body dynamics on a 

51-atom quantum simulator by Hannes Bernien, Mikhail Lukin et al, 2017 (24 pages). 

1779 See Harvard-led physicists take big step in race to quantum computing, Harvard, July 2021. Their work is like Pasqal/IOGS based 

on the same technique with rubidium atoms and SLM tweezers. 

1780 See Synthetic three-dimensional atomic structures assembled atom by atom by Daniel Barredo, Antoine Browaeys et al, 2018 (4 

pages). 

1781 See Two-qubit controlled-PHASE Rydberg blockade gate protocol for neutral atoms via off-resonant modulated driving within a 

single pulse by Yuan Sun et al, October 2019 (16 pages) which deals with the improvement of CPHASE two-qubit gates on gg-qubits, 

with gate time at 1 µs. 

1782 See Quantum gates with weak van der Waals interactions of neutral Rydberg atoms by Xiao-Feng Shi et al, Xidian University, 

December 2022 (7 pages). 

1783 See Hyperentanglement of divalent neutral atoms by Rydberg blockade by Xiao-Feng Shi et al, December 2022 (17 pages). 

1784 See Quantum logic and entanglement by neutral Rydberg atoms: methods and fidelity by Xiao-Feng Shi, Xidian University, De-

cember 2022 (57 pages). 
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neutral atoms gate-based quantum computing scalability challenges

red lines: successive barriers associated with the finite lifetime T1 of Rydberg qubits with 
barriers assuming each gate has a duration of 50 ns.

Ng = d*n/2: multi-qubit gate count with n/2 two-qubit count per circuit layer.

limitations T1 d Ng solution

①
short dwell time of 
Rydberg excitations

5 µs 10 50

blue detuned optical or 
magnetic traps that can 
simultaneously trap
both ground and Rydberg 
states

②
atoms interaction with 
thermal and vacuum 
electromagnetic fields

100 µs 44 103

embedding atoms inside 
cryogenic cavities to inhibit 
black-body transitions and 
spontaneous microwave 
emissions

③ trap loss due to 
background gas 
collisions 

100 s 103 5 x 105 cooling vacuum chamber

④ 100 s 3 x 104 5 x 108 apply gates in parallel

https://arxiv.org/pdf/2011.03031.pdf
https://arxiv.org/pdf/2011.03031.pdf
https://www.mpq.mpg.de/6698126/02-johannes-zeiher-snacq
https://www.newscientist.com/article/2141105-quantum-simulator-with-51-qubits-is-largest-ever/
https://arxiv.org/abs/1707.04344
https://arxiv.org/abs/1707.04344
https://news.harvard.edu/gazette/story/2021/07/harvard-led-physicists-create-256-qubit-programmable-quantum-simulator/
http://www.sirteq.org/wp-content/uploads/2018/09/2018_Barredo_Nature-561-79.pdf
https://arxiv.org/abs/1812.03822
https://arxiv.org/abs/1812.03822
https://arxiv.org/abs/2212.06316
https://arxiv.org/abs/2212.06349
https://arxiv.org/abs/2212.06427
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They also investigate cold atoms quantum computing1785 with interesting recent achievements in the 

implementation of gate-based models1786. The many challenges to overcome are, like with all other 

qubit types, about scalability and, about implementing non-destructive qubit measurement to enable 

QEC/FTQC. 

Scalability can be improved mostly with in-

creasing the lifetime of atom interactions as 

described in the above chart in Figure 429. It 

also requires the continuous improvement of 

single and two-qubit gate fidelities, one goal 

being to reach three nines (99.9% for two-

qubit gates) 1787  1788 . One approach, also 

tested with trapped ions, consists in mixing 

two species of neutral atoms. It is evaluated 

in a configuration prototyped at the Univer-

sity of Chicago. Shown in Figure 430, it 

packs 512 atoms in an array using an equiv-

alent proportion of cesium and rubidium at-

oms in alternating patterns. These atom spe-

cies have a different laser wavelength for 

gate drive, which results in a reduction of 

qubit crosstalk1789. 

 

Figure 430: mixing two types of atoms, cesium and rubidium. Source: 
Dual-Element, Two-Dimensional Atom Array with Continuous-Mode 

Operation by Kevin Singh et al, University of Chicago, February 2022 (11 
pages). 

Many research works are being done to improve quantum simulations capabilities and scaling, with 

estimating the fidelity of neutral atom based quantum simulators1790, measuring high-dimensional 

entanglement1791, understanding the effect of noise and building resilience to errors1792 1793 and on 

creating measurement techniques beyond the standard basis1794. Other work investigates the capabil-

ity of organizing the atoms in 3D1795, with up to 30,000 atoms1796. 

 

1785 See Proposal for practical Rydberg quantum gates using a native two-photon excitation by Rui Li et al, March 2023 (16 pages). 

1786 See Scalable Multipartite Entanglement Created by Spin Exchange in an Optical Lattice by Wei-Yong Zhang, Jian-Wei Pan et al, 

PRL, August 2023 (19 pages). 

1787 See Two-qubit gate in neutral atoms using transitionless quantum driving by Archismita Dalal and Barry C. Sanders, University of 

Calgary, June 2022 (22 pages). These researchers could improve CZ two-qubit gate with cesium with fidelities of 99,85%. 

1788 See Demonstration of a Quantum Gate Using Electromagnetically Induced Transparency by K. McDonnell, L. F. Keary, and J. D. 

Pritchard, PRL, November 2022 (7 pages). 

1789 See Dual-Element, Two-Dimensional Atom Array with Continuous-Mode Operation by Kevin Singh et al, University of Chicago, 

February 2022 (11 pages). 

1790 See Preparing random states and benchmarking with many-body quantum chaos by Joonhee Choi and Manuel Endres, Caltech, 

MIT, Harvard,  Berkeley, University of Illinois at Urbana-Champaign, University of Innsbruck, Nature, January 2023 (25 pages). 

1791 See Detecting high-dimensional entanglement in cold-atom quantum simulators by Niklas Euler and Martin Gärttner, Universität 

Heidelberg, May 2023 (26 pages). 

1792 See Quantum advantage and stability to errors in analogue quantum simulators by Rahul Trivedi, Adrian Franco Rubio and J. 

Ignacio Cirac, December 2022 (23 pages). 

1793 See Optimization of Algorithmic Errors in Analog Quantum Simulations by Nikita A. Zemlevskiy et al, August 2023 (18 pages). 

1794 See Measuring Arbitrary Physical Properties in Analog Quantum Simulation by Minh C. Tran, MIT, Harvard, Stanford and National 

University of Singapore, December 2022 (34 pages). It deals with implementing neutral atoms measurement in various basis using 

ancilla atoms. 

1795 See Scalable multilayer architecture of assembled single-atom qubit arrays in a three-dimensional Talbot tweezer lattice by Malte 

Schlosser, February 2019-March 2023 (13 pages). 

1796 See Picosecond-Scale Ultrafast Many-Body Dynamics in an Ultracold Rydberg-Excited Atomic Mott Insulator by V. Bharti et al, 

PRL, September 2023 (7 pages). The atoms are not individually controlled. The experiment just validated large scale entanglement. 

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011040
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011040
https://arxiv.org/abs/2303.16605
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.073401
https://arxiv.org/abs/2206.08915
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.200501
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.011040
https://www.nature.com/articles/s41586-022-05442-1
https://arxiv.org/abs/2305.07413
https://arxiv.org/abs/2212.04924
https://arxiv.org/abs/2308.02642
https://arxiv.org/abs/2212.02517
https://arxiv.org/abs/1902.05424
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.123201
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Other advancements deal with long range entanglement with atom shuttling, reminiscent of what is 

being done with trapped ions in so-called fermionic quantum processors1797. And with using Circular 

Rydberg Atoms (CRA) with a maximal orbital momentum number which have longer lifetimes, above 

30 ms. They can use n=48 and 50 and optical transitions between these levels. These could be used 

for both quantum simulations1798 and gate-based modes1799. Low angular momentum Rydberg atoms 

have large elliptical orbitals, creating a dipole. Their lifetime is limited to a couple milliseconds and 

one atom out of 100 is lost in that timeframe. 

Other researchers are using ytterbium instead of rubidium, which is more stable, has more precisely 

defined energy transitions, reduced sensitivity to environmental factors like magnetic and electric 

fields, greater scalability, and longer lifetimes. Strontium is also considered due to its longer stability 

times1800. 

Vendors 

Let’s cover them by order of creation1801. 

 

Infleqtion (2007, USA, $182.6M, formerly ColdQuanta) is a company created 

by Dana Anderson, now his CTO, which develops laser-based solutions for 

cooling cold atoms and designs cold atoms-based computers. 

It is located in Boulder, Colorado, not far from the NIST Quantum Laboratory. Mark Saffman from 

the University of Wisconsin is their Chief Scientist for Quantum Information while Fred Chong from 

the University of Chicago is their Chief Scientist for Quantum Software (he also works for QCI). 

Their initial core technology was the Quantum Core (left in Figure 431), a light guide that converges 

laser beams to control cold atoms that are usually cooled to less than 50 μK. It is integrated in QuCAL, 

a complete Bose-Einstein condensate generator, and in the Physics Station, a complete optical device 

for the control of cold atoms that can be used for various purposes. Atom chips are chips that can be 

integrated in these systems including miniaturized cold atom control optics. The startup uses these 

generic technologies to create a wide variety of systems, and above all for quantum sensing, especially 

for geopositioning instead of GPS, microgravimetry or cesium quantum clocks. They also offer ultra-

high vacuum pumps for the control of cold atoms, called RuBECi as well as a cryogenic trapped ions 

package and magneto-optical traps, magnetic coils and cold atoms sources. 

Their approach to the market is truly diverse. They have equipped the ISS space station with measur-

ing instruments for NASA and JPL. 

Their overarching goal was to create and sell cold atoms-based quantum computers1802. They obtained 

some funding from DARPA in April 2020 under the ONISQ program with a $7.4M collaborative 

project involving numerous universities and Raytheon BBN. DARPA asked them to develop a scala-

ble (>1,000 qubits) system that can demonstrate quantum advantage on real-world problems. 

 

1797 See Fermionic quantum processing with programmable neutral atom arrays by Daniel González-Cuadra, Mikhael D. Lukin, Benoit 

Vermersch, Jun Ye, Peter Zoller et al, University of Innsbruck, Harvard, JILA, NIST, University of Colorado, UGA, March 2023 (13 

pages). 

1798 See Array of Individual Circular Rydberg Atoms Trapped in Optical Tweezers by Brice Ravon, Jean-Michel Raimond, Michel 

Brune, Clément Sayrin et al, April 2023 (9 pages). 

1799 See Quantum Computing with Circular Rydberg Atoms by Sam R. Cohen and Jeff D. Thompson, Princeton, PRX Quantum, March-

August 2021 (26 pages). 

1800 See Cavity-enhanced optical lattices for scaling neutral atom quantum technologies to higher qubit numbers by A. J. Park et al, 

November 2022 (18 pages). 

1801 See Quantum Computing with Neutral Atoms by Russ Fein, January 2023, provides also a good overview of the largest industry 

vendors in that field. 

1802 See ColdQuanta - Life in Quantum's Slow (and Cold) Lane Heats Up by John Russell, April 2020 and the webinar Powering the 

Quantum Information Age with Bo Ewald, April 2020 (53 minutes). 

https://arxiv.org/abs/2303.06985
https://arxiv.org/abs/2304.04831
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.030322
https://arxiv.org/abs/2110.08073
https://medium.com/@russfein/quantum-computing-with-neutral-atoms-12db614e7319
https://www.hpcwire.com/2020/04/23/coldquanta-life-in-quantums-slow-and-cold-lane-heats-up/
https://www.youtube.com/watch?v=OrEb0SQHdbY
https://www.youtube.com/watch?v=OrEb0SQHdbY
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Figure 431: ColdQuanta Quantum Core (left), Physics Station (middle) and the atoms control chip (right). Source: ColdQuanta. 

The company is focused on creating gate-based systems with 100 qubits1803 (setup shown in Figure 

432). Their first 2021 100-qubit “Hilbert” cloud-based quantum system was supposed to work in July 

2021 but was said to be commercially available only by May 2022. It was to use cesium atoms. It 

seems the DARPA project didn’t get through. 

During the summer of 2022, they released some interesting numbers on their gate-based system with 

fidelities of 99,4% for single qubit gates (lasting between 0.2 and 5 µs) and 96.5% for two qubit gates 

(CZ, lasting 0.75 µs), a measurement time of 1.5 ms, a T2 of 1 second, all of this with 121 qubits. 

In May 2021, Infleqtion joined a couple other quantum computers vendors like Pasqal with support-

ing IBM’s Qiskit, formally joining the “IBM Quantum Network”. The startup had about 170 people 

onboard as of mid-2022. As a result, it seems it became possible to control neutral atom QPUs with 

Qiskit back in 20221804. 

    
Figure 432: Infleqtion/ColdQuanta’s gate-based system architecture. Source: Demonstration of multi-qubit entanglement and algorithms on 

a programmable neutral atom quantum computer by T. M. Graham, M. Saffman et al, ColdQuanta, February 2022 (25 pages). 

In May 2022, they acquired Super.tech, a software company providing pulse-level optimization, op-

timized transpilation and error mitigation techniques (SuperstaQ, which entered as an open beta in 

 

1803 See Demonstration of multi-qubit entanglement and algorithms on a programmable neutral atom quantum computer by T. M. 

Graham, M. Saffman et al, ColdQuanta, February 2022 (25 pages) and published as Multi-qubit entanglement and algorithms on a 

neutral-atom quantum computer in Nature in April 2022. It describes their state of the art: a preparation of entangled Greenberger-

Horne-Zeilinger (GHZ) states with up to 6 qubits, implementation of quantum phase estimation for a chemistry problem, and Quantum 

Approximate Optimization Algorithm (QAOA) for the Max-Cut graph problem. Their gates set is made of local RZ phase gates and 

two-qubit CZ gates, run on a 7x7 grid spaced by 3 µm. The system is using cesium atoms. See the related See ColdQuanta, Riverlane 

and University of Wisconsin–Madison Demonstrate Algorithms on a Programmable Neutral Atom Quantum Computer, April 2022. 

1804 See You Can Use Qiskit to Control Cold Atom Systems by Laurin Fischer, Rohit Prasad Bhatt, Fred Jendrzejewski and Daniel J. 

Egger, May 2022. 

https://arxiv.org/abs/2112.14589
https://arxiv.org/abs/2112.14589
https://arxiv.org/abs/2112.14589
https://www-nature-com-s.caas.cn/articles/s41586-022-04603-6?error=cookies_not_supported&code=425cc4fe-fd06-4dcc-a121-29b3c2256b69
https://www-nature-com-s.caas.cn/articles/s41586-022-04603-6?error=cookies_not_supported&code=425cc4fe-fd06-4dcc-a121-29b3c2256b69
https://quantumcomputingreport.com/coldquanta-riverlane-and-university-of-wisconsin-madison-demonstrate-algorithms-on-a-programmable-neutral-atom-quantum-computer/
https://quantumcomputingreport.com/coldquanta-riverlane-and-university-of-wisconsin-madison-demonstrate-algorithms-on-a-programmable-neutral-atom-quantum-computer/
https://medium.com/qiskit/you-can-use-qiskit-to-control-cold-atom-systems-e4eefc7ee266
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September 20231805) and benchmarking tools (SupermarQ). In September 2022, the company was 

awarded a contract to build some AI/quantum machine learning solution for the UK Ministry of De-

fense as part of the project Q-CALC, which will use SuperstaQ. They are also teaming up with 

Classiq to handle code compilation1806 and with ParityQC (Austria) for the development of quantum 

software targeting optimization problems. 

In November 2022, the company raised an additional $111M, but seemingly to help them focus on 

developing and selling quantum sensors which are generating short and mid-term revenues. They also 

changed their name to Infleqtion. They introduced SupercheQ in December 2022 at the Q2B in Santa 

Clara, a quantum algorithm tool that checks if two files are identical. Since their rebranding, In-

fleqtion has been quite silent about neutral atoms computing but research is going on with gate-based 

mode control of neutral atoms with the work of Mark Saffman1807 1808. In February 2024, they an-

nounced that they reached 1,600 qubits with an 40x40 array of cesium atoms. 

 

Atom Computing (2018, USA, $81M) aims to create a gate-based quantum 

computer based on optically controlled neutral atoms with qubit states using 

atoms nuclear spins, initially with cesium, and later with strontium 87 1809. 

The company was created by Ben Bloom (CTO, coming from Rigetti) and Jonathan King (Chief 

Scientist, directly coming from Berkeley), joined in 2021 by Bob Hays (CEO). The company based 

in Berkeley, California, established an R&D facility in Boulder, Colorado in 2022. They demonstrated 

in October 2021 their strontium 87-based 100-qubit Phoenix system with a 40 second qubits coher-

ence time (Figure 433). They control their qubits in gate-based mode with individual microwave 

drives. The qubit manifold states are in the atom electronic ground state, avoiding spontaneous decay 

and have a record coherence time of 42 seconds. They can run simultaneous gates on individual atoms 

using two photon Raman transitions1810. As pictured in Figure 433, it was demonstrated on 21-qubit 

arrays of 3x7 qubits. They use the same apparatus as other vendors with SLMs for ytterbium atoms 

trapping and rearrangement tweezers drive, AOD (acousto-optic deflector), EOM (electronic optical 

modulator) and a CMOS image sensor for qubits fluorescence readout. In October 2023, they reached 

a record of 1,180 controlled atoms, although without publishing any qubit fidelities data. 

They plan to implement some form of QEC. In May 2023, they published a paper describing how 

they would implement mid-circuit projective measurement, a technique enabling QND measurement 

(quantum non-demolition) and quantum error correction1811 1812. The challenge is to avoid losing the 

atom in its traps while measuring it with non-destructive fluorescence imaging. 

In January 2023, the company got the endorsement of DARPA as part of their inclusion in a five-year 

program to develop FTQC as part of the Underexplored Systems for Utility-Scale Quantum 

 

1805 See Superstaq: Deep Optimization of Quantum Programs by Colin Campbell et al, Infleqtion, UC Berkeley, DoE Berkeley Labs, 

September 2023 (13 pages). 

1806 See Classiq and ColdQuanta partner to provide a complete solution to creating and executing 100-qubit quantum circuits and 

beyond, January 2022. 

1807 See Multi-qubit entanglement and algorithms on a neutral-atom quantum computer by T.M. Gragam, Mark Saffman et al, Nature, 

April 2022 (25 pages). 

1808 See Mid-circuit measurements on a neutral atom quantum processor by T. M. Graham, Mark Saffman et al, University of Wiscon-

sin-Madison, University of Colorado and Infleqtion, March 2023 (18 pages). 

1809 See Quantum computing with neutral atoms by David Weiss 2017 (7 pages). 

1810 See Assembly and coherent control of a register of nuclear spin qubits by Katrina Barnes, Michael Yarwood et al, Atom Computing, 

August 2021 (11 pages). 

1811 See Mid-circuit qubit measurement and rearrangement in a 171Yb atomic array by M. A. Norcia et al, May-June 2023 (9 pages). 

1812 See Mid-circuit operations using the omg-architecture in neutral atom arrays by Joanna W. Lis et al, JILA and University of Bonn, 

May 2023 (). 

https://arxiv.org/abs/2309.05157
https://www.classiq.io/insights/classiq-partnership-with-coldquanta
https://www.nature.com/articles/s41586-022-04603-6
https://arxiv.org/abs/2303.10051
https://pdfs.semanticscholar.org/5bed/8d96e01c0144a6704fb597bec9077d9e3d5c.pdf
https://arxiv.org/abs/2108.04790
https://arxiv.org/abs/2305.19119
https://arxiv.org/abs/2305.19266
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Computing (US2QC) program, that also welcomed Microsoft and PsiQuantum1813 . They also an-

nounced a software partnership with Entropica Labs in June 2023 and with the National Renewable 

Energy Laboratory (NREL, USA) to work on electric grid optimization use cases. 

 

 
 

Figure 433: Atom Computing architecture for over 100-qubit gate-based computing. 
Source: Assembly and coherent control of a register of nuclear spin qubits by Katrina Barnes et al, August 2021 (10 pages). 

 

Pasqal (2019, France, 140M€) is a company cofounded by George-Olivier 

Reymond (CEO) and Antoine Browaeys (CSO), with the help of Alain Aspect 

(who was awarded the Nobel prize in Physics in 2022) who was one of their 

first business angels and is a scientific advisor for the company. 

Technology. Their current offer as of August 2023 was the Fresnel QPU, an analog quantum simula-

tor with a maximum of 100 controllable atoms (about 50-60 in practice). It is completed by many 

developer tools stacks including Pulser. They currently use rubidium atoms first cooled in a MOT 

(magneto-optical trap) using the Doppler laser to reach mK-level temperature and with a variant of 

the atomic Sisyphus cooling to reach 30 μK1814. The atoms are trapped in 2D arrays with a spacing 

of a few microns thanks to the use of tweezers driven by a laser and an SLM chip controlling the 

phase of the laser photons reaching the atoms. Qubit states are managed with various modes depend-

ing on the use case: ground-Rydberg levels (for Ising quantum simulation models1815), two levels of 

Rydberg-level energy (for XY quantum simulation model using resonant dipole-dipole interactions), 

and with ground-ground states (for gate-based model, in future versions). 

 

1813 See DARPA Collaborates with Commercial Partners to Accelerate Quantum Computing, DARPA, January 2023 

1814 This method also uses lasers emitting orthogonally polarized photons. The method was invented by Claude Cohen-Tannoudji who 

was awarded the Nobel prize in physics in 1997. 

1815 See Efficient protocol for solving combinatorial graph problems on neutral-atom quantum processors by Wesley da Silva Coelho, 

Mauro D'Arcangelo and Louis-Paul Henry, Pasqal, July 2022 (16 pages) that describes how they use a variational analog quantum 

computing and machine learning to solve graph problems. In that case, the atoms are arranged in a graph with specific distances 

between atoms that match the problem to be solved. It is not a simple regular 2D array. 

https://arxiv.org/pdf/2108.04790.pdf
https://www.darpa.mil/news-events/2023-01-31a
https://arxiv.org/abs/2207.13030
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The various XX, XY and XYZ models are adapted to different physics simulations, Ising models 

being fit for ferromagnetism and XY models for organic compounds and atoms in lattices simulations. 

XYZ models can be created with using the so-called Floquet engineering in XY mode1816 1817. 

Ising model (XX), 
similar to D-

Wave annealing. 
�̂� = ∑𝐽𝑖𝑗  �̂�𝑖

𝑥�̂�𝑗
𝑥

𝑁

𝑖<𝑗
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Quantum gates are laser-activated to control the atom energy state. In that case, qubit entanglement 

comes from atoms excitement in a Rydberg state which allows them to interact with other at long 

distance1818. Pasqal first implemented quantum simulators aka PQS (Programmable Quantum Simu-

lator, or analog quantum computers) in their current 100-atom Fresnel QPU. They will scale it to 

about a thousand atoms.  

They plan to later move to NISQ gate-based quantum computing1819, with some hybrid analog/digital 

approach1820 (Figure 434). The whole quantum processing unit fits into a 4-unit wide double-depth 

data center rack (Figure 435, right). It is based on rather standard components and does not require 

the creation of specific chips as is the case for all other types of qubits. 

  
Figure 434: a clear explanation of the difference between a digital gate-based mode and an analog, quantum simulation mode. 

Source: Pasqal. 2023. 

 

1816 See Floquet Hamiltonian Engineering of an Isolated Many-Body Spin System by Sebastian Geier et al, May 2021 (12 pages). 

1817 See Magnetism and spin squeezing with arrays of Rydberg atoms by Antoine Browayes, IOGS, SFP Congress, July 2023 (97 slides). 

1818 See Quantum Computing with Arrays of Atoms by Lucas Béguin and Adrien Signoles from Pasqal, April 2020, which details the 

functioning of the startup's quantum processors. And their white paper Quantum Computing with Neutral Atoms, June 2020 (41 pages). 

1819 See Why analog neutral atoms quantum computing is the most promising direction for early quantum advantage by Jean-Charles 

Cabelguen, June 2022. 

1820 See Microwave Engineering of Programmable XXZ  Hamiltonians in Arrays of Rydberg Atoms by P. Scholl, Loic Henriet, Thierry 

Lahaye, Antoine Browaeys et al, PRX, April 2022 (10 pages) which presents an hybrid analog-digital architecture based on Hamiltonian 

evolutions and one-qubit gates. Qubits encoding will be different according to the use case. For gate-based computing, qubits are 

encoded with two hyperfine ground states. For Ising-like Hamiltonian, qubits use a ground state and a Rydberg state and for XY 

exchange Hamiltonian, they use two Rydberg states. 

https://pulser.readthedocs.io/en/stable/tutorials/mw_engineering.html
https://arxiv.org/abs/2105.01597
https://indico.ijclab.in2p3.fr/event/8021/contributions/30377/attachments/21376/30182/2023_SFP_Browaeys.pdf
https://medium.com/quantonation/quantum-computing-with-arrays-of-atoms-bb32f3a803e4
https://arxiv.org/abs/2006.12326
https://medium.com/pasqal-io/why-analog-neutral-atoms-quantum-computing-is-the-most-promising-direction-for-early-quantum-77b462cefee0
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020303
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Figure 435: Pasqal’s cold atom-based qubit control system includes a spatial light modulator (Spatial Light Modulator, SLM, based on LCoS 
liquid crystals1821) that controls the phase of the transmitted light in a focal plane with optical micro-traps. Laser tweezers rearranging the 
atoms and preparing the Hamiltonian problem to solve are controlled by an AOD (Acousto-Optic laser beam Deflector) and added to the 
beam from the SLM by a PBS (Polarizing Separator Filter). The fluorescent light emitted by the atoms during qubit readout is filtered by a 

dichroic mirror and analyzed by an EMCCD camera (electron multiplying CCD). The controlled atoms are confined in a small space of 1 mm3. 
The 4K cryostat and pulse tube that cools both the ultra-vacuum pump and the vacuum chamber hosting the atoms will belong to next 
generation’s Pasqal QPU to support above 100 atoms. On the right, Pasqal 100-atom Fresnel QPU current form factor. Added in 2023. 

 

Figure 436: a detailed setup of Pasqal’s future system supporting above 100 atoms showing the role of the 4K cryostat to cool both the ion 
pump and Ti-sublimator and the science chamber containing the cold atoms and its MOT. Source: Scaling-up the Tweezer Platform - 

Trapping Arrays of Single Atoms in a Cryogenic Environment by Kai-Niklas Schymik, April 2022 (197 pages). Added in 2023. 

Some scientific milestones led by Pasqal and by the research team at IOGS behind Pasqal’s cold 

atom-based system include a 2D matrix of 196 qubits1822 1823, parallel gates execution1824 and the 

control of 324 cold atoms in a 2D array, with using a 4K cryostat cooling the ultra-vacuum pump, 

 

1821 See a description of an SLM in Spatial Light Modulators by Aurélie Jullien, 2020 (6 pages). 

1822 See Enhanced atom-by-atom assembly of arbitrary tweezers arrays by Kai-Niklas Schymik, Antoine Browaeys, Thierry Lahaye et 

al, November 2020 (10 pages). 

1823 The atoms are assembled using optical tweezers and an optimized arrangement technique using fewer than 200 steps. These SLMs 

enable phase grading and controlling phases spatial pattern. This atoms-positioning system will be extended to 3D arrays. 

1824 See Pulse-level Scheduling of Quantum Circuits for Neutral-Atom Devices by Richard Bing-Shiun Tsai, Loic Henriet et al, Pasqal, 

June 2022 (8 pages) and Pulser: An open source package for the design of pulse sequences in programmable neutral-atom arrays by 

Henrique Silvério, Nathan Shammah, Louis-Paul Henry, Loïc Henriet et al, January 2022 (21 pages). 

https://inspirehep.net/literature/2101024
https://inspirehep.net/literature/2101024
https://www.photoniques.com/articles/photon/pdf/2020/02/photon2020101p59.pdf
https://arxiv.org/pdf/2011.06827.pdf
https://arxiv.org/abs/2206.05144
https://quantum-journal.org/papers/q-2022-01-24-629/
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which helps create a better vacuum and extend the atom qubit lifetime, and also the vacuum chamber, 

to avoid the effect of electromagnetic radiations1825 1826 (Figure 436). 

Software tools. Pasqal created its own low-level programming environment that interfaces with high-

level programming tools, including support for development platforms such as Google's Cirq that is 

supported in emulation mode, in digital gate-based programming mode1827, TensorFlow Quantum 

and IBM's Qiskit. In April 2023, the company launched Quantum Discovery to provide access to its 

emulators and 100-atoms QPU through the cloud. The platform contains three modules: a first one 

for onboarding with video tutorials, demos, and a VR Tour of the QPU hardware, a second to interact 

with the QPU with running and tuning pre-coded algorithm templates on the QPU or its emulator in 

Jupyter notebooks and a third one to identify and prioritize use cases through a questionnaire1828. 

 
Figure 437: PASQAL Pulser studio user interface showing atoms 2D arrangement and pulse controls. Source: Pasqal. 2023. 

In January 2023, PASQAL launched Pulser Studio, a no-code development environment that enables 

users to graphically build quantum registers and design pulse sequences without coding knowledge 

(Figure 437). The software platform is open and free to corporate and academic users. It still requires 

some knowledge on how to run a quantum simulation on PASQAL hardware! 

Case studies. Applications wise, Pasqal published many papers with several research partners and 

customers, many of them being implemented in classical emulation mode. At this point, as of No-

vember 2023, these case studies didn’t yet demonstrate any quantum advantage although near-term 

future generation of Pasqal quantum simulators could potentially change the picture. 

 

1825 See Single Atoms with 6000-Second Trapping Lifetimes in Optical-Tweezer Arrays at Cryogenic Temperatures by Kai-Niklas 

Schymik, Sara Pancaldi, Florence Nogrette, Daniel Barredo, Julien Paris, Antoine Browaeys, and Thierry Lahaye, IOGS, PRA, Sep-

tember 2021 (8 pages). 

1826 See In situ equalization of single-atom loading in large-scale optical tweezer arrays by Kai-Niklas Schymik, Adrien Signoles, 

Florence Nogrette, Daniel Barredo, Antoine Browaeys, and Thierry Lahaye, PRA, August 2022 (6 pages). 

1827 See Quantum circuits on Pasqal devices. 

1828 See PASQAL Launches First Neutral Atoms Quantum Computing Exploration Platform by Alexandra De Castro, Pasqal, March 

2023. 

https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.16.034013
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.106.022611
https://quantumai.google/cirq/tutorials/pasqal/getting_started
https://www.pasqal.com/articles/pasqal-launches-first-neutral-atoms-quantum-computing-exploration-platform
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Some generic cases are about solving Minimum Vertex Coloring problems1829, nonlinear differential 

equations1830 and various quantum machine learning tasks1831 1832 1833. 

Then, we have a graph machine learning problem to predict products toxicity1834 1835 and a multi-

agent reinforcement learning (MARL) task using PASQAL QEK to optimize semiconductor manu-

facturing processes1836, solving graph classification problems also using QEK in toxicity screening 

of chemical compounds and in the identification of optimal chemical reaction pathways, on solving 

an Ising model simulating ferromagnetism with a 196 cold atoms setup1837, on the optimization of 

electrical vehicles smart charging co-developed with EDF, using a QAOA hybrid algorithm and clas-

sical emulators of Pasqal systems and the Eviden/Atos QLM emulator 1838, to enable robot navigation 

with Laplace harmonic equations with LG1839 1840, to determine the ground state of the usual suspects 

H2, LiH and BeH2 molecules, using an “analog VQE” method and single qubit gates for ansatz ini-

tialization and Pauli string readouts with 2 to 6 qubits and 36,500 shots lasting 3.5 hours using a 

digital simulation1841, a differentiable quantum circuit algorithm (DQC) to simulate a parallel-plate 

capacitor in a grounded box, calculating the potential and the electric field in the box for different 

distances separating the plates and using the vacuum as the insulator between them1842, and for sam-

pling equilibrium water solvent molecules configurations within proteins1843. 

The most interesting case was a fallen angel classification task with CA-CIB and Multiverse in France 

which was not far from providing a quantum advantage with real-world customer data and which is 

detailed page 1080. 

 

1829 See A quantum pricing-based column generation framework for hard combinatorial problems by Wesley da Silva Coelho, Loïc 

Henriet et Louis-Paul Henry, January 2023 (15 pages). 

1830 See Solving nonlinear differential equations with differentiable quantum circuits by Oleksandr Kyriienko, Annie E. Paine, and 

Vincent E. Elfving, PRA, May 2021 (23 pages). 

1831 See Quantum evolution kernel: Machine learning on graphs with programmable arrays of qubits by Louis-Paul Henry, Slimane 

Thabet, Constantin Dalyac and Loïc Henriet, PRA, September 2021 (19 pages) that is better explained in Machine Learning – Pasqal’s 

Quantum Computers can be used on concrete industrial problems, Pasqal, October 2021. 

1832 See Quantum Extremal Learning by Savvas Varsamopoulos, Vincent E. Elfving et al, May 2022 (21 pages). 

1833 See Enhancing Graph Neural Networks with Quantum Computed Encodings by Slimane Thabet, Louis-Paul Henry, Loïc Henriet 

et al, October 2023 (33 pages). 

1834 See Predicting toxicity with qubits by Alexandra de Castro, PASQAL, November 2022. 

1835 See Quantum Feature Maps for Graph Machine Learning on a Neutral Atom Quantum Processor by Boris Albrecht, Loic Henriet 

et al, November 2022 (19 pages). 

1836 See Idle vehicle rebalancing in semiconductor fabrication using factorized graph neural network reinforcement learning, Kyuree 

Ahn and Jinkyoo Park, Korea Advanced Institute of Science and Technology, IEEE, 2019 

1837 See Programmable quantum simulation of 2D antiferromagnets with hundreds of Rydberg atoms by Pascal Scholl, Thierry Lahaye, 

Antoine Browaeys et al, December 2020 (16 pages). Also published in Nature in July 2021. This was a result of a research funded 

through the European Flagship PASQuanS project in partnership with labs from Spain, Germany and Austria 

1838 See Qualifying quantum approaches for hard industrial optimization problems. A case study in the field of smart-charging of electric 

vehicles by Constantin Dalyac, Loïc Henriet, Emmanuel Jeandel, Wolfgang Lechner, Simon Perdrix, Marc Porcheron and Margarita 

Veshchezerova, 2021 (29 pages). 

1839 See How quantum computing can navigate robots through crowded places by Alexandra de Castro, PASQAL, December 2022. 

1840 See Harmonic (Quantum) Neural Networks by Atiyo Ghosh et al, Pasqal and LG, December 2022 (29 pages). 

1841 See A blueprint for a Digital-Analog Variational Quantum Eigensolver using Rydberg atom arrays by Antoine Michel, Loic Henriet, 

Antoine Browaeys et al, Pasqal and EDF, January-April 2023 (13 pages). 

1842 See Accelerating and braking made efficient with quantum computing by Alexandra de Castro, PASQAL, November 2022. 

1843  See Leveraging Analog Quantum Computing with Neutral Atoms for Solvent Configuration Prediction in Drug Discovery by 

Mauro D'Arcangelo, Louis-Paul Henry, Loïc Henriet, Jean-Philip Piquemal et al, PASQAL and Qubit Pharmaceuticals, September 

2023 (19 pages). 

https://arxiv.org/abs/2301.02637
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.103.052416
https://arxiv.org/abs/2107.03247
https://pasqal.io/2021/10/20/machine-learning-pasqals-quantum-computers-can-be-used-on-concrete-industrial-problems/
https://pasqal.io/2021/10/20/machine-learning-pasqals-quantum-computers-can-be-used-on-concrete-industrial-problems/
https://arxiv.org/abs/2205.02807
https://arxiv.org/abs/2310.20519
https://medium.com/pasqal-io/predicting-toxicity-with-qubits-c9dd2517df59
https://arxiv.org/abs/2211.16337
https://ieeexplore.ieee.org/document/9030245
https://arxiv.org/abs/2012.12268
https://www.nature.com/articles/s41586-021-03585-1
https://arxiv.org/abs/2012.14859
https://arxiv.org/abs/2012.14859
https://medium.com/pasqal-io/how-quantum-computing-can-navigate-robots-through-crowded-places-d7c9bb02d673
https://arxiv.org/abs/2212.07462
https://arxiv.org/abs/2301.06453
https://medium.com/pasqal-io/accelerating-and-braking-made-efficient-with-quantum-computing-65e1dbee775c
https://arxiv.org/abs/2309.12129


Understanding Quantum Technologies 2023 - Quantum computing hardware / Neutral atoms qubits - 509 

As part of the PASQuanS European flagship project, Eviden/Atos researchers evaluated the specifi-

cations of a cold atom simulator needed to reach some quantum advantage to solve an optimization 

task, the UD-MIS problem (Unit-Disk Maximum Independent Set problem)1844. They found out that 

over 1,000 qubits were required with a time budget of 0.2 seconds, if and when the system coherence 

could be improved by a factor ten1845. At last, in October 2023, Pasqal announced a partnership with 

the Quantum Transformation Project (QX-PJ) in Japan to develop "Quantum Sky", a 3D aerial traffic 

management system able to handle hundreds of drones and other low-altitude flying objects. 

Partners. In July 2020, Cambridge Quantum Computing (CQC) announced their support of Pas-

qal's qubits with their development tool t|ket⟩. Pasqal added a partnership with ParityQC with a 3-

year collaboration to advance quantum optimization and parallelization1846  and released the open 

source library Pulser, co-developed with the Unitary Fund enabling the control of their processor at 

the level of laser pulses1847. They also announced a partnership with Atos in November 2020 to inte-

grate a Pasqal accelerator with Atos supercomputers. They also work with Rahko as well as with 

Multiverse Computing, in association with Crédit Agricole CIB. They started a two-year R&D part-

nership with Kipu Quantum in June 2023 to optimize quantum algorithmic and use Kipu’s algorith-

mic compression technology that reduces the length of quantum algorithms. 

In January 2021, the Italian HPC consortium CINECA announced that they will use Pasqal’s Fresnel 

100-qubits processor1848. The startup was also selected as part of the project EuroHPC HPC-QS to 

provide two of their systems to HPC public datacenters, one in Germany (Jülich Supercomputing 

Centre at FZ Julich aka Jülich Research Centre) and one in France (CEA TGCC with GENCI). Both 

Pasqal systems will be connected to an Atos QLM for emulation and quantum system drive. 

They have various partnerships in place with EDF, Thales, GENCI, Aramco (for implementing 

QML algorithms in the energy business), Siemens (for computer-aided-design and engineering, sim-

ulation and testing), BASF (fluid dynamic problem solving algorithm), BMW (material science and 

material deformation algorithms) and the first sales of two 100-qubit quantum processor to GENCI 

and FZJ as part of the HPCQS EU consortium. They opened an office in Boston (USA) and in Sher-

brooke (Canada) in June 2022. And their first 100-qubit quantum simulator went online with OVH-

cloud in May 2022 (in private beta) and will be online later with Microsoft Azure Quantum. 

Company. Pasqal funding came through an initial round of 2.5M€ led by Quantonation and Chris-

tophe Jurczak who is their chairman, then a 4.5M€ grant from the European Union EIC Accelera-

tor1849, and finally a second round of funding of 25M€ announced in April 2021. In January 2022, 

Pasqal and Qu&Co (The Netherlands) merged, creating an integrated hardware/software company. 

As of December 2022, they had a staff of >100 people. In January 2023, Pasqal raised an additional 

100M€. In 2023, they inaugurated an assembly line for their QPU based in the newly built “Espace 

Quantique 1” established in Sherbrooke, Québec, Canada, with a $90M 5-year investment plan. 

 

1844 A MIS problem consists in determining the size of the largest possible independent set in a graph and returning an example of such 

a set. The Unit-Disk MIS (UD-MIS) problem is the MIS problem restricted to unit-disk graphs. A graph is a unit-disk graph if one can 

associate a position in the 2D plane to every vertex such that two vertices share an edge if and only if their distance is smaller than 

unity. 

1845 See Solving optimization problems with Rydberg analog quantum computers: Realistic requirements for quantum advantage using 

noisy simulation and classical benchmarks by Michel Fabrice Serret, Bertrand Marchand and Thomas Ayral, November 2020 (25 pages). 

1846 See ParityQC and Pasqal partner to build the first fully parallelizable quantum computer, Pasqal, October 2020. With other re-

searchers in Austria, ParityQC is proposing a way to encode QAOA generic optimization problems into gate-based cold atoms com-

puters using a specific 4-qubit gate as seen in Quantum computing on neutral atoms: the novel four-body Rydberg gate, ParityQC, 

2022, referring to: Quantum Optimization via Four-Body Rydberg Gates by Clemens Dlaska, Kilian Ender, Glen Bigan Mbeng, An-

dreas Kruckenhauser, Wolfgang Lechner, and Rick van Bijnen, PRL, March 2022 (11 pages). 

1847 See Pulser: a control software at the pulse-level for Pasqal quantum processors by Pasqal, January 2021. 

1848 See CINECA-Pasqal agreement on quantum computing, January 2021. 

1849 See Europe is betting on quantum computing with neutral atoms, Pasqal, December 2020. 

https://arxiv.org/pdf/2006.11190.pdf
https://arxiv.org/pdf/2006.11190.pdf
https://pasqal.io/2020/10/27/parityqc-and-pasqal-partner-to-build-the-first-fully-parallelizable-quantum-computer/
https://parityqc.com/quantum-computing-on-neutral-atoms-four-body-rydberg-gate
https://arxiv.org/abs/2106.02663
https://pasqal.io/2021/01/22/pulser-a-control-software-at-the-pulse-level-for-pasqal-quantum-processors/
https://www.cineca.it/en/news/cineca-pasqual-agreement-quantum-computing
https://pasqal.io/2020/12/24/europe-is-betting-on-quantum-computing-with-neutral-atoms/
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QuEra Computing (USA, 2018, $17M) develops cold atom quantum com-

puter, their first generation being named Aquila1850. 

Company. It was created by researchers from Harvard University and MIT with Nathan Gemelke, 

Alexei Bylinskii, Shengtao Wang and Mikhail D. Lukin, who is one of their scientific advisors and 

works on gate-based cold-atom computing1851 (Figure 438). They had a staff of over 50 people as of 

January 2024. 

Technology. They published a research paper on a 2D array 256 programmable cold atom system in 

2021 and announced in November 2021 it would become a commercial product1852. It is available on 

Amazon Braket since November 2022. What they brand “programmable quantum computers” are not 

gate-based systems and are still quantum simulators where they encode graph problems into a layout 

of cold atoms1853 1854. A graph problem is expressed as a “maximum weight independent set” (MWIS) 

problem that is then turned into several unit-disk graph sets (UDG) which are assemblies of nearby 

neutral atoms using the Rydberg effect for local entanglement. These sets are connected to each other 

with entangled neutral atoms at their edge. Various problems like QUBO, Ising models and even 

integer factorization can be mapped onto MWIS problems. 

They are however aggressively looking at ways to implement a gate-based programming model on 

their system. They proposed in 2022 a way to transport qubits to handle two-qubit gates using atoms 

shuttling with tweezers. They implemented it with a Steane-7 quantum error correction code graph 

(but not with a full QEC), topological surface code and toric code states using mobile ancilla and with 

hybrid analog-digital quantum circuits using dynamically reconfigurable array and CZ gates1855. They 

propose dynamically programmable arrays of atoms (FPQA) that can be changed during computa-

tion1856. They are also working on making non-demolition qubit measurement, a key feature to im-

plement full QEC (quantum error correction) and FTQC (fault-tolerant quantum computing). This 

would be based on moving selected atoms “into a readout zone where their qubit state can be rapidly 

detected via fast, resonant photon scattering on a cycling transition”. They could also use arrays with 

two atoms species such as two isotopes of the same element or two different atom elements, with the 

data atoms being encoded in one atomic species and ancilla atoms encoded in another species that 

can be easily measured1857. 

 

1850 See Aquila: QuEra's 256-qubit neutral-atom quantum computer by Jonathan Wurtz, Alexander Keesling et al, June 2023 (39 pages) 

which documents Aquila very well and is a “best practice” of scientific communication for a quantum computing startup.. 

1851 See Parallel Implementation of High-Fidelity Multiqubit Gates with Neutral Atoms by Harry Levine, Mikail D. Lukin et al, August 

2019 (16 pages). 

1852 See Quantum Phases of Matter on a 256-Atom Programmable Quantum Simulator by Sepehr Ebadi, Mikhail D. Lukin et al, 2020 

(20 pages). 

1853 See This new startup has built a record-breaking 256-qubit quantum computer by Siobhan Roberts, MIT Technology Review, 

November 2021 and the real stuff in Quantum Optimization of Maximum Independent Set using Rydberg Atom Arrays by Sepehr 

Ebadi, Mikhail Lukin et al, February 2022 (10 pages). 

1854 See Quantum optimization with arbitrary connectivity using Rydberg atom arrays by Minh-Thi Nguyen, Jin-Guo Liu, Jonathan 

Wurtz, Mikhail D. Lukin, Sheng-Tao Wang, and Hannes Pichler, PRX, February 2023 (19 pages). 

1855 See A quantum processor based on coherent transport of entangled atom arrays by Dolev Bluvstein, Mikhail D. Lukin et al, Nature, 

April 2022 (21 pages). 

1856 See Compiling Quantum Circuits for Dynamically Field-Programmable Neutral Atoms Array Processors by Daniel Bochen Tan, 

Mikhail D. Lukin et al, June 2023 (18 pages). 

1857 See Hardware-Efficient, Fault-Tolerant Quantum Computation with Rydberg Atoms by Iris Cong, Mikhail Lukin et al, May 2022 

(31 pages) making references to A dual-element, two-dimensional atom array with continuous-mode operation by Kevin Singh et al, 

October 2021 (11 pages) on reduced cross-talk and QND with two mixed atom elements (cesium and rubidium), Fast Preparation and 

Detection of a Rydberg Qubit using Atomic Ensembles by Wenchao Xu et al, May 2021 (11 pages) and Interaction enhanced imaging 

of individual atoms embedded in dense atomic gases by G. Günter, Shannon Whitlock et al, June 2011 (6 pages) which also describes 

a QND measurement of cold atoms state. 

https://arxiv.org/abs/2306.11727
https://arxiv.org/abs/1908.06101
https://arxiv.org/abs/2012.12281
https://www-technologyreview-com.cdn.ampproject.org/c/s/www.technologyreview.com/2021/11/17/1040243/quantum-computer-256-bit-startup/amp/
https://arxiv.org/abs/2202.09372
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.010316
https://www.nature.com/articles/s41586-022-04592-6
https://arxiv.org/abs/2306.03487
https://arxiv.org/abs/2105.13501
https://arxiv.org/abs/2110.05515
https://arxiv.org/abs/2105.11050
https://arxiv.org/abs/2105.11050
https://arxiv.org/abs/1106.5443
https://arxiv.org/abs/1106.5443
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In 2023, they implemented a gate-based model with reaching two-qubit CZ gate fidelities of 99.5% 

with 60 atoms1858, and in December, announced having created 48 logical qubits with 280 atoms and 

planned to reach 100 logical qubits by 2027 with using over 10,000 physical qubits. 

 
Figure 438: QuEra atomic energy transitions used to control qubits and qubit gates. Source: A quantum processor based on 

coherent transport of entangled atom arrays by Dolev Bluvstein, Mikhail D. Lukin et al, Nature, April 2022 (21 pages). 

As of August 2023, QuEra’s Aquila-class 256 qubits quantum simulator was available in three forms: 

through AWS (48 hours per week), directly through QuEra’s Premium Access and leased on-premises. 

Software tools. QuEra quantum emulation Bloqade software package is available on Github as a 

Julia package from July 2022. It emulates on classical computers atom-based quantum simulations. 

This is akin to Pulser from Pasqal. They got help for this from AWS and the Perimeter Institute. 

Partners. In September, QuEra announced a partnership with KAIST and the the Sejong Special 

Autonomous City in South Korea. It is mostly about putting in place an educational program, inter-

national academic exchanges, and work on government projects. QuEra also partners with Wolfram 

Research to integrate their QPU into the Mathematica software environment. In October 2023, QuEra 

was awarded with two grants from DARPA as part of the IMPAQT (Imagining Practical Applications 

for a Quantum Tomorrow) program for “Quantum Reservoir Learning using Neutral Atoms and its 

Applications” (using MNIST handwritten digit data sets) and “Error-Corrected Quantum Architec-

tures Based on Transversal Logical Gates” (improving QEC overhead with surface code in a FTQC 

regime). They are partnering here with Moody's, BlueQubit, Polaris Quantum Biotech and the Uni-

versity of Padova. 

 

Planqc (2022, Germany, 4.6M€) is a startup created in Garching near Munich 

by Alexander Glätzle (CEO, a researcher at the University of Oxford in the 

UK), Sebastian Blatt (CTO) who was a researcher at Ludwig-Maximilians-

University Munich (and is a son of Rainer Blatt) and Johannes Zeiher (a re-

searcher at MPQ). 

Immanuel Bloch and Jose Ignacio Cirac from MPQ and Dieter Jaksch, Professor of Physics at the 

University of Oxford and the University of Hamburg are their scientific advisors. It is a neutral atom 

based qubits company that plans to scale its system to thousands of qubits. They are still semi-stealth 

and do not provide any details on their technology choices and roadmap. 

 

1858 See High-fidelity parallel entangling gates on a neutral atom quantum computer by Simon J. Evered, Mikhail D. Lukin et al, Nature, 

April-October 2023 (21 pages). 
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Looking at the research work from the founders, you may infer that they plan to implement MBQC 

on large cluster states of entangled cold atoms1859. In May 2023, DLR (Germany) ordered a 100 qubits 

gate-based quantum computer from Planqc as part of a 29 M€ contract that also involves ParityQC 

and Menlo Systems (EDA software)1860. In November 2023, it was completed by another contract 

along with d-fine and MQS to develop simulation of water molecules in the QuantiCoM H2Q project. 

 

QUANTier (2022, Hong Kong) is a spin-off from HKUST (Hong Kong Uni-

versity of Science and Technology) which develops a neutral atoms qubits 

based quantum computer. They got some undisclosed funding from ParticleX, 

an accelerator and investment fund from Hong Kong. 

They are relatively stealth at this point with no indication on the TRL of their technology and differ-

entiation with other neutral atom players like Pasqal and QuEra, neither if they are targeting analog 

or gate-based quantum computing. 

 

GDQLABS (2022, India) is building a neutral atom-based quantum computer 

using 2D array. They are based out of IISER Pune and incubated by I-Hub 

QTF. They also build cold atom based atomic clocks and gravimeters! 

 

NanoQT (2022, Japan, $10M) aka Nanofiber Quantum Technologies is a 

quantum computing startup launched out of Waseda University by Takao Aoki 

(CSO), Masaru Hirose (CEO) and Akihisa Goban (CTO)1861. 

Their technology is based on the Nanofiber QED resonator invented by Takaro Aoki. These are neu-

tral atom-based qubits that are connected with each other through photons and nanofibers. It enables 

n-to-n two-qubit gates full-connectivity between these qubits. They currently support only a few 

qubits and say it could scale to 10,000 qubits1862. 

Atom Quantum Labs (2021, Slovenia) is also developing an atom based quantum simulator with 

the goal to support thousand qubits. 

At last, M Squared (2006, UK, $56M) who was historically working on neutral atoms sensors en-

tered the neutral atoms quantum computers market in November 20221863. 

NMR qubits 

History and science 

Nuclear magnetic resonance was an early technique investigated to create quantum computers. Qubit 

states are the spin of nuclei within large ensembles of up to 1015 molecules. The qubit states are 

readout using nuclear magnetic resonances, implementing a variant of nuclear magnetic resonance 

spectroscopy. The NMR phenomenon was discovered in 1945 by Edward Mills Purcell (1912-1997, 

American) for which he was awarded the Nobel prize in physics in 1952, shared with Felix Bloch. 

 

1859 See Realizing distance-selective interactions in a Rydberg-dressed atom array by Simon Hollerith, Immanuel Bloch, Johannes 

Zeiher et al, October 2021 (5 pages), See Quantum Information Processing in Optical Lattices and Magnetic Microtraps by Philipp 

Treutlein, Immanuel Bloch et al, Max Planck Institute, June 2006 (15 pages). This is a variation of cold atoms qubits adapted to cluster 

states and MBQC. See also Quantum simulations with ultracold atoms in optical lattices by Christian Gross and Immanuel Bloch, 2017 

(8 pages). 

1860 See DLR QCI awards contract worth 29 million euros for the development of a quantum computer based on neutral atoms, DLR, 

May 2023. 

1861 See Waseda University Ventures Invests in Japanese Quantum Computer Hardware Startup by Matt Swayne, The Quantum Insider, 

February 2023. 

1862 See Photon transport enhancement through a coupled-cavity QED system with dynamic modulation by Shinya Kato and Takao 

Aoki, Optics Express, 2022 (10 pages). 

1863 See M Squared reveals state of the art quantum computing system, M Squared, November 2022. 

https://arxiv.org/abs/2110.10125
https://arxiv.org/abs/quant-ph/0605163
https://www.science.org/doi/abs/10.1126/science.aal3837
https://qci.dlr.de/en/dlr-qci-awards-contract-worth-29-million-euros-for-the-development-of-a-quantum-computer-based-on-neutral-atoms/
https://thequantuminsider.com/2023/02/03/waseda-university-ventures-invests-in-japanese-quantum-computer-hardware-startup/
https://opg.optica.org/oe/fulltext.cfm?uri=oe-30-5-6798&id=469496
https://m2lasers.com/m-squared-reveals-state-of-the-art-quantum-computing-system.html
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Using nuclear spins for quantum computing was first proposed in 1993 by Seth Lloyd from the 

MIT1864 and refined in 1994 by David DiVincenzo, then at IBM Research, for the implementation of 

perfluorobutadienyl two-qubit gates1865. 

It was perfected by various proposals coming from 

the MIT, UCSB and Stanford researchers in 1997 

with a computing method using liquid state NMR 

(molecules in a liquid) and enabling the measure-

ment of the expectation value of quantum observa-

bles, ensuring an exponential computing 

speedup1866. An expectation value of an observable 

is the average value of the observable and not a ran-

dom value obtained by a projective measurement, 

the type of qubit readout measurement usually im-

plemented with other techniques. Using another ex-

planation, this measures a statistical mixture of pure 

states. 

 

Figure 439: NMR can rely on complex molecule like 
perfluorobutadienyl. Source: IBM.  

In 2001, IBM researchers even implemented Shor's algorithm with the number 15 on a 7-qubit NMR 

quantum processor using a perfluorobutadienyl iron complex where the spins come from the nuclear 

spins of fluor and carbon atoms (in red in Figure 439)1867. It is still the record to date! In these systems, 

qubit states where the ensemble nuclear spins ½ in a magnetic field, quantum gates were operated by 

radiofrequency pulses and qubit readout was done with detecting spin states with a radiofrequency 

coil1868. 

Afterwards, there were some developments with “Solid state NMR” (SSNMR) using nitrogen vacan-

cies and interactions between carbon atomic spins and vacancies electron spins or nuclear spins of 
29Si in silicon structures1869. NMR was quite fashionable in quantum computing about 20 years ago. 

IBM was even planning for the existence of NMR-based tabletop quantum computers1870. 22 years 

ahead, their (superconducting qubits) quantum computers are 3-meter wide cubes consuming in ex-

cess of 25 kW. 

 

Still, research is still ongoing on NMR quantum computing. It goes on in Eu-

rope in the Europe 2020 project FATMOLS run by a research consortium led 

by Spain1871. Its ambition is to create a molecular spin quantum processor using 

artificial magnetic molecules implementing spin qudits controlled, read-out 

and linked with some superconducting circuits. 

 

1864 See A potentially realizable quantum computer by Seth Lloyd, Science, 1993 (4 pages). 

1865 See Two-Bit Gates are Universal for Quantum Computation by David DiVincenzo, July 1994 (21 pages) and Bulk Spin-Resonance 

Quantum Computation by Neil A. Gershenfeld and Isaac L. Chuang, 1997 (7 pages). 

1866 See Ensemble quantum computing by NMR spectroscopy by David G. Cory, Amr F. Fahmy and Timothy F. Havel, MIT, 1997 (6 

pages). 

1867 See Experimental realization of Shor's quantum factoring algorithm using nuclear magnetic resonance by Lieven M.K. Vander-

sypen, Isaac  L. Chuang et al, December 2001 (18 pages). 

1868 See NMR Quantum Computing, 2012 (43 slides) and NMR Quantum Computation NMR Quantum Computation by Thaddeus 

Ladd, Stanford, 2003 (39 slides). 

1869 See Solid-State Silicon NMR Quantum Computer by E. Abe, K. M. Itoh, Y. Yamamoto et al, 2003 (5 pages). 

1870 See Toward a table-top quantum computer by Y. Maguire, E. Boyden and N. Gershenfeld, IBM, 2000 (17 pages). 

1871 With CSIC, Aragón Materials Science Institute (ICMA), The Centre of Astrobiology (CAB), University of Barcelona, Universidad 

de Valencia / Instituto de Ciencia Molecular (UVEG), the Keysight team in Barcelona, and outside Spain: University of Manchester 

Molecular Magnetism Group, University of Oxford Department of Condensed Matter Physics, University of Parma and the Department 

of Chemistry at the University of Florence, Universität Stuttgart / Institute for Functional Matter and Quantum Technologies, Wolfgang 

Pauli Institut, Technische Universität Wien and IBM Zurich (Ivano Tavernelli). 

http://fab.cba.mit.edu/classes/MAS.862/notes/computation/Lloyd-1993.pdf
https://arxiv.org/abs/cond-mat/9407022
http://cba.mit.edu/docs/papers/97.01.science.pdf
http://cba.mit.edu/docs/papers/97.01.science.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC19968/
https://arxiv.org/abs/quant-ph/0112176
https://qudev.phys.ethz.ch/static/content/QSIT12/QSIT12_NMR_L01.pdf
https://people.eecs.berkeley.edu/~vazirani/s05cs191/lectures/NMRLecture.pdf
https://www.researchgate.net/publication/226234475_Solid-State_Silicon_NMR_Quantum_Computer
http://syntheticneurobiology.org/PDFs/00.11.maguire.pdf
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Quantum features are implemented with nuclear spins, electronic spins and circuits. Programming 

models range from quantum simulations to gate-based FTQC. The FATMOLS project’s goals is to 

create a proof-of-concept of one of the repetition unit cells of this platform with at least two molecules 

with multiple and fully addressable levels and related algorithms. 

The end-goal is to reach 100 to 1,000 physical qubits1872. The project runs from March 2020 to August 

2023 with a total cost of 3.2M€, entirely funded by the EU. 

Research 

Various NMR variants are still investigated like the use of large molecular spins1873, europium mole-

cules with nuclear spins that can interact with luminescent photons carrying the nuclear spin infor-

mation1874, with molecular ensembles1875 and optically addressable molecular spins1876. 

DQC1 (Deterministic Quantum Computation with 1 quantum bit) is a curious quantum computing 

model created in1998 by Emanuel Knill and Raymond Laflamme (Figure 440). 

It was designed for NMR qubits which 

we were commonly developed in the 

late 1990s and were very noisy. It is de-

scribed as a deterministic quantum 

computation using one qubit and a 

classical computer1877. 

It computes deterministic functions on 

one bit and a classical computer is per-

forming probabilistic computing. But 

there’s more than one qubit in the 

story: the input is indeed constrained to 

a single qubit in a pure state, but a set 

of n other qubits is prepared in an iden-

tity state and subject to a random uni-

tary transformation Un and in a com-

pletely mixed state. These systems use 

noise as a resource which is formalized 

with quantum discord mathematical 

tools1878. 

 
Figure 440: description of the DQC1 model. A qubit at the top is the only input. It is 
prepared then subject to an Hadamard gate and the result controls the application 
of the Un unitary transformation to n other qubits. At the end of this processing, the 
first qubit is the only one measured, with the process being repeated several times. 
The output yields a trace of the unitary Un. Source: Measurement-Based Quantum 

Correlations for Quantum Information Processing by Uman Khalid, Junaid ur 
Rehman and Hyundong Shin, Nature Research Scientific Reports, 2020 (9 pages). 

 

1872 See A perspective on scaling up quantum computation with molecular spins by S. Carretta et al, Applied Physics Letters, May2021 

(13 pages). 

1873 See Optically addressable molecular spins for quantum information processing by S. L. Bayliss et al, April 2020 (9 pages) as well 

as Chemical tuning of spin clock transitions in molecular monomers based on nuclear spin-free Ni(ii) by Marcos Rubín-Osanz et al, 

2021 (11 pages). It involves one lab in Spain and three in France (ICMM Orsay, LCPQ Toulouse and LNCMI Grenoble). 

1874 See Ultra-narrow optical linewidths in rare-earth molecular crystals by Diana Serrano, Senthil Kumar Kuppusamy, Benoît Heinrich, 

Olaf Fuhr, David Hunger, Mario Ruben and Philippe Goldner, KIT, CNRS, University of Strasbourg and Chimie ParisTech, Nature, 

May 2021-March 2022 (19 pages). 

1875 See A New Approach to Quantum Computing Using Magnetic Resonance Imaging by Zang-Hee Cho et al, June 2022 (9 pages). 

1876 See Enhancing Spin Coherence in Optically Addressable Molecular Qubits through Host-Matrix Control by S. L. Bayliss, David 

Awschalom et al, April 2022 (13 pages). 

1877 See On the Power of One Bit of Quantum Information by Emanuel Knill and Raymond. Laflamme, 1998 (5 pages). 

1878  See Measuring geometric quantum discord using one bit of quantum information by G. Passante, O. Moussa and Raymond 

Laflamme, 2021 (5 pages), Introducing Quantum Discord by Harold Ollivier, October 2001 (5 pages) and Quantum Discord: A Measure 

of the Quantumness of Correlations by Harold Ollivier and Wojciech H. Zurek, PRL, December 2001 (5 pages). 

https://www.nature.com/articles/s41598-020-59220-y
https://www.nature.com/articles/s41598-020-59220-y
https://zenodo.org/record/4946303/files/APL21-PS-02986.pdf?download=1
https://arxiv.org/abs/2004.07998
https://pubs.rsc.org/en/content/articlelanding/2021/SC/d0sc05856d#!divAbstract
https://arxiv.org/abs/2105.07081
https://arxiv.org/abs/2206.05932
https://arxiv.org/abs/2204.00168
https://arxiv.org/abs/quant-ph/9802037#:~:text=In%20standard%20quantum%20computation%2C%20the,bits%20in%20the%20computational%20basis.
https://arxiv.org/abs/1202.4475
https://arxiv.org/abs/quant-ph/0105072
https://arxiv.org/pdf/quant-ph/0105072.pdf
https://arxiv.org/pdf/quant-ph/0105072.pdf
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At the end of computing, a measurement takes place on the first qubit. It is not a universal quantum 

computing model, doesn’t use massive entanglement and has a narrow set of use cases although it is 

supposed to bring some exponential speedups in some circumstances1879. 

Vendors 

NMR quantum computers don’t scale well due to noise affecting qubits and poor entanglement. It 

didn’t prevent one company from China to manufacture and sell and NMR-based quantum computer. 

And fulfilling IBM’s 2000 dream, it is a desktop product. 

 

SpinQ Technology (2018, China, $14.4M) started with announcing in January 

2021 their Gemini $5K 2-qubit desktop quantum computer and their cloud 

quantum computing platform Taurus1880. 

It followed an initial version launched in 2020 and sold at $55K. The 

quantum computer weighs 55 kg and works at ambient temperature. 

They plan to increase the number of qubits of this device in upcom-

ing versions, up to a maximum of 15 qubits. It would be nice since 

2 qubits are totally useless even for quantum programming learning 

tasks. Meanwhile, you can test for free 7 real superconducting qubits 

on IBM Quantum Experience cloud systems. The SpinQ computers 

use liquid dimethyl-phosphite molecules with two OCH3 groups as-

sociated to a phosphorus atom plus one oxygen and one hydrogen 

atom.  

These molecules are controlled with permanent magnets and an RF 

pulse generation system. They followed-on with the Gemini mini 

version (also with two qubits) and the Triangulum (with a hefty three 

qubits). The computer is used for educational purposes1881. 

Bei Zeng from the USTC in Hong Kong is the chief scientific advi-

sor to the company which is based in Shanghai.  

Photon qubits 

Contrarily to all the previous qubits, photons have no mass and move at about the speed of light, 

modulo the optical refractive index of the physical media they pass through. While photons were used 

everywhere in solid qubits in control and readout features with microwaves or laser beams, they can 

be used to create qubits exploiting polarization or other physical characteristics such as frequency, 

amplitude, phase, mode, path or photon number. This is the vast field of linear and nonlinear optics1882. 

It is found in both the generation of qubits for quantum computation or simulation and with their 

application in telecommunications and quantum cryptography which we study in another part of this 

document, starting page 727. 

 

1879 See Power of Quantum Computation with Few Clean Qubits by Keisuke Fujii et al, 2015 (45 pages). 

1880 See SpinQ Gemini: a desktop quantum computer for education and research by Shi-Yao Hou et al, 2021 (14 pages). It was updated 

with 3 qubits in September 2021 with their Triangulum version. 

1881 See Quantum computing: principles and applications by Guanru Feng et al, October 2023 (76 pages) which is mostly dedicated to 

describing how NMR works and how SpinQ’s software environment can be used to lead quantum computing. 

1882 Nonlinear optics is well described in Nonlinear Optics by Franz X. Kärtner and Oliver D. Mücke, University of Hamburg, Decem-

ber 2016 (255 pages). See also the reference book Nonlinear Optics by Robert W. Boyd, 2007 (620 pages). 

https://arxiv.org/abs/1509.07276
https://arxiv.org/abs/2101.10017
https://arxiv.org/abs/2310.09386
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.718.4488&rep=rep1&type=pdf
https://www.amazon.com/Nonlinear-Optics-Robert-W-Boyd/dp/0123694701
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Photonics is both an interesting solution for creating qubits as well as a transversal technology that is 

indispensable to other types of qubits because it is the only one that allows long-distance communi-

cations between quantum sensors, quantum networks and quantum computers. Photons are also used 

directly in quantum sensing, particularly for precision time measurement and even for pressure meas-

urement. 

 
Figure 441: pros and cons of photon qubits. (cc) Olivier Ezratty, 2022-2023. 

The advantages of photonics are that it allows to manage quite stable qubits with a very low error rate 

at the quantum gate level thanks to their weak coupling with the environment. The main source of 

decoherence is related to the optical losses happening with photons propagation. Photons also operate 

at any temperature1883, do not require expensive nanoscopic manufacturing techniques and can be 

based on nanophotonic CMOS manufacturing processes1884. Their disadvantage lies in the fact that 

photons are even more probabilistic beasts than any of the other qubits. Scalability issues make it 

difficult to assemble more than a few dozens of qubits, at least for the moment. Photon sources must 

be more powerful to accommodate a larger number of entangled qubits (Figure 441). 

Current technology developments are based on progresses made with more efficient single photon 

sources, better photon detectors, nonlinear optics, advanced quantum states preparation (multimode, 

spatial or spectral multiplexing, non-Gaussian states) with a larger computing space than traditional 

two-states qubits, using cluster-states measurement-based techniques (MBQC) to avoid the pitfalls of 

a physically limited quantum gates depth and quantum error corrections. 

History 

The roots of quantum photonics date back from 1963 with the introduction of Glauber states by Roy 

J. Glauber which created the notion of coherent states of light explained by the quantization of the 

electromagnetic field. This corresponded to the beginnings of the laser era which led, among many 

things, to its broad industry impact, including fiber optics in the telecom realm. 

While the first physical qubits were experimented in the mid-1990 (trapped ions, NMR) and early 

2000s (superconducting), photon qubits used for computation saw the light much later. Starting in the 

mid-1980s, quantum photonics were envisioned for implementing quantum key distribution protocols. 

2001 was a foundational year with the creation of the KLM theory by Emanuel Knill and Raymond 

 

1883 In general, solid-state light source must be cooled to 10K and the photon detectors output to about 2K to 4K. At least, one avoids 

going below 1K, which allows the use of cryogenic systems that are satisfied with helium 4 and do not require helium 3. These cryo-

genic systems are miniaturizable and require much less energy than the dilution systems used for superconducting and silicon qubits. 

1884 See Photonic quantum information processing: A concise review by Sergei Slussarenko and Geoff Pryde of the Centre for Quantum 

Dynamics and the Centre for Quantum Computation and Communication Technology at Griffith University in Brisbane, Australia (20 

pages) which describes the state of the art of photon qubits. This is the source of the diagram. See also the older Why I am optimistic 

about the silicon-photonic route to quantum computing by Terry Rudolph, a cofounder of PsiQuantum, published in 2016 (14 pages). 

• need to cool photon sources and detectors, but 
at relatively reasonable temperatures between 
2K and 10K, requiring lighweight cryogenic 
systems.

• boson sampling based quantum advantage 
starts to being programmable but a practival
quantum advantage remains to be proven.

• not yet scalable in number of operations due to 
probabilistic character of quantum gates and the 
efficiency of photon sources in most paradigms.

• stable qubits with absence of 
decoherence.

• qubits processing at ambiant temperature.

• emerging nano-photonic manufacturing
techniques enabling scalability.

• easier to scale-out with inter-qubits 
communications and quantum 
telecommunications.

• MBQC/FBQC circumventing the fixed gates
depth computing capacity.
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https://aip.scitation.org/doi/pdf/10.1063/1.5115814
https://arxiv.org/abs/1607.08535
https://arxiv.org/abs/1607.08535
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LaFlamme (then at the Los Alamos National Lab) and Gerald Milburn (University of Queensland, 

Australia)1885. 

This model could theoretically implement 

quantum computing without relying on 

some sort of nonlinearity for creating en-

tangling quantum gates1886. Implementing 

for example a CNOT gate with photons is 

not easy since photons do not easily inter-

act with each other. The KLM model was 

a breakthrough, making it possible to im-

plement two qubit gates with using photon 

sources, beam splitters and photon detec-

tors, using a dual rail encoding, repre-

sented by the presence of a single photon 

in one of two spatial optical modes 1887 

(Figure 442). 

 

Figure 442: how dual rail encoding works. Source: No-go theorem for passive 
single-rail linear optical quantum computing by Lian-Ao Wu et al, Nature, 

2013 (7 pages). 

It circumvents the need for nonlinear interactions between photons with the use of post-selection with 

using ancilla photons, many executions and iterations being required. It creates significant overhead 

which makes the model impractical and not scaling well1888. 

There were then many “firsts” with the first universal optical quantum computer in 2015 using a chip 

handling 6 photons with 15 Mach-Zehnder interferometers and 30 thermo-optic phase shifters and a 

12-single-photon detector system 1889 , a programmable photonic quantum computer created by 

Xanadu in 2021 with 8 photons1890 and a first quantum computational advantage using gaussian boson 

sampling in China1891 . Boson sampling was based on an idea from Scott Aaronson elaborated in 

20111892. It led in 2022 to a similar experiment achieved by Xanadu with a programmable gaussian 

boson sampler. 

Many fundamental research advances were also achieved: 

• The MBQC model was created in 2000 by Robert Raussendorf and Hans Briegel. It circumvented 

some limitations of photon qubits beyond the nonlinearity already discussed, like the finite num-

ber of gates that could be executed, the photons being “flying qubits”. We’ll describe this later. 

The key figure of merit of this architecture is the ability to create large cluster states of entangled 

photons. 

• Quality photon sources, like single and deterministic photon sources, and better, entangled photon 

sources. Two entangled photons can be created with a photon source and a polarizing crystal. 

 

1885 See A scheme for efficient quantum computation with linear optics by Emanuel Knill, Raymond Laflamme and Gerard Milburn, 

2001 (7 pages). 

1886 See the review paper The Category of Linear Optical Quantum Computing by Paul McCloud, March 2022 (34 pages). 

1887 See No-go theorem for passive single-rail linear optical quantum computing by Lian-Ao Wu et al, Nature, 2013 (7 pages). 

1888 This part is inspired from Twenty Years at Light Speed: The Future of Photonic Quantum Computing by David D. Nolte, December 

2021. See also Photonic quantum technologies by Jeremy L. O'Brien, Akira Furusawa and Jelena Vučković, Nature Photonics, 2009 

(11 pages). 

1889 See Universal linear optics by Jacques Carolan, Jeremy O’Brien, Anthony Laing et al, Science, 2015 (6 pages). 

1890 See Quantum circuits with many photons on a programmable nanophotonic chip by J. M. Arrazola et al, Nature, March 2021 (21 

pages). 

1891 See Quantum computational advantage using photons by Han-Sen Zhong et al, December 2020 (23 pages). 

1892 See The computational Complexity of Linear Optics by Alex Arkhipov and Scott Aaronson, 2010 (94 pages). 

https://arxiv.org/abs/1107.4646
https://arxiv.org/abs/1107.4646
https://www.uni-ulm.de/fileadmin/website_uni_ulm/nawi.inst.220/lehre/QIV_SS2009/409046a0.pdf
https://arxiv.org/abs/2203.05958
https://arxiv.org/abs/1107.4646
https://galileo-unbound.blog/2021/12/20/twenty-years-at-light-speed-the-future-of-photonic-quantum-computing/
https://arxiv.org/abs/1003.3928
https://www.science.org/doi/10.1126/science.aab3642
https://arxiv.org/abs/2103.02109
https://arxiv.org/abs/2012.01625
https://arxiv.org/abs/1011.3245
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More entangled photons can be created with a single deterministic indistinguishable photon 

sources and delay lines. 

• Silicon-based or III-V Quantum Photonic Integrated Circuits (QPICs) that implement quantum 

gates with waveguides and electronically controllable optical elements like beam splitters and 

polarizing filters as well as photon sources and photons detectors. They enable miniaturization of 

these components. Their figures of merit are miniaturization and low photon losses1893. 

Then, since about 2017, a wealth of startups have been created that are all pursuing the goal of creat-

ing photon qubits quantum computers, first in the NISQ and then the FTQC realms: PsiQuantum, 

Xanadu, Quandela, Orca Computing, QuiX, etc. They all adopt very diverse technological choices 

as we will see in the vendor section. 

Science 

To understand photons in quantum information systems, one needs to get a bit deeper in quantum 

optics and statistical optics. This section constitutes a very rudimentary primer, enabling you to un-

derstand some of the vocabulary used by quantum information photonicians. It can also help us seg-

ment the various kinds of photonic qubits like discrete variables and continuous variables qubits. 

So far, we’ve mainly mentioned photons as wave-particles interacting with matter, with the photoe-

lectric effect and atoms energy transitions. But exactly, what are photons? How do we define and 

classify it? 

A photon is a moving perturbation of the electromagnetic field with orthogonal magnetic and electric 

field variations themselves orthogonal to the photon propagation direction. 

Photons are described with their quantum numbers which are: 

• Mass and electric charge equal to zero. 

• Wavelength 𝜆 or frequency 𝜈 which define the photon energy and momentum. Several photons 

with same or different frequencies can be coherently superposed and create a “photon number” 

or a “wave packet”. Wave packets are usually generated by femto-lasers pulses, mostly in the 

visible and infrared ranges, or by digital-to-analog microwave generators like those used to drive 

superconducting and electron spin qubits. 

• Spin angular momentum (SAM), which corresponds to their angular momentum having quan-

tized values +ℏ or −ℏ (spin = +1 or -1 since spins are expressed in ℏ units) corresponding to 

circular right or left polarization. Any single monochromatic photon is a linear superposition of 

these two circular polarizations, including linearly horizontally or vertically polarized photons. 

• Orbital angular momentum (OAM) where the electromagnetic field is rotating helically along 

its propagation axis or vector1894. Equals ℓℏ with ℓ being any integer. 

Photons interact with other particles, mainly electrons either tied to atom nucleus, for photons ab-

sorption and/or emission, or free electrons like with the Compton effect. 

They can be created, destroyed and modified by many of these interactions. Pairs of photons can also 

be generated by the collision between particles and their antiparticles. Their behavior is mainly de-

scribed with Maxwell’s equations and its derivatives. 

 

1893 See the review paper Silicon photonic devices for scalable quantum information applications by Lantian Feng et al, August 2022 

(20 pages). 

1894 See Quantum advantage using high-dimensional twisted photons as quantum finite automata by Stephen Z. D. Plachta et al, Feb-

ruary 2022 (20 pages) which proposes to use qubits encoded in orbital angular momentum to implement a Quantum finite automata 

(QFA) to solve binary optimization problems. 

https://arxiv.org/abs/2208.05104
https://arxiv.org/abs/2202.04915


Understanding Quantum Technologies 2023 - Quantum computing hardware / Photon qubits - 519 

Photon directionality. Is a photon directional? Textbooks usually make a distinction between spon-

taneous emission with photons going in any direction, from a lightbulb or the Sun, and stimulated 

emission, with directional light, coming from lasers. Radio-frequency antennas can also create spher-

ical radiation going in many directions. 

But whatever its source and wavelength, a single photon is mostly always directional and moving in 

space as a planar wave. A photon electromagnetic wave is represented by orthogonal electric and 

magnetic fields variations travelling along a vector orthogonal to them. A photon direction can change 

when it traverses various materials having different refraction indices. 

Can we have non-planar photons? “Any direction” photons can come from a statistical view of ran-

dom multidirectional photons emissions or from a coherent superposition of photons emitted in sev-

eral directions. With light bulbs, many photons are emitted in various directions by random thermal 

processes, with various photon wavelengths. Laser coherent light is made of photons with the same 

wavelength, phase and direction. The distinction between a wave and a point-like particle is as blurred 

with photons as it is with electrons as far as their exact physical nature and dimensional scope is 

concerned (Figure 443). 

 

Figure 443: photon characteristics, polarization. 

Photon length and size are thus notions that are rarely mentioned. According to the Hunter-Wadlinger 

electromagnetic theory of the photon established in 1985 and verified experimentally for some wave-

lengths, an optical photon has a shape similar to an elongated ellipsoid of length λ and diameter λ/π, 

λ being the photon’s wavelength. 

What this means is the usual graphic represen-

tation in Figure 444 in green is not realistic! 

According to other literature, the longitudinal 

length of a single photon is half of its wave-

length (λ/2)1895. 

  
Figure 444: a photon wave packet or pulse, and a single frequency 

photon… of undetermined length.  The first has many harmonic 
frequencies shaped like a Gaussian curve in their Fourier transform while 

the single frequency photon Fourier transform is a single point. 

This length’s range is quite broad, with 1 nm for X-rays and several orders of magnitude smaller for 

gamma rays, to over one millimeter and up to several kilometers for radio waves. A classical repre-

sentation in the above illustration with an EM field of 1.5 wavelengths doesn’t correspond to a single 

photon according to this interpretation, but to three or 1.5 consecutive single photons. 

Nothing says that this can represent reality. On top of that, with a photon having half a wavelength, 

its Fourier transform won’t be decomposed with a single frequency, but with some harmonic frequen-

cies. We’re safe since this can be explained with Heisenberg’s indeterminacy, related here to two 

complementary properties, the photon length, and its wavelength. In other words, if you try to de-

scribe with precision the length of the photon wave (time/space domain), you end up losing precision 

with its wavelength (energy domain). 

 

1895 See Electromagnetic fields, size, and copy of a single photon by Shan-Liang Liu, 2018 (4 pages) and The Size and Shape of a 

Single Photon by Zhenglong Xu, 2021 (22 pages). 

one photon

• wavelength/frequency

• right/left polarization = spin 
angular momentum +ħ or −ħ 

• orbital angular momentum

• vector direction in space

• massless

• no electric charge

orthogonal perturbation of 
the electromagnetic field

photons are exchanged 
with atoms

who’s the chicken
and the egg?

linearly polarized photon
equal superposition

of right/left polarized 
photons

https://arxiv.org/ftp/arxiv/papers/1604/1604.03869.pdf
https://www.scirp.org/html/107462_107462.htm
https://www.scirp.org/html/107462_107462.htm
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And vice versa1896! 

Photon modes are not that easy to define, and their simplified descriptions are diverse. These are 

defined by coherence and orthogonality properties of the EM field. These are orthogonal solutions of 

the EM wave equations. Different photon modes do not interfere. The energy of a linear superposition 

of modes equals the sum of the energy of the individual modes. Only photons with the same mode 

can be coherent and interfere. 

There are two types of photon modes: spatial modes that are transverse to their direction of propaga-

tion and temporal modes in the direction of propagation (time and frequency)1897. 

We find these multimode photons in various quantum optics setups like with boson sampling experi-

ment that we will describe a bit later, as well as in quantum key distribution settings1898. 

Photon number is a way to describe groups of similar photons. Several photons with the same wave-

length and polarization can be at the same place and at the same time. They also share the same 

direction vector. These photons are indistinguishable. This is a property of bosons which are elemen-

tary or composite particles with the same quantum characteristics which can get together, following 

Bose-Einstein statistics, while fermions with the same quantum characteristics can’t be together, fol-

lowing the Fermi-Dirac statistic. 

A group of similar photons form an electromagnetic wave whose energy 𝐸 = ℎ𝜈𝑁 = ℏ𝜔𝑁, i.e. the 

energy of each photon multiplied by the number of added photons having that wavelength1899. 

A photon number is this number of “clustered” photons forming a higher energy EM field than a 

single photon1900. You can even create superpositions of multi-photons (or single-mode Fock state as 

we’ll see later) with 0, 1, 2 and 3 photons. This can be used to create photon-number Bell states, 

namely entangled states of superposed photon numbers1901 , leading to the teleportation of Fock 

states1902. This is mind blowing and quite hard to visualize! 

Quantum optics is heavily based on the model of the quantum harmonic oscillator, the quantum-

mechanical analog of the classical harmonic oscillator, with quantized energy. 

The energy of a quantum oscillator can be described with a simple equation, N being the photon 

number. When N=0, the oscillator energy corresponds to the vacuum state energy. 

energy 𝐸 and photon number 𝑁:    𝐸 = ℏ𝜔 (𝑁 +
1

2
)        photon wavenumber  𝑘 =

2𝜋

𝜆
. 

Photon wavenumber is the spatial frequency of a wave, measured in radians per unit distance. It is 

defined as k with the above right formula using the photon wavelength. 

 

1896 See Limits for realizing single photons by Jan Gulla, Kai Ryen and Johannes Skaar, September 2021-November 2023 (22 pages) 

which describes the real structure of photons generated by single photon sources. 

1897 See The concept of modes in optics and photonics by René Dändliker, 1999 (6 pages). 

1898 See the review paper Roadmap on multimode photonics by Ilaria Cristiani et al, 2022 (39 pages) which also covers classical use 

cases of multimode photonics. 

1899 Here, 𝜈 is the photon frequency, h in Planck’s constant, ℏ is Planck’s reduced constant or Dirac’s constant and 𝜔 is the photon 

angular frequency with 𝜔 = 2𝜋𝜈, in radians per second, 2𝜋 radians corresponding to a 1 Hz frequency. 

1900 A powerful radio of digital TV emitter is creating these kinds of photons, in the radiowave range! Same for a radar. 

1901 See Generation of non-classical light in a photon-number superposition by J. C. Loredo, Pascale Senellart et al, November 2018 

(13 pages), Generating superposition of up-to three photons for continuous variable quantum information processing by Mitsuyoshi 

Yukawa et al, 2013 (7 pages), and Generation of light in a photon-number quantum superposition, August 2019. And the entangled 

photon numbers in Photon-number entanglement generated by sequential excitation of a two-level atom by S. C. Wein, Pascale Senel-

lart et al, June 2021 and in Nature Photonics, April 2022 (18 pages). 

1902 See Quantum teleportation of a genuine vacuum-one-photon qubit generated via a quantum dot source by Beatrice Polacchi, Fabio 

Sciarrino et al, October 2023 (20 pages). 

https://arxiv.org/abs/2109.06472
https://spie.org/etop/1999/193_1.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/282054365/Cristiani_2022_J._Opt._24_083001.pdf#1a
https://arxiv.org/abs/1810.05170
https://arxiv.org/abs/1212.3396
http://quantumdot.eu/2019/08/30/generation-of-light-in-a-photon-number-quantum-superposition/
https://arxiv.org/pdf/2106.02049.pdf
https://arxiv.org/abs/2310.20521
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Creation and annihilation operators or ladder operators are mathematical operators used with 

quantum harmonic oscillators and many-particles systems. An annihilation operator �̂� reduces the 

number of particles in a given state by one and a creation operator �̂�† increases this number by one. 

It is the adjoint operator of the annihilation operator. These operators act on states of various types of 

particles, and with photons, adding or removing a quantum of energy to an oscillator system. 

The use of these operators instead of wavefunctions is part of the second quantization formalism. It 

explains why the canonical quantum physics postulates that we described in an earlier part page 100 

are not entirely applicable to quantum optics, particularly the time evolution postulate related to 

Schrödinger’s wave equation that is applicable only to non-relativistic massive particles and even the 

structure of the quantum state 𝜓. 

Mathematically, a photon occupation number operator is a Hermitian operator �̂� = �̂�†�̂�. And a pho-

ton number of n superposed photons created by the operator �̂�† applied n times to the vacuum state 

|0⟩ creates the state |𝑛⟩ =
1

√𝑛!
(�̂�†)𝑛|0⟩. 

Second quantization is the broad field of quantum physics that deals with many-body quantum sys-

tems. It was introduced by Paul Dirac in 1927 and developed afterwards by Vladimir Fock and 

Pascual Jordan. While the first quantization dealt with individual quantum objects and their descrip-

tion by the Schrödinger wave equation, the second quantization describes many-body systems which 

are represented mathematically by Fock states and Fock spaces. 

Its formalism introduces creation and annihilation operators to construct and handle the Fock states, 

providing the mathematical tools to the study quantum many-body systems. 

Instead of describing such a system as a tensor product of all its constituent quantum objects, it is 

simplified with chaining |𝑛𝑘𝑖⟩ describing the 𝑛𝑖 quantum objects that are in the same quantum state 

𝑘𝑖 as described in the above equation related to the creation operator. 

A many-body system is described as the tensor product of the Fock states |𝑛𝑘𝑖⟩ corresponding to each 

individual quantum states in the system: |𝑛𝑘0⟩⨂⋯⨂|𝑛𝑘𝑛⟩, given that the photon number 𝑛𝑖 for the 

Fock state |𝑛𝑘𝑖⟩ can be 0 or 1 for fermions and any positive number for a boson. When all occupation 

numbers are equal to zero, the Fock state corresponds to the vacuum state. 

A Fock state with only one non-zero occupation number is a single-mode Fock state. Contrarily, a 

multi-mode Fock state has several non-zero occupation numbers. 

Quantum optics. This field of quantum physics started quite late. In 1956, the Hanbury-Brown-Twiss 

(HBT) experiment was about observing the intensity correlations of the radiation of a mercury lamp 

and from some bright stars. After traversing a beamsplitter (with a mercury lamp) or at two spatially 

separated points (for stars), the intensities measured by two detectors were fluctuating, and these 

fluctuations were correlated. 

It was then explained by the emission of photon bunches coming from thermal sources. But it could 

be explained without using photons and quantum physics. 

Quantum optics really started when it became possible to create non classical light sources like pairs 

of photons and single photons, respectively in 1967 and 1977. Photon pairs were first created with 

using cascaded atom decay and parametric down conversion1903. 

Semi-classical light. It describes interactions between quantized matter such as atoms and electrons 

with classical light fields. Continuous laser light belongs to this category. 

 

1903 Source: Lecture 1. Basic concepts of statistical optics (7 pages). 

https://mpl.mpg.de/fileadmin/user_upload/Lecture_3_1.pdf
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Non-classical light. Light and photons are always quantum, just because it comes from quantized 

energy exchanges with matter. Still, light is considered to show non-classical and quantum effects 

when the electromagnetic field is quantized and photons are handled individually. This happens in a 

couple situations: creation of entangled Bell states, antibunching, photon noise and negative proba-

bilities with the Wigner function. We’ll look at each of these phenomena. 

Bell states where single photons behave probabilistically and in the general case have no a priori 

properties like polarization, wavelength, wavevector before being measured. These properties are re-

vealed while being measured and show correlations between entangled photons whose measured 

properties will be random. 

Anti-bunching corresponds to a light field where photons are equally spaced in time, much better 

than with a coherent laser field. It is detected with a HBT (Hanbury Brown & Twiss) intensity auto-

correlator... with no correlations. It refers to sub-Poissonian photon statistics, that is a narrow photon 

number distribution (Figure 445 and Figure 446). 

It can be generated by single photon sources as well as from pulse mode lasers. A coherent state from 

a laser has Poissonian statistics generating random photon spacing and a thermal source light field 

has super-Poissonian statistics and yields bunched photon spacing. All these aspects belong to the 

field of statistical optics. 

The quality of single photons source is measured with data from two experiments. The first uses a 

variant of a Hanbury Brown and Twiss (HBT) intensity autocorrelator that checks the photons are 

emitted in a very regular way, like a metronome. 

From a starting click on one of the two photon detectors, it analyzes the time distribution of the 

appearance of the following photons. This produces the plots in Figure 446. The ideal model would 

be that of a high peak on either side of the center. The low peaks represent the system noise. This 

experiment, originally created to detect the size of stars, also enabled the validation of the corpuscular 

nature of photons. The experiment can be easily interpreted in an intuitive way: photons pass through 

a one-way mirror, whether or not it crosses randomly. Behind this mirror are two photon counters, 

here with SPADs (avalanche diodes). 

 
Figure 445: poissonian, sub-Poissonian and super-Poissonian photons wavelength distribution and photons time distribution. 

Compilation: Olivier Ezratty, 2021. 
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The system detects when a photon is detected at the same time by both sensors. If the photons take 

the same way to reach both detectors, there will be no coincidence since the emitted photons are sent 

in well-ordered trains and can only be on one side or the other. By adding a delay line between the 

mirror and one of the sensors that is proportional to the period of emission of the photons, it creates 

many occurrences with photons arriving simultaneously in both sensors. 

This is what we see in the two curves, one of them being with a linear scale of coincidences (measured 

over a period of time sufficient to capture hundreds of them) and another logarithmic which allows 

to better characterize the noise of the system. 

The second experiment called H.O.M. for Hong-Ou & Mandel and created in 1987 uses a Mach-

Zehnder interferometer to validate the fact that the emitted photons are indeed identical and impossi-

ble to distinguish1904. 

Quadratures representation is a way to describe the electromagnetic field and its related uncertainty. 

An EM wave is positioned in two axis X and Y or X1 and X2 corresponding to the rotation of the 

electric field in the EM field, thus the equations describing X1 and X2 below, with the cosine and sine 

of 𝜔𝑡 (angular frequency × time). Said otherwise, a quadrature describes the real and imaginary parts 

of a complex amplitude. This EM field complex amplitude is rotating so what’s interesting is not the 

grey circle position in the chart but its shape and size which represents the photon measurement un-

certainty. 

It is represented by the variation of the length of the vector which is the photon number and of the 

width of the circle, orthogonally to the vector, which corresponds to the phase uncertainty. For 

unsqueezed coherent light, this uncertainty is the same as the vacuum state. 

 
Figure 446: how antibunching is measured. Sources: various. 

Photon noise aka shot noise is found in the detection of light and corresponds to quantum fluctuations 

in the electromagnetic field. This noise or imprecision can be squeezed in one dimension. 

 

1904 See High-performance semiconductor quantum-dot single-photon sources by Pascale Senellart, Glenn Solomon and Andrew G. 

White, 2017 (14 pages) which describes the various ways to characterize the quality of single photons sources. 
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Squeezed light corresponds, in a quadrature or phasor diagram representation, to wave functions 

which have an uncertainty in one of the quadrature amplitudes (phase or photon number) smaller than 

for the ground-state corresponding to the vacuum state. It can be generated by different means like a 

parametric down conversion1905. Balanced homodyne detectors are used to detect squeezed light. 

Wigner function is yet another representation of a quantum state, richer than the phase diagram 

above which is used to measure the level of quantumness of a light pulse. It is not far from a proba-

bility distribution of the electric field in the (Q, P) plane that can take negative values in some condi-

tions, for so-called non-Gaussian states1906. With coherent states, W(Q, P) is a symmetric Gaussian 

function peaking at the average values of the sine and cosine components of the electric field with 

the peak width corresponding to the vacuum noise like in the quadrature representation. The Wigner 

function equation looks like this in Figure 447 with 𝜓 being the quantum object wave function, Q 

and P the position and momentum and y, the variable used in the integral. 

𝑊(𝑄, 𝑃) =
1

𝜋ℏ
∫ 𝜓∗
+∞

−∞

(𝑄 + 𝑦)𝜓(𝑄 − 𝑦)𝑒2𝑖𝑃𝑦/ℏ𝑑𝑦 

Figure 447: Wigner function which helps measure the quantumness of light. 

It returns a real value that can be positive or negative. Q and P could be replaced by the sine and 

cosine components of the quantized electric field like in the phasor diagram (see also Figure 448). 

 
Figure 448: what squeezed light looks like when using quadratures representation. (cc) Olivier Ezratty, 2023. 

In Figure 449 are presented a set of Wigner functions, ranging from the most classical to the most 

quantum fields. A is a coherent state1907, B, a squeezed state, C a single-photon state and D a Schrö-

dinger’s-cat state. 

 

1905 See Generation of squeezed states by parametric down conversion by Ling-An Wu et al, University of Texas, Physical Review 

Letter, 1986 (4 pages). 

1906 See Conversion of Gaussian states to non-Gaussian states using photon number-resolving detectors by Daiqin Su et al, Xanadu, 

April 2019 (37 pages), the tutorial paper Non-Gaussian Quantum States and Where to Find Them by Mattia Walschaers, LKB - Collège 

de France, April 2021 (55 pages) and the review paper Production and applications of non-Gaussian quantum states of light by A. I. 

Lvovsky, Philippe Grangier et al, June 2020 (50 pages). 

1907 The vacuum state has a similar Wigner function, but centered around P=0 and Q=0. 
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https://www.researchgate.net/publication/30764619_Generation_of_Squeezed_States_by_Parametric_Down_Conversion
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The projections or shadows of the Wigner function are the probability distributions of the quantum 

continuous variables Q or P. The Wigner function is a Gaussian function for A and B but takes nega-

tive values for the non-Gaussian strongly quantum states C and D1908. These negative values vanish 

very quickly with decoherence. 

 
Figure 449: various 3D representations of the Wigner function, for Gaussian and non-Gaussian light. 

Source: Make it quantum and continuous by Philippe Grangier, Science, 2011. 

Parametric down-conversion is a nonlinear optical process converting one photon of high energy 

into a pair of photons of lower energy. It is used to generate pairs of entangled photons. 

Photons zoo. Figure 450 shows some various photon states as a summary of this section. Random 

photons in spontaneous light coming from the Sun or light bulb and “photon number” waves assem-

bling several similar photons belong to classical light. 

 
Figure 450: a zoo of photons. (cc) Olivier Ezratty, 2021-2023. 

 

1908 See Recent advances in Wigner function approaches by J. Weinbub and D. K. Ferry, 2018 (25 pages) which shows the various use 

cases of the Wigner function. 
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Other forms of light described here are semi-classical or non-classical: photon number superposition, 

squeezed states where the precision is improved in photon number, amplitude or phase at the expense 

of the others, single-mode coherent laser light, wave packets created by pulse lasers or microwave 

coming from waveform generators used with superconducting and electron spin qubits, entangled 

photons used in QKD and photon qubits, and non-gaussian states which are weird beasts too compli-

cated to describe in a couple of words that are used to implement non-Clifford quantum gates with 

photon qubits. 

Qubit operations 

Photons are "flying qubits". They are the only ones having this characteristic with flying electrons, 

which are investigated at the fundamental research level. There are two main classes of photon qubits: 

discrete variable and continuous variable qubits1909 (Figure 451). 

Discrete Variable qubits use single photons and use a two-dimensional space like orthogonal polar-

izations or the absence and presence of single photons (Figure 458). DV systems can even be based 

on qudits using more than one degree of liberty1910 1911. DV qubits rely on highly efficient, determin-

istic and indistinguishable single photon sources. They are using the “particle” side of photons. Their 

indistinguishability must exceed 95%, meaning this percentage of photons must be indistinguishable. 

The photon sources must also be efficiently connected to dynamically controllable photonic compu-

ting chips. Efforts are also undertaken to create cluster states of entangled photons used in MBQC 

and to create deterministic multi-qubit gates using spin-photon interactions like in NV centers or other 

silicon spin defects1912. 

 
Figure 451: comparison of the main models of photon-based quantum computing. (cc) Olivier Ezratty, 2021. 

 

1909 See this good review paper: Integrated photonic quantum technologies by Jianwei Wang et al, May 2020 (16 pages) and Hybrid 

entanglement of light for remote state preparation and quantum steering by Adrien Cavaillès et al, LKB (41 slides) which positions 

well the difference between DV and CV computing. 

1910 See Efficient qudit based scheme for photonic quantum computing by Márton Karácsony, László Oroszlány and Zoltán Zimborás, 

February 2023 (19 pages). 

1911 See Deterministic generation of qudit photonic graph states from quantum emitters by Zahra Raissi, Edwin Barnes and Sophia 

Economou, Virginia Tech, November 2022 (14 pages). 

1912 See Multidimensional cluster states using a single spin-photon interface coupled strongly to an intrinsic nuclear register by Cathryn 

P. Michaels et al, University of Cambridge, April 2021 (11 pages). 
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https://arxiv.org/abs/2005.01948
http://gdriqfa.unice.fr/IMG/pdf/qcom_adrien_cavailles.pdf
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https://arxiv.org/abs/2302.07357
https://arxiv.org/abs/2211.13242
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Continuous Variable qubits encode information in the fluctuations of the electromagnetic field, in 

their quadrature components, in qubits that are sometimes baptized qumodes1913. We are playing here 

with the wave nature of photons. 

Photons readout can be done with a Gaussian measurement comprising homodyne detection for one 

of the two quadrature components and heterodyne detection on one of these1914, and a non-Gaussian 

measurement implementing photon counting returning an integer. There, you hear about Wigner func-

tion amplitude, phase encoding, Gaussian states1915, including squeezed states generated with nonlin-

ear media and non-Gaussian gates to execute non-Clifford group gates bringing a real exponential 

speedup for quantum computing. Quantum gates can be deterministic, homodyne detectors are 

cheaper than single photons detectors, and quantum states are more robust. CV qubits are implement-

ing larger cluster states for MBQC, using a large number of photon modes (in the thousands)1916. 

In the CV qubit domain, PhotoQ (Denmark) is a collaborative project implementing this architecture 

with using surface codes for fault-tolerance1917. The project is built around research from DTU with 

participating organizations being AMCS Group, Aarhus University, Kvantify and NKT Photonics (la-

sers) with a public funding of 3M€ from Innovation Fund Denmark. They are (wonder why) focused 

on solving logistics and pharmaceutical industries problems. The PANDA consortium is another 

European CV photonic quantum computing project, funded by the EIC Pathfinder-2023 challenge 

grant. The project led by Sorbonne Université (Nicolas Treps and Valentina Parigi, LKB) also gathers 

Pixel Photonics (photonic detectors), ICFO (Spain), IOGS (Paris) and Pasqal (France). 

There you will also find cat-qubits and GKP states1918. Hybrid DV/CV qubits approaches are also 

investigated1919. CV computing can be used with universal gates quantum computing as well as with 

quantum simulations. 

Quantum Walks based simulation is another computing technique using photons. Similarly to the 

CV/DV computing segmentation, you have two classes of photon-based quantum walk systems: dis-

crete-time quantum walks with discrete steps evolutions1920 and continuous-time quantum walks with 

a continuous evolution of a Hamiltonian coupling different sites1921. A research team in China created 

a CV-quantum walk system handling a Hilbert space of dimension 400 as shown in Figure 452. 

 

1913 For an explanation of the difference between qumodes and qubits, see Introduction to quantum photonics from Xanadu. 

1914 On the measurement of CV qubits, see Optical hybrid architectures for quantum information processing by Kun Huang, LKB, 2017 

(215 pages). This is not the same Kun Huang as the discoverer of phonon-polaritons in 1951. 

1915 Understanding how Gaussian states work is already quite a challenge. See Gaussian Quantum Information by Christian Weedbrook, 

Seth Lloyd et al, 2011 (51 pages). 

1916 See A fault-tolerant continuous-variable measurement-based quantum computation architecture by Mikkel V. Larsen, January 2021 

(16 pages). 

1917 See A fault-tolerant continuous-variable measurement-based quantum computation architecture by Mikkel V. Larsen et al, August 

2021 (19 pages) and Deterministic multi-mode gates on a scalable photonic quantum computing platform by Larsen, Mikkel V. et al, 

Nature Physics, August 2021 (32 pages). 

1918 These light states require specific preparation techniques. See for example Robust Preparation of Wigner-Negative States with 

Optimized SNAP-Displacement Sequences by Marina Kudra, Jonas Bylander, Simone Gasparinetti et al, Chalmers University, PRX 

Quantum, September 2022 (12 pages) with interesting cavity-based preparation of various quantum light states usable in CV photon 

qubit systems. 

1919 See Hybrid Quantum Information Processing by Ulrik L. Andersen and al, 2014 (13 pages) and Hybrid discrete and continuous-

variable quantum information by Ulrik L. Andersen et al, 2015 (11 pages), Visualization of correlations in hybrid discrete—continuous 

variable quantum systems by R P Rundle et al, February 2020 (15 pages) and Remote creation of hybrid entanglement between particle-

like and wave-like optical qubits by Olivier Morin, Claude Fabre, Julien Laurat, LKB France, 2013 (7 pages). 

1920 See for example Quantum walks of two correlated photons in a 2D synthetic lattice by Chiara Esposito, Fabio Sciarrino et al, April 

2022 (18 pages). 

1921 See Purdue University Scientists Say 'Quantum Rainbow' May Allow Room-Temperature Quantum Computing par Matt Swayne, 

2021 referring to Probing quantum walks through coherent control of high-dimensionally entangled photons by Poolad Imany et al, 

July 2020 (9 pages). 

https://strawberryfields.ai/photonics/concepts/photonics.html
https://tel.archives-ouvertes.fr/tel-01661603/document
https://arxiv.org/abs/1110.3234
https://arxiv.org/abs/2101.03014
https://arxiv.org/abs/2101.03014
https://orbit.dtu.dk/en/publications/deterministic-multi-mode-gates-on-a-scalable-photonic-quantum-com
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.030301
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.030301
https://arxiv.org/pdf/1409.3719.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/122902294/hybrid_progress_v11.1.8_postprint.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/122902294/hybrid_progress_v11.1.8_postprint.pdf
https://iopscience.iop.org/article/10.1088/2399-6528/ab6fb6
https://iopscience.iop.org/article/10.1088/2399-6528/ab6fb6
https://arxiv.org/abs/1309.6191
https://arxiv.org/abs/1309.6191
https://arxiv.org/abs/2204.09382
https://thequantumdaily.com/2021/02/15/purdue-university-scientists-say-quantum-rainbow-may-allow-room-temperature-quantum-computing/%20%09
https://advances.sciencemag.org/content/6/29/eaba8066
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It even takes the form of a seemingly packaged and designed product despite coming out of a public 

research lab and not a startup. There are even hybrid fermion/bosons approaches that are proposed 

but that are very theoretical and with very few hardware implementation details1922. 

 
Figure 452: the continuous-variable quantum walk system YH QUANTA QW2020 from China. Source: Large-scale full-

programmable quantum walk and its applications by Yizhi Wang et al, August 2022 (73 pages). 

Boson sampling is a separate technique we will cover later in a dedicated section, page 538. It is a 

research field that has not yet brought to life programmable computing. 

Coherent Ising Machines is another technique based on using optical neural networks that can solve 

combinatorial optimization problems with mapping them onto NP-hard Ising problems 1923.   

Practically speaking, Ising models can 

solve many problems: planning and sched-

uling, financial portfolio optimizations, 

graph problems and even material and mo-

lecular design. These problems are defined 

by couplings between a set of spins. The 

solution is the spin orientation that mini-

mizes the energy function of the system. 

CIM systems use single-mode photon 

squeezing, oscillation at degenerate fre-

quency, Optical Parametric Amplifiers in a 

Cavity (OPO) and a measurement feed-

back technique (Figure 453). Leveraging 

delay lines, time division multiplexing and 

measurement feedback, CIM can imple-

ment many-to-many connectivity. The 

largest CIM system was built in Japan in 

2021 with 100,000-spins1924. It competed 

with quantum annealing (from D-Wave) 

and also classical CMOS-based annealing 

(from Fujitsu). 

 

Figure 453: example of realization of a coherent Ising Machine. Source: 
Coherent Ising Machines: non-von Neumann computing using networks of 

optical parametric oscillators by Peter McMahon, Cornell University, October 
2020 (100 slides). 

 

1922 See Two-level Quantum Walkers on Directed Graphs I: Universal Quantum Computing by Ryo Asaka et al, December 2021 (20 

pages) and Two-level Quantum Walkers on Directed Graphs II: An Application to qRAM by Ryo Asaka et al, April 2022 (23 pages). 

1923 CIM is described in the presentation Coherent Ising Machines: non-von Neumann computing using networks of optical parametric 

oscillators by Peter McMahon, Cornell University, October 2020 (100 slides). It reminds us that HPE and Ray Beausoleil worked on a 

CIM before abandoning all quantum computing endeavors altogether. The source of the illustration was found on slide 55. 

1924 See 100,000-spin coherent Ising machine by Toshimori Honjo et al, September 2021 (8 pages). 

https://arxiv.org/abs/2208.13186
https://arxiv.org/abs/2208.13186
https://bernalde.github.io/QuIP/slides/47-779%20Lecture%209%20-%20Coherent%20Ising%20Machine%20(McMahon).pdf
https://bernalde.github.io/QuIP/slides/47-779%20Lecture%209%20-%20Coherent%20Ising%20Machine%20(McMahon).pdf
https://arxiv.org/abs/2112.08119
https://arxiv.org/abs/2204.08709
https://bernalde.github.io/QuIP/slides/47-779%20Lecture%209%20-%20Coherent%20Ising%20Machine%20(McMahon).pdf
https://bernalde.github.io/QuIP/slides/47-779%20Lecture%209%20-%20Coherent%20Ising%20Machine%20(McMahon).pdf
https://www.science.org/doi/10.1126/sciadv.abh0952
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A bit like the difference we discovered between (D-Wave) quantum annealing solving Ising “Z” prob-

lems1925 and quantum simulation models implementing XY qubits connectivity, there are also pho-

tonic based coherent XY models that compete with CIM1926. 

Hybrid atoms-photons qubits. Stanford University researchers devised a new hybrid quantum pho-

tonic approach using a single atom that modifies photons states via quantum teleportation and imple-

ment quantum gates and qubit readout1927. 

It reduces the need for multiple pho-

ton emitters and greatly simplifies the 

hardware setting that makes use of a 

photons storage ring made of a fiber 

loop, optical switches in the loop, a 

beam splitter, a phase shifter, a pho-

ton scattering unit and a cavity con-

taining a single atom controlled by a 

laser, the atom getting entangled with 

the photon (Figure 454). 

 

Figure 454: an example of hybrid atoms-photons system. Source: Deterministic 
photonic quantum computation in a synthetic time dimension by Ben Bartlett, Avik 

Dutt and Shanhui Fan, Optica, November 2021 (9 pages). 

The photon source is a single photon train source. But this is not a perfect solution. It has some 

requirements on the cavity quality, on low fiber attenuation, on very low insertion losses optical 

switches and can’t implement quantum gates in parallel. 

The general principle of quantum computing systems using photon qubits is as follows: 

• Photon sources are lasers, often associated with single and indistinguishable photon generators 
1928. They are critical to generate simultaneously a large number of indistinguishable photons that 

will feed in parallel several qubits, thanks to delay lines. These are well time-isolated unique and 

indistinguishable photons generated in well-spaced in time series. These single photons are indi-

vidually detectable at the end of processing with single or multiple photon detectors (when com-

puting Fock states with additions of single identical photons). The key metrics of these photon 

sources are the system efficiency (probability that at least one photon is created per pulse), purity 

(probability of getting a maximum of one photon per pulse) and coherence (how generated pho-

tons are quantum mechanically identical or indistinguishable). The purity and high probability to 

get a photon per clock cycle are the enabler of quantum interferences based multiple qubit gates 

with discrete variable qubits. High-efficiency sources are qualified as “on-demand” or “determin-

istic” with the alternatives of heralded sources, where photon emission time can be accurately 

evaluated. 

 

1925 CIM is supposed to work better than D-Wave that also implement Ising models according to Practical Application-Specific Ad-

vantage through Hybrid Quantum Computing by Michael Perelshtein et al, 2021 (14 pages) that is described in A poor man’s coherent 

Ising machine based on opto-electronic feedback systems for solving optimization problems by Fabian Böhm et al, Nature Communi-

cations, 2019 (9 pages). See also Experimental investigation of performance differences between coherent Ising machines and a quan-

tum annealer by R. Hamerly et al, Sci. Adv., 2019 (26 pages) for the comparison with D-Wave 2000Q. The compared CIM machine is 

from NTT and Stanford. The Stanford CIM is described in A fully programmable 100-spin coherent Ising machine with all-to-all 

connections by Peter L. McMahon et al, Science, 2016 (9 pages). The NTT CIM is described in A coherent Ising machine for 2000-

node optimization problems by T. Inagaki et al, Science, 2016 (6 pages). See also Training Multi-layer Neural Networks on Ising 

Machine by Xujie Song et al, November 2023 (22 pages) on using an Ising machine for some neural network training task. 

1926 Coherent Ising machines models and challenges are described in Coherent Ising machines - optical neural networks operating at 

the quantum limit by Y. Yamamoto et al, npj Quantum, December 2017 (16 pages). 

1927 See Deterministic photonic quantum computation in a synthetic time dimension by Ben Bartlett, Avik Dutt and Shanhui Fan, Optica, 

November 2021 (9 pages) also described in Researchers propose a simpler design for quantum computers by McKenzie Prillaman, 

Stanford University, Physorg, November 2021. 

1928 See Near-ideal spontaneous sources in silicon quantum photonics by S. Paesani et al, 2020 (6 pages) which describes a single 

photon source based on a photonics component. It is an Anglo-Italian research project. 

https://opg.optica.org/optica/fulltext.cfm?uri=optica-8-12-1515&id=465446
https://opg.optica.org/optica/fulltext.cfm?uri=optica-8-12-1515&id=465446
https://arxiv.org/abs/2205.04858
https://arxiv.org/abs/2205.04858
https://www.nature.com/articles/s41467-019-11484-3
https://www.nature.com/articles/s41467-019-11484-3
https://arxiv.org/abs/1805.05217
https://arxiv.org/abs/1805.05217
http://nlo.stanford.edu/system/files/mcmahon2016.pdf
http://nlo.stanford.edu/system/files/mcmahon2016.pdf
https://www.researchgate.net/publication/309323862_A_coherent_Ising_machine_for_2000-node_optimization_problems
https://www.researchgate.net/publication/309323862_A_coherent_Ising_machine_for_2000-node_optimization_problems
https://arxiv.org/abs/2311.03408
https://arxiv.org/abs/2311.03408
https://www.researchgate.net/publication/321737804_Coherent_Ising_machines-optical_neural_networks_operating_at_the_quantum_limit
https://www.researchgate.net/publication/321737804_Coherent_Ising_machines-optical_neural_networks_operating_at_the_quantum_limit
https://opg.optica.org/optica/fulltext.cfm?uri=optica-8-12-1515&id=465446
https://phys.org/news/2021-11-simpler-quantum.html
https://www.nature.com/articles/s41467-020-16187-8.pdf
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• There are two main types of single photons sources (SPSs)1929: 

• Quantum dot single-photon source are the best-in-class devices, able to generate photons with 

a 99.7% single-photon purity, and over 65% extraction efficiency, which could potentially reach 

80% (meaning, 4 photons generated out of 5 clock cycles). See below in Figure 455 how these 

efficiencies are improved. These sources also have an over 99% photon indistinguishability. In 

the second quantization formalism, they create a single Fock state with a photon number equal to 

one. 

• The leaders in this market are Quandela1930 and Sparrow Quantum1931. And many research labs 

are working on other varieties of quantum dots1932. These photon sources must be cooled at about 

3K to 4K. In their Prometheus indistinguishable photon source, Quandela directly couples the 

quantum dot to a fiber, avoiding the use of cumbersome confocal microscopes and significantly 

increasing the photon generation yield. It creates a path to reaching a combined source–detector 

efficiency closer to the 2/3 threshold that is mandatory for scalable discrete variable optical quan-

tum computing. Others are trying to operate these quantum dots at hotter or even ambient tem-

perature. That’s the case with the quantum dots single photon emitters developed at EPFL, with a 

mix of gallium nitride and aluminum nitride (GaN/AlN) on silicon substrate, or with solid-state 

emitters operating at 28.8K instead of 4K that are studies in the UK1933. 

 
Figure 455: what characterizes the efficiency of a quantum dots photon generator. Source: The race for the ideal single-

photon source is on by Sarah Thomas and Pascale Senellart, Nature Nanotechnology, January 2021 (2 pages) and 
comments by Olivier Ezratty, 2021. 

• These are showcasing a single-photon purity of 95% at cryogenic temperatures (below 50K) and 

a purity of 83% at room temperature. 

 

1929 See Integrated photonic quantum technologies by Jianwei Wang et al, May 2020 (16 pages). 

1930 See The race for the ideal single-photon source is on by Sarah Thomas and Pascale Senellart, Nature Nanotechnology, January 

2021 (2 pages) which describes the various ways to improve the yields of single photon sources, Sequential generation of linear cluster 

states from a single photon emitter by D. Istrati, Niccolo Somaschi, Hélène Ollivier, Pascale Senellart et al, October 2020 and Repro-

ducibility of high-performance quantum dot single-photon sources by Hélène Ollivier, Niccolo Somaschi, Pascale Senellart et al, Oc-

tober 2019 (10 pages) on benchmarking single photon sources. 

1931 See Scalable integrated single-photon source by Ravitej Uppu et al, December 2020 (7 pages) which describes the latest advance-

ments of their technology. 

1932 See Planarized spatially-regular arrays of spectrally uniform single quantum dots as on-chip single photon sources for quantum 

optical circuits by Jiefei Zhang et al, University of Southern California and IBM, November 2020 (8 pages) describes an array with 32 

quantum dots and a simultaneous purity of single-photon emission over 99.5%. 

1933 See Towards Generating Indistinguishable Photons from Solid-State Quantum Emitters at Elevated Temperatures by Alistair J. 

Brash et al, University of Sheffield, University of Manchester, May 2023 (18 pages). 

cavity quantum dot linear polarizer collection set-up optical fiber

laser source

a direct connection to the fiber 
improves the single photon 

generation yield

97% 69% 57%
end-to-end 
efficiency

improved > 50% 
with generating 

polarized 
photons inside 

the cavity

https://www.nature.com/articles/s41565-021-00851-1?proof=t
https://www.nature.com/articles/s41565-021-00851-1?proof=t
https://arxiv.org/abs/2005.01948
https://www.nature.com/articles/s41565-021-00851-1?proof=t
https://www.nature.com/articles/s41467-020-19341-4
https://www.nature.com/articles/s41467-020-19341-4
https://arxiv.org/pdf/1910.08863.pdf
https://arxiv.org/pdf/1910.08863.pdf
https://advances.sciencemag.org/content/6/50/eabc8268
https://aip.scitation.org/doi/10.1063/5.0018422
https://aip.scitation.org/doi/10.1063/5.0018422
https://arxiv.org/abs/2305.05636
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• The photon emission rates reach 1 MHz with a single-photon purity exceeding 50%1934. 

• Parametric photon-pair sources are laser pumping nonlinear optical waveguides or cavities that 

create photon-pairs. It can be integrated in nanophotonic circuits. They are using either spontane-

ous four-wave mixing (SFWM) or spontaneous parametric down-conversion (SPDC1935 ) pro-

cesses in nonlinear crystals. 

• The efficiency is lower than with quantum 

dots, reaching about 50% with a 95% pho-

ton indistinguishability from separated 

SPSs. Photons are created non-determin-

istically with a rather low 5% to 10% 

probability, which can be increased to 

above 60% with time and spatial domains 

multiplexing. 

• Such solutions are embedded in hybrid 

nanophotonic chips like with PsiQuantum 

and others who consolidate photon 

sources, waveguides and circuits and then 

photon detectors1936. 

 

Figure 456: how entangled photons are generated with SPDC method. 
Source: Wikipedia. 

• SPDC sources work at room temperature but for efficient multiplexing (>95%), it is necessary to 

use SNSPD detectors running at low temperature. 

• Progress is being made with nanophotonic-based single photons generation, although their per-

formance still lags quantum-dots sources1937. Figure 456 shows a SPDC method to create pairs of 

entangled photons. The conversion creates pairs of orthogonally polarized photons in two light 

cones with entangled photons at their intersection. 

• Rydberg single-photon sources with excitation blockade creating efficient preparation of single 

atomic excitation, which are converted into high-quality single photons with high indistinguisha-

bility1938. 

One key challenge with implementing MBQC, one dominant photonic quantum computing architec-

ture that we’ll cover later, is the ability to create large cluster-states of entangled photons. There are 

many options to implement it. Quantum dots source can be tailored for this need. Good indistinguish-

able and deterministic photon sources can be coupled with delay lines and mixers to create these 

cluster states. 

 

1934 See Toward Bright and Pure Single Photon Emitters at 300 K Based on GaN Quantum Dots on Silicon by Sebastian Tamariz, 

Nicolas Grandjean et al, January 2020 (19 pages). 

1935 See Spectrally multimode squeezed states generation at telecom wavelengths by Victor Roman-Rodriguez, Nicolas Treps, Eleni 

Diamanti, Valentina Parigi et al, June 2023 (11 pages). 

1936 See All optical operation of a superconducting photonic interface by Frederik Thiele et al, February 2023 (9 pages). 

1937 See High-efficiency single-photon generation via large-scale active time multiplexing by F. Kaneda et al, October 2019 (7 pages), 

Researchers create entangled photons 100 times more efficiently than previously possible pointing to Ultra-bright Quantum Photon 

Sources on Chip by Zhaohui Ma et al, October 2020 (5 pages) and A bright and fast source of coherent single photons by Natasha 

Tomm et al, University of Basel and Ruhr-Universität Bochum, July 2020 (14 pages). 

1938 See High-fidelity photonic quantum logic gate based on near-optimal Rydberg single-photon source by Shuai Shi et al, Nature 

Communications, 2022 (6 pages). It says that to achieve a linear-optical quantum logic gate with an error rate below 1%, a single-

photon source must have a g(2)(0) < 7 × 10−3 and an indistinguishability greater than 99%. In the paper, they perform a KLM CNOT 

gate with an entangling gate fidelity of 99.69(4)%. 

https://commons.wikimedia.org/wiki/File:Spdc_II_3D_model_EN.svg
https://arxiv.org/abs/2001.09805
https://arxiv.org/abs/2306.07267
https://arxiv.org/abs/2302.12123
https://advances.sciencemag.org/content/5/10/eaaw8586
https://phys.org/news/2020-12-entangled-photons-efficiently-previously.html
https://arxiv.org/abs/2010.04242
https://arxiv.org/abs/2010.04242
https://arxiv.org/abs/2007.12654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9343406/
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There are even solutions to create hundreds of pairs of entangled photons, as investigated by the 

University of Virginia, using frequency combs. Here, the photon source is a continuous laser emitting 

a single continuous wave, a small 3 mm Kerr microcavity creates a frequency comb generating pairs 

of entangled photons around the pump frequency as described below. This could lead to massive 

multimode photonic quantum computing1939 (Figure 457). 

 
Figure 457: a frequency comb method to generate a large cluster state of entangled photons. Source: A squeezed quantum 

microcomb on a chip by Zijiao Yang et al, Nature Communications, August 2021 (8 pages). 

Other photon sources are explored like Rydberg atoms in cavities which can create photon couples 

that are dephased by π, enabling two photon quantum gates1940 1941. 

• Quantum state is based on a single or several properties of the photons. The most common is 

their polarization with a computational basis based on horizontal and vertical polarization. Other 

parameters of photons are also explored to create qubits. It can be their phase, amplitude, fre-

quency1942, path, photon number (aka Fock states) and spin orbital momentum. It can even be 

their orbital angular momentum1943 1944. 

 
Figure 458: the various properties or observables of photons that can be used to create a qubit. You have many more solutions 

than the old-fashioned polarization! Compilation (cc) Olivier Ezratty, 2021. 

 

1939 See A squeezed quantum microcomb on a chip by Zijiao Yang et al, Nature Communications, August 2021 (8 pages) covered in 

Researchers open a path toward quantum computing in real-world conditions by Karen Walker, University of Virginia, August 2021. 

1940 See An Intracavity Rydberg Superatom for Optical Quantum Engineering: Coherent Control, Single-Shot Detection and Optical π 

Phase Shift by Julien Vaneecloo, Sébastien Garcia and Alexei Ourjoumtsev, PSL University, November 2021 (9 pages). 

1941 See Deterministic Free-Propagating Photonic Qubits with Negative Wigner Functions by Valentin Magro, Julien Vaneecloo, Sébas-

tien Garcia and Alexei Ourjoumtsev, PSL University, September 2022 (10 pages). 

1942 See Characterization of Quantum Frequency Processors by Hsuan-Hao Lu et al, DoE Oak Ridge lab, Purdue University, Arizona 

State University, February 2023 (14 pages). 

1943 This multiplicity of parameters also makes it possible to encode not only qubits but also qudits, with a greater number of states. 

But it is quite complex to manage and, if only to manage two-qubit quantum gates, we are happy with qubits instead of using qudits. 

See also Forget qubits -scientists just built a quantum gate with qudits by Kristin Houser, July 2019, which refers to High-dimensional 

optical quantum logic in large operational spaces by Poolad Imany et al, 2019 (10 pages). See the definition of orbital angular momen-

tum in the glossary. It was discovered in 1992. 

1944 See Orbital angular momentum of light and the transformation of Laguerre-Gaussian laser modes by Les Allen et al, 1992 (5 pages). 
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https://www.nature.com/articles/s41467-021-25054-z
https://www.nature.com/articles/s41467-021-25054-z
https://www.nature.com/articles/s41467-021-25054-z
https://phys.org/news/2021-08-path-quantum-real-world-conditions.html
https://arxiv.org/abs/2111.09088
https://arxiv.org/abs/2111.09088
https://arxiv.org/abs/2209.02047
https://arxiv.org/abs/2302.01495
https://futurism.com/forget-qubits-quantum-scientists-building-qudits
https://www.nature.com/articles/s41534-019-0173-8?_ga=2.17243770.2136571432.1563375836-117495878.1563375836
https://www.nature.com/articles/s41534-019-0173-8?_ga=2.17243770.2136571432.1563375836-117495878.1563375836
https://www.researchgate.net/publication/13382044_Orbital_angular_momentum_of_light_and_transformation_of_Laguerre_Gaussian_Laser_modes
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Figure 459: a ququart photons processor created in China. 

Source: A programmable qudit-based quantum processor by Yulin Chi, Jeremy O’Brien et al, Nature, March 2022 (10 pages). 

• This potentially allows the creation of qutrits or qudits managing more than two exclusive values. 

Photons are "flying qubits" because they move in space and are not static or quasi-static at the 

macroscopic scale unlike most other types of qubits1945. 

• One such implementation was achieved in 2022 by a China-international team using ququarts 

states, which are quantum objects with four dimensions instead of the two dimensions of qubits1946 

(Figure 459). The experiment shown above in Figure 459 was implemented in a programmable 

silicon CMOS photonic integrated chip of 15 x 1.5 mm implementing linear optics and enhancing 

parallelism. It was tested with a QFT, Deutsch-Jozsa and Bernstein-Vazirani, quaternary phase 

estimation and factorization algorithms. The system creates four-level entangled state in an array 

of four integrated identical SFWM (spontaneous four-wave mixing) sources. 

• The photons then traverse wavelength-division multiplexing filters (WDM), Mach-Zehnder in-

terferometers (MZI). thermal-optic phase shifters (TOPSs), multimode interferometer beamsplit-

ters (MMI) and qudit states measurement. 

 

1945 The other qubits are "non-flying": spin-controlled electrons trapped in a cavity, cold atoms (which are stabilized in space) and 

trapped ions (which can move, but in a limited space), NV centers (cavities do not move) and superconducting circuits (which are fixed 

in space even if they use pairs of circulating Cooper electrons). 

1946 See A programmable qudit-based quantum processor by Yulin Chi, Jeremy O’Brien et al, Nature, March 2022 (10 pages) covered 

in Scientists Make Advances in Programmable Qudit-based Quantum Processor by Matt Swayne, The Quantum Insider, March 2022. 

https://www.nature.com/articles/s41467-022-28767-x
https://www.nature.com/articles/s41467-022-28767-x
https://thequantuminsider.com/2022/03/08/scientists-make-advances-in-programmable-qudit-based-quantum-processor/
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• Single-qubit quantum gates use simple optical circuitry, including beamsplitters, waveplates, 

mirrors and semi-reflective mirrors, and phase shifters1947. For example, a Hadamard gate (H) 

uses a beamsplitter or waveplate, a Pauli X gate (bit flip) combines a beamsplitter and a Hadamard 

gate, and a Pauli Z gate (phase flip) uses a phase shifter causing a 180° phase change (π) (Figure 

460). 

 
Figure 460: how a Mach-Zehnder Interferometer works. Source: Quantum Logic Processor: A Mach Zehnder Interferometer based 

Approach by Angik Sarkar and Ajay Patwardhan 2006 (19 pages). 

• Two-qubit quantum gates are difficult to realize because it is not easy to have photons interact 

with each other, particularly when they are not perfectly indistinguishable. They use optical cir-

cuits based on beamsplitters or Mach-Zehnder interferometers with two inputs integrating phase 

changes on the optical paths, based on the KLM method already quoted in footnote. This does not 

work well when the photons are uneven, such as those coming from lasers. Namely, in only a 

few % of the cases. With indistinguishable photons, gates are more than 95% efficient since pho-

tons can interfere with each other. It facilitates Mach-Zehnder interferometry operations. These 

sources have the additional advantage of being very bright, which allows them to multiply the 

incoming photons and then to pass through many quantum gates. There are also solutions based 

on cavities. Research is also active on the creation of nonlinearities to improve the reliability of 

these quantum gates1948. Ideally, nonlinear separating cubes should be used1949. 

• But loop-based setting using only linear optics are also proposed1950 1951. 

 

1947 This is based on the KLM scheme proposed in A scheme for efficient quantum computation with linear optics by Emanuel Knill, 

Raymond Laflamme and Gerard Milburn, 2001 (7 pages). 

1948 See Quantum Computing With Graphene Plasmons, May 2019 which refers to Quantum computing with graphene plasmons by 

Alonso Calafell et al, 2019. This is the creation of two-qubit quantum gates with graphene-based nonlinear structures. It comes from 

the University of Vienna in Austria and from Spanish and Serbian laboratories. As well as Researchers see path to quantum computing 

at room temperature by Army Research Laboratory, May 2020 which refers to Controlled-Phase Gate Using Dynamically Coupled 

Cavities and Optical Nonlinearities by Mikkel Heuck, Kurt Jacobs and Dirk Englund, 2020 (5 pages). 

1949 It is a function that can be realized with Quandela's single photon generation component, diverted from its original use. See also 

Researchers see path to quantum computing at room temperature, May 2020 which refers to Controlled-phase Gate using Dynamically 

Coupled Cavities and Optical Nonlinearities by Mikkel Heuck, September 2019 (5 pages) and discusses a nonlinear cavity optical 

quantum gate technique. 

1950 See Universal multi-mode linear optical quantum operation in the time domain by Kazuma Yonezu et al, University of Tokyo, 

October 2022 (11 pages). 

1951 See Deterministic entangling gates with nonlinear quantum photonic interferometers by Francesco Scala et al, June 2023 (22 pages). 

Mach-Zehnder interferometer (MZI)
creates an interference between two photons with introducing a dephasing linked to the 

number of mirrors reflections (the πs) and phase changers

π2

π1

π1
π2

π1+π2+π1 = cancellation

+ =

π1+π2+π1+π2 = addition

+ =

phase changes enables the 
creation of a two qubit gate

qubit 1

qubit 2

output without phase change 
and qubit 1

MZI based quantum gates
a one qubit gate can be created with introducting some dephasing in one or two of 

the circuits, and two qubit gate with using two entries and some dephasing. The 
table shows the correspondence between quantum gates and the used filters 
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https://www.researchgate.net/publication/332809568_Quantum_computing_with_graphene_plasmons
https://phys.org/news/2020-05-path-quantum-room-temperature.html
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• How about photonic gates execution times? It must be fast since photons traverse optical devices 

at nearly the speed of light in vacuum. Traversing a one meter long series of optical instruments 

would last only 3 ns. If the circuit is nanophotonic based, we’ll get into the cm realm and reach 

tens of pico-seconds. But that’s not the right way to evaluate the speed of quantum computing 

here, particularly when dealing with non-deterministic photon sources where computing has to be 

repeated many times. Then, you may need to take into account the speed of the electronics that 

define the various quantum gates along the photon route and we may end-up adding milliseconds. 

• Qubit readout uses single photon detectors that also capture their quantum state. This detection 

is still imperfect. Several single-photons detection technologies are competing: SPAD (avalanche 

photodiodes, which detect photon occurrences but not photon number)1952, transition edge sensor 

(TES, which can detect photon numbers) and Superconducting Nanowire SPDs (SNSPDs, which 

also detect photon numbers, and can be arranged in arrays1953). Fully integrated SNSPDs are based 

on GaAs, Si and Si3N4 waveguides. In order to limit the dark count phenomenon coming from 

thermal effects, these SNSPDs are usually cooled between 800 mK and 3K which requires a di-

lution refrigeration system1954 1955. 

• NbTiN-based SNSPDs could work with higher-temperature cooling, between 2.5K to 7K1956 with 

some records reaching 25K1957. One goal is to integrate these photon detectors directly in photonic 

computing circuits. Other detectors are specialized for analyzing continuous variables qubits, like 

homodyne and heterodyne detectors. There are even concepts of single photon detectors that can 

also detect their frequency with high precision1958. In the continuous variable types of qubits, 

qubit readout uses homodyne detectors to detect the photon quadrature such as optical parametric 

amplifier (OPA)1959. Some SNSPDs can still support homodyne measurement to support contin-

uous variable photon qubits1960. 

• Others are experimenting photon detectors operating at a relatively hot temperature of 20K, using 

cuprates who are known for their relatively high superconducting temperature1961. 

 

1952 See recent progress with SPADs in Low-noise photon counting above 100 × 106 counts per second with a high-efficiency reach-

through single-photon avalanche diode system by Michael A. Wayne et al, NIST, December 2020 (6 pages). 

1953 See GHz detection rates and dynamic photon-number resolution with superconducting nanowire arrays by Giovanni V. Resta et al, 

ID Quantique, March 2023 (26 pages). 

1954 See The potential and challenges of time resolved single-photon detection based on current-carrying superconducting nanowires 

by Hengbin Zhang et al, October 2019 (19 pages) and Superconducting nanowire single-photon detectors for quantum information by 

Lixing You, June 2020 (20 pages). Dark counts are detected photons coming from the environment due to thermal or tunneling effects. 

1955 See Optimal Amplitude Multiplexing of a Series of Superconducting Nanowire Single Photon Detectors by Fabio Chiarello et al, 

March 2023 (6 pages). 

1956 See Superconducting nanowire single photon detectors operating at temperature from 4 to 7 K by Ronan Gourgues et al, Optics 

Express, 2019 (9 pages). 

1957 See Superconducting single-photon detectors get hot by Jin Chang and Iman Esmaeil Zadeh, Nature Nanotechnology, March 2023 

1958 See Nanoscale Architecture for Frequency-Resolving Single-Photon Detectors by Steve M. Young et al, Sandia Labs, May 2022 

(20 pages). 

1959  See Towards a multi-core ultra-fast optical quantum processor: 43-GHz bandwidth real-time amplitude measurement of 5-dB 

squeezed light using modularized optical parametric amplifier with 5G technology by Asuka Inoue et al, May 2022 (18 pages). 

1960 See Low-noise Balanced Homodyne Detection with Superconducting Nanowire Single-Photon Detectors by Maximilian Protte et 

al, Paderborn University, July 2023 (5 pages). 

1961 See Two-dimensional cuprate nanodetector with single photon sensitivity at T = 20 K by Rafael Luque Merino, Dmitri K. Efetov 

et al, August 2022 (27 pages). I also found out Graphene-based Josephson junction single photon detector by Evan D. Walsh, Thomas 

A. Ohki, Dirk Englund et al, September 2017 (12 pages) but it seems not applicable for photonic qubit readout. It works at 25 mK. 

file:///C:/Travail/Michael%20A.%20Wayne
file:///C:/Travail/Michael%20A.%20Wayne
https://arxiv.org/abs/2303.17401
https://iopscience.iop.org/article/10.1088/1361-6463/ab4146/pdf
https://iopscience.iop.org/article/10.1088/1361-6463/ab4146/pdf
https://www.degruyter.com/document/doi/10.1515/nanoph-2020-0186/html
https://arxiv.org/abs/2303.08009
https://www.osapublishing.org/oe/fulltext.cfm?uri=oe-27-17-24601&id=416745
https://www.nature.com/articles/s41565-023-01334-1
https://arxiv.org/abs/2205.05817
https://arxiv.org/abs/2205.14061
https://arxiv.org/abs/2205.14061
https://arxiv.org/abs/2307.16672
https://arxiv.org/abs/2208.05044
https://arxiv.org/abs/1703.09736
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• There are also variants of SNSPD named SWSPD (Superconducting Wide-Strip Photon Detec-

tors) with higher efficiency and operating in the convenient 1,550 nm telecom wavelength 

range1962. 

From a physical point of view, these items are classical photonic components: single and identical 

photon sources, light guides, optical delay lines (optical fibers or voltage-controlled Pockels cells), 

Mach-Zehnder interferometers, beam splitters (splitters, which divide an optical beam into two beams, 

generally identical), birefringent filters (which have two different refractive indices), phase shifters 

and single photon detectors1963 (Figure 461). 

To conduct experiments, these discrete and very affordable components are installed on carefully 

calibrated optical tables of a few square meters with lots of instruments and photons that circulate 

largely in the free space of a darkened room. Fortunately, these optical components are miniaturizable 

on semiconductor integrated circuits. This is part of the vast field of nanophotonics. Nanophotonics 

components are etched with densities between 220 nm and 3 μm 1964 1965. 

 
Figure 461: the various optical tools to control light in a quantum processor. These are made for experiments and can be 

miniaturized in nanophotonic circuits. Compilation (cc) Olivier Ezratty, 2021. 

In nanophotonics, quantum gates are dynamically programmed by the conditional routing of photons 

in optical circuits and/or with their modification (phase, polarization, frequency, …). 

These circuits are often etched on CMOS (silicon) or III/V (germanium and also GaAs) components. 

These components could be assembled in a modular way as shown in the functional diagrams in 

Figure 462. Many semiconductor fabs in the world are helping photonicians design and prototype 

nanophotonic circuits to support photon qubits. We’ll mention here only a few of them. Many fab 

technologies are investigated with classical silicon-based CMOS, hybrid CMOS with silicon nitride 

(SiN) and lithium niobate (LiNbO3)
1966, III/V materials (GaAs1967, InP, ...), etc1968. 

 

1962 See Superconducting wide strip photon detector with high critical current bank structure by Masahiro Yabuno et al, NIST, Optica 

Quantum, October 2023 (9 pagges). 

1963 This is well explained in Silicon photonic quantum computing by Syrus Ziai, PsiQuantum, 2018 (72 slides) as well as in Large-

scale quantum photonic circuits in silicon, by Nicholas C. Harris, Dirk Englund et al, Nanophotonics, 2016 (13 pages). 

1964 See for example the work of InPhyNi discussed in High-quality photonic entanglement based on a silicon chip by Dorian Oser, 

Sébastien Tanzilli et al, 2020 (9 pages). 

1965 See the review The potential and global outlook of integrated photonics for quantum technologies by Emanuele Pelucchi, Dirk 

Englund, Jian-Wei Pan, Fabio Sciarrino, Christine Silberhorn et al, Nature Review Physics, December 2021 (no open access). 

1966 See High-speed thin-film lithium niobate quantum processor driven by a solid-state quantum emitter by Patrick I. Sund et al, NBI, 

CeNTech, Science Advances, May 2023 (9 pages). 

1967 See Expanding the Quantum Photonic Toolbox in AlGaAsOI by Joshua E. Castro et al, May 2022 (9 pages). They implement non 

linear elements, edge couplers, waveguide crossings, couplers, and MZIs in Aluminum gallium arsenide-on-insulator (AlGaAsOI). 

1968 See the review paper Roadmap on integrated quantum photonics by Galan Moody,  Jacquiline Romero, Eleni Diamanti et al, August 

2021 (108 pages). 
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https://opg.optica.org/opticaq/fulltext.cfm?uri=opticaq-1-1-26&id=541174
https://www.cadence.com/content/dam/cadence-www/global/en_US/documents/company/Events/summits/photonics/syrus-ziai-silicon-photonics-platforms-for-quantum-computing-2018.pdf
http://ciqm.harvard.edu/uploads/2/3/3/4/23349210/harris_2016.pdf
http://ciqm.harvard.edu/uploads/2/3/3/4/23349210/harris_2016.pdf
https://arxiv.org/abs/2002.10106
https://www.nature.com/articles/s42254-021-00398-z
https://www.science.org/doi/10.1126/sciadv.adg7268
https://arxiv.org/abs/2205.06912
https://iopscience.iop.org/article/10.1088/2515-7647/ac1ef4
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In France, CEA-Leti is also building an integrated silicon photonic qubits platform including single 

photons source, phase shifters and superconducting nanowire single-photon detectors (SNSPD) or 

CdHgTe avalanche photodiodes (APD), working at 2.5-4K that is compatible with single photon de-

tectors. They are initially targeting secured QKD based telecommunications. 

 

Figure 462: an examples of photonic functions embedded in a nanophotonic circuit, here in GaAs. Source: Nonlinear integrated 
quantum photonics with AlGaAs by F. Baboux, G. Moody and Sara Ducci, Optica, November 2022-July 2023 (15 pages). 

Ultimately, a photon qubits quantum computer would consolidate three key components as shown in 

Figure 463 and Figure 464: a single photon generator, integrated photonic circuits and single photon 

detectors. The first and last ones are integrated with a cryogenic system operating at about 10K and 

2K-4K respectively. But it seems also possible to integrate photon sources and detectors in a single 

photonic chip1969 1970. 

The most active countries in the field seem to be China, the UK (particularly at the Universities of 

Oxford, Bristol, Cambridge and Southampton)1971, France (C2N, LKB, ...), Italy1972, Germany (Uni-

versities of Stuttgart and Paderborn), Austria, Australia, Japan and of course the USA. 

 

1969 See Integrated nanophotonics for the development of fully functional quantum circuits based on on-demand single-photon emitters 

by S. Rodt and S. Reitzenstein, APL Photonics, December 2020 (14 pages). 

1970 See 4 ways to put lasers on silicon by Roel Baets, Joris, Van Campenhout, Bernardette Kunert and Gunther Roelkens, IEEE Spec-

trum, April 2023. 

1971 According to Quantum Age technological opportunities from the UK Government Office of Science in 2016 (64 pages). 

1972 Fabio Sciarrino of La Sapienza University in Rome, carried out in 2013 a sampling of bosons with a chip with 13 input ports and 

13 output ports, with three photons. See Efficient experimental validation of photonic boson sampling against the uniform distribution, 

2013 (7 pages). 

https://opg.optica.org/optica/fulltext.cfm?uri=optica-10-7-917&id=534444
https://opg.optica.org/optica/fulltext.cfm?uri=optica-10-7-917&id=534444
https://aip.scitation.org/doi/10.1063/5.0031628
https://spectrum.ieee.org/lasers-on-silicon
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/564946/gs-16-18-quantum-technologies-report.pdf
https://arxiv.org/abs/1311.1622
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Figure 463: the key components of a photonic quantum computer: quality photon sources, preferably deterministic, nanophotonic 
circuits for processing, and photon detectors for readout. Source: adapted from Photonic quantum bits by Pascale Senellart, June 

2019 (31 slides) in slide 11. (cc) Olivier Ezratty, 2023. 

 
Figure 464: typical architecture of a photon qubits quantum computer. (cc) Olivier Ezratty, 2022-2023. 

Photon qubits are the specialty of some startups like PsiQuantum, Orca Computing, Tundra Sys-

tems Global, QuiX, Quandela, Nu Quantum, and Xanadu. 
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Boson sampling 

The idea of boson sampling came from Scott Aaronson and Alex Arkhipov from the MIT in a sem-

inal paper published in 20101973. They devised a linear optics-based experiment that would be impos-

sible to easily emulate on a classical supercomputer1974. 

Boson sampling is about solving a problem of sampling the probability distributions of identical and 

indistinguishable photons being mixed in an interferometer and reaching photon detectors. This phys-

ical process is impossible to emulate above a certain threshold, which generates yet another so-called 

"quantum supremacy" or “advantage”. It becomes an “advantage” only if the system is able to solve 

a particular problem with some input data and useful output data. 

A classical emulation of a boson sampling experiment requires extremely heavy matrix computing: 

the evaluation of square matrix permanents even more complicated computing1975. 

This sits in the "#P difficult" problem class of the complexity theories zoo1976. The verification of the 

obtained result can’t even be carried out by a classical computer1977. 

Boson sampling is the quantum and photonic analogue of the famous Galton plate experiment where 

balls cross rows of nails in a random way and end up in columns, with a Gaussian distribution (Figure 

465). This experiment is based on various probability concepts: convergence of a binomial distribu-

tion law towards a normal or Gaussian distribution, Moivre-Laplace theorem, etc. In the photon-based 

experiment, photons are injected into a series of interferometers combining them with their neighbor 

in a random way. On the other hand, the distribution at the end does not follow a Gaussian curve. It 

depends on the photons being sent upstream. 

The appropriateness of the 

boson sampling style exercise is 

questionable. It implements a 

physical phenomenon with pho-

tons that is difficult to emulate 

in a classical way1978. However, 

it is not strictly a form of calcu-

lation with some problem input 

data. There is not even a real no-

tion of qubits, quantum gates 

and programming, except in the 

choice of the photons we send 

into the system. 

 

Figure 465: the typical Galton plate experiment that inspires Boson sampling. Source: 
Quantum Boson-Sampling Machine by Yong Liu et al, 2015. 

 

1973 See The computational Complexity of Linear Optics by Alex Arkhipov and Scott Aaronson, 2010 (94 pages). 

1974 In quantum computing, we rely on only one type of boson: the photon. The other bosons are elementary particles such as gluons 

or Higgs bosons that can only be observed in particle accelerators. There are also composite particles such as the Cooper pairs (double 

electron) which are at the origin of superconducting currents. But when we talk about boson sampling, we always mean "photon". 

1975 If you want to explore the question, see for example Lecture 3: Boson sampling by Fabio Sciarrino, University of Rome, (63 slides) 

and Experimental boson sampling with integrated photonics (33 slides) by the same author who describes laser-based techniques for 

etching integrated photonic components. As well as Permanents and boson sampling by Stefan Scheel, University of Rostock, 2018 

(21 slides). As for the definition of the notion of permanent in Wikipedia, it uses notions and notations of linear algebra that are not 

even explained. The permanent of a matrix is a variant of its determinant. If the classical resolution of sampling requires the computa-

tion of matrix permanents, its resolution by linear optics system does not allow the computation of matrix permanents. 

1976 #P is the class of function problems that counts the number of solutions of NP problems. 

1977 In 2018, a Chinese team carried out a numerical simulation of 50 photon boson sampling using 320,000 processors from the Tianhe-

2 supercomputer. See A Benchmark Test of Boson Sampling on Tianhe-2 Supercomputer, 2018 (24 pages). With the 20 photons and 

60 modes of the Chinese experiment published in October 2019, a supercomputer is no longer able to follow. 

1978 But this is a valid reality for the simulation of many complex physical phenomena, such as the folding of a protein or the functioning 

of a living cell, except that these remain in the realm of the living and are not simulated in a machine. 

https://www.semanticscholar.org/paper/Quantum-Boson-Sampling-Machine-Liu-Wu/8b5db1c4ae529fbb4a4425a1bfd1cf0d02e1898f
https://arxiv.org/abs/1011.3245
https://www.sif.it/media/2e2d8d06.pdf
http://gdriqfa.unice.fr/IMG/pdf/Fabio-Sciarrino.pdf
https://kau.org.ua/images/conf/MQT_2018/Lecture_BS.pdf
https://fr.wikipedia.org/wiki/Permanent_(math%C3%A9matiques)
https://arxiv.org/pdf/1606.05836.pdf
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In the first boson sampling experiments, the used optical components were all passive and static, 

except for the photon generators and detectors1979. The experiment generates additive and subtractive 

photon interferences and superpositions of quantum states1980. 

Chinese researchers are particularly active in the field1981, but they are not alone. Xanadu (Canada), 

and Fabio Sciarrino in Italy, Australian and French teams have also been conducting interesting boson 

sampling experiments for a while, using Fock states boson sampling settings1982. 

 

Figure 466: one of the first Boson sampling experiment made in China, in 2019, with 20 photon modes. Source: Boson sampling 
with 20 input photons in 60-mode interferometers at 1014 state spaces by Hui Wang et al, October 2019 (23 pages). 

In June 2019, the Hefei laboratory created a boson sampling using six photons with three degrees of 

freedom, their traveled path, polarization and orbital angular momentum1983. It had a high gate error 

rate of 29%. In October 2019, they upgraded the feat to 20 photons with an experiment presented as 

reaching quantum supremacy, at the time of Google Sycamore supremacy announcement1984. In this 

experiment described in Figure 466, 20 indistinguishable photons were sent in a series of splitters and 

ended up in 60 photon detectors. The output Hilbert space was limited to 14 detectors, with a size of 

3.7*1014 or 248. With the 60 activated detectors, this space was to reach a size of 6020 or 2118. 

 

1979 See An introduction to boson-sampling by Jonathan Dowling et al, 2014 (13 pages) which describes well the issues involved in 

conducting boson sampling. 

1980 See the animation Boson Sampling with Integrated Photonics, 2015 (3mn) which describes the path of photons in a boson sampling 

experiment as well as Photonic implementation of boson sampling: a review by Fabio Sciarrino, 2019 (14 pages) which describes in 

detail this kind of experiment. 

1981 See Chinese researchers on the road to the 'ultimate' quantum processor? by Bruno Cormier, September 2018 which points to 

Building Quantum Computers With Photons Silicon chip creates two-qubit processor by Neil Savage, September 2018 which discusses 

the creation of a two-qubit quantum processor. The original article is Large-scale silicon quantum photonics implementing arbitrary 

two-qubit processing, September 2018 (23 pages). The researchers involved were Chinese, English and Australian. 

1982 See Boson Sampling with single-photon Fock states from a bright solid-state source by J. C. Loredo, M. A. Broome, Paul Hilaire, 

O. Gazzano, I. Sagnes, Aristide Lemaitre, M. P. Almeida, Pascale Senellart, and Andrew G. White, 2017 (11 pages), on Fock-state 

boson sampling. 

1983 See 18-Qubit Entanglement with Six Photons Three Degrees of Freedom by Xi-Lin Wang et al, June 2019 (14 pages). 

1984 See Boson sampling with 20 input photons in 60-mode interferometers at 1014 state spaces by Hui Wang et al, October 2019 (23 

pages). 
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https://arxiv.org/abs/1910.09930
https://arxiv.org/abs/1910.09930
https://arxiv.org/abs/1406.6767
https://www.youtube.com/watch?v=o-8Yuk9qh8U
https://re.public.polimi.it/retrieve/handle/11311/1134650/505608/034001_1.pdf
https://www.tomshardware.fr/des-chercheurs-chinois-sur-la-voie-du-processeur-quantique-ultime/
https://spectrum.ieee.org/tech-talk/computing/hardware/building-quantum-computers-with-photons
https://arxiv.org/pdf/1809.09791.pdf
https://arxiv.org/pdf/1809.09791.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.130503
https://arxiv.org/ftp/arxiv/papers/1801/1801.04043.pdf
https://arxiv.org/abs/1910.09930
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The size of Hilbert's space of such a device is evaluated with the size of the Fock space of M modes 

occupied by N photons. This would give a binomial space (
𝑀+𝑁−1

𝑀
) so (

79

60
) which is equal in size to 

79!

60!∗19!
 1985. 

The researchers in China indicated that they could use several hundred detectors in output and use 

some photons double encoding using polarization and spatial encoding to multiply the power of their 

system and thus make it able to create a NISQ (noisy intermediate scale quantum computer) system. 

This represents the number of incoming pho-

ton detectors at the power of the incoming 

photon number. The previous record was 5 

photons over 16 modes and the sampling was 

verifiable on a classical computer whereas 

with these 20 photons and 60 modes, it was no 

longer possible. The photon generator was re-

alized with quantum dots in gallium and in-

dium arsenide, placed in a 4K1986 cryostat. The 

photon mixer used 396 beam splitters and 108 

mirrors (Figure 467). For the experiment to 

work, one photon must arrive at the same time 

in all the inputs of the photon mixer. 
 

Figure 467: optics table of the 20 photons/60 modes China experiment. 

The corresponding probability is very low. They used active demultiplexers with Pockels cells to 

demultiplex and direct the photons. 

While the first boson sampling experiments did not show any usefulness, this has changed progres-

sively. It was initially thought that boson sampling could eventually lead to applications in homomor-

phic encryption and blind computing1987. Some algorithms also exist for the simulation of molecular 

vibration spectra1988. In 2020, a team in China conducted an experiment similar to boson sampling to 

play a variant of the Go game1989. 

In 2020, another China team used an optical quantum calculator to solve a useful problem, the subset-

sum problem, which is complete NP. The system shown in Figure 468 uses a nanophotonic chip. The 

problem was to determine, apart from a set of signed integers, whether it is possible to add a subset 

of them together to obtain a given integer1990. The system used a laser as a source of photons. The 

benchmark was realized with N=4 integers. With some extrapolation, their system was to beat all 

other known methods of solving this kind of problem. 

 

1985 Source: Binomial coefficient, Wikipedia. 

1986 The photon source would come from a German laboratory located in Würzburg, Bavaria. It is largely inspired by the reference 

work in the field of Pascale Senellart's team from the CNRS C2N. 

1987 Seen in Introduction to boson-sampling by Peter Rohde, 2014 (34 minutes) which refers to A scheme for efficient quantum com-

putation with linear optics by Emanuel Knill, Raymond Laflamme and Gerard Milburn, 2001 (7 pages) which theorized that quantum 

computation based on linear optics was plausible. We owe them the KLM scheme or protocol (their initials), a linear optics quantum 

computing (LOQC) programming model that has the disadvantage of being very heavy in terms of the number of hardware devices. 

1988 See Boson sampling for molecular vibronic spectra by Joonsuk Huh, Alán Aspuru-Guzik et al, 2014 (7 pages) and Vibronic Boson 

Sampling: Generalized Gaussian Boson Sampling for Molecular Vibronic Spectra at Finite Temperature by Joonsuk Huh et al, 2017 

(10 pages). 

1989 See Quantum Go Machine by Lu-Feng Qiao et al, July 2020 (16 pages). 

1990 See Photonic computer solves the subset sum problem, February 2020 which points to A scalable photonic computer solving the 

subset sum problem by Xiao-Yun Xu et al, January 2020 (8 pages). See also Supplementary Materials for A scalable photonic computer 

solving the subset sum problem (7 pages). 

https://en.wikipedia.org/wiki/Binomial_coefficient
https://www.youtube.com/watch?v=tlgYp-I5dvs
https://www.uni-ulm.de/fileadmin/website_uni_ulm/nawi.inst.220/lehre/QIV_SS2009/409046a0.pdf
https://www.uni-ulm.de/fileadmin/website_uni_ulm/nawi.inst.220/lehre/QIV_SS2009/409046a0.pdf
https://arxiv.org/abs/1412.8427
https://www.researchgate.net/publication/318968028_Vibronic_Boson_Sampling_Generalized_Gaussian_Boson_Sampling_for_Molecular_Vibronic_Spectra_at_Finite_Temperature
https://www.researchgate.net/publication/318968028_Vibronic_Boson_Sampling_Generalized_Gaussian_Boson_Sampling_for_Molecular_Vibronic_Spectra_at_Finite_Temperature
https://arxiv.org/pdf/2007.12186.pdf
https://www.swissquantumhub.com/photonic-computer-solves-the-subset-sum-np-complete-problem/
https://advances.sciencemag.org/content/6/5/eaay5853
https://advances.sciencemag.org/content/6/5/eaay5853
https://advances.sciencemag.org/content/advances/suppl/2020/01/27/6.5.eaay5853.DC1/aay5853_SM.pdf
https://advances.sciencemag.org/content/advances/suppl/2020/01/27/6.5.eaay5853.DC1/aay5853_SM.pdf
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Figure 468: a first optical calculator to solve a useful problem created in 2020. 

Source: A scalable photonic computer solving the subset sum problem by Xiao-Yun Xu et al, January 2020 (8 pages). 

Jiuzhang 1.0 was a gaussian boson sampler (GBS) setup implemented in December 2020 with 70 

photons modes1991. The experiment was even more impressive than the previous ones and the publi-

cized quantum advantage reached new heights. The system, shown in Figure 469, was not more pro-

grammable than the previous ones. So, any computing advantage claim was still dubious. 

Late 2020, a competing Chinese team implemented another form of boson sampling using “membos-

onsampling” for which an emulation requires even more complicated Haar-random unitary matrix1992. 

But it was not programmable. 

Jiuzhang 2.0 came in June 2021 and was a somewhat programmable GBS, ramping it up to 113 

detection events extracted from 144 photon modes circuit shown in Figure 470. The input squeezed 

photons are phase programmable before they enter the fixed part of the system in the interferometer 

that implements random unitary transformations. The experimenter still worked on some real-world 

algorithms and benchmarks to demonstrate some sort of quantum computing advantage1993. It was 

finally presented in 2023, with using a 50 single mode squeezed states input to solve two graph prob-

lems, the Max-Haf problem and the dense k-subgraph problem1994. However, the research team wrote 

that it was still usure whether the GBS could yield a real quantum advantage compared to improved 

classical and quantum inspired algorithms. Also, like in many such advantage claims, the GBS ad-

vantage depends on the properties of the input graphs. 

 

1991 See Chinese Scientists Begin Climb Toward Universal Quantum Computer by Matt Swayne, December 2020, Chinese scientists 

say they’ve achieved a quantum computing breakthrough by Shiyin Chen et al, December 2020 and Quantum computational advantage 

using photons by Han-Sen Zhong et al, December 2020 (23 pages) and the supplemental materials (64 pages). See Benchmarking 50-

Photon Gaussian Boson Sampling on the Sunway TaihuLight by Yuxuan Li et al, 2020 (12 pages) for the classical emulation on classical 

supercomputers. 

1992 See Quantum Advantage with Timestamp Membosonsampling by Jun Gao, December 2020 (30 pages). 

1993 See Phase-Programmable Gaussian Boson Sampling Using Stimulated Squeezed Light by Han-Sen Zhong, Chao-Yang Lu, Jian-

Wei Pan et al, June 2021 (9 pages). 

1994 See Solving Graph Problems Using Gaussian Boson Sampling by Yu-Hao Deng et al, February 2023 (7 pages). 

https://advances.sciencemag.org/content/6/5/eaay5853
https://thequantumdaily.com/2020/12/11/chinese-scientists-begin-climb-toward-universal-quantum-computer/
https://fortune.com/2020/12/03/china-quantum-computing-breakthrough
https://fortune.com/2020/12/03/china-quantum-computing-breakthrough
https://arxiv.org/abs/2012.01625
https://arxiv.org/abs/2012.01625
https://science.sciencemag.org/content/sci/suppl/2020/12/02/science.abe8770.DC1/abe8770_Zhong_SM.pdf
https://arxiv.org/abs/2009.01177
https://arxiv.org/abs/2009.01177
https://arxiv.org/pdf/2012.03967.pdf
https://arxiv.org/abs/2106.15534
https://arxiv.org/abs/2302.00936
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Figure 469: a 2020 generation China boson sampling experiment with up to 70 simultaneous photon modes. 

Source: A scalable photonic computer solving the subset sum problem by Xiao-Yun Xu et al, January 2020 (8 pages). 

 
Figure 470: the latest Boson sampling experiment achieved in China in 2021 with 144 photon modes. Source: Phase-Programmable 

Gaussian Boson Sampling Using Stimulated Squeezed Light by Han-Sen Zhong, Chao-Yang Lu, Jian-Wei Pan et al, June 2021 (9 pages). 

Jiuzhang 3.0 was introduced in 2023 and could detect photon numbers at the output with up to 255 

click events and provide better performance1995. The team said that an Aurora Frontier supercomputer 

would take about 600 years compared to 1.27 µs to produce a sample, with an extreme 3.1×1010 years 

to generate the hardest sample from the experiment which used temporal spatial demultiplexing ala 

Xanadu. It was however not linked to some practical use case and the interferometer didn’t seem to 

be anymore programmable than the one in Jiuzhang 2.0. Future experiments with some input data 

and a programmable interferometer may change that. 

 

1995 See Gaussian Boson Sampling with Pseudo-Photon-Number Resolving Detectors and Quantum Computational Advantage by Yu-

Hao Deng et al, China, PRL, April-October 2023 (6 pages). 

https://advances.sciencemag.org/content/6/5/eaay5853
https://arxiv.org/abs/2106.15534
https://arxiv.org/abs/2106.15534
https://arxiv.org/abs/2304.12240
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In 2022, Fabio Sciarrino in Italy also demonstrated that it was possible to create a programmable 

interferometer in a boson sampler1996 1997. 

In 2022, Xanadu did create a programmable GBS using some simpler time-bin multiplexing. It was 

even made available in the cloud but with caveats we’ll describe in the photonic qubits vendor section. 

It could be used to solve dense subgraph identification problems1998. 

In 2023, a South-Korea and US research team proposed a shallow-depth linear optics architecture 

implementing both Fock-state and Gaussian boson sampling with the capability to bring some com-

puting advantage1999. 

A last note here: boson sampling experiments can also be implemented with cold atoms2000. 

Measurement Based Quantum Computing 

MBQC is a very particular approach to quantum computing. It consists in exploiting the initialization 

of entangled qubits and then performing step-by-step measurements on certain qubits to obtain a re-

sult on the last measured qubits at the end of the run. There are several variants, the one-way quantum 

computing (1WQC2001) which uses two-dimensional qubits matrices to create cluster states and the 

measurement-only QC which only measures qubits, without prior entanglement. We will focus here 

on the first method which seems to be the most commonplace. 

MBQC allows the execution of classical quantum algorithms with universal gates. Where is it rele-

vant? It is particularly interesting in qubit-based quantum systems where it is difficult to create multi-

qubit quantum gates exploiting entanglement and where the number of chained gates is limited for 

physical reasons. The model was initially created for cold atoms qubits and even trapped ions2002 but 

it later made more sense with photon qubits for which deterministic two-qubit gates are impossible 

to create. 

Photons are also indicated because they allow to easily manage rotation angles in the Bloch sphere 

that are used in the single-qubit quantum gates of the process, via a phase control of the photon qubits. 

It can also be implemented with other types of qubits like silicon carbide defects2003. 

 

1996 See Reconfigurable continuously-coupled 3D photonic circuit for Boson Sampling experiments by Francesco Hoch, Fabio Sciar-

rino et al, npj quantum information, May 2022 (7 pages). 

1997 See Large-scale error-tolerant programmable interferometer fabricated by femtosecond laser writing by Ilya V. Kondratyev et al, 

Russia,  August 2023 (14 pages). 

1998 See Using Gaussian Boson Sampling to Find Dense Subgraphs by Juan Miguel Arrazola and Thomas R. Bromley, March-July 

2018 (6 pages). 

1999 See Exploring Shallow-Depth Boson Sampling: Towards Scalable Quantum Supremacy by Byeongseon Go et al, Seoul National 

University and the University of Chicago, June 2023 (18 pages). 

2000 See Boson Sampling with Ultracold Atoms by Carsten Robens et al, MIT, MQCST, Harvard, August 2022 (16 pages). 

2001 MBQC was designed in 2000 by Robert Raussendorf and Hans Briegel. See A computationally universal phase of quantum matter 

by Robert Raussendorf, 2018 (41 slides), Measurement-based Quantum Computation by Elham Kashefi, University of Edinburgh (50 

slides) and the extensive Introduction to measurement based quantum computation by Tzu-Chieh Wei from Stone Brook University, 

2012- (88 slides) and a one pager: Universal measurement-based quantum computation with Mølmer-Sørensen interactions and just 

two measurement bases. Other information sources include Blind quantum computation by Charles Herder (10 pages), Cluster-state 

quantum computation by Michael Nielsen, 2005 (15 pages), Fault-tolerant quantum computation with cluster states by Michael Nielsen 

and Christopher Dawson, 2004 (26 pages), 2D cluster state (50 slides), Quantum Computing with Cluster States by Gelo Noel Tabia, 

2011 (18 pages), Quantum picturalism for topological cluster-state Computing by Clare Horsman 2011 (18 pages) and Cluster State 

Quantum Computing by Dileep Reddy et al, 2018 (11 pages). See also Quantum computing with photons: introduction to the circuit 

model, the one-way quantum computer, and the fundamental principles of photonic experiments by Stephanie Barz, 2015 (26 pages). 

At last, see the review paper Realizations of Measurement Based Quantum Computing by Swapnil Nitin Shah, December 2021 (7 

pages). 

2002 See Measurement-based quantum computation with trapped ions by B. P. Lanyon, Cornelius Hempel, Rainer Blatt et al, August 

2013 (18 pages). 

2003 In Quantum Information Processing With Integrated Silicon Carbide Photonics by Sridhar Majety et al, March 2022 (50 pages). 

https://www.nature.com/articles/s41534-022-00568-6
https://arxiv.org/abs/2308.13452
https://arxiv.org/abs/1803.10730
https://arxiv.org/abs/2306.10671
https://arxiv.org/abs/2208.12253
https://icoqc.sciencesconf.org/data/pages/SPTMBQC_2D_Paris.pdf
https://www.irif.fr/~cd/quantum/FlorenceParallel.pdf
http://aqis-conf.org/2016/wp-content/uploads/2015/12/02.Wei_2016AQIS_MBQC_Tutorial.pdf
http://vdwetering.name/pdfs/poster-mbqc.pdf
http://vdwetering.name/pdfs/poster-mbqc.pdf
https://www.scottaaronson.com/showcase2/report/charles-herder.pdf
https://arxiv.org/abs/quant-ph/0504097
https://arxiv.org/abs/quant-ph/0504097
https://arxiv.org/abs/quant-ph/0405134
http://www.ncts.ncku.edu.tw/phys/qis/141212/files/141214-Tzu-Chieh_Wei.PDF
http://kodu.ut.ee/~gelonoel/notes/clusterStateQC.pdf
https://arxiv.org/pdf/1101.4722.pdf
https://www.cs.umd.edu/class/spring2018/cmsc457/report/Cluster_State_Quantum_Computing.pdf
https://www.cs.umd.edu/class/spring2018/cmsc457/report/Cluster_State_Quantum_Computing.pdf
https://www.physlab.org/wp-content/uploads/2016/07/QComp-Photons-2015-J-Phys-B.pdf
https://www.physlab.org/wp-content/uploads/2016/07/QComp-Photons-2015-J-Phys-B.pdf
https://arxiv.org/pdf/2112.11601.pdf
https://arxiv.org/abs/1308.5102
https://arxiv.org/abs/2111.00136
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With MBQC, things are done a bit backwards with respect to classical quantum computing: we first 

apply single-qubit gates and measure them progressively, whereas in gate-based quantum computing, 

we implement reversible unitaries (single and two-qubit quantum gates) and then make measurements 

at the end of the circuit. A big warning here: understanding how MBQC works is not easy. You can 

easily get lost in how things are organized in space and time. 

An MBQC calculation is logically irreversible, unlike a quantum algorithm based on universal quan-

tum gates. Indeed, the process of measuring qubit states cannot be logically reversed except when the 

state of the qubits read corresponds exactly to their basis states |0⟩ and |1⟩. 

A quantum computation executed with universal gates is the equivalent of applying a unitary trans-

formation embodied by a giant square matrix of dimension 2N to a set of N qubits initialized in the 

state |0⟩. This matrix can be inverted by scrolling backwards the quantum gates that were used to 

create it. With MBQC, this is not possible. This irreversibility of MBQC calculations explains why it 

is also called 1WQC for One Way Quantum Computing. There is no way of going back. 

This model is also probabilistic, due to the probabilistic nature of the state measures of qubits at each 

step of the calculation. The successive measurements provide information on the state of the qubits, 

which makes it possible to become determinist again in the rest of the computation by applying a kind 

of error correction on the fly. A bit like using 3-qubit error correction codes. 

MBQC is a hybrid method since its implementation depends on interactions between quantum com-

puting and the exploitation of qubits readout data by a classical computer controlling the system and 

in real time. This must happen very fast, at the scale of photon speed in photonic circuits. 

Qubits used in the cluster state based MBQC are of four different classes: those that are prepared and 

measured (the ancilla qubits), those that are only measured during computing, those that are only 

prepared (but measured at the end of computing) and those that are neither prepared nor measured 

(and are used for the rest of computing). 

The principle is based on the sequencing of so-called NEMC sequences with four steps2004: 

• Using a set of ancilla qubits (step N), those of the first type which are measured with a Z projec-

tion. 

• Creating cluster-states of entangled qubits (step E)2005. With photons, there are many ways to 

generate these cluster states and it is one of the key scientific and technology challenges with 

MBQC. Theoretically, you could generate these cluster states with regular independent qubits and 

apply to these photons a series of single and entangling quantum gates (H, CNOT, etc). These 

entangling gates are difficult to create with photons and MBQC is a method that gets rid of these 

in the first place. So, scientists are looking for ways to generate these cluster states with other 

means. There are many figures of merits here: the source must be as deterministic as possible and 

avoid so-called heralding and post-selection methods that reduce the chance to get a full cluster 

state at a given moment. There are also 1D and 2D cluster states. PsiQuantum is generating rather 

small photonic cluster states and connecting them with so-called “fusions”, that implements prob-

abilistic measurements. Another option consists in creating cluster states with photons entangled 

using multiple properties (polarization, phase, etc.)2006. 

 

2004 Information sources: Advanced Quantum Algorithms by Giulia Ferrini et al, 2019 (30 pages) and An introduction to Quantum 

Computing by Elham Kashefi, School of Informatics University of Edinburgh, 2020 (119 slides). 

2005 See the review paper Physical Realization of Measurement Based Quantum Computation by Muhammad Kashif and Saif Al-

Kuwari, Hamad Bin Khalifa University at Qatar Foundation, January 2023 (41 pages) which covers well the creation of cluster states 

in both CV and DV modes. 

2006 See Resource-efficient photonic quantum computation with high-dimensional cluster states by Ohad Lib and Yaron Bromberg, The 

Hebrew University of Jerusalem, September 2023 (26 pages). 

https://www.chalmers.se/en/centres/wacqt/graduate%20school/aqa/Documents/Chapters1-4+Refs.pdf
https://postscryptum.lip6.fr/IntroQC.pdf
https://postscryptum.lip6.fr/IntroQC.pdf
https://arxiv.org/abs/2301.03022
https://arxiv.org/abs/2309.10464
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Figure 471: one solution to generate a cluster state of entangled photons for MBQC. 

Source: Efficient generation of entangled multi-photon graph states from a single atom by Philip Thomas, Leonardo Ruscio, Olivier 
Morin and Gerhard Rempe, MPI, May 2022 (10 pages). 

Photonic cluster states can be generated in many ways which have evolved over time with SPDC 

(spontaneous parametric down-conversion) using powerful laser single photons source heralding 

with a probabilistic outcome that is detected post-selectively and doesn’t scale well beyond a 

dozen qubits2007, atom based cavity QED generation2008 (Figure 471) that was later extended to 

ensemble of Rydberg atoms2009 2010, with connected coupled cavity arrays (CCAs)2011, individ-

ual neutral atoms, spin-photon entanglement to deterministically generate linear cluster states 

aka the Lindner-Rudolph protocol 2012  with recent improvements 2013 , with quantum dots 

 

2007 See 12-Photon Entanglement and Scalable Scattershot Boson Sampling with Optimal Entangled-Photon Pairs from Parametric 

Down-Conversion by Han-Sen Zhong, Jian-Wei Pan et al, PRL, 2018 (17 pages) with a ~97% heralding efficiency and ~96% photons 

indistinguishability. They generated 12-photon entanglement with a state fidelity of 0.572 ± 0.024. It was use for early Boson sampling 

experiments. 

2008 See Sequential generation of matrix-product states in cavity QED by C. Schön, K. Hammerer, M. M. Wolf, J. I. Cirac, and E. 

Solano, 2006 (11 pages) and Efficient generation of entangled multiphoton graph states from a single atom by Philip Thomas et al, 

Nature, August 2022 (12 pages) with a generation of 14 qubits GHZ states and linear cluster states of 12 photons. 

2009 See Sequential generation of multiphoton entanglement with a Rydberg superatom by Chao-Wei Yang, Jian-Wei Pan et al, Decem-

ber 2021 (11 pages). One disadvantage of this method is its slow emission rate. 

2010 See Quantum Metasurfaces by Rivka Bekenstein, Mikhail D. Lukin et al, April 2019 (16 pages). 

2011 See Multipartite entanglement generation in coupled microcavity arrays by Marc Bostelmann et al, November 2022 (16 pages). 

2012 See Proposal for Pulsed On-Demand Sources of Photonic Cluster State Strings by Netanel H. Lindner and Terry Rudolph, PRL, 

2009, published initially as A photonic cluster state machine gun on arXiv (10 pages), a first demonstrations obtained with semicon-

ductor quantum dots spins in Deterministic generation of a cluster state of entangled photons by I. Schwartz, D. Gershoni et al, Technion 

and University of Washington, Science, 2016 (28 pages) with series of 5 entangled photons and recent improvements in Probing the 

dynamics and coherence of a semiconductor hole spin via acoustic phonon-assisted excitation by Nathan Coste, Niccolo Somaschi, 

Loic Lanco, Pascale Senellart et al, C2N and Quandela, July 2022 (6 pages). 

2013 See the first results of high photon indistinguishability in A deterministic source of indistinguishable photons in a cluster state by 

Dan Cogan, David Gershoni et al, Technion, October 2021 (17 pages) where quantum dot emits indistinguishable polarization-entan-

gled photons with a Gigahertz rate deterministic generation of >90% indistinguishable photons in a cluster state of over 10 photons 

and High-rate entanglement between a semiconductor spin and indistinguishable photons by Nathan Coste, Sophia Economou, Niccolo 

Somaschi, Alexia Auffèves, Loic Lanco, Pascale Senellart et al, Nature Photonics, July 2022 (17 pages) is about the efficient generation 

of three qubits cluster state with one semiconductor spin and two indistinguishable photons with 2 and 3 particle entanglement with 

fidelities of 80 % and 63 % respectively, with photon indistinguishability of 88%. The spin-photon and spin-photon-photon entangle-

ment rates exceed by three and two orders of magnitude respectively the previous state of the art. The photons are entangled in polari-

zation and time multiplexed. Their number depends on the stability of the electron spin in the quantum dot. This stability is rapidly 

increasing. 

https://arxiv.org/abs/2205.12736
https://arxiv.org/abs/1810.04823
https://arxiv.org/abs/1810.04823
https://arxiv.org/abs/quant-ph/0612101
https://www.nature.com/articles/s41586-022-04987-5
https://arxiv.org/abs/2112.09447
https://arxiv.org/abs/1904.07369
https://arxiv.org/abs/2211.13639
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.113602
https://arxiv.org/pdf/0810.2587.pdf
https://arxiv.org/abs/1606.07492
https://arxiv.org/abs/2207.05981
https://arxiv.org/abs/2207.05981
https://arxiv.org/abs/2110.05908
https://www.nature.com/articles/s41566-023-01186-0
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molecules2014, with the entanglement of several single photon sources2015, time-domain mul-

tiplexing using indistinguishable photon sources which has the advantage to be theoretically un-

limited2016 2017, 2D spin-photon cluster states2018, creating large GHZ states using regular linear 

optics2019, etc. You can also add spectral domain multiplexing on top of time-domain multiplex-

ing as a complement to SPDC sources2020. 

• Measuring state of intermediate qubits during computing (M). It 

is carried out with a variation of projective measurement. It consists 

in first applying one or more X or Y gates to a qubit to create a 

rotation in their Bloch sphere and then to measure their state on the 

computational basis. It is a bit like rotating the Z (|0⟩/|1⟩) axis in 

the Bloch sphere to change the reference point. 

|±⟩ =
|0⟩ ± |1⟩

√2
 

|±𝛼⟩ =
|0⟩ ± 𝑒𝑖𝛼|1⟩

√2
 

• The projective measurement basis is in the form of states of the type |±𝛼⟩, 𝛼 being generally a 

half or quarter turn in Bloch's sphere. A measured qubit is always an intermediate resource and is 

not an output resource. This helps obtaining some information that can be used to manipulate the 

qubits afterwards to propagate computation. Projective Z measurements have the effect of remov-

ing the measured qubits from the cluster. 

• These successive corrections make computing deterministic (step C) with X and Z gates. They 

are applied according to the result of the projective measurements made in (M). No correction 

gate acts here on a qubit already measured. This model makes it possible to apply any gate to a 

qubit which is in fact a combination of Rz(γ)Rx(β)Rz(α), i.e., rotations around the three axis of 

the Bloch sphere of angles γ, β and α2021. 

What has just been described allows to interpret the lower right-hand part of the illustration in Figure 

472 which explains how the MBQC equivalents of the CNOT (two-qubit), H or S quantum gate 

equivalents are realized in MBQC. Each X or Y circle is an X and Y projective measurement that 

combines an X or Y gate followed by a qubit readout. The result conditions the type of projective 

measurement performed immediately afterwards in the order indicated (1 to 15 and 1 to 5). 

 

2014 See Deterministic generation of entangled photonic cluster states from quantum dot molecules by Arian Vezvaee, Sophia Economou 

et al, June 2022 (5 pages). 

2015 See Multi-photon entanglement from distant single photon sources on demand by Almut Beige et al, 2006 (9 pages) and Protocol 

for generation of high-dimensional entanglement from an array of non-interacting photon emitters by Thomas J Bell et al, University 

of Bristol and NBI, New Journal of Physics, January 2022 (9 pages). 

2016 See Sequential generation of linear cluster states from a single photon emitter by D. Istrati, Pascale Senellart, H.S. Eisenberg et al, 

2020 (8 pages), Deterministic generation of a two-dimensional cluster state by Mikkel Vilsbøll Larsen et al, Science, September 2019 

(30 pages), using two OPOs (Optical Parametric Oscillator) and Generation of time-domain-multiplexed two-dimensional cluster state 

by Warit Asavanant et al, Science, 2019 (23 pages). 

2017 See Generation of large-scale continuous-variable cluster states multiplexed both in time and frequency domains by Peilin Du et 

al, October 2022 (10 pages). 

2018 See Multidimensional cluster states using a single spin-photon interface coupled strongly to an intrinsic nuclear register by Cathryn 

P. Michaels et al, University of Cambridge, October 2021 (14 pages) and Deterministic multi-mode gates on a scalable photonic quan-

tum computing platform by Mikkel V. Larsen et al, DTU, Nature Physics, July 2021 (30 pages) which deals with creating an universal 

gate set with cluster states, with CV qubits using telecommunication wavelengths (1,550nm). 

2019 See Preparation of multiphoton high-dimensional GHZ state by Wen-Bo Xing et al, April 2023 (8 pages). 

2020 See Spectrally shaped and pulse-by-pulse multiplexed multimode squeezed states of light by Tiphaine Kouadou, Nicolas Treps, 

Valentina Parigi et al, September 2022 (9 pages) which is about generating continuous variables entangled field modes which could 

also be used for Gaussian boson sampling. 

2021 The decomposition of quantum gates into a computational method that can be used for MBQC has been patented by Krysta Svore 

of Microsoft, who leads the QuArC group there. 

https://arxiv.org/abs/2206.03647
https://arxiv.org/abs/quant-ph/0602038
https://iopscience.iop.org/article/10.1088/1367-2630/ac475d/pdf
https://iopscience.iop.org/article/10.1088/1367-2630/ac475d/pdf
https://www.nature.com/articles/s41467-020-19341-4.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/196859027/Combined.pdf
https://arxiv.org/abs/1903.03918
https://arxiv.org/abs/2210.10261
https://arxiv.org/abs/2104.12619
https://arxiv.org/abs/2010.14422
https://arxiv.org/abs/2010.14422
https://arxiv.org/abs/2304.12813
https://arxiv.org/abs/2209.10678
https://patents.justia.com/inventor/krysta-m-svore
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Figure 472: a tentative summary of how MBQC works. Usually, learning it works like a Write Once Read Never (WORN) memory! (cc) 

Compilation, Olivier Ezratty, 2021, and Basics of quantum computing and some recent results by Tomoyuki Morimae, 2018 (70 slides). 

Two forms of measurements affect the inner working of the qubit matrix: Z measurements separate 

the qubits by digging sort of grooves in the qubit matrix, a bit like Pacmans, then classical measure-

ments along the "wires" or on the "bridges" between these wires simulate single-qubit gates like 

Hadamard's and the two-qubit CNOT gates. The sequence of operations depends on the result of each 

measurement along the wires. The computation result is located in the last qubits whose state is not 

yet measured and which will be measured last. 

This combination of NEMC sequences allows the reproduction of the operation of one- and two-qubit 

quantum gates. A complete quantum computation is a sequence of multiple NEMCs that ends with 

the measurement of the state of the remaining qubits! 

The consequences of what we have just seen are multiple: 

• MBQC requires way more qubits than in a conventional circuit-based model. We’ve seen that a 

single X or Y gate results from the combination of four X and Y gates and as many measurements. 

This in turn creates a "pressure" on the classical part of the calculation, linked to the measurement. 

• MBQC still requires error correction codes such as foliated quantum codes2022. They too will 

multiply by several orders of magnitude the number of physical qubits necessary for computing 

any algorithm. It could be facilitated if we could organize the qubits in 3D matrices, the third 

dimension being used to align the qubits necessary for error correction, especially with surface 

codes. On the other hand, since MBQC models contains its own error correction mechanisms, it 

may be less demanding in terms of additional qubits for error correction necessary for the creation 

of "fault tolerant" quantum computers2023. 

• The temporal dimension of computing is modified compared to classical gate-based quantum 

computing. As we can parallelize operations coupling gates and measurements, MBQC is a bit 

 

2022 See Foliated Quantum Error-Correcting Codes by A. Bolt et al, University of Queensland and  Université de Sherbrooke, PRL, 

July 2016 (5 pages) and Decoding Schemes for Foliated Sparse Quantum Error Correcting Codes by A. Bolt et al, 2018 (23 pages). 

2023 See one proposal of correction codes in Error-protected qubits in a silicon photonic chip by Caterina Vigliar et al, VTT, Nature 

Physics, September 2021 (31 pages). 
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like Nutella on the breadcrumbs: we can spread it out! The depth of the available computation is 

no longer linked to the ability to chain quantum gates in time as in the middle-high diagram in the 

previous illustration, but to execute a large number of them in parallel over a very large number 

of qubits (modulo the required error correction). The sequences of measurements labeled 1, 2 ... 

n will be carried out simultaneously in groups 1, 2 ... n, n being limited to 15. Therefore, the 

required physical calculation depth if defined by the maximum number of physical gates to exe-

cute to create a CNOT. This is an argument in favor of photon qubits. The depth of an algorithm 

no longer depends on the ability to chain quantum gates with one and two qubits, but on the 

entanglement capacity of the qubits at startup in the model's cluster states. In short, sequential 

quantum computing is replaced by massively parallel quantum computing with a very shallow 

depth. This is the approach chosen by PsiQuantum. 

• An MBQC model is easily exploitable to take advantage of teleportation and distributed quan-

tum computing algorithms. Cluster states will be able to be linked together via remote optical 

links. It is also one of the tools of blind computing2024. 

• Finally, there is a direct link between the MBQC and the ZX Calculus. ZX Calculus is a graph 

model that help formalizing MBQC, its cluster states and the associated error corrections2025. 

• Algorithms are specific to this kind of architecture2026. It is not yet experimental because it re-

quires a large number of qubits that are not yet practically available. Still, QAOA could easily be 

translated into the MBQC formalism2027. There is also a proposal for some variational generative 

model using MBQC2028. 

Vendors 

 
PsiQuantum (2016, USA/Europe, $728M) is a startup created by Jeremy 

O'Brien, a former Stanford and Bristol University researcher, who wants to 

create a photon-based quantum processor in CMOS silicon technology. 

Other cofounders are Pete Shadbolt (co-inventor of the VQE algorithm with Jeremy O'Brien and Alán 

Aspuru-Guzik), Mark Thompson and Terry Rudolph, who discovered when he finished his physics 

thesis that he was a grandson of Erwin Schrödinger, which may have helped with fundraising! The 

company employs over 250 people, most of them in Palo Alto in the USA, but some of them work 

remotely all over the world, including a couple ones in Europe. 

Early in 2021, the company started to be more open on its technology2029. It published a paper de-

scribing their qubit architecture, using an FBQC system, aka Fusion-based quantum computation, a 

variant of MBQC that we study page 544. It uses micro-clusters states with groups of 4 qubits con-

nected together and using Resource State Generators (RSGs) (Figure 473). 

 

2024 See Measurement-based and Universal Blind Quantum Computation by Anne Broadbent, Joseph Fitzsimons and Elham Kashefi, 

2016 (41 pages). 

2025 Seen in Universal MBQC with generalised parity-phase interactions and Pauli measurements by Aleks Kissinger and John van de 

Wetering, 2019 (21 pages). 

2026 See for example Changing the circuit-depth complexity of measurement-based quantum computation with hypergraph states, May 

2019 (16 pages). The article describes an MBQC method based on the exploitation of Toffoli (CCZ) and Hadamard (H) gates. They 

allow to simulate topological quantum computation, reducing the error rate of quantum computation. 

2027 See A native measurement-based QAOA algorithm, applied to the MAX K-CUT problem by Massimiliano Proietti et al, PRA, 

April 2023 (16 pages). 

2028 See Variational measurement-based quantum computation for generative modeling by Arunava Majumder, Hans J. Briegel et al, 

October 2023 (12 pages). 

2029 See Silicon Photonic Quantum Computing - PsiQuantum at 2021 APS March Meeting by Jeremy O’Brien, April 2021 (25 mn). 

http://cs.ipm.ac.ir/asoc2016/Resources/BFK-chapter.pdf
https://quantum-journal.org/papers/q-2019-04-26-134/pdf
https://arxiv.org/abs/1805.12093
https://arxiv.org/abs/2304.03576
https://arxiv.org/abs/2310.13524
https://www.youtube.com/watch?v=WQRmSOKgMPA
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It is replacing measurement of entangled states by double measurement of non-connected adjacent 

qubits to create entanglements between them2030.  Qubits are encoded in path, using dual rail encoding 

with lines for photon states |0⟩ and |1⟩. 

Two qubit gates use XX 

nondeterministic and ZZ 

deterministic measure-

ments (measuring two 

photons simultaneously 

with the same polarization 

basis), implemented with a 

beam splitter then combin-

ing fusions to create small 

cluster states. 

With that, the qubit com-

puting depth is quite shal-

low, avoiding the pitfalls 

of qubits error rates. It is 

replaced by a large breadth 

of computing and commu-

tative operations, replac-

ing “depth-computing” by 

“breadth-computing”2031. 

 

Figure 473: FBQC method description. Source: Interleaving: modular architecture for fault-tolerant 
photonic quantum computing by Hector Bombin et al, 2021 (22 pages). 

Their ambition is to produce a system with one million physical qubits generating the equivalent of 

100 logical qubits. Their photonic chips manufacturing is handled at the 300 mm wafers Global-

Foundries Luther Forest Technology Campus in upstate New York. 

They announced having produced a first q1 chip sample in April 2021 integrating tens of thousands 

single (non-deterministic “spontaneous parametric down-conversion” aka SPDC) photon sources and 

detectors2032. Their physical architecture is using sandwiches assembling a 22 nm CMOS electronic 

chip of 750M transistors using superconducting nanowires bonded with 100K connections to a pho-

tonic chip containing thousands of photon sources, detectors and other optical devices. The photonic 

chip has 200 optical fiber entries and exits that are used to interconnect similar photonic chips together 

in a distributed architecture manner. 

The final PsiQuantum one million physical qubits computer will be made of thousands of computing 

chips connected together so we can presume each chip is implementing fewer than 1,000 physical 

qubits. The whole system will run at a temperature of 4K, requiring only a pulse tube refrigeration 

system, that is much simpler than a dilution system for sub 100mK temperatures and with more cool-

ing power. They are also using fiber delay lines as optical memory thanks to its low loss rate. It is 

mixed with topological fault tolerance codes. This is supposed to multiply by 5,000x the number of 

usable qubits2033. 

 

2030 FBQC is fairly well explained in Quantum Computing at the Speed of Light by Terry Rudolph, November 2021 (1h13 video). 

2031 See Percolation thresholds for photonic quantum computing by Mihir Pant, 2017 (14 pages). The process is also documented in 

Towards practical linear optical quantum computing by Mercedes Gimeno-Segovia, 2015 (226 pages). This was the last publication on 

the PsiQuantum architecture until when they released Fusion-based quantum computation by Sara Bartolucci et al, January 2021 (25 

pages). See also QIP2021 Tutorial: Architectures for fault tolerant quantum computing by Naomi Nickerson, January 2021 (3h). 

2032 See PsiQuantum partners with GLOBALFOUNDRIES to bring up Q1 quantum system by Mercedes Gimeno-Segovia, PsiQuantum, 

May 2021. 

2033 See Interleaving: modular architecture for fault-tolerant photonic quantum computing by Hector Bombin et al, 2021 (22 pages). 

https://arxiv.org/abs/2103.08612
https://arxiv.org/abs/2103.08612
https://www.youtube.com/watch?v=ifodWb0Tguo
https://arxiv.org/pdf/1701.03775.pdf
https://core.ac.uk/download/pdf/77007679.pdf
https://arxiv.org/pdf/2101.09310.pdf
https://www.youtube.com/watch?v=2v-J95GFSGc
https://psiquantum.com/news/psiquantum-partners-with-globalfoundries-to-bring-up-q1-quantum-system
https://arxiv.org/abs/2103.08612
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To date, PsiQuantum is the best funded startup in the world in quantum computing, even ahead of D-

Wave and Rigetti and on par with IonQ and its 2021 SPAC. Originally from the United Kingdom, it 

moved part of the team to the USA2034. They even have Microsoft as investors as well as Pascal 

Cagni's investment fund, C4 Ventures. Their last funding round of $450M in July 2021 cemented this 

funding lead. In October 2022, PsiQuantum also got a funding from the US Federal Government 

through an US Air Force Research Laboratory contract of $22.5M. 

It is often said that PsiQuantum is a very secretive company. It is somewhat true for the advancement 

of their chip design and prototype manufacturing at Global Foundries. But they are still publishing 

interesting papers around the practical implementation of their FBQC model, like about the ways to 

reduce its resources requirements2035 , to reduce the Shor 2048-bit algorithm circuit size and run-

time2036, with the creation of a scalable framework for decoding in real time the streams of classical 

data in the decoder, used in quantum error correction, using parallelizable real-time decoding2037, and 

how to deal with probabilistic single photon sources and gates2038 2039. 

The company opened a UK R&D facility in March 2023 that is dedicated to the development of large 

scale cryogenic solutions. It is located at STFC’s Daresbury Laboratory in the north-west of England 

where they access a large liquid-helium cryogenic plant providing about 100W of cooling power at 

4K. As part of this, they benefited from UK’s government funding in the tune of £9M. 

 

Xanadu Quantum Technologies (2016, Canada, $235.6M) is a startup cre-

ated by Christian Weedbrook, a prolific researcher having started at MIT and 

the University of Toronto, among others. 

Hardware. The startup is developing a photon qubit quantum computer targeting FTQC capabilities. 

In September 2020, they launched a cloud-based testing platform of 8 and 12 qubits. Their qubits are 

qumodes based on squeezed states using continuous variables encoding. Their work and research is 

rather well documented with over 100 published papers2040 2041 2042 2043. The 8-qubit silicon-nitride 

chip is 4mm x 10 mm wide, fed by infrared laser pulses and generating “squeezed states” superposing 

multiple photons, then flowing through an interferometer made of beam splitters and phase shifters 

performing quantum gates, and exiting to superconducting photon detectors2044. Their photon sources 

and photon detectors require some cooling. Their currently used superconducting transition edge sen-

sor (TES) photon counting detectors are working 100 mK2045. 

 

2034 See the presentation Measurement-based fault tolerance beyond foliation by Naomi Nickerson of PsiQuantum in September 2019 

and Quantum Computing With Particles Of Light: A $215 Million Gamble by Paul Smith-Goodson, April 2020. 

2035 See Increasing error tolerance in quantum computers with dynamic bias arrangement by Hector Bombín et al, PsiQuantum, March 

2023 (11 pages). 

2036 See Active volume: An architecture for efficient fault-tolerant quantum computers with limited non-local connections by Daniel 

Litinski and Naomi Nickerson, PsiQuantum, November 2022 (42 pages). 

2037 See Modular decoding: parallelizable real-time decoding for quantum computers by Héctor Bombín et al, March 2023 (23 pages). 

2038 See Photonic quantum computing with probabilistic single photon sources but without coherent switches by Terry Rudolph, March 

2023 (16 pages). 

2039 See What is the logical gate speed of a photonic quantum computer? by Terry Rudolph, June 2023. 

2040 Their process is documented in The power of one qumode for quantum computation, 2016 (10 pages) with an example of imple-

mentation in Continuous-variable gate decomposition for the Bose-Hubbard model, 2018 (9 pages). 

2041 See Optical hybrid approaches to quantum information by Peter van Loock, 2010 (35 pages). 

2042 See also Quantum computing with multidimensional continuous-variable cluster states in a scalable photonic platform by Bo-Han 

Wu et al, 2020 (22 pages). 

2043 See the review paper Quantum computing overview: discrete vs. continuous variable models by Sophie Choe, June 2022 (12 pages) 

2044 See In the Race to Hundreds of Qubits, Photons May Have "Quantum Advantage" by Charles Q. Choi, March 2021. 

2045 See Noise-free high-efficiency photon-number-resolving detectors by Danna Rosenberg, Adriana E. Lita, Aaron J. Miller and Sae 

Woo Nam, 2005 (4 pages). 

https://www.youtube.com/watch?v=Ve50CXl1QYg
https://www.forbes.com/sites/moorinsights/2020/04/15/quantum-computing-with-particles-of-light-a-215-million-gambl
https://arxiv.org/abs/2303.16122
https://arxiv.org/abs/2211.15465
http://128.84.21.203/abs/2303.04846
https://arxiv.org/abs/2303.03454
https://quantumfrontiers.com/2023/06/21/what-is-the-logical-gate-speed-of-a-photonic-quantum-computer/
https://arxiv.org/abs/1510.04758
https://arxiv.org/pdf/1801.06565.pdf
https://arxiv.org/pdf/1002.4788.pdf
https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.2.023138
https://arxiv.org/abs/2206.07246
https://spectrum.ieee.org/tech-talk/computing/hardware/race-to-hundreds-of-photonic-qubits-xanadu-scalable-photon
https://arxiv.org/abs/quant-ph/0506175
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They plan to later use room-temperature detectors using SPADs (single photon avalanche diodes) and 

QFC (quantum frequency conversion)2046. 

In 2021, a team of Xanadu and Canadian researchers published a blueprint with more details on the 

Xanadu FTQC architecture. It is based on MBQC and three-dimensional resource states comprising 

both GKP bosonic qubits and squeezed states of light. This hybridization would enable the imple-

mentation of both Clifford and non-Clifford gates, all of this running on 2D photonic chips2047. In 

August 2021, Xanadu announced that their FTQC silicon-nitride chips would be manufactured by 

IMEC in Belgium but in March 2022, they switched gear and announced a partnership with Global-

Foundries for the manufacturing of their chip on 300 mm silicon wafers, like PsiQuantum. They 

expect to scale up to 1,000 logical qubits, which would require about 10,000 racks. 

 
Figure 474: Xanadu’s architecture for their 2022 GBS. Source: Xanadu. 

In June 2022, Xanadu announced their own quantum advantage with their own gaussian boson sam-

pling architecture (GBS). Their Borealis QPU reached a record of 216 photon modes to using fre-

quency multiplexing and delay lines implementing time-bin multiplexing (Figure 474). Their system 

was programmable with parametrizable photon phases and it was put online on the cloud on Amazon 

Bracket. However, Xanadu was cautious in saying that it didn’t yet find use case with some useful 

quantum advantage2048. Since then, it seems that Xanadu decided not to pursue the path of parametriz-

able GBS in its photonic computer roadmap. 

Xanadu is also working on linear optical quantum circuits with photon number resolving (PNR) de-

tectors are used for both Gaussian Boson Sampling (GBS) and for the preparation of non-Gaussian 

states such as Gottesman-Kitaev-Preskill (GKP), cat states and NOON states which combine N quan-

tum objects in the |0⟩ state and as many in the |1⟩ state2049. 

Software. Xanadu develops the open source software platform Strawberry Fields and PennyLane 

in Python2050. It includes the Blackbird language and targets chemistry use cases, graph theory prob-

lems and quantum machine learning. Their main application is the analysis of similarities between 

graphs to identify those that are similar and/or separate them into several classes of similarity. Clas-

sical methods for solving this kind of problem are similar to finding a matrix determinant2051. 

 

2046 See On the Road to Room Temperature Quantum Computation, Xanadu, June 2020. 

2047 See Programmable optical quantum computer arrives late, steals the show by Chris Lee, March 2021 referring to Blueprint for a 

Scalable Photonic Fault-Tolerant Quantum Computer by J. Eli Bourassa et al, February 2021 (38 pages). 

2048 See Quantum computational advantage with a programmable photonic processor by Lars S. Madsen et al, Xanadu, June 2022 (11 

pages) and the earlier and more detailed Quantum Computational Advantage via High-Dimensional Gaussian Boson Sampling by 

Abhinav Deshpande et al, February 2021 and January 2022 (24 pages). 

2049 See A quadratic speedup in the optimization of noisy quantum optical circuits by Robbe De Prins et al, Ghent University, Telecom 

Paris, University of Chicago and Xanadu, March 2023 (16 pages). 

2050 This is documented in Strawberry Fields: A Software Platform for Photonic Quantum Computing, 2018 (25 pages). 

2051 See Measuring the similarity of graphs with a Gaussian Boson Sampler by Maria Schuld et al, 2019 (11 pages). 

https://www.xanadu.ai/blog/on-the-road-to-room-temperature-quantum-computation
https://arstechnica.com/science/2021/03/programmable-optical-quantum-computer-arrives-late-steals-the-show/
https://arxiv.org/pdf/2010.02905.pdf
https://arxiv.org/pdf/2010.02905.pdf
https://www.nature.com/articles/s41586-022-04725-x
https://arxiv.org/abs/2102.12474
https://arxiv.org/abs/2303.08879
https://arxiv.org/pdf/1804.03159.pdf
https://arxiv.org/pdf/1905.12646.pdf
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Case studies. On the customer side, Xanadu is like most vendors in a hurry to display some practical 

use cases for their systems. They are partnering with BMW on machine learning use cases, with 

prototypes using only 4 qubits, billion miles from any quantum advantage 2052  2053  and with 

Volkswagen and 1Qbit to simulate lithium-ion batteries Li2FeSiO4 oxides, which would require  

2,375 to 6,652 logical qubits that are about 10 years away in Xanadu’s roadmap2054. 

Partnerships. In January 2023, Xanadu announced a partnership with KAIST (Korea Advanced In-

stitute of Science and Technology) in South-Korea with the aim to create quantum algorithms for 

designing next-generation lithium-ion batteries, a rather long-term goal given it indeed sits in the 

FTQC realm2055. In September 2023, this partnership was extended “to train and educate South Ko-

rea's future quantum workforce”. 

Also, the Canadian federal government invested about 27M€ in Xanadu in January 20232056. 

 

Quandela (2017, France, 67.5M€) decided in 2020 to expand its historical 

single photon source activity to create photon qubits computers as part of their 

project ROQC (Reconfigurable Optical Quantum Computer). 

Hardware. Their first quantum computer is MosaiQ, which handles from 2 to 12 photon modes and 

consumes 1kW. It was first deployed online in November 2022. Their first target use cases are certi-

fied QRNGs using Bell states with the Entropy solution using 2 qubits, hybrid quantum machine 

learning algorithms2057 and chemical simulations. Their initial plans are to use a KLM probabilistic 

model using Fock states as shown in Figure 477 2058 and then, later, a MBQC cluster-states based 

model. Quandela is always teaming up with Pascale Senellart’s C2N research lab. They are making 

sustained progress in generating cluster states of entangled photons2059 and the generated photons 

polarization being determined by an electron in the quantum dot with a spin controlled by a surround-

ing magnetic field2060. With Fabio Sciarrino’s team from Sapienza University in Rome, Italy, they 

qualified the ability of Quandela’s photon source to create entangled states that are used in MBQC 

computation. They developed an interferometer to assess the indistinguishability of 4 entangled pho-

tons generated by their quantum dots source, as shown in Figure 4762061. 

They announced in October 2022 that some future photonic chips will be designed and manufactured 

by CEA-Leti in Grenoble using SiN and embedding photon detectors in the circuit in a future version 

as shown in Figure 475. 

 

2052 See Tensor-network quantum circuits by Diego Guala, Esther Cruz-Rico, Juan Miguel Arrazola and Shaoming Zhang, March-June 

2022. 

2053 See Towards quantum machine learning with tensor networks by William Huggins, E Miles Stoudenmire et al, UC Berkeley and 

Flatiron Institute, 2019 (12 pages). 

2054 See Simulating key properties of lithium-ion batteries with a fault-tolerant quantum computer by Alain Delgado et al, Xanadu, 

Volkswagen, April 2022-February 2023 (31 pages). 

2055 See Xanadu and Korea Institute of Science and Technology partner to expand industrial use cases of quantum computing, Xanadu, 

January 2023. 

2056 See Supporting Canada’s leadership in quantum computing to grow the economy and create jobs, Xanadu, January 2023 

2057 See Photonics: The fast lane towards useful Quantum Machine Learning? by Quandela, November 2022. 

2058 See their blueprint A general-purpose single-photon-based quantum computing platform by Nicolas Maring, Pierre-Emmanuel 

Emeriau, Nadia Belabas, Shane Mansfield, Pascale Senellart, Jean Senellart, Niccolo Somaschi et al, June 2023 (27 pages). 

2059 See High-rate entanglement between a semiconductor spin and indistinguishable photons by Nathan Coste, Sophia Economou, 

Niccolo Somaschi, Alexia Auffèves, Loic Lanco, Pascale Senellart et al, Nature Photonics, July 2022 (17 pages). 

2060 See Controlling photon polarisation with a single quantum dot spin by Elham Mehdi, Pascale Senellart, Loic Lanco et al, December 

2022 (9 pages). 

2061 See Quantifying n-photon indistinguishability with a cyclic integrated interferometer by Mathias Pont, Fabio Sciarrino, Pascale 

Senellart, Andrea Crespi et al, PRX, January-September 2022 (21 pages). 

https://pennylane.ai/qml/demos/tutorial_tn_circuits
https://iopscience.iop.org/article/10.1088/2058-9565/aaea94
https://arxiv.org/abs/2204.11890
https://www.newswire.ca/news-releases/xanadu-and-korea-institute-of-science-and-technology-partner-to-expand-industrial-use-cases-of-quantum-computing-820142248.html
https://www.xanadu.ai/press/supporting-canadas-leadership-in-quantum-computing-to-grow-the-economy-and-create-jobs
https://medium.com/quandela/photonics-the-fast-lane-towards-useful-quantum-machine-learning-f3112f7221fc
https://arxiv.org/abs/2306.00874
https://www.nature.com/articles/s41566-023-01186-0
https://arxiv.org/abs/2212.03767
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.031033
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Figure 475: two generations of programmable photonic modulators to implement MZI (Mach-Zehnder Interferometers) in path 

encoding photonic computing. The first is using thermo-optical modulators (left) and the second will be based on hybrid 
LiNbO3/Si(N) modulators using direct bonding. Source: Building an integrated technology platform for photon-based quantum 

computing by Ségolène Olivier, CEA Leti, CEA Leti Innovation Days – Quantum Computing, June 28th, 2023. 

In February 2022, Rawad Mezher and Shane Mansfield from Quandela proposed a single-number 

benchmark metric, the Photonic Quality Factor (PQF), defined as the largest number of input pho-

tons for which the output statistics pass all tests. It covers photons quantum computing using single 

photon sources, multi-mode linear optics and photon detectors, including boson sampling experi-

ments2062. 

 
Figure 476: an interferometer used to validate the indistinguishability of a set of generated photons paving the way for the 
creation of cluster states of entangled photons. Source: Quantifying n-photon indistinguishability with a cyclic integrated 

interferometer by Mathias Pont, Fabio Sciarrino, Pascale Senellart, Andrea Crespi et al, PRX, January-September 2022 (21 pages). 

In November 2023, Quandela released a blueprint of an original spin-optical quantum computing 

(SPOQC) QLDPC based FTQC architecture using quantum dots as computing qubits and photons as 

ancilla qubits, probabilistic two-qubit “repeat until success” (RUS) CZ gates and photon routing to 

connect all these quantum-dots based qubits2063. 

Software. In April 2022, Quandela released Perceval, their photon qubits physical classical simula-

tion software. It enables the simulation at low level of photonic linear circuits (PBS, …), help under-

stand how photon qubits work and create adapted algorithms like Grover, Shor, GBS, VQE and 

QML2064. 

 

2062 See Assessing the quality of near-term photonic quantum devices by Rawad Mezher and Shane Mansfield, Quandela, February 

2022 (30 pages). 

2063 See A Spin-Optical Quantum Computing Architecture by Grégoire de Gliniasty, Paul Hilaire, Pierre-Emmanuel Emeriau, Stephen 

C. Wein, Alexia Salavrakos, Shane Mansfield, Quandela and LIP6, November 2023 (20 pages). 

2064 See Perceval: A Software Platform for Discrete Variable Photonic Quantum Computing by Nicolas Heurtel et al, April 2022 (31 

pages). 

https://www.leti-innovation-days.com/2023-grenoble-quantum-computing/
https://www.leti-innovation-days.com/2023-grenoble-quantum-computing/
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.031033
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.031033
https://arxiv.org/abs/2202.04735
https://arxiv.org/abs/2311.05605
https://arxiv.org/abs/2204.00602
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These efforts benefit from a research collaboration with Inria teams2065 2066. They later announced 

that Perceval was proposed in the cloud in partnership with OVHcloud and connector with popular 

programming frameworks like Qiskit. 

Quandela developed a certified device independent QRNG solution with their two-photons MosaiQ 

QPU, based on Bell state pair generations and their Entropy patented protocol2067. It led to OVHcloud 

ordering a two-photons Quandela QPU, to generate random numbers in their cloud offering for secu-

rity data encryption2068. The QPU was installed in OVHcloud data centers in October 2023. Also, 

Quandela announced a partnership with PQC vendor CryptoNext Security for the same reason2069. 

Ascella is their 6-photons and 12-mode QPU that is publicly available online. In June 2023, Quandela 

inaugurated its assembly, integration and testing production line in Palaiseau, France. 

 

Figure 477: a typical Quandela QPU first generation setup using photon path encoding with the quantum dot source, a time-bin demultiplexer 
with output delay lines, a universal programmable interferometer with 6 photons input, and 12 SNSPD photon detectors at the exit. The 

Quandela photonic architecture enables several computing modes: one using quantum gates, another one labelled “photon native” used for 
some quantum machine learning task and a boson sampling mode using a randomized 12x12 matrix. Source: A general-purpose single-photon-

based quantum computing platform by Nicolas Maring, Pierre-Emmanuel Emeriau, Nadia Belabas, Shane Mansfield, Pascale Senellart, Jean 
Senellart, Niccolo Somaschi et al, Quandela. June 2023 (27 pages). 

Case studies. Application wise, Quandela started to work with EDF work on solving partial differ-

ential equations and MBDA to calculate the behavior of polymer materials. 

 

2065 See Strong Simulation of Linear Optical Processes by Nicolas Heurtel, Shane Mansfield, Jean Senellart and Benoît Valiron, June 

2022 (23 pages). 

2066 See QuaCS and Quandela: highlighting the potential of quantum algorithms, Inria, December 2022. 

2067 See Certified randomness in tight space by Andreas Fyrillas, Boris Bourdoncle, Aristide Lemaître, Isabelle Sagnes, Niccolo So-

maschi, Nadia Belabas, Shane Mansfield et al, Quandela, C2N and University of Bristol, January 2023 (23 pages). 

2068 See OVHcloud purchases its first Quandela quantum computer to spur innovation in the Quantum ecosystem, OVHcloud, March 

2023. 

2069 See CryptoNext Security and Quandela announce business partnership to offer an integrated security solution, March 2023. 

https://arxiv.org/abs/2306.00874
https://arxiv.org/abs/2306.00874
https://www.quandela.com/wp-content/uploads/2023/05/20230428-Whitepaper-ENERGY-cracks-edf.pdf
https://www.quandela.com/wp-content/uploads/2023/05/20230428-Whitepaper-ENERGY-cracks-edf.pdf
https://arxiv.org/abs/2206.10549
https://www.inria.fr/en/quacs-and-quandela-highlighting-potential-quantum-algorithms
https://arxiv.org/abs/2301.03536
https://corporate.ovhcloud.com/en/newsroom/news/ovhcloud-quantum-quandela-mosaiq/
https://www.quandela.com/wp-content/uploads/2023/03/20230308_PR_CryptoNext-Quandela-1.pdf
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It partners with Data Reply (Italy, France) to develop quantum solutions. They also published a paper 

on solving graph problems computing a permanent using their Ascella system2070. 

 

ORCA Computing (2019, UK, $18.7M including some UK public funding) 

is developing a quantum computing platform based on qumodes photons and 

a proprietary photonic memory using delay lines plus programmable beam 

splitters2071 (Figure 478). They use photon frequency multiplexing (PT- series) 

and plan to later add time and space multiplexing (PA-Series) using a boson 

sampling mode. Their first chip was manufactured by Ligentec in Switzerland. 

The startup was cofounded by Richard Murray (CEO, former head of the UK quantum program), 

Josh Nunn (CTO, former Oxford University, and also working with VeriQloud) and Cristina Escoda 

(COO), an entrepreneur with a background in finance and deep tech2072. Quantonation is among their 

investors. 

The startup leverages research done 

by Ian Walmsley’s Ultra-fast and 

Nonlinear Quantum Optics Group 

from the University of Oxford. 

They work on the efficient prepara-

tion of cluster states using dual-rail 

photonic qubits and fusion measure-

ment reminiscent of the PsiQuan-

tum FBQC model2073 2074. 

They also developed machine learn-

ing and QUBO algorithms with 

their Python software library2075. 

 

Figure 478: Orca’s view of quantum computing. Source: Orca Computing. 

In June 2022, the UK Minister of Defense announced the procurement of Orca’s PT-1 quantum com-

puter, which fits into a single rack and manages 8 qumodes. They plan to support 128 qumodes by 

2024. Orca also sold a PT-1 QPU to Israel’s Quantum Computing Centre managed by Quantum Ma-

chines in July 2022 and two PT-1 to Poznań Supercomputing and Networking Center in Poland. 

 

TundraSystems (2014, UK) is developing a linear optics quantum processor 

operating supposedly at room temperature. They seem to create a photonic mi-

croprocessor and not necessarily, a quantum computer with qubits using linear 

optics. 

Their Advisory Board includes two Chinese scientists, Xinliang Zhang and Pochi Yeh who are spe-

cialized in optronics (site). 

 

2070 See Solving graph problems with single-photons and linear optics by Rawad Mezher, Ana Filipa Carvalho and Shane Mansfield, 

Quandela, PRA, January-August 2023 (6 pages) also documented in Exploring Graph Problems with Single Photons and Linear Optics, 

Quandela Team, January 2023. 

2071 See One-Way Quantum Computing in the Optical Frequency Comb by Nicolas C. Menicucci, Steven T. Flammia and Olivier 

Pfister, April 2018 (4 pages) and High-speed noise-free optical quantum memory by K. T. Kaczmarek et al, April 2018 (12 pages). 

2072 See some details on their approach in Photonic quantum processors, Orca Computing, April 2020 (27 slides). 

2073 See High photon-loss threshold quantum computing using GHZ-state measurements by Brendan Pankovich et al, Orca Computing, 

August 2023 (15 pages). 

2074 See Flexible entangled state generation in linear optics by Brendan Pankovich et al, Orca Computing, October 2023 (20 pages). 

2075 See Certain properties and applications of shallow bosonic circuits by Kamil Bradler and Hugo Wallner, December 2021 (34 pages). 

http://briancinderella.com/
https://arxiv.org/abs/2301.09594
https://medium.com/quandela/exploring-graph-problems-with-single-photons-and-linear-optics-4f3d5848add8
https://arxiv.org/abs/0804.4468
https://arxiv.org/pdf/1704.00013.pdf
https://www.quantonation.com/wp-content/uploads/2020/04/ORCA_LeLabQuantique.pdf
https://arxiv.org/abs/2308.04192
https://arxiv.org/abs/2310.06832
https://arxiv.org/abs/2112.09766
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QuiX Quantum (2019, The Netherlands, $9M) is developing a photonic quan-

tum processor using silicon nitrides (Si3N4) TriPlex waveguides generating 

low losses. It came out of a project from the University of Twente and the 

AMOLF laboratory in Amsterdam. The company is a subsidiary of the fab Li-

onix. 

Their fab also provides photonic components to other industry vendors, like Quandela. They pre-

sented in 2021 a record 12x12 programmable photonic processor. It uses thermo-optic phase shifters 

and tunable beam splitters. The circuit is labelled a 12x12 because it has 12 input photons and a depth 

of 12 quantum gates2076 (Figure 479). It was tested to run some thermodynamic simulation but with 

only 3 photon lines being used2077. 

In March 2022, QuiX announced the “world’s largest photonic quantum processor” expanding the 

previous 2021 performance from 12 to 20 “qumodes”2078. It contains 380 thermo-optic tunable ele-

ments and a photon source made of a Ti:Sapphire laser pumping a crystal. QuiX is teaming up with 

PHIX (The Netherlands), an assembly subcontractor, to create an even larger quantum photonic pro-

cessor with 50 qumodes, using over a hundred optical fiber connections and about 5,000 electrical 

connections. 

 
Figure 479: a QuiX circuit handling 12x12 photons (12 photons and 12 quantum gate depth using MZIs). 

Source: A 12-mode Universal Photonic Processor for Quantum Information Processing by Caterina Taballione et al, 2020 (11 pages). 

In 2023, QuiX along with teams from Leibniz University Hannover and the University of Twente (the 

Netherlands) created a chip based entangled light source using a spontaneous four-wave mixing, an 

electrically pumped InP gain section and a Si3N4 low-loss microring filter system2079 (Figure 480). 

 

2076 See A 12-mode Universal Photonic Processor for Quantum Information Processing by Caterina Taballione et al, 2020 (11 pages). 

2077 See Quantum simulation of thermodynamics in an integrated quantum photonic processor by Frank H. B. Somhorst et al, December 

2021- March 2023 (20 pages). 

2078 See 20-Mode Universal Quantum Photonic Processor by Caterina Taballione, June 2022 (9 pages). 

2079 See Fully on-chip photonic turnkey quantum source for entangled qubit/qudit state generation by Hatam Mahmudlu et al, Nature 

Photonics, June 2022-April 2023 (11 pages). 

blue line: tunable beam splitters 
implemented by Mach-Zehnder 
interferometers (MZI) with two 

50:50 directional couplers

red line: thermo-optic 
phase shifter using 
resistive heating of
1 mm long platinum

12x12 processor: 12 photon inputs x 12 gates

1550 nm laser and phodiodes used to 
characterized classically the photonic 

processor and calibrate all tunable elements

775 nm laser and single-photon 
generation plus single photon detectors 

for the quantum computing setup

qubit gates fidelities are 
good for photon based 

systems

https://arxiv.org/abs/2012.05673
https://arxiv.org/abs/2012.05673
https://arxiv.org/abs/2201.00049
https://arxiv.org/abs/2203.01801
https://www.nature.com/articles/s41566-023-01193-1
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In September 2022, the company signed a 14M€ contract with DLR, the German Aerospace Center, 

to build a 64-qubit quantum computer and as a result opened an office in Germany. The company 

plans to build a 10K qumodes system after 2030. 

In May 2023, QMware (a Terra Quantum company) and QuiX announced the creation of a hybrid 

quantum-classical platform with combining photonic and classical computing in a collocated data-

center at Enschede in the Netherlands. It was to become operational in August 2023 for commercial 

applications deployments, promising tenfold speed improvement for unspecified use cases. 

 
Figure 480: the chip based QuiX entangled photonic source showing how entangled photons are created with different frequencies 

(i), (ii) and (iii). Source: Fully on-chip photonic turnkey quantum source for entangled qubit/qudit state generation by Hatam 
Mahmudlu et al, Nature Photonics, June 2022-April 2023 (11 pages). 

 

QBoson (2020, China, $3M) aka “Bose Quantum” was founded by Wen Kai 

in Chaoyang (200 km North-East of Beijing), who studied at Tsinghua Univer-

sity and later got a PhD from Stanford in quantum computing. 

He also worked at Google AI in the USA. The company is creating photon-based quantum computers 

with, in sight, a hybrid AI applications approach. 

They claim to have completed the construction of a laboratory and of a 1,000 photon-based qubit 

quantum computer with a plan to reach 1 million-qubits in 3 to 4 years. The first part is probably a 

little oversold even if the second part is not far from PsiQuantum promises2080. Another promise is 

that this computer works at ambient temperature, which is a highly dubious claim since you generally 

need some form of cooling for your light sources and photon detectors. I finally found out in August 

 

2080 Wen Kais thesis is Experimental study of tune-out wavelengths for spin-dependent optical lattice in 87Rb Bose-Einstein condensa-

tion by Kai Wen et al, September 2021 (9 pages). It relates to cold atoms qubits, not photons. But QBoson’s communication is about 

photonic qubits controlled by lasers (source). All in all, one thing is sure: these guys don’t want you to know what they are doing 

exactly. 

https://www.nature.com/articles/s41566-023-01193-1
https://arxiv.org/pdf/2109.05670.pdf
https://www.qboson.com/news4/43.html
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2022 that they are working on some sort of coherent Ising machines using spiking neurons in an arXiv 

paper2081. 

 

Duality Quantum Photonics (2020, UK) is a Bristol-based startup created in 

February 2020. Its founder is Anthony Laing, from the Department of Physics 

at the University of Bristol where he developed a quantum simulator based on 

lithium niobate generated photons. 

He targets drugs design for the pharmaceutical industry. They were supposed to create a prototype in 

2021. 

 

TuringQ (2021, China, $79M) creates lithium niobate on insulator (LNOI) 

optical quantum computer chips and femtosecond lasers. Not to be confused 

with Turing Quantum (USA) who is specialized in NV centers computing and 

Turing (USA) who develops quantum software. The company was created in 

Shanghai by Xianmin Jin, a student from Jian-Wei Pan. 

 
Quantum Computing Inc. (aka QCi), also covered in the software vendors 

section, announced in February 2022 a “business partnership and exclusive 

marketing agreement with QPhoton, Inc”. 

In the current newspeak, it simply means an acquisition! 

QPhoton (USA) was a stealth quantum photonics compu-

ting and sensing company based in New Jersey. They hold 

a portfolio of patents on quantum hardware, authentication 

protocols, simulators, photonic Lidar, imaging and covert 

communications. They were mostly a contract research 

company working for DARPA, DoD, NASA and other US 

federal agencies who spent $30M on these projects. The 

company was created and headed by Yuping Huang, a pro-

fessor from Northwestern University (Evanston, Illinois) 

and the Stevens Institute of Technology (Hoboken, New 

Jersey). 

 
Figure 481: QCI photonic quantum computer package. 

Source: QCi. 

How about their Quantum Photonic System (QPS)? It is a nonlinear system. That’s all you need to 

know from them at this point (Figure 481)!  

QCi announced in July 2022 having solved a combinatorial problem with 3,854 variables with its 

“Entropy Quantum Computing” (EQC) hardware that was running 70x faster than QCi’s 2021 hybrid 

DWave implementation2082. We can suspect it is based on some form of photonic coherent Ising model 

and on QPhoton QPS architecture. In September 2022, its Dirac 1 Entropy Quantum Computer (EQC) 

was launched as a cloud-based subscription. In December 2022, the company announced that it was 

working with Rabobank, using the Dirac 1 EQC, to improve fraudulent card transactions detection. 

We’ll wait for a documented case study. 

The company made the acquisition in May 2023 of millionways (2017, USA, $10M) which develops 

an emotional AI platform that combines analysis and matchmaking algorithms using user-generated 

text or audio-to-text data with at least 500 words that is based on the Personality Systems Interactive 

(PSI) theory2083. 

 

2081 See Combinatorial optimization solving by coherent Ising machines based on spiking neural networks by Bo Lu et al, August 2022 

(6 pages). 

2082 See QCI Solves 3,854-Variable Problem in Six Minutes in BMW Group, AWS Quantum Computing Challenge by Matt Swayne, 

The Quantum Insider, July 2022. 

2083 See Quantum Computing Inc. Signs Letter of Intent to Acquire Privately Held Artificial Intelligence Platform millionways, QCI, 

May 2023. 

https://www.globenewswire.com/news-release/2022/06/16/2464242/0/en/Quantum-Computing-Inc-Closes-Acquisition-of-QPhoton.html
https://arxiv.org/abs/2208.07502
https://thequantuminsider.com/2022/07/20/qci-solves-3854-variable-problem-in-six-minutes-in-bmw-group-aws-quantum-computing-challenge/
https://www.quantumcomputinginc.com/press-releases/quantum-computing-inc-signs-letter-of-intent-to-acquire-privately-held-artificial-intelligence-platform-millionways/
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In February 2023, QCi spined out a subsidiary named QI Solutions Inc (QIE) to work with the U.S. 

Government and the DoD, working on entropy quantum computing, quantum communications and 

sensing. 

 

QCDESIGN (2021, Germany) was initially named It’s Q and a photonic 

qubits startup created by Christine Silberhorn from the Institute for Photonic 

Quantum Systems (PhoQS) of the University of Paderborn. 

The company was based on her research on frequency multiplexed qubits (“field-orthogonal temporal 

modes”), including the related pulsed photon pairs sources, and MBQC as well as quantum walks2084, 

using LiNbO3 on silicon oxide insulator circuits (lithium niobate). Christine Silberhorn is also inves-

tigating GBS (gaussian boson sampling) avenues as part of the German project PhoQuant led by 

Q.ANT. Quantonation was one of It’s Q seed investors. In 2023, the company abandoned the photonic 

qubit route and Christine Silberhorn left the venture which was renamed into QCDESIGN. It pre-

sented its plans at the Q2B in Paris in May 2023. The company provides FTQC architectural designs 

and blueprints to third parties. Their IP assets seem to revolve around the way to implement surface 

codes. They developed Plaquette, their own FTQC simulator. The company CEO is Ish Dhand, a 

quantum computing researcher and former architecture team lead at Xanadu. 

 

Quantum Source Labs (2022, Israel, $27M) is a photonic computer startup 

created by Oded Melamed (CEO), Gil Semo (R&D VP), Dan Charash (Chair-

man) and Barak Dayan (Chief Scientist, Associate Professor at the Weizmann 

Institute of Science, head of the Weizmann Quantum Optics group). 

In May 2023, they added former prime minister Naftali Bennet to their board. They seem to run some 

contract research programs and among others, work with PsiQuantum. Given their founders back-

ground, you can infer that they have skills in designing photon guides in nanophotonic circuits, qubit 

conversions, nanofibers, MBQC and photon detection. They actually work on the generation of pho-

tonic qubits and clusters of photonic entangled states, based on single atoms trapped on a high-quality 

photonic integrated circuit. They look to fit one million photonic qubit source in a simple server 

rack2085. 

 

PhotonicsQ (2021, Israel) is a startup developing a photonics QPU chipset 

implementing some routing architecture to enable direct interactions between 

any qubits, independently of their physical proximity or quantity. 

It is reusing concepts coming from classical CMOS and optical chip technology like pipeline pro-

cessing through the use of photonic registers for intermediate result storage and tristate photonic buses 

to facilitate data-path structures. The company was cofounded by Moti Kintzlinger (CEO), Ron Fol-

man (CSO and President, a professor of Quantum Physics at Ben Gurion University) and Itay Harel 

(COO). 

 

Quanfluence (2021, India) is a stealth company building some photonics-

based quantum computer. The company was cofounded by Aditi Vaidya and 

Sujoy Chakravarty. 

 

Rotonium (2022, Italy) is creating a photonic quantum computer using photon 

orbital angular momentum to encode quantum information. The company was 

created by Roberto Siagri (CEO) and Fabrizio T. (CTO). 

 

2084 See for example Fabrication limits of waveguides in nonlinear crystals and their impact on quantum optics applications by Matteo 

Santandrea, Michael Stefszky, Vahid Ansari and Christine Silberhorn, March 2019 (16 pages). 

2085 See Investing in Quantum Source: best in class team & technology by Omri Green, April 2023. 

https://www.researchgate.net/publication/330430027_Fabrication_limits_of_waveguides_in_nonlinear_crystals_and_their_impact_on_quantum_optics_applications
https://omrig9.medium.com/investing-in-quantum-source-best-in-class-team-technology-1987c1b3b345
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HP conducted research in quantum computing at its Bristol laboratory, UK, 

covering quantum computing, cryptography and quantum communications. 

They invested in "The Machine", conceptually far from a universal quantum 

computer and uses an optical bus to link the different components of a super-

computer. 

In partnership with HP, American and Japanese scientists proposed in 2008 the creation of an HPQC, 

High Performance Quantum Computer, with 3D qubit arrays realized in linear optics containing 7.5 

billion physical qubits allowing to accumulate 2.5 million logical qubits2086. This project was left 

aside. HPE abandoned quantum computing entirely and explained it in 2019. They said they preferred 

to focus on neuromorphic processors and memristors2087. Their photonics specialist is Ray Beausoleil, 

based in Silicon Valley. He specialized in photonics and NV centers and abandoned this track, be-

coming a quantum computing skeptic. Somewhat along the lines of Gil Kalai, he believes that errors 

would increase faster than the growth in the number of qubits. Still, HPE invested in IonQ in October 

2019 to show that it didn’t entirely leave the quantum stage. 

 

 

 

2086 See High performance quantum computing (7 pages). 

2087 See Why HPE abandoned quantum computing research by Nicole Hemsoth, April 2019. 

Quantum computing hardware key takeaways 

▪ Superconducting qubits are the most common nowadays, implemented by IBM, Google, Rigetti, IQM and Origin 

Quantum among others. But they are noisy and do not scale well. One solution may be bosonic qubits like the GKP 

and cat-qubits which combine trapped microwave photons in cavities and superconducting qubits for their manip-

ulation and readout (Alice&Bob, AWS and Nord Quantique). Also, the fluxonium qubits breed seems to generate 

some traction with work from Alibaba (China) and Atlantic Quantum (Sweden/USA). 

▪ Quantum dots spin qubits could scale well due to their small size, the reuse of classical CMOS semiconductors 

manufacturing known-how, their higher working temperature enabling the usage of control cryo-electronics. They 

have however been demonstrated only at a very low scale at this stage. 

▪ NV centers qubits have the benefit to be stable and to work potentially at ambient temperature. An increasing 

number of startups are playing in this field, like Quantum Brilliance (Australia and Germany). 

▪ Topological qubits could bring the benefit of being resilient to some quantum errors and to scale better than other 

solid-state qubits. It doesn’t really exist yet, particularly the Majorana fermions species looked after by Microsoft. 

▪ Trapped ions qubits have the best fidelities so far, but they are hard to scale beyond about 40 qubits, at least with 

their main vendor, IonQ, Quantinuum and AQT. 

▪ Cold atoms qubits are mostly used in quantum simulation where it could scale up to a thousand qubit and it could 

potentially also be used in gate-based quantum computing although it’s not really demonstrated at a large scale. 

Pasqal (France), QuEra (USA), Atoms Computing (USA) and Planqc (Germany) are the key industry vendors in 

this field. 

▪ Photon qubits are flying qubits, moving from a source to detectors and traversing optical devices implementing 

quantum gates. There are many investigated techniques, with the distinction between single/discrete variable pho-

tons and continuous variable photons. Scalability is also an issue, particularly with photon sources and the proba-

bilistic nature of photons generation. Their limited quantum gates computing depth requires the implementation of 

specific computing techniques like MBQC and FBQC, this last one being used by PsiQuantum, the best funded 

quantum computing startup with IonQ as of 2022. Quandela (France), Xanadu (Canada) and QuiX (The Nether-

lands) are other key players in that space. One key capability to implement MBQC is the generation of deterministic 

high volume cluster states of entangled photons. It is still in its infancy. 

https://arxiv.org/pdf/0810.2444.pdf
https://www.nextplatform.com/2019/04/17/why-hpe-has-abandoned-quantum-computing-research/
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Quantum enabling technologies 

Building a quantum computer, and other second quantum revolution related products, requires com-

bining a number of complex technologies, some of which are quantum-specific and others that have 

more generalist uses. These enabling technologies, which are covered in this section of the book, are 

critical components, especially in quantum computing, as their characteristics and performances fre-

quently have a direct impact on the performance and scalability. We look here the following enabling 

technologies and their respective vendors in cryogenics, cabling, classical electronics, lasers, photon-

ics (Figure 482) and also semiconductor manufacturing. The chapter will also address their supply 

chain, most specifically the provenance, scarcity and transformation of the raw materials. 

 
Figure 482: a market map of key enabling technology vendors. (cc) Olivier Ezratty, 2020-2024. 

Cryogenics 

Most types of qubits require cryogenic technology, the most demanding being the very low operating 

temperatures of superconducting qubits, at 15 mK. Other technologies like photon qubits require 

lightweight cryogenics operating at about 4K for their photon sources and detectors2088. Detectors 

must indeed be cooled to avoid the photon dark count effect, when thermal noise originated photons 

are detected instead of useful photons. 

In the following section, we will focus on the 15mK dry dilution refrigeration systems used by super-

conducting qubits. Among other reasons, these qubits must be cooled to this low temperature to avoid 

noise sources from the environment, particularly when compared with the microwave pulses used to 

control qubits and handle their readout2089. 

 

2088 By definition, cryogenics operates below 123K or -150°C. Bearing in mind that -153.15°C is the temperature below which perma-

nent gases, i.e. gases in the ambient air, all condense into liquid at ambient pressure. 

2089 It is governed by the equation kBT<ħω. The Boltzmann constant multiplied by the temperature must be inferior to the product of 

the Dirac constant and the microwaves frequency in Hz. This leads us to adopt a temperature of about 15 mK for superconducting 

qubits. 
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These cryogenic technologies are central to the operation of many quantum computers, and will need 

to integrate many innovations to accommodate the growth of quantum computers with large numbers 

of physical qubits. 

Wet and dry dilution refrigeration 

Superconducting qubit quantum computers from IBM, Google and others are frequently pictured as 

gold chandeliers containing wires, various devices and circular plates segmenting the central column 

into different sections. The systems combine passive and active control electronics that reach the 

qubits processor and control the low temperature cooling system. The bottom section of the chandelier 

houses the quantum processor. The chamber must isolate the chip from unwanted perturbances, re-

quiring control over temperature, magnetism, vacuum, and even mechanical vibrations. 

 
Figure 483: a documented interior of an IBM superconducting qubit cryostat. Image source: Quantum Computers Strive to Break 

Out of the Lab, 2018. Legends by Olivier Ezratty. 

The central column is the refrigerated part of a quantum computer with superconducting or silicon 

qubits. It is divided into stages, with the warmest sections at the top as shown in Figure 483: 

• On the upper level, a plate, usually not represented in diagrams and pictures, is thermalized at 

50K. This is where both the electronic cables for controlling and reading the qubits as well as the 

fluids used for refrigeration arrive in the cryostat. 

• One level below, running at 4K, i.e., 4°C above absolute zero (¬273.15°C) 2090, sits the lower part 

of the pulse tube, which achieves cooling through oscillatory compression and expansion of an 

ideal gas within a closed volume. 

 

2090 The Kelvin scale starts at absolute zero. This temperature where atoms literally no longer move is unreachable. If it were, Heisen-

berg indeterminacy would be broken! It is approached asymptotically. The lowest temperature record is 38 pK (pico-kelvin), reached 

in 2021. See Collective-Mode Enhanced Matter-Wave Optics by Christian Deppner, David Guéry-Odelin, Ernst M. Rasel et al, PRL, 

August 2021 (7 pages). See how fast these records have been broken over the last decades in Moore's Law for Low Temperature Physics 

by Pramodh Senarath Yapa, December 2021. 
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downward qubits control micro-wave cables
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2,7 K : space (“is hot”)

0K = -273,15°C

3,2 K : liquid helium 3
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readout amplifier
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https://spectrum.ieee.org/computing/hardware/quantum-computers-strive-to-break-out-of-the-lab
https://spectrum.ieee.org/computing/hardware/quantum-computers-strive-to-break-out-of-the-lab
https://hal.archives-ouvertes.fr/hal-03335554/#:~:text=Abstract%20%3A%20In%20contrast%20to%20light,lens%20for%20coherent%20atom%20optics.
https://sites.ualberta.ca/~senarath/article1.html
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• The below plate is at around 800 mK. Between these two floors is the lowest temperature in space, 

which is 2.7 K and also corresponds to the cosmic background radiation. 

• Another plate is generally located at a temperature of 100 mK. 

• The lowest stage plate is where the quantum processor sits, and is cooled between 10 and 25mK, 

usually around 15mK. It is also called the "mixing chamber cold plate". A cold plate is a one-

stage copper plate and the mixing chamber is the last level at the bottom of the dilution refriger-

ation system that we will explore later2091. 

We will now study the detailed characteristics of the very low temperature cryogenics used in these 

superconducting quantum computers2092. 

It uses a dilution refrigeration, which is based on the association of two helium isotopes: helium 4 

and helium 3, which have different and complementary physical properties2093. They have respec-

tively a boiling temperature of 4.2K and 3.2K. Helium 4 is superfluid at 2.17K while helium 3 is 

superfluid at a much lower temperature of 2.5 mK, at ambient pressure. The cryostat exploits the 

combination of three phases: a gaseous 3He phase and two liquid phases, one with 3He and the other 

with a mixture of 3He and 4He, with evaporation of the 3He in a mixed chamber2094. Let’s explain first 

why helium is so important for low temperature cryogenics. Hydrogen becomes liquid at 20.3K2095, 

nitrogen at 77.4K and oxygen at 90.2K. These gases are useless for low temperature cryogenics. 

On the other hand, 4He liquefies at 4.2K at ambient pressure and a 4He cryostat can reach 1K while 
3He cryostats can go as low as 300 mK (Figure 484). The mix of 4He and 3He is used in so called 

dilution refrigerators reaching 15 mK2096. Note the low density of 4He which is 125g/L at 4.2K. There 

are two types of dilution refrigerators: "dry" and "wet". 

In wet dilution refrigerators, a first system cools the enclosure to 4K with liquid 4He. A second so-

called dilution system uses a mixture of liquid 4He and 3He with a flow circulating in ducts connecting 

the metal plates down to less than 15 mK in the bottom stage. 

Wet dilutions system was used until the early 2000s (Figure 485). It was then replaced by dry dilution 

systems that are simpler to operate, especially to create quantum computers that are easy to install at 

customer sites, thanks to avoiding liquid helium. 

 

2091 In Top 5 Trends in Quantum Technologies to Look for in 2020 by QuantumXchange, January 2020, we find: "Interestingly, IBM 

and Google are taking different approaches in the infrastructure of quantum computers. IBM's hardware resembles a chandelier with 

rings whereas the Google device looks like a chip". Which shows that they did not understand at all that IBM and Google had both a 

candlestick and a chipset. So they did not explore the hardware architecture of a superconducting quantum computer! 

2092 See Cryostats Design 4He and 3He cryostats by Guillaume Donnier-Valentin, CNRS Institut Néel, 2011 (91 slides), Some Funda-

mentals of Cryogenic and Module Engineering with regard to SRF Technology, Bend Petersen, ESY Cryogenic Group MKS (95 slides) 

and Development of Helium-3 Compressors and Integration Test of Closed-Cycle Dilution Refrigerator System, 2016 (5 pages). 

2093 Helium was discovered indirectly in 1868 through the discovery of an unexplained spectral line in the light spectrum of the sun by 

astronomers Pierre Jules Janssen (1827-1907, France) and Joseph Norman Lockyer (1836-1920, United Kingdom). It was then isolated 

for the first time in 1895 by the Scottish chemist William Ramsay (1852-1916). 

2094 See the video Quantum Cooling to (Near) Absolute Zero by Andrea Morello of UNSW which explains very well how dilutions 

work, 2013 (10 minutes). This illustration is inspired from a schema seen in inspired by Cryostat design below 1K par Viktor Tsepelin, 

October 2018. Bcc means body-centered cubic and hcp, hexagonal close-packed. These are two states of solid helium which are of no 

interest in dilution refrigerators. A phase diagram shows the phase of the element as a function of temperature (in X in logarithmic 

scale) and pressure conditions (in Y, 1 bar = atmospheric pressure). It shows that in the regime used below 1K, helium 3 is liquid and 

helium 4 is superfluid. This difference makes it possible to operate refrigeration at these low temperatures. 

2095 Liquid hydrogen cryogenics uses spin variations of hydrogen, instead of isotopic ones. H2 molecule exists in two forms, with both 

hydrogen atoms having the same spin (orthohydrogen) or an opposite spin (parahydrogen). At 300K, the ratio is 75% orthohydrogen 

and 25% parahydrogen. At low temperature, the ratio is different and the conversion between orthohydrogen and parahydrogen is 

exothermic, used in the refrigeration process. 

2096 The first liquefaction of helium was achieved in 1908 in Leyden, the Netherlands, by Kamerlingh Onnes. The dilution cryostat 

concept was proposed by Heinz London in 1951 and was tested in 1965 at the University of Leiden, when it reached 220 mK. The 

record temperature went down to 60 mK in 1972 and then to 1.75 mK in 1999. 

https://quantumxc.com/top-5-trends-in-quantum-technologies-to-look-for-in-2020/
https://pdfs.semanticscholar.org/1dd3/8749833dc67a38b9b37f7b33f114b77a9aa9.pdf?_ga=2.201072173.241760965.1586174676-1740930046.1577739007
http://cryocourse2011.grenoble.cnrs.fr/IMG/file/Lectures/Donnier-Valentincryostat_design-v2.pdf
https://accelconf.web.cern.ch/srf2007/TUTORIAL/PDF/Tutorial_5a.pdf
https://accelconf.web.cern.ch/srf2007/TUTORIAL/PDF/Tutorial_5a.pdf
https://pdfs.semanticscholar.org/1dd3/8749833dc67a38b9b37f7b33f114b77a9aa9.pdf?_ga=2.201072173.241760965.1586174676-1740930046.1577739007
https://www.youtube.com/watch?v=7jT5rbE69ho
https://indico.stfc.ac.uk/event/2/sessions/3/attachments/115/128/Short_Course_Cryostat_Design_Below_1K_Viktor_Tsepelin.pdf
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Figure 484: phase differences between helium 3 and helium 4. Source: Cryostat design below 1K by Viktor 

Tsepelin, October 2018 (61 slides). 

However, wet dilution systems are still used for various physics experiments where the dry system is 

not appropriate, but usually not for quantum computing. 

 
Figure 485: wet dilution refrigerator operations. Schema from Source: Cryostat design below 1K by Viktor Tsepelin, October 2018 

(61 slides) and legends from Olivier Ezratty, 2020. 

One interesting breed of wet dilution cryostats are inverted dilution refrigerators (IDR). I saw many 

of them at CNRS Institut Néel in Grenoble which has a dedicated cryogeny lab crafting custom cry-

ostats for various use cases, including for astronomy. These inverted cryostats enable fast and easy 

experiment samples loading and fast cooling as well. Figure 486 shows an example IDR from Nicolas 

Roch’s laboratory at Institut Néel. 
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Figure 486: custom made bottom-up cryostats made at CNRS Institut Néel in Grenoble. Pictures source: Olivier Ezratty. 

While most cryostats for quantum computers use dry dilutions, Fermilab is currently putting the final 

touch on an impressive wet dilution system developed to house a 3D supercomputing system, proba-

bly co-developed with Rigetti. Its numbers are impressive: it’s got 625W of cooling power at 4.5 K. 

50W at 2K and, above all, 300 µW at 20 mK for a load fitting in a 2m wide cylinder. And it is using 

2000 liters of liquid helium2097. What is interesting here is that 625K cooling power at 4.5K could 

have another application: superconducting (non-quantum) computing2098. 

Likewise, PsiQuantum announced in March 2023 a collaboration with STFC’s Daresbury Laboratory 

(UK) to build PsiQuantum’s cryogenic for their photonic circuits handling photon generation, pro-

cessing and detection. The developed cryogenic modules will support 100W of cooling power at 

about 3K. The project got £9M of funding from the UK government’s Department for Science, Inno-

vation and Technology (DSIT). 

Dry dilution refrigerators or so-called cryogen-free refrigerators do not use liquid helium. They are 

using only gaseous helium 3 and 4. Like wet systems, they have two stages: the lower dilution stage 

is about the same with controlled expansion of helium 3 which is bathed at the bottom in liquid helium 

4 in a dilution chamber. This covers cooling to temperatures lower than 1K. 

The upper stage relies on the pulsed tube technique that manages cryogenics down to about 2.8K with 

helium 4 gas and a large external water-cooled compressor. This technique has been mastered for 

about twenty years and has been progressing incrementally since then. Its arrival coincides with the 

first experiments with superconducting qubits. Dry dilution refrigerators are generally used for the 

cryogenics of qubits requiring to go below 1K. Figure 487 explains how it works. 

The pulsed tube is associated with a Stirling or Gifford-McMahon type compression and expansion 

system. The latter seems to be the most frequently used, particularly at CryoMech. It uses a piston. 

Stirling engines are used to cool infrared devices but not in dilution systems. 

It can be seen in the curve on the right of Figure 489 that the available cooling power decreases 

rapidly with temperature. It is currently around 1W at 4K2099. 

 

2097 See A large millikelvin platform at Fermilab for quantum computing applications by Matthew Hollister, Ram Dhuley and Grzegorz 

Tatkowski, Fermilab, August 2021 (10 pages). 

2098 See It’s colossal: Creating the world’s largest dilution refrigerator, Fermilab, December 2022. 

2099 With larger liquid helium cryogenic installations like Helial SF from Air Liquide, a cooling power of 100W to 1kW can be generated 

at 4K. 

https://arxiv.org/pdf/2108.10816.pdf
https://news.fnal.gov/2022/12/its-colossal-creating-the-worlds-largest-dilution-refrigerator/
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There are no moving mechanical parts inside the cryostat, both in the pulse tube and in the dilution. 

 
Figure 487: dry dilution schematic inspired from Cryostat design below 1K by Viktor Tsepelin, October 2018 (61 slides), 

illustrations from CryoMech documentation, Janis, Dry dilution refrigerator with 4He-1K-loop by Kurt Uhlig,  
2014 (16 pages) and IBM. 

This avoids the generation of unwanted vibrations that could disturb the wiring and the qubits which 

are very sensitive beasts. The flow of gases and liquids produces very little disturbance in the dilution 

process. 

A refrigeration system is often evaluated in % of the Carnot cycle. This cycle describes a perfect 

thermodynamic cycle using four perfectly reversible thermodynamic processes involving work-heat 

exchange2100. The efficiency of a thermal machine is never perfect with 100% of this cycle. 

For a pulsed tube, a perfect Carnot efficiency would be about 1.4%, i.e. it would take 70W of energy 

to extract 1W at 4.2K2101! In practice, it requires about 10 kW, i.e. 152 times more! We thus obtain a 

Carnot efficiency of less than 1%. That's <1% of 1.4%! Indeed, we spend more than 10 kW to get 

1W of power at 4.2K. So... at 15 mK to get 10 μW? We do not evaluate the efficiency of the 15 mK 

stage of Carnot because it operates isobarically, i.e., at constant pressure, the thermal cycle being 

linked to a phase variation of helium 3. This stage is powered by heat exchanges between the pulsed 

tube and the helium 3 gas circuit. 

The circuit shown in red in Figure 487 is used to pre-cool the cryostat in the thermalization prepara-

tion. This is done in three steps: first, by starting the pulse tube which cools the 50K and 4K stages 

with helium 4 gas and the external compressor of about 12 kW, in yellow. 

 

2100 See Cryogenic Systems by Pete Knudsen, 2018 (71 slides) which describes well the Carnot cycle principle. 

2101 See Lecture 5 Refrigeration & Liquefaction (Part 1) by J. G. Weisend II (17 slides). 

dilution chamber
liquid helium 3 & 4

heat 
exchanger

discrete exchangers
silver powder

concentrical thermal 
isolation cylinder chambers 

for 50K, 4K and 1K stages, 
with a 2 cm diameter gap

1K

100 mK

15 mK

4K

50K

load
qubits, attenuators, 
filters, cables and 

amplifiers

pulse tube, 
first stage cooling with 
helium 4 gas down to 
2,8K, using an outside 
compressor, usually 

from CryoMech

copper cold plates covered 
by a small gold sheet, 30 to 

50 cm diameter, load is 

screwed to these with 
perfectly flat surfaces for 

heat evacuation

Joule-Thompson expansion
cools helium 3 to 1K with a 

Venturi effect

dilution helium 3 is pre-
cooled by the pulse tube

impedance: controlling 
downward helium 3 circulation

bypass circuit for precooling at 4K 
using its own compressor, mix of 

He3/4 (in red)

still chamber: splits helium 3 
from helium 4 which is superfluid

gas helium 3 entrance

gas helium 3 exit

https://indico.stfc.ac.uk/event/2/sessions/3/attachments/115/128/Short_Course_Cryostat_Design_Below_1K_Viktor_Tsepelin.pdf
https://arxiv.org/ftp/arxiv/papers/1412/1412.3597.pdf
https://indico.esss.lu.se/event/451/attachments/3477/4873/Lecture_5.pdf


Understanding Quantum Technologies 2023 - Quantum enabling technologies / Cryogenics - 568 

Then by using the pre-cooling circuit which will circulate a helium 3 and 4 mixture to the lower stages, 

and which will have been cooled by the pulse tube, in the circuit in red in the diagram2102. Finally, the 

dilution system takes over from the second one and is launched to be able to go down to 15 mK in 

the lower cold plate (in light blue). 

 
Figure 488: details of the dilution inner working and the phases of helium 3 and 4 that are used. (cc) Olivier Ezratty, 2021. 

By adopting a rocket analogy, the pulsed tube and its 7 to 12 kW compressor are the equivalent of the 

first stage of a Saturn V rocket. The pre-cooling system is the analogue of the rocket second stage and 

the dilution system is the equivalent of the third stage that sends the lunar module and the LEM to 

the moon, here, the chip. Extracting the Earth's gravity over a large mass is equivalent to cooling a 

large metal mass inside the cryostat to 50K and 4K. While the dilution system is responsible for 

cooling a smaller mass from 4K to 15 mK, the lower cold plate and the payload attached to it. 

The pulse tube compressor must itself be cooled, usually with water. Regular water-air based cooling 

systems add about 2 kW per pulse tube to the energetic bill. 

 

2102 At CryoMech, the compressors adapted to these dilution systems consume from 7.9 to 12kW; from PT410 to PT420. About 4kW 

must be added for the GHS (Gas Handling System) which manages the dilution circuits with their pumps and controls as well as for 

the computer and the assembly dashboard. 

(cc) Ol ivier Ezratty, 2021
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Figure 489: pulse tubes models with Stirling and Gifford-McMahon types. And commercial capacities available. Source: Lecture 2.2 
Cryocoolers, University of Wisconsin (25 slides). 

These systems require optimization with a large number of parameters. The modeling of a cryostat 

could one day benefit from quantum computation, especially since the fluids used are in a superfluid 

quantum state. 

A good part of the power is used to lower the temperature to 1K, because the mass to be cooled is the 

most important. The cylinder that protects the part cooled at 4K receives thermal radiation coming 

from the 50K stage. This makes a big thermal difference to absorb. 

In a 15 mK cryostat of about 16 kW, about 12 kW will correspond to the 4K compressor, then about 

1 to 2 kW to the dilution system, which is used to lower the temperature at 15 mK, containing the 

GHS (Gas Handling System) pumps and its control electronics, and at last, a water/air chiller to cool 

the water that cools the 4K compressor and can consume about 2 kW. 

The dilution system does not use a compressor. The helium 3 circulating outside is just driven by a 

pump located in the GHS. The reason is that the helium 3 that returns to the cryostat is cooled by the 

pulse tube. In practice, all the cryostat heat is evacuated by the compressor of the pulse head which 

is itself cooled by water. 

Figure 488 details the operation of the dilution system as well as the phase (liquid or gaseous) and 

the concentration of helium 3 and 4 in each stage and component. It shows the descending circuit of 

helium 3 which becomes liquid from the condensation at the boiler. 

In the circuit going up from the mixing chamber, a liquid mixture of helium 3 and 4 rises and the 

concentration of helium 3 goes down as the stages go up. It is only in the boiler that helium 3 becomes 

gaseous. Helium 4 remains liquid and is evacuated downwards. It has moreover a tendency to rise 

due to superfluidity. A trick is to cut this rising film and send helium 4 back down. 

The helium 3 landing in the dilution chamber at the bottom must end up there at a temperature barely 

above 1mK of the chamber temperature. It is pre-cooled by the helium 3 that is moving upward. The 

only way to achieve this is to increase the contact surfaces, which is done in the discrete heat ex-

changers just below the cold plate at the 100 mK level. 

These dry cryostats still use a cryogen, liquid nitrogen at 77K, to filter helium gas and remove impu-

rities2103. This filtration is based on zeolite powder, made of microporous aluminosilicate crystals. 

 

2103 LN2 for liquid nitrogen, gaseous nitrogen being a molecule of two nitrogen atoms. 

https://uspas.fnal.gov/materials/10MIT/Lecture_2.2.pdf
https://uspas.fnal.gov/materials/10MIT/Lecture_2.2.pdf
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The liquid nitrogen tank used for this pre-cooling is called a "cold trap"2104. This filtering is completed 

in the cryostat 4K stage by another filtering system based on activated carbon powder which works 

better at low temperatures and increases the contact surfaces with the gas to better filter it. 

As a general rule, the complete thermalization of a quantum computing cryostat takes about 24 hours. 

The so-called "1K" stage was actually cooled at about 1.2K in wet cryogenics and is around 800 mK 

for dry cryogenics. The power consumption is identical between the thermalization phase and the 

temperature maintenance of the instruments once the thermalization is completed. 

Cryogenics at 10-20 mK is specific to quantum computers whose qubits must be cooled at very low 

temperatures, mainly those based on electrons (superconductors, electron spin, Majorana fermions). 

Theoretically, silicon qubits should only be cooled down to 1K but for the moment, they are still 

cooled down to about 15mK. An Australian team created a proof of concept of silicon qubits running 

even at 1.5K and another one from Intel and Qutech at 1.1K2105. 

To reach lower temperatures, below 3 mK, a complementary technique is used, adiabatic nuclear 

demagnetization (ADR or Adiabatic Demagnetization Refrigeration)2106. It is not necessary for quan-

tum computing. This type of refrigeration can be added to a wet or dry dilution cryostat. The principle 

consists in using a paramagnetic salt which is magnetized with a strong enough field, of 6 Tesla or 

more. This will heat the salt. The heat is evacuated via a 4K liquid helium bath. The suppression of 

the magnetic field cools the salt by expansion. The process complexity lies in the heating-cooling 

cycle which can disturb the cooled equipment. It is treated by combining several devices that take 

turns to smooth the temperature curve of the system. The process has been tried and tested for a long 

time, but the cooling power available is very low. 

Even colder temperatures can be obtained with neutral atom cooling and Bose-Einstein condensates, 

below the nK threshold2107. It is based on using laser-based cooling, magneto-optical traps and the 

likes. 

 

Kiutra (2017, Germany) uses this technique to obtain more classical temper-

atures of a few hundred mK, one of its advantages being that it does not gen-

erate vibrations 2108 . These temperatures are interesting for cooling silicon 

qubits. 

It is a startup from the TUM (Technical University of Munich) launched by Alexander Regnat. It was 

seed financed by APEX Ventures and German investors, but the amount is not known.  Kiutra had a 

staff of 40 as of early 2023. 

 

2104 Liquid nitrogen is also sometimes used to pre-cool the metallic structure of the cryostat during the warm-up. This is unrelated to 

the helium circuit. This can save up to five hours for the cryostat thermalization. But this process is not commonly used for quantum 

computer cryostats. It is used for precooling heavier payloads for physics experiments using equipment weighing up to several hundred 

kilograms, including superconducting magnets. This technique is not used for quantum computing. 

2105 See Hot qubits made in Sydney break one of the biggest constraints to practical quantum computers by UNSW, April 2020 related 

to Operation of a silicon quantum processor unit cell above one kelvin by Andrew S. Dzurak et al, April 2020 (in nature) and in February 

2019 on arXiv. The test was performed on 2 qubits with a unit gate reliability rate of 98.6% quite average but in line with what is 

currently obtained with silicon qubits. See also Universal quantum logic in hot silicon qubits, 2019 (11 pages). 

2106 We owe the creation of the process to William Giauque (1895-1982, USA) in 1927. He was awarded the Nobel prize in physics in 

1949. 

2107 See an interesting discussion on the limits of cooling in Landauer vs. Nernst: What is the True Cost of Cooling a Quantum System? 

by Philip Taranto, Marcus Huber et al, June 2021-September 2022 (61 pages) which makes a connection between Landauer’s bound, 

the creation of quantum pure states and Nernst’s unattainability principle, according to which infinite resources (time, energy) are 

required to cool a system to absolute zero temperature. They create a new Carnot-Landauer limit that generalizes Landauer’s principle 

2108 See also Cryogenic Fluids by Henri Godfrin (now retired), 2011 (50 slides), from Institut Néel in Grenoble, which includes a 

leading research team on cryogenics. With a record of 100 μK obtained with the DN1 cryostat using nuclear demagnetization. 

https://newsroom.unsw.edu.au/news/science-tech/hot-qubits-made-sydney-break-one-biggest-constraints-practical-quantum-computers
https://newsroom.unsw.edu.au/news/science-tech/hot-qubits-made-sydney-break-one-biggest-constraints-practical-quantum-computers
https://arxiv.org/abs/1902.09126
https://arxiv.org/pdf/1910.05289.pdf
https://arxiv.org/abs/2106.05151
http://cryocourse2011.grenoble.cnrs.fr/IMG/file/Lectures/2011-Godfrin-Cryogenic_fluids-v2.pdf
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Their cryostat range goes down to 100 mK (in pulsed mode) or 300 mK (in continuous mode), which 

is insufficient to cool superconducting Josephson effect quantum computers but could possibly be 

suitable for electron spin silicon chips that can theoretically be satisfied with a temperature of 1K. 

Their system uses the magnetocaloric effect which was discovered in stages in 1881, 1917 and 

demonstrated in 1933 to reach a temperature of 250 mK. 

The Kiutra process is based first on 

this classical effect also called adia-

batic demagnetization. It consists in 

magnetizing a solid material with 

magnetocaloric properties (Figure 

490). This makes it increase its tem-

perature. This entropy is evacuated by 

a conventional heat transfer fluid, 

which is not specified. It may be he-

lium 4 if it is a question of going 

down to a temperature of less than a 

few Kelvins. Then, the magnetization 

is stopped which leads the material to 

cool down (Figure 491). 
 

Figure 490: the Kiutra magnetic refrigeration process. Source: Kiutra. 

To smooth in time and space this heating/cooling cycle, they combine several cooling units with what 

they call cADR (continuous Adiabatic Demagnetization Refrigeration)2109 . 

The apparatus proposed by Kiutra 

seems to be mainly designed to cool 

small samples and does not seem to be 

yet adapted to the usual architectures 

of quantum computers with their 

cooling stages stacked between 4K at 

the top and 15 mK at the bottom. On 

the other hand, some dry cryostats can 

reach temperatures situated between 5 

and 10 mK. 

 

Figure 491: Kiutra cooling process. Source: Kiutra. 

They are dedicated to physics experiments unrelated to quantum computing such as the search for 

dark matter (for the detection of WIMP, Weakly Interacting Massive Particles) and the analysis of 

cosmic radiation using calorimeters operating between 5 mK and 7 mK2110. 

Dry dilution installation 

A dry dilution refrigeration system is divided into two large parts with the compressor, pumps, liquid 

nitrogen and helium gas reservoirs positioned in one room, and the refrigerated enclosure in another 

room. This is quite logical since the compressor will generate heat that will have to be dissipated, via 

an incoming and outgoing water pipe2111. 

 

2109 I discovered occasionally that this technique was also being explored at the Institut Polytechnique de Grenoble. See in particular 

the thesis Magnetic Refrigeration: Conceptualization, Characterization and Simulation by Morgan Almanza, 2015 (160 pages). 

2110 This is the case, for example, of the CUORE (Cryogenic Underground Observatory for Rare Events) bolometer installed in Italy. 

The cryostat comprises five pulse tubes and cools a 750 kg payload of tellurium dioxide to 10 mK. It was looking for signs of beta 

decay that could prove the existence of Majorana fermions. In the end, it did not find any. 

2111 See this well crafted detailed explanation of how a dry dilution cryostat works: Design and Analysis of a Compact Dilution Refrig-

erator by Jacob Higgins, 2017 (47 pages) and Dilution Refrigerators for Quantum Science by Matthew Hollister, 2021 (47 slides). 

https://hal.archives-ouvertes.fr/tel-01144897/document
https://twist.phys.virginia.edu/work/Formal_Paper.pdf
https://twist.phys.virginia.edu/work/Formal_Paper.pdf
https://inspirehep.net/files/69c6fd63904ac159b958e7d8dd0ecfc9
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With dry dilution refrigerators, the safety constraints are quite light compared to wet versions (see a 

typical setting in Figure 492). Wet dilution uses up to 80 liters of liquid helium which could drive a 

cryostat explosion if heated too abruptly because the expansion of the gas is important compared to 

its liquid state, with a ratio of 1 to 700. It was necessary to handle liquid helium canisters and fill 

tanks with protective equipment against splashes. 

The oxygen level in the room could also dangerously decrease due to the accidental evaporation of 

nitrogen or liquid helium. Contact with cryogenic materials, particularly carbon steel, should also be 

avoided. Rooms must be large enough and care must be taken of in the higher zones in the room 

where helium can be concentrated since it is lighter than air. 

 
Figure 492: Bluefors recommendations for setting up one of their dilution refrigerators. Source: Bluefors documentation. 

The wet dilution installation in Figure 493 is from CEA-IRIG in Grenoble, which deployed in June 

2019 two systems from Bluefors. I visited it at the end of June 2019. These systems cost about 1M€ 

each.  The CEA teams installed a device that allows the tested sample to be changed in just 7 hours. 

Thermalization can thus be planned at night, and in the early morning, the experiments can be re-

sumed. 

The phenomena of materials expansion and compression are significant at very low temperatures. 

This has an impact on the design of the whole device and the choice of materials. The materials that 

can be used are special steels with nickel, chromium, aluminum, bronze, copper, composite materials, 

niobium-titanium for wiring, nickel-copper alloys, indium for joints, kapton and mylar for insulation. 

The refrigerated system is usually placed in vacuum. The management of high vacuum and ultra-

high vacuum (UHV) are industrial specialties. Knowing that cryostats of superconducting and silicon 

quantum computers only require high vacuum between 5 and 10 mBar. They use commercially avail-

able pumps from e.g. Pfeiffer (Germany). Pumping only takes place when the system starts up and 

is deactivated once the system is thermalized at low temperature. Cooling down to 15 mK does not 

require ultra-vacuum pumping because in practice, at this temperature, all the gases become solid and 

settle on the walls of the material, generating a very good vacuum. 

Using too much pumping to generate ultra-high vacuum could propagate dust from these solidified 

gases, damaging the qubits or the rest of the equipment in the cryostat. Ultra-high vacuum is used for 

cold atom-based computers. 

Thermal leaks are coming from cables entering and leaving the enclosure or radiation. Numerous 

layers of thermally insulating materials are integrated in the cryostat. They are cylinders stacked up-

side down like Russian dolls. It is made of aluminum, copper and steel. Each cylinder and plate acts 

as a thermal insulator vs the lower cylinder. 
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Figure 493: Bluefors installation at CEA IRIG in Grenoble. Photos: Olivier Ezratty. 2019. 

The quantum chip is magnetically isolated from the outside. Magnetic isolation uses several Russian 

doll enclosures made of various alloys, including Mu-metal, an alloy of nickel, iron and molybdenum, 

aluminum alloys and other superconducting alloys. The quantum processor can also be magnetically 

shielded. IBM uses a Cryoperm Magnetic Shielding from MμShield. 

Apart from this magnetic isolation, cryostats in research laboratories may be supplemented by super-

conducting magnet systems that occupy the lower part of the cryostat cylinder. They have a cylin-

drical shape that surrounds a measuring instrument. These magnets are also supplied with liquid he-

lium to guarantee the superconducting effect that is used to generate intense magnetic fields of several 

Teslas. 

These fields are used to set up various experiments, particularly in astronomy or fundamental physics. 

They are sometimes used in quantum computing, especially with silicon qubits for electrons spin 

control2112. At D-Wave, the magnetic field is reduced to one nano-Tesla (nT) in the computer enclo-

sure, compared to the Earth's magnetic field, which can reach 65 micro-Teslas, giving us a ratio of 1 

to 65,000. D-Wave communicates on a ratio of 1 for 50,000. 

The cold plates at each stage of the cryostat are gen-

erally made of 99.99% pure copper with very low 

oxygen content to maximize their thermal conduc-

tivity2113 (Figure 494). They are covered with a thin 

a few microns thick layer of gold which serves as a 

protection against oxidation and radiation. It also 

has good thermal conductivity and is soft, which is 

very useful for solidly anchoring and cooling all the 

attached components. 

On the right, an example of a BlueFors cryostat cold 

plate. These plates are custom perforated to allow 

all the cables to pass through, not including the cry-

ostat components. All the holes must be used to 

avoid thermal leaks between the bottom and top of 

these cold plates. 

 
Figure 494: cold plate with a gold finish which is used to 

facilitate the assembly with experimental devices and optimize 
thermal conductivity. Photo: Bluefors. 

 

2112 At CryoConcept, 8 or 14 Tesla magnets can be installed on the 4K stage next to the dilution unit. 

2113 It is OFHC for oxygen-free high thermal conductivity. Source of this information: Flying Qubit Operations in Superconducting 

Circuits by Anirudh Narla 2018 (219 pages). 

http://qulab.eng.yale.edu/documents/theses/Narla,%20Anirudh%20-%20Applied%20Physics,%20Dec%202017.pdf
http://qulab.eng.yale.edu/documents/theses/Narla,%20Anirudh%20-%20Applied%20Physics,%20Dec%202017.pdf
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Infrared rays must be prevented from passing from one level to another and generating downward 

heat leakage. 

These plates must be optically totally watertight screens so as not to let a single photon pass through! 

The trend is to increase the size of the cold plates, with a diameter reaching 50 cm. Knowing that 

their size is slightly decreasing from the top to bottom cold plates because of the concentric cylinder 

shields surrounding them. 

In cryostats for quantum computers, the current stand-

ard for the bottom plate is 30 cm to 40 cm for research 

and 50 cm in production, to accommodate more elec-

tronic components. It could soon reach 100 cm. Infra-

red photons are filtered with an Eccosorb resin that 

surrounds the superconducting cables in the lowest 

stage of the system. This resin is a mixture of epoxy 

and metal powder. It is injected into copper filters 

(OFHC) that surround the cables in the coldest stage 

of the cryostat as shown in Figure 495 2114. The resin 

is usually supplied by Laird Performance Materials 

(UK). 

 
Figure 495: how the Eccosorb resin is injected in the filters. 

To reach ultra-low temperatures of 1 mK, the Continuous Nuclear Demagnetization Refrigerator 

technique can also be used, in complement with dry refrigeration2115. This temperature is required for 

some physics experiments but not with solid-state based quantum computers (superconducting or 

electron spin qubits). At such a low temperature, the cooling budget is equally super low, at just 20 

nW. 

Cryostats vendors 

The main suppliers of cryostats for quantum computers are BlueFors Cryogenics (Finland), which 

equips IBM, Rigetti and many others, Oxford Instruments (UK), which is used by D-Wave and 

Microsoft, Form Factor (USA), used by Google, Maybell Quantum (USA), Leiden Cryogenics 

(the Netherlands)2116, which manufactures the most powerful cryostats on the market, used mainly 

for physics experiments, and CryoConcept (France), a branch of Air Liquide since 2020 (Figure 

496). The world market for cryogenic systems, all categories combined, was about $1.8B in 20202117. 

Market share wise, BlueFors leads the pack with over 60% and >$100M revenue, followed by Oxford 

Instruments and the rest. 

Let us recall that the science of low temperatures used in quantum computing has benefited from 

numerous advances from other fields: space and especially space telescopes where a large part of the 

instruments needs to be cooled such as infrared sensors or bolometers, particle accelerators with their 

superconducting magnets and finally, medical imaging, especially MRI, which also needs low tem-

peratures to cool its superconducting magnets. 

 

2114 See some explanations of the Eccosorb resin in Improving Infrared-Blocking Microwave Filters by Graham Norris, 2017 (114 

pages) and Development of Hardware for Scaling Up Superconducting Qubits and Simulation of Quantum Chaos by Michael Fang, 

2015 (56 pages). Eccosorb is a product from Laird, a subsidiary of Dupont. It came from the acquisition of Emerson and Cuming in 

2012. Eccosorb is a laminated structure of polyurethane foam generating a controlled conductivity gradient. 

2115 See Development of a sub-mK Continuous Nuclear Demagnetization Refrigerator by David Schmoranzer, Sébastien Triqueneaux 

et al, Institut Néel, 2020 (7 pages). 

2116 See Leiden Cryogenics BV brochure (28 pages). 

2117 See Cryocooler Market by Type (GM, PT, JT, Stirling, and Brayton Cryocoolers), Services (Technical Support, Repair, Preventive 

Maintenance), Heat Exchanger Type (Recuperative and Regenerative), Application, and Geography - Global Forecast to 2022, Decem-

ber 2019. This market represented $1.4B in 2018 and is expected to grow 9.3% annually by 2027. But beware, the market for quantum 

computers cryostats is a rather small share of this market. 

https://qudev.phys.ethz.ch/static/content/science/Documents/semester/Graham_Norris-Improving_Infrared-Blocking_Microwave_Filters.pdf
https://web.physics.ucsb.edu/~martinisgroup/theses/Fang2015.pdf
https://arxiv.org/abs/1809.07670
http://www.tokyoinst.co.jp/product_file/file/LCG01_cat01_ja.pdf
http://www.tokyoinst.co.jp/product_file/file/LCG01_cat01_ja.pdf
https://www.marketsandmarkets.com/Market-Reports/cryocooler-market-247727537.html
https://www.marketsandmarkets.com/Market-Reports/cryocooler-market-247727537.html
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Figure 496: the main vendors for quantum computer low temperature cryostats, their compressor, cabling and connectors. 
(cc) Olivier Ezratty, 2020-2022. 

 

Bluefors (2007, Finland) is the worldwide leader of low temperature cryogenic 

systems, using dry dilution with a market share exceeding 70% for dilution 

refrigerators. It is focused on the quantum computing market. 

The spin-off from Aalto University delivered overs 700 systems with its 250+ employees. It has a 

broad range of dry dilution systems, with some cabling (coaxial, ribbon, optical) and filters, QDevil 

X, codeveloped with QDevil. They acquired Cryomech (USA) in March 2023, the leader in 4K 

compressors. Figure 497 presents a typical configuration of their entry level cryostats. 

 
Figure 497: details of a BlueFors cryostat with custom comments. Source: Bluefors. 

In March 2021, Bluefors announced a partnership with Linde (Germany) to create high-capacity cry-

ogenic systems dedicated to scalable quantum computers. Linde is a gas producer competing with Air 

Liquide! 
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They also developed with Afore 

(Finland) a Cryogenic Wafer 

Prober, a system used for the 

characterization of 300 mm wa-

fers at 4K (Figure 498). It was 

acquired by CEA-Leti in 2021 to 

test the quality of their silicon 

qubits wafers. 

Intel acquired a similar tool as 

well, for their own silicon qubits 

development efforts in their D1D 

fab in Hillsboro, Oregon, USA.  
Figure 498: the Bluefors/Afore cryoprober used by Intel and CEA-Leti. 

In November 2021, Bluefors announced KIDE, it new generation of cryostats, that has a hexagonal 

shape to make it easier to assemble them next to each other for distributed QPU setups and with 9 

pulse tubes and three dilutions each (Figure 499). Its production started in 2023 for IBM and Rigetti. 

The KIDE seems to have a width of about 1.5 m wide for the vacuum chamber. Its steel and aluminum 

doors are easy to open for loading stuff. It contains 9 pulse tubes and 3 dilutions. 

     
Figure 499: BlueFors KIDE dilution refrigerator (left) and how it could be arranged with 2 or 3 joined units, enabling short-range 

microwave interconnection between close QPUs. Sources: Bluefors and IBM. 2022. 

 
JanisULT (1961, USA) was initially Janis, a generalist cryostat manufacturer. 

In 2020, they sold their ‘classical’ laboratory cryostats business to Lake Shore. 

They kept their ultra-low temperature cryostat business under the brand Janis ULT. They have an 

offering of wet and dry dilution refrigerators for various use cases, including quantum computing. 

Their high-end wet dilution refrigerator is the JDry-500-QPro with a 508 mm cold plate and >450 

µW of cooling power at 100 mK achieved with a single pulse tube, coming from Sumitomo SHI. 

 

FormFactor (1993, USA) is a provider of electronic test and measurement tools 

for the semiconductor industry with some products dedicated to quantum technol-

ogies who is consolidating the dry dilution refrigerators business in the USA. 

They acquired in early 2022 the dry-refrigerator business line from Janis ULT. Their offering covers chip-

sets inspection and metrology, characterization, modeling, reliability, and design debug, to qualification 

and production test. In 2020, they acquired High Precision Devices (1993, USA), which develops 

cryogenic instruments adapted to superconducting quantum chipsets. Thus, their HPD IQ3000, a cry-

ogenic probe stations for on-wafer and multi-chip measurements (left in Figure 500). It can embed IR-

sensor test, radiometric test and configurable DC and RF cabling and custom probe cards. It supports 

150 mm, 200 mm and 300 mm wafers at 4 K (while Bluefors’ probe station also supports 300 mm wafers). 
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The HPD IQ2000 is a chip-scale prober for individual die testing operating at 2K or at 4 K. The tested 

chipset can be thermalized from 300 K to 4 K in less than an hour (right in Figure 500). 

       
Figure 500: FormFactor HPD IQ3000 cryoprober and HPD IQ2000 chip-scale prober. Source: FormFactor. 2023. 

They sell dry dilution refrigerators supporting 10 mK and below temperatures that are used for test and 

measurement (JDRY-250, JDRY-500, and JDRY-600, this last one offering a 630 µW cooling power at 

100 mK and 17 µW at 20 mK), all coming from Janis ULT. 

They also sell one or two-stage ADR (Adiabatic Demagnetization Refrigerators) using a salt crystal to 

strong magnetic fields, complementing dilution refrigerators. Among others, FormFactor partners with 

SEEQC and Keysight. 

 

Oxford Instruments (1959, UK) is an established British company, listed on 

the London Stock Exchange since 1999, specializing in scientific instrumen-

tation including cryogenic systems capable of reaching 5 mK2118. 

They also provide CCD cameras to detect the state of trapped ion qubits, electron microscopes, vac-

uum deposition systems, X-ray sources and cameras, and nuclear magnetic resonance spectrographs. 

The company had acquired VeriCold Technologies (Germany) in 2007 to gain control of pulsed tubes 

used in the first stage refrigeration for dry dilution cryostats. Their last product is the Proteox, a high-

end and flexible dry dilution system with removable cabling (Figure 501). 

In March 2021, they launched the ProteoxLX. It expands the qubits hosting capacity with a larger 

sample space and coaxial wiring capacity, low vibration and integration of cryo-electronics compo-

nents. It offers a cooling power of 25 µW at 20 mK and 850 µW at 100 mK with twin pulse tubes 

providing up to 4 W cooling power at 4 K. 

They also designed a Q-LAN, a cryogenic link that could be used to connect two dilution fridges. The 

payload can reach 20 kg at 20 mK and 125 kg at 4K. 

 

2118 See Principles of dilution refrigeration by Oxford Instrument (20 pages) which also documents well the architecture of a cryostat. 

https://home.agh.edu.pl/~kozlow/fizyka/otrzymywanie%20niskich%20T_jak%20dziala%20Triton/Priciples-of-dilution-refrigeration_v14.pdf
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Figure 501: Oxford Instruments ProteoxLX. Source: Oxford Instruments. 

 

CryoConcept (20142119, France, acquired by Air Liquide in July 2020) stands 

out with cryostats ensuring a very low-level of vibration via their UltraQuiet 

technology. 

They have deployed more than 120 cryostats in 13 countries for various players such as the CEA in 

Saclay and the ENS2120. Since 2018, CryoConcept has been collaborating with CEA-Leti to deliver 

two large cryostats to equip the QuCube project for silicon qubits. They sell worldwide including in 

the USA, Japan and South Korea in a market driven by dark matter research and bolometry. The 

unique low-level of vibrations of their cryostat is related to the absence of mechanical contact between 

the pulse tube and the cryostat. 

Thanks to this feature, vibrations are reduced in the range from 1Hz to 1kHz. This absence of vibra-

tion is useful to preserve qubits coherence as for cryostats installations containing bolometers that are 

used to perform physics experiments such as in dark matter research. This experience in bolometry 

enabled CryoConcept to develop highly reliable dilution fridges, with systems running for more than 

one year without interruption. This reliability is a key attribute sought after to operate future quantum 

data centers. 

Historically, CryoConcept started by manufacturing wet cryostats and kept an expertise in this field 

even though dry systems are now the most commonly manufactured dilutions. Now associated with 

Air Liquide, CryoConcept is working on coupling helium liquefiers with dilution refrigerators in or-

der to overcome the current cooling power limitation at 4K, thanks to their refrigeration technology 

from 300 K down to 20 mK. This will ensure cooling power adapts as the number of qubits in the 

related quantum processors is growing. 

With the acquisition by Air Liquide, CryoConcept has standardized the manufacturing of the dilution 

core of its system, with a production capacity of about 20 units per year. Those units can each deliver 

 

2119 CryoConcept was in fact created in 2001 by technology transfer from the CEA where Olivier Guia had worked. The company has 

had several different owners including French company Segula Technologies and American company CryoMagnetics. Olivier Guia 

took over the company in 2014. They then reintegrated the in-house R&D and in particular recovered the technological mastery that 

was at the CEA. 

2120 See the quantum equipment of the ENS (Ecole Normale Supérieure, in France) in their Labtour. 

http://www.lpa.ens.fr/spip.php?article921
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20µW of cooling power at 20mK and can be inserted in systems of arbitrary size. One of those large 

systems is currently being manufactured for the French consortium QRYOlink, and one even larger 

for a major quantum computing industry player. 

 

Leiden Cryogenics (1992, the Netherlands) was founded by Giorgio Frossati 

and Alex Kamper. The former had been working on dilution refrigeration since 

the 1970s. Among other things, he invented silver powder heat exchangers. 

He started to work at the Centre de Recherche sur les 

Très Basses Températures in Grenoble, which became 

the research center on Condensed Matter and Low Tem-

peratures (MCBT) of the Institut Néel of the CNRS. He 

then became a professor at the University of Leiden in 

the Netherlands. He designed there a dilution refrigera-

tor reaching a record temperature of 1.85 mK with a 

cooling power of 25 μW at 10 mK. The heat exchanger 

technologies he developed were licensed to Oxford In-

struments. At last, BlueFors was created by Georgio 

Frossati's post-docs! What a small world!  

Leiden is behind what looks like the largest very low 

temperature cryostat ever build for a large load as shown 

in Figure 502. It was achieved between 2016 and 2018 

for CUORE (Cryogenic Underground Observatory for 

Rare Events). 

 
Figure 502: the CUORE mega-cryostat cooling a load of 

one ton. 

It is a bolometric experiment for neutrinoless double-beta decay detection in TeO2 (tellurium dioxide) 

that is installed at the underground facility of Laboratori Nazionali del Gran Sasso (LNGS) in the 

Alps. The CUORE cryostat is cooling a one ton mass of metal with a one cubic meter size to 7mK. It 

is using a three stage cooling system with liquid Helium vapors for the first stage at 50K, 5 CryoMech 

PT415 pulse-tubes and compressors for the 4K stage and only a single Leiden modified dilution for 

the <10mK stage. Interestingly, the cooling power of the lowest stage is only of 3 µW at 12 mK, 

lower than the max cooling power at 15mK of most dilutions analyzed in this section. The difference 

is it took 26 days to cool down the experiment, including only 4 days for the last stage of one ton 

after 22 days to reach 3.4K2121. 

 

ICE (2004, UK) aka ICEoxford was created in 2004 by Chris Busby and Paul 

Kelly to design and manufacture custom wet and dry Ultra Low Temperature 

(ULT) cryostats (but not below 300 mK) and High Magnetic Field equipment 

for research applications.  

 

Maybell Quantum (2022, USA, $26M) is a new company created in Colorado 

by Corban Tillemann-Dick (CEO, formerly at the BCG), Kyle Thompson 

(CTO, from the MIT Lincoln Labs and Janis ULT) and Brian Choo. 

The company initial funding came from Colorado’s Advanced Industry Accelerator (AIA) venture 

fund and the US DoD National Security Innovation Capital fund (NSIC) which belongs to the Defense 

Innovation Unit. The company said it already has some contracts from DARPA. It develops a dilution 

refrigerator, the Icebox, that is intended to support three times more qubits in 10% of the usual space, 

all at a temperature below 10 mK. Above all, they announce a capacity of 4,500 cables to drive qubits 

with microwaves up to 12 GHz (meaning: superconducting qubits and electron spin qubits) thanks to 

their Flexlines, ultra-high-density RF ribbon cables and Super-Flex NbTi ribbons cables for the lower 

 

2121 See The CUORE cryostat by A. D'Addabbo et al, August 2018 (8 pages). 

https://arxiv.org/abs/1805.06209
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stages of the cryostat. Their Resito-Flex (CuNi-NbTi, BeCu-NbTi, CuNi-CuNi) and Atenu-Flex (SS-

NbTi, SS-SS, SS-CuNi) ribbons are adapted to higher-temperature stages. It is optimized for 1,000 

qubits QPUs. They also provide classical coaxial cabling and fiber optics connectivity. The whole 

cryostat fits into two 19” server racks formats with extra space available for 9U of electronics and 

computing. But it doesn’t contain the compressor and the GHS (gas handling system) that controls 

the flow of helium in and out of the compressor and requires a space equivalent to their own system. 

The helium compressor can be cooled with air or water. On top of that, the Maybell Icebox experi-

mental part is supposedly accessible with a simple door (Figure 503, left). 

                
Figure 503: the Maybell Quantum cryostat unveiled at the APS March meeting 2022 in Chicago (left) and the Big Fridge announced 

in 2023 (right). In the middle, their dense flexible cables setup. Source: Maybell Quantum. 

In 2023, Maybell Quantum launched its Big Fridge, a whole dilution refrigerator solution designed 

for scale. It has 130L of sample volume and 600L of total internal volume, and over 4,000 cm2 of area 

on the mixing chamber plate (Figure 503, right). In September 2023, Maybell Quantum set up a 

European headquarters and regional R&D center in Copenhagen, Denmark. 

 

Absolut System (2010, France) was created by Alain Ravex, former head of 

the low temperature department of the CEA in Grenoble in the 1980's and 

1990's, then a consultant for Air Liquide. He sold the company to his partners 

and now consults for them and other players in the cryogeny field. 

The company develops custom cryostats running at temperatures higher than 1.8K and targets a wide 

range of applications in research and in the industry, particularly for the production of liquid nitrogen. 

Their customers include CEA-Leti, Thales and Air Liquide. They are based near Grenoble. 

They developed the ACE-Cube (Advanced Cryogenic Equipment), a cryogen free helium cryostat 

using a remote cooling technique. It is implemented for specific infrared detectors and semiconduc-

tors characterization and above 10K. 

They also launched AFCryo (2017), a joint subsidiary in New Zealand, with Fabrum Solutions (2004) 

also based in New Zealand2122. 

 

MyCryoFirm (2013, France) produces dry cryostats, running at 3K with a 

cold plate of 250 mm diameter with a 300 mW cooling power at 4.2K. They 

rather target the field of research in quantum optics, quantum physics and 

quantum sensing. 

 

2122 See Commercial Cryocoolers for use in HTS applications by Christopher Boyle, Hugh Reynolds, Julien Tanchon and Thierry 

Trollier, 2017 (29 slides). 

https://publikationen.bibliothek.kit.edu/1000075569/4403079
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They propose various experiment decks/plates adapted to creating magnetic fields, spectroscopy ap-

plications and the likes. In 2022, they did add a dilution option on their Optidry250 cryostat and made 

it operate at 50 mK at Météo France. The company was acquired by Pasqal in 2022. Pasqal indeed 

needs 4K custom cryostats assemblies to cool its QPU ultra-vacuum pump and atom chamber. 

 

Cryomech (1963, USA) is a supplier of components for cryostats and in par-

ticular dry cooling systems comprising a pulsed tubes and a compressor which 

are integrated in the cryostats of most market players such as BlueFors and 

CryoConcept. 

These pulse tubes (Figure 505) and compressors (Figure 504) are the first stage of dry dilution refrig-

eration systems. They use an expansion system of compressed gas outside the cryostat with no rotat-

ing parts in the cryostat 2123. The compressor is water-cooled, with a flow rate of 5 to 12 liters per 

minute depending on the incoming temperature. But this water must also be cooled, and it can require 

up to an additional 10 kW of electric power unless the computer is located in a cool region. 

Their pulse tubes range includes the PT415 and PT420 (right in Figure 505). Its main competitor is 

the SHI Cryogenics Group subsidiary of Sumitomo (Japan, left in Figure 505)2124. These compressors 

are sold combined with their related pulsed tubes. At the APS March meeting in Las Vegas, in March 

2023, Cryomech introduced a new high-range compressor (CP3000) and pulse tube (PT450) with a 

record cooling power of 5.0 W at 4.2 K. 

In March 2023, Bluefors announced its acquisition of Cryomech, creating some turmoil in the dilution 

refrigerator industry, given Cryomech is the de facto standard with many of them. 

 
Figure 504: a Cryomech compressor, that is connected 

to a pulse tube (on the right). Source: Cryomech. 

                 
Figure 505: Cryomech PT420 and Sumitomo pulse tubes, that cool a cryostat 

down to 4K. It is also used to cool down the helium 3 and 4 mixture circulating 
in a dilution that is attached to the pulse tube. Source: Cryomech. 

 

Intelline (2018, Canada) produces customized cryogenic refrigeration systems 

that are expected to be more affordable than those of its competitors. But they 

seem to target markets other than quantum computer cryogenics, at least at 

temperatures below 1K. 

 
CryoFab (1971, USA) provides liquid helium containers and related accesso-

ries. 

 

2123 These pulsed tubes are used in particular in the semiconductor industry, in vacuum deposition machines (CVD, MOCVD) and 

plasma deposition machines. They are down to 10K, which is sufficient for semiconductor production. 

2124 There are other pulse head and compressor manufacturers such as Fabrum Solutions (New Zealand) but the latter only targets 

temperatures of 77K for liquid nitrogen production. 



Understanding Quantum Technologies 2023 - Quantum enabling technologies / Cryogenics - 582 

 

Cryogenic Limited (1991, UK) provides a various set of cryogenic systems 

and superconducting magnets. It includes liquid helium systems and ultra-low 

temperature systems using their own magnet and an off-the-shelf cryostat from 

Leiden. 

 

Qinu (Germany) is a new company selling mK and 4K cryostats. It was cre-

ated by a former researcher from Institut Néel in Grenoble, which has its own 

cryostats design laboratory. 

 

Attocube Systems (2001, Germany) has different line of businesses including 

cryostats mainly targeting the research community. It sells the attoDry series, 

closed-cycle dry cryostats (with cooling temperatures ranging from 1.65K to 

4K), and the attoLIQUID series (300 mK), liquid helium cryostats. 

 

Montana Instruments (2009, USA) develops cryostats and vacuum pumps, 

used in trapped ions (including IonQ) and NV centers computers as well as 

photon-sources (Sparrow Quantum). 

One of their added values is to reduce the vibrations coming from the pulse tube. They cover temper-

atures ranging from 3.2K to 4.9K. 

 

Zero Point Cryogenics (2017, Canada) is a company created by John P. Davis 

(CTO) from the University of Alberta. It provides compact dilution fridge de-

signs including an inverted dilution (Model I) and a classical dilution (Model 

L). 

Ulvac Cryogenics (Japan) provides various cryogenics solutions including 4K pulse tubes and also 

4K cryopumps that can be used in cold atoms and trapped ions QPU settings. 

There are many other cryostats and cryogenic devices vendors, but they are less specialized in serving 

the needs of quantum technologies providers2125. 

Cooling budgets 

The level of cooling power 

at ultra-low temperature is 

quite low. This limits the 

energy that can be released 

by the qubits themselves 

and by the microwave at-

tenuation and amplifica-

tion circuits used to read 

the state of the qubits. Fi-

gure 506 shows a compar-

ison of these cooling 

power budgets by supplier. 
 

Figure 506: cooling power per temperature and cryostat vendor. (cc) Olivier Ezratty, 2020-2022. 

The BlueFors' refrigeration thermal budget ranges from 12 μW (LD250) to 30 μW (XLD1000) at 20 

mK, and from 250 μW (LD250) to 1,000 μW (XLD1000) at 100 mK. 

 

2125 See 61 Ice Hot Companies Transforming The Cryogenics & Alternative Cooling Systems Industries, January 2021. 
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Oxford Instruments' TritonXL also has a thermal budget of 1,000 µW at 100 mK but with two pulsed 

tubes, while the new Proteox reaches 500 µW ... with only one pulsed tube. It is completed by a 

removable system for qubit control cables supporting up to 1402126. The Janis JDry-500-QPro has a 

thermal budget of 14 µW at 20 mK and 450 µW at 100 mK (above, in-house compilation). 

The current record can be found at Leiden Cryogenics with a recent cryostat with a thermal budget 

of 2000 μW on the 100 mK stage, but the budget at 20 mK is not indicated in their literature. On the 

4K stage, the available thermal budget is around 1W. But beware, these extreme performances above 

500 µW are often obtained with two pulsed tubes instead of one and thus, double the external com-

pressor and power drain. All this with a double dilution refrigeration system to go below 1K. It is also 

possible to have systems with a single pulse tube and two dry dilution systems. 

The thermal budget of the coldest stage is conditioned by the equation: Qm = 84ṅ3T
2 where Qm is the 

cooling power in W, ṅ3 is the flow velocity in mol/s of helium 3 in the cryostat at this stage and T is 

the temperature of the stage in Kelvin. This law that can be simply called "Q=84NT2" explains that 

the thermal budget at 15 mK is very low compared to the cooling budget available at the upper stages 

(up to 25 μW at 15 mK, 1 mW at 100 mK and 1.5W at 4K). 

There is another constraint related to the Kapitsa resistance. It limits heat exchanges between helium 

3 and the heat exchanger. These exchanges are proportional to T4. If we therefore want to multiply 

heat exchanges by 10, the exchange surfaces in the lower parts of the dilution system would have to 

be multiplied by 10,000! This is done using silver powders integrated into the discrete heat exchang-

ers above the dilution chamber. These powders are structured to maximize the heat exchange surface 

area with the helium gas flowing through them. Their deposition process must maximize the flat 

contact surface with the small tanks where they are located. It is possible to increase cryostats cooling 

power by adding more cooling stages, improving their Carnot efficiency and with multiplying the 

pulse tubes and dilutions. 

Other cryogenics 

For the other types of qubits, the cooling requirements are different: trapped ion qubits are not theo-

retically refrigerated, but Honeywell's prototype ion-trap chips announced in early March 2020 are 

cooled to 12.6K, a temperature that can be obtained with helium 4 based cryostats. 

In photon-based quantum processors, the optical components traversed by the photons (mirrors, 

prisms, interferometers, whether miniaturized in nanophotonics or not) are not refrigerated, but the 

photon sources and photon detectors are, at temperatures between 1K and 10K. The associated cryo-

genics are much lighter and consume less energy compared to dilution cryostats. 

Other techniques allow very localized cooling. This is the case of the Doppler effect which works on 

cold atoms suspended in a vacuum. Another solution developed by researchers from the VTT Tech-

nical Research Centre in Finland would cool silicon components with a phonon-based electronic 

cooling technique. It seems that this cooling capacity is very low, very localized, and still requires 

pre-cooling the system to at least 244 mK. It is therefore still necessary to operate a helium 3 and 4 

dilution cryostat2127. 

 

Thales Cryogenics (France, the Netherlands) is a subsidiary of 

Thales Group which creates various specialized cryocoolers for 

military and commercial applications. 

 

2126 See the very interesting presentation 50 years of dilution refrigeration, by Graham Batey of Oxford Instruments, 2015 (26 slides). 

2127 See Thermionic junction devices utilizing phonon blocking by Emma Mykkänen et al, 2020 (9 pages). It reads: "The cooling power 

for this sample is about 2 pW/μm2 at 300 mK". "Our best-performing sample is S2 (subchip with 1-mm diameter and 0.4-mm height). 

Its maximal absolute and relative temperature reductions are 83 mK (at 244 mK) and 40% (at 170 mK), respectively". Therefore, it is 

already necessary to reach 244 mK before starting, and it is therefore necessary to use a helium 3 and 4 cryostat. 

Thales Cryogenics

http://epsassets.manchester.ac.uk/medialand/physics/DilutionRefrigerationConf50Yrs/Batey.pdf
https://advances.sciencemag.org/content/advances/6/15/eaax9191.full.pdf
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It includes rotary and linear Stirling coolers, mini-coolers, 

high-pressure gas compressors, miniature DC/AC rotary and 

linear converters, linear pulse tube cryocoolers etc. 

Thales' NV centers-based quantum sensors use miniaturized 

cooling using liquid nitrogen and occupying only half a cubic 

decimeter2128 (Figure 507). The required temperature is lower, 

around 70K which is quite hot compared to 15 mK! These cry-

ostats are used for various breeds of quantum sensors. 

 
Figure 507: a small Stirling cooler for embedded 

systems. Source: Closed Cycle Refrigerator by 
John Wilde, 2018 (11 slides). 

Qubits control electronics 

Most of the time, driving qubits with quantum gates and for their state readout requires sending them 

some sort of photons (Figure 508). For superconducting qubits and electron spin qubits, these photons 

are in the microwave spectrum. In a counterintuitive fashion, these microwaves are transmitted in 

coaxial cables and not over the air like radio waves. Their frequencies range between 1 and 15 GHz 

for superconducting qubits (but, usually, between 5 and 6 GHz) and between 12 and 26 GHz for 

electron spin qubits. These are in between higher-frequencies photons that can be transmitted in op-

tical fiber and lower frequencies signals which are transmitted as classical electrical current in wires. 

These photons are generated as pulses of various shapes and duration (cosine signals shaped with an 

envelope, base pulses of diverse forms, cosine or other, and direct-current pulses which are the sim-

plest to generate). 

We will look here into two sorts of micro-wave generation technologies: those coming from room 

temperature electronics and those generated within the cryostat at cryogenic temperature, including 

cryo-CMOS, SFQ superconducting electronics and other discrete electronic components working at 

these low temperatures like the TWPAs used for qubits microwave readout signals amplification. 

Direct current signals are also used to drive qubits, like with Z gates with some superconducting 

qubits and to drive some amplifiers2129. To be complete, we’ll then also look at cabling and filtering 

components and their vendors. 

With photons, cold atoms and trapped ions qubits, control techniques involve photons and lasers op-

erating in the infrared and near visible spectrum which we don’t cover here. There are probably miss-

ing elements in Figure 508 related to photonic and atom based qubits. 

We’ll try here to answer many questions: how are all these electronics affecting the quality of qubits? 

How is it scaling as you need to significantly increase the number of physical qubits to accommodate 

the requirements of fault-tolerant quantum computing? How do you optimize the existing cumber-

some wiring? What are the solutions to run all or part of these electronic systems inside the cryostat? 

What is the power consumption of these various solutions? How can room temperature electronics 

and cryogenic electronics scale? 

Wiring. How many wires are needed to control solid states qubits? It depends but there are usually 

half a dozen wires needed to control a superconducting or quantum dot spin qubit. One or two micro-

wave wires to drive qubit gates, one or two DC pulses wires to control other gates and then, two 

 

2128 These are usually systems using a Stirling engine. Thales Cryogenics produces such miniaturized refrigeration systems. The RM2 

cools a payload to 77K for a mass of 275g and a thermal budget of 400 mW at this temperature. It is notably used for cooling infrared 

cameras in embedded systems. This type of small cryostats can also be found at SunPower (USA), capable of cooling down to 40K 

and with a larger mass of 1.2 kg. Ricor (1967, USA) is another manufacturer of this kind of mini-cryostats. 

2129 This excellent review paper Microwaves in Quantum Computing by Joseph Bardin et al, January 2021 (25 pages) provides an 

excellent overview of the challenges of microwave based qubit controls for superconducting, electron spin and trapped ion qubits. The 

table/chart in this page is inspired from this document. Z gates are driven by direct currents with Google’s Sycamore qubits while 

IBM’s are driven by microwaves, like the XY gates. See also Engineering cryogenic setups for 100-qubit scale superconducting circuit 

systems by S. Krinner et al, 2019 (29 pages) which makes a good inventory of energy consumption sources in the cryostat. 

https://faculty.sites.iastate.edu/canfield/files/inline-files/590B_CCR_presentation.pdf
http://www.thales-cryogenics.com/products/coolers/rotary/rm2/
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=931145
https://link.springer.com/content/pdf/10.1140/epjqt/s40507-019-0072-0.pdf
https://link.springer.com/content/pdf/10.1140/epjqt/s40507-019-0072-0.pdf
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microwave wires for qubit readout (one in and one out of the qubit). One DC bias is sometimes used 

to change energy spacing for tunable superconducting qubits. When you scale the number of qubits, 

this creates a massive number of wires. 

 

Figure 508: compilation of the various electronic and photonic signals used to drive various types of qubits. This diagram will later 
be completed with more signals used to drive atoms and photon qubits. (cc) Olivier Ezratty, 2021-2023. 

Multiplexing. Work is being done to multiplex these qubit drive signals with different methods. One 

is frequency domain multiplexing that is already implemented for qubit readout with up to 8 micro-

waves frequencies in a single wire and could also be implemented for qubit drive2130. A second would 

be frequency multiplexing with up and down convert to higher frequencies such as in the optical 

domain. Nanophotonic circuits sitting very close to qubit chips could be used for microwave up/down 

frequency conversion from microwave photons to optical photons and their multiplexing2131. One 

proposed conversion technique uses VCSEL (Vertical-cavity surface-emitting lasers) that are known 

to operate at low temperature of 2.6K, which is still high2132. A third method consists in using time 

domain multiplexing which probably has some limitations in scaling, making it impossible to run 

several gates simultaneously and therefore potentially slowing down computing and quantum error 

correction2133. To ensure scalability, these solutions must demultiplex the signal as close as possible 

to the qubit chip and have a very low power drain, compatible with the very low cryostat cooling 

budget at low cold-plate stages, and if not, at the 4K stage. Some researchers are also proposing to 

optically multiplex qubit readout signals using piezo-optomechanical transducers2134. 

 

2130 See Multiplexed control scheme for scalable quantum information processing with superconducting qubits by Pan Shi et al, De-

cember 2023 (8 pages). 

2131 See Supporting quantum technologies with a micron-scale silicon photonics platform by Matteo Cherchi et al, VTT, 2022 (17 

pages) and Control and readout of a superconducting qubit using a photonic link by F. Lecocq et al, NIST, September 2020 (13 pages). 

2132 See Recent Advances in 850 nm VCSELs for High-Speed Interconnects by Hao-Tien Cheng et al, February 2022 (27 pages) and 

Microwave-optical quantum frequency conversion by Xu Han et al, Optica, 2021 (15 pages). See also Scaling up Superconducting 

Quantum Computers with Cryogenic RF-photonics by Sanskriti Joshi et al, University of Washington, October 2022 (10 pages). 

2133 See Multiplexed superconducting qubit control at millikelvin temperatures with a low-power cryo-CMOS multiplexer by Rohith 

Acharya et al, IMEC, Nature Electronics, September 2022-September 2023 (22 pages, arXiv). The “1 to 4” drive multiplexer has a 

power consumption of around 0.24 μW of static power and 0.5 μW of dynamic power, with ~0.2 μW power consumption per qubit 

channel making it suitable to control 100 qubits and 1,000 qubits with some optimizations, within the constraints of today’s cryostats. 

2134 See High-fidelity optical readout of a superconducting qubit using a scalable piezo-optomechanical transducer by T.C. van Thiel, 

Simon Gröblacher et al, QPhoX, Qblox and Rigetti, October-November 2023 (10 pages). 
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Figure 509: comparison of the temperature and feature of various qubits and cryo-electronic chips. (cc) Olivier Ezratty, 2022. 

Cryo-electronics options. Many options exist that we’ll cover in this part. Cryo-electronics can op-

erate at the 4K stage (HorseRidge) down to the lower stages (15 mK to 100 mK) as shown in Figure 

509. What are their limitations? Also, what are the pros and cons of cryo-CMOS vs SFQ electronics? 

All these cryo-electronics solutions must be compared with detailed specifications. The generated 

microwave quality depends on the sampling rates used in their DAC and ADCs, on the number of 

points used in generating the wave envelope (16,384 points for HorseRidge 2, aka 14-bit sampling), 

their power consumption per qubit, their frequency range (targeting superconducting and/or electron 

spin qubits), their clock, their noise level and their real scalability potential with a large number of 

qubits. These electronic components must also be as isolated as possible from the qubit chips. 

Optimization. Cryo-electronics are an interesting solution for many respects: it potentially reduces 

the wiring burden as seen above, it creates miniaturized electronics that can help constrain the total 

size and weight of a quantum computer, it has the potential to minimize the control/readout/processing 

cycle latency and its energy consumption can be much smaller than room temperature electronics. 

If the cryo-electronics components are not at the same stage as the qubits, you’ll still need some 

(expensive superconducting) wiring. And it has a significant indirect energetic cost. These cryo-elec-

tronics components generate heat that must be extracted from the cryostat. As you get in the lower 

cryostat stages, its cooling power gets drastically reduced proportionally to T4, T being the cryostat 

stage temperature. 

The current cooling budget at 15 mK is lower than 40 μW and goes up to 1W at the 4K stage. You 

can still bet on the creation of larger cooling power cryostats but their energetic cost will skyrocket. 

It explains why some cryo-electronics components are designed to stay at intermediate stages (2K to 

4K). This balance depends also on the qubit operating temperature. 

For superconducting qubits, the constraint is much bigger than with spin/silicon qubits which could 

operate at higher temperatures (100 mK to 1K). 

Recent modelling did show that for superconducting qubits, the control electronics energetic cost is 

surprisingly optimized with room temperature electronics2135. 

 

2135 See Optimizing resource efficiencies for scalable full-stack quantum computers by Marco Fellous-Asiani, Jing Hao Chai, Yvain 

Thonnart, Hui Khoon Ng, Robert S. Whitney and Alexia Auffèves, arXiv , September 2022 (39 pages). 
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Figure 510: description of the various electronic tools that control superconducting qubits. (cc) Olivier Ezratty, 2022. 

Control electronics and qubit fidelities. The relation between qubit fidelities (one and two qubit 

gates + idling + qubit readout) and control electronics precision has been widely studied. A paper 

from Intel and Dutch researchers from 2019 did show this correlation and created a model to reach 

99.9% fidelities for all these operations (Figure 511). With solid state qubits, two sorts of control 

signals are generated: DC pulses and wave formed pulses in the microwave regime. There is a clear 

link between qubit fidelities and the precision of microwave signal generation regarding their duration, 

amplitude, frequency and phase. It demonstrated that it was a reachable goal for state of the art clas-

sical room temperature electronics2136. 

   
Figure 511: specifications of a qubit control microwave pulse and of the infidelity sources. Data source: Impact of Classical Control Electronics on 

Qubit Fidelity by J.P.G. van Dijk, Menno Veldhorst, L.M.K. Vandersypen, E. Charbon, Fabio Sebastiano et al, PRA, 2019 (20 pages). 

 

2136 See Impact of Classical Control Electronics on Qubit Fidelity by J.P.G. van Dijk, Menno Veldhorst, L.M.K. Vandersypen, E. Char-

bon, Fabio Sebastiano et al, PRA, 2019 (20 pages). 
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The noise affecting qubits and coming from control electronic comprises many aspects: phase noise 

coming from source clock jitter feeding the master and local oscillators, AWGs and DACs originated 

harmonics, leakage signals from mixers, various amplitude signal to noise ratios (SNR) and noise 

coming from reference voltage sources like the BVGs (bias voltage generators) that are used to gen-

erate DC pulses, as shown in Figure 510 for the case of superconducting qubits. 

Various improvements are thus sought in qubit control electronics: 

LO Phase Noise. The local oscillators used in 

the AWG (arbitrary waves generators) must have 

a reasonable phase noise2137 (Figure 512). Phase 

error noise becomes important as qubit fidelities 

are improved with better control of environmen-

tal sources of decoherence. Lab-grade oscillators 

may already limit the performance of qubits hav-

ing microsecond scales gate times, like with 

trapped ions. Thus, the need to use low phase 

noise high precision local oscillators instead of 

traditional lab-grades LOs. 

 

Figure 512: The role of master clock stability in quantum 
information processing by Harrison Ball et al, NPJ Quantum 

Information, November 2016 (8 pages) 

There is a 10-4 difference in phase noise errors between lab-grade and precision LOs! Given super-

conducting gates time span 10 ns to 600 ns, a 10-5 error rate only due to LO phase noise could be 

reached during this time. We’re not far from the required threshold for QEC! 

Low Latency control/readout cycles. There’s also a need to minimize the duration of the qubit con-

trol and readout cycle. It minimizes the impact of the errors that can happen during the cycle due to 

decoherence, enabling a higher quality QEC. The quantum feedback latency must be several orders 

of magnitude under superconducting qubits coherence times that are in the range of 50 μs to 100 μs 

and could potentially exceed 1 ms. So, we’re in for a maximum of a few 100 ns. Some techniques 

exist to optimize the duration of the readout microwave pulses2138. The control system must also be 

well synchronized across all qubits, which can be achieved with a distributed synchronous clock and 

trigger architecture2139. 

Labs also make use of spectrum analyzers. Another feedback loop optimization comes with handling 

qubits gates AWGs, their DACs and readout data acquisition in the same FPGA2140. 

From FPGA to ASIC. At this point, the most advanced qubit control systems are FPGA based. Their 

advantage is sound economics for small scale use cases but at an energetic cost. Using CMOS ASICs 

could bring some energetic advantage on top of further reducing control cycle latency, but it has a 

significant cost few qubit developers can afford at least in research labs. Also, the ASIC design and 

manufacturing cycle is much longer than with an off-the-shelf FPGA board. 

 

2137 See The role of master clock stability in quantum information processing by Harrison Ball et al, NPJ Quantum Information, No-

vember 2016 (8 pages) and A 2–20-GHz Ultralow Phase Noise Signal Source Using a Microwave Oscillator Locked to a Mode-Locked 

Laser by Meysam Bahmanian and J. Christoph Scheytt, 2021 (11 pages). 

2138 See Fast quantum gate design with deep reinforcement learning using real-time feedback on readout signals by Emily Wright and 

Rogerio de Sousa, May 2023 (9 pages). 

2139 In FPGA-based electronic system for the control and readout of superconducting quantum processors by Yuchen Yang et al, USTC 

China and Alibaba, February 2022 (12 pages), a Chinese team describes how it implemented such a system, to control 2 qubits for a 

starter. It’s based on using FPGAs in 3U (3 units heights in electronics racks) PXIe modules, the instrumentation equivalent of the PCIe 

bus used in microcomputers and created by National Instruments in 1997. As an example, the 3U PXIe-1095 below has 18 slots. The 

team used a FS725 Rubidium Clock running at 10 MHz with ultralow phase noise, coming from Stanford Research Systems (1980, 

USA). They are also using the physical layer “Low Voltage Differential Signaling” system (LVDS) which has a low latency. 

2140 See Hardware for multi-superconducting qubit control and readout by Zhan Wang et al, 2021 (11 pages). In this work, the feedback 

latency reached 178.4 ns. It’s using a 28 nm Xilinx XC7K325T FPGA with 326K logic cells. 

https://www.nature.com/articles/npjqi201633
https://www.nature.com/articles/npjqi201633
https://www.nature.com/articles/npjqi201633
https://www.researchgate.net/publication/348532015_A_2-20-GHz_Ultralow_Phase_Noise_Signal_Source_Using_a_Microwave_Oscillator_Locked_to_a_Mode-Locked_Laser
https://www.researchgate.net/publication/348532015_A_2-20-GHz_Ultralow_Phase_Noise_Signal_Source_Using_a_Microwave_Oscillator_Locked_to_a_Mode-Locked_Laser
https://arxiv.org/abs/2305.01169
https://arxiv.org/abs/2110.07965
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0425
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Thus, the move from FPGA to ASIC is not just a technological driven choice but also an economical 

one. At some point, it will be conditioned by the growth in volume of the quantum computers market. 

Memristors DC control. A Canadian French team proposed to control spin qubits quantum-dot gate 

biases with DC sources with a cryogenic solution using Al2O3-TiO2-based tunable memristors with a 

±1V range and 100 μV resolution. Memristors are non-volatile systems with tunable resistance. It fits 

the need to tune these DC pulses due to qubits variability. It was demonstrated at 4.2K2141. It doesn’t 

support the other needed type of electronic controls, microwave pulses, that are needed to drive single 

qubit gates. This solution simplifies the DC wiring between room temperature control electronics and 

the 4K stage in the cryostat, but it still requires DC lines between this stage and the qubits chip at 

below 1K. These memristors are dissipating 1.77 mW. As a result, a current generation cryostat with 

1.5W cooling power at 4.2K could accommodate about 800 such memristors. We’re still far from the 

LSQ realm. 

Pulse control optimization. At the software level, pulse control can benefit from some optimization 

techniques, requiring a verticalized approach crossing the usual layers between high-level gate-based 

code and pulse control. Such cross-layers optimizations are proposed by IBM and Q-CTRL2142. It is 

particularly useful in NISQ regimes since it makes use of many arbitrary single qubit rotation gates 

in variational algorithms. At the pulse waveform level, optimizations can also be made with using 

some data compression which is important given that with many superconducting qubits, every qubit 

and couplers are driven by a unique waveform for each supported physical gate, which is tuned in 

calibration cycles to maximize gate fidelities2143. 

Topological qubits controls. These qubits, at least those that Microsoft is trying to create, are driven 

by simpler signals, mostly on/off DC signals and with no microwaves or pulsed microwaves. As a 

result, these qubit controls have a much smaller required bandwidth and can be implemented with a 

lower space and energetic footprint in cryo-CMOS chips. Older literature however mentions that top-

ological qubits are driven by waveformed pulses2144 2145. 

Consolidated projects. Several qubit control and electronics research and development projects were 

recently launched in Europe. In Germany alone, you have three related projects: 

QuMIC (Qubits Control by Microwave Integrated Circuits, 6.3M€, 2021-2024) which involves four 

academic and two industry partners (Infineon, Supracon AG) and deals with miniaturization of RF 

electronics to control superconducting and trapped ions qubits. 

qBriqs (2M€, 2021-2024) which also involves four academic and two industry partners (Rosenberger 

and Stahl Electronics) and deals with compact cryogenic connectors, qubit readouts TWPA and 

HEMT amplifiers, filters and attenuators, DACs and ADCs and DC flux current generators. 

HIQuP (2021-2024, 2.2M€) with, again, four academic and two industry partners (Supracon AG and 

IQM Germany) which works on superconducting and cryogenic qubit control electronic circuits. 

 

2141 See Memristor-based cryogenic programmable DC sources for scalable in-situ quantum-dot control by Pierre-Antoine Mouny et 

al, March 2022 (13 pages). 

2142 See Summary: Chicago Quantum Exchange (CQE) Pulse-level Quantum Control Workshop by Kaitlin N. Smith, February 2022 

(17 pages). 

2143 See COMPAQT: Compressed Waveform Memory Architecture for Scalable Qubit Control by Satvik Maurya and Swamit Tannu, 

University of Wisconsin-Madison, December 2022 (19 pages). 

2144 See Flux controlled quantum computation with majorana fermions by T. Hyart et al, PRB, 2013 (17 pages). 

2145 See Detecting majorana modes in one-dimensional wires by charge sensing by Gilad Ben-Shach et al, Harvard, University of 

Maryland and Weizman Institute, PRB, 2015 (12 pages). 

https://arxiv.org/abs/2203.07107
https://arxiv.org/abs/2202.13600
https://arxiv.org/abs/2212.03897
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.88.035121
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.91.045403
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In France, the QRYOlink project combines CEA-Leti and Institut Néel from Grenoble, Radiall, 

ATEM, Air Liquide, C12 and Alice&Bob to develop a scalable architecture for cryogeny and cabling 

aimed at supporting solid-state qubits. Other related projects also cover scalable control electronics 

targeting large scale quantum computing architectures. 

Room temperature electronics 

Room temperature electronics is the dominant solution used both in research labs and with most 

commercial vendors (IBM, Google, Rigetti, IQM, etc). The key components are on the way in for 

each and every qubit: 

• AWGs (arbitrary waveform generators) which create microwaves pulse forms and usually gener-

ate about 2 GigaSamples/s. These are used to create single qubit gates and also readout pulses. 

Alternative techniques are proposed which generate pulses width modulation (PWM) that would 

be less costly without jeopardizing qubit fidelities 2146. 

• DACs (digital to analog converters) which use a 14-bit to 16-bit amplitude resolution to convert 

into analog format the output of the AWGs. 

• Mixers of the waveform and a LO (local oscillator) signal in the used microwave range (around 

5 GHz for superconducting qubits). The output is called a “heterodyne” signal. 

• Direct current sources, to drive certain types of qubit gates aka bias drives. 

Since we mentioned heterodyne measurement, let’s make a pause with describing the three main 

different techniques used to measure an electromagnetic signal with homodyne measurement (one 

observable), heterodyne measurement (two orthogonal observables like in-phase and quadrature) and 

photon measurement or counting. These three techniques are used for optical frequencies photons and 

radio-frequency photon signals, with, of course, many differences and variations (Figure 513). 

 
Figure 513: explanation of the various ways to detect a photon or electronic signal with homodyne and heterodyne measurement 

and photon counting. (cc) Olivier Ezratty, 2022. 

 

2146 See Quantum Optimal Control without Arbitrary Waveform Generators by Qi-Ming Chen et al, Aalto University, Princeton and 

Tsinghua University, September 2022 (14 pages). The paper however doesn’t provide some indications of the associated power savings. 
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On the way out of the cryostat, we have: 

• A last-stage analog amplifier, following the cryogenic amplification stages (TWPA and HEMT). 

• ADCs (analog to digital converter) of the readout microwave signal, usually with a 1 GigaSam-

ples/s sampling rate and a 8 to 12-bit encoding. 

• SoC (systems on chip), FPGA or ASIC circuits used to interpret the output of the ADCs to get 

the qubit state, and which may manage a closed-loop control of the whole cycle to implement 

error correction (QEC). 

All these components are integrated in one or several boxes, or boxes with interchangeable modules. 

The FPGAs are programmable, usually with Python and some extension (library or language exten-

sion). 

This field is well covered by electronics industry vendors addressing research and commercial quan-

tum computing markets. Beforehand, many quantum computing research laboratories were relying 

on generic micro-wave generator and readout systems coming from vendors like Rohde & Schwarz, 

Tektronix and Keysight2147. Over time, some of these vendors have developed specialized offerings 

for quantum computing, particularly through some acquisitions (for Rohde & Schwarz and Keysight). 

Specialized quantum computing electronics emerged like Zurich Instruments, Qblox and Quantum 

Machines. Large shops like Google also developed their own electronics. 

Some hardware and software open source control systems have also been proposed like the QICK 

(Quantum Instrumentation Control Kit) from Fermilab2148 and QubiC from Lawrence Berkeley Na-

tional Lab, both from the DoE2149 2150. They are cost efficient when compared to commercial solutions 

and adapted to the needs of research labs. These kits are all based on Xilinx FPGAs containing their 

own DACs and ADCs. Researchers from Chalmers and KTH in Sweden created Presto, a fully inte-

grated room-temperature system on chip using a Zynq UltraScale+ RFSoC from Xilinx with full 

control operations for superconducting qubits2151. 

 

Zurich Instruments (2008, Switzerland, $112K) is a manufacturer of elec-

tronic test and measurement equipment, including a range of microwave gen-

eration and analysis tools. 

The company was acquired by Rohde & Schwarz in July 2021. Their offer is built around their Quan-

tum Computing Control System, which bridges the gap between the quantum computer software con-

trol tools and the associated electronic instrumentation. 

 

2147 Tektronix provides an AWG that can be used to drive qubit signals, the 16-bit AWG5200 supporting up to 32 output channels with 

2 Gbits/s sampling (and local oscillator frequency go up to 5 GHz) and the 6 Series Low Profile Digitizer for 4-channel qubits readout 

(up to 8 GHz). 

2148 See The QICK (Quantum Instrumentation Control Kit): Readout and control for qubits and detectors by Leandro Stefanazzi et al, 

Fermi Lab, Princeton University, Seconda Università degli Studi di Napoli, GE Healthcare Institute, CNEA - Argentina, and University 

of Chicago, March 2022 (15 pages). It’s based on Xilinx based RFSoC (Radio-Frequency System-on-chip) ZCU111 Evaluation Kit 

with a Xilinx XCZU28DR FPGA containing 8 14-bit DAC and 8 12-bit ADC. This is an “hybrid FPGA” with a programmable logic 

part and a more classical SoC part with a quad-core Arm Cortex A53 cores, various I/Os and memory. It supports microwaves output 

up to 6 GHz. The toolkit is programmed in Python. The QICK power consumption is 50 W and it seems able to drive 4 qubits. It could 

support up to 100 qubits with frequency domain multiplexing. 

2149 See QubiC: An Open-Source FPGA-Based Control and Measurement System for Superconducting Quantum Information Proces-

sors by Yilun Xu, Irfan Siddiqi et al, Lawrence Berkeley National Laboratory and University of California at Berkeley, September 

2021 (11 pages). QubiC uses a Xilinx Virtex-7 FPGA and separate DACs and ADCs from the Abaco Systems FMC120 and its four 16-

bit ADC and four16-bit DACs. The conversion circuits come from Texas Instruments (ADS54J60 ADC and DAC39J84). 

2150 See QubiC 2.0: An Extensible Open-Source Qubit Control System Capable of Mid-Circuit Measurement and Feed-Forward by 

Yilun Xu et al, September 2023 (7 pages) which extends QubiC 1.0 with mid-circuit measurement control capabilities. 

2151 See Measurement and control of a superconducting quantum processor with a fully-integrated radio-frequency system on a chip 

by Mats O. Tholén et al, Chalmers, May-October 2022 (14 pages). This type of chipset has a power drain of at least 70W (source). It 

seems it can handle about 8 qubits in total in a 2U 19-inch package. 

https://arxiv.org/abs/2110.00557
https://ieeexplore.ieee.org/document/9552516
https://ieeexplore.ieee.org/document/9552516
https://arxiv.org/abs/2309.10333
https://arxiv.org/abs/2205.15253
https://www.renesas.com/eu/en/document/apn/r16an0006-power-management-solution-xilinx-zynq-ultrascale-rfsoc-rev100?language=en
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This system consists of several components. First, the PQSC (Programmable Quantum System Con-

troller, which is used to program and control all the devices. It is equipped with a Xilinx UltraScale+ 

FPGA that can be driven by the LabOne software using Python, C, MATLAB, LabVIEW and Mi-

crosoft's .NET framework. 

It controls up to 18 HDAWG (High-Density Arbitrary Waveform Generator) microwave generators 

and manages up to a hundred qubits. LabOne became LabOne Q in October 2022 with some exten-

sions easing the setting and optimization of Zurich Instruments tools. 

  
Figure 514: Zurich Instruments QCCS containing a PQSC (program and control), two HDAWG (arbitrary waves generators) and three SHFQC 

(signals generators and readout) and one SHFPPC (tone pulse for parametric amplifier) for qubit control and readout. On the right, the types of 
microwave pulse signals generated. Source: Zurich Instrument product documentation. 2023. 

These are sold at 23K€. These generators create microwave pulses that combine a waveform (Gauss-

ian or other, in Figure 514 on the right) modulated by a high-frequency signal, usually between 5 and 

10 GHz, adapted to superconducting qubits drive and readout. It can control up to 8 channels. These 

microwaves are sent to the qubits to reset them to zero, activate quantum gates or handle state readout. 

The single-qubit quantum gates are generated by sending a modulated microwave that modifies the 

energy level of the qubits and changes its state. 

 
Figure 515: UHFQA and HDAWG cabling. Source: Zurich Instruments. 

This is complemented by the UHFQA (Ultra-

High Frequency Quantum Analyzer) which 

can analyze the readout state of 10 qubits. In 

the diagram, FLO is the frequency of the mi-

crowave signal to be modulated and FIF is the 

modulation waveform (Figure 515). 

On the UHFQA side, the system detects the 

modulation or phase modification of the sig-

nal recovered through a resonator associated 

with the qubits, lg and le respectively for 

ground states and excited states. 

In April 2021, Zurich Instruments launched a new signal generator, the SHFSG with better micro-

waves signal spectral purity and stability. It can handle up to 144 qubit control channels and is ac-

commodated with 4 or 8 channels, controlling up to 8 qubits. In August 2022, they introduced their 

SHFPPC (Super High Frequency Parametric Pump Controller), a room temperature tone pulse gen-

erator that feeds the parametric amplifiers like the TWPAs sitting at the lowest stage of the cryostat. 
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Figure 516: an SHFQC can control up to 16 qubits. 

It was then completed by the software recon-

figurable and programmable SHFQC 

launched in November 2021 (Figure 516), 

which bundles 6 signal generator control 

channels and a readout channel analyzer sup-

porting up to 16 qubits. Several SHFQC can 

be combined to support up to 100 qubits and 

“beyond”. 

Launched in August 2023, the QHub Quantum System Hub coordinates these various devices assem-

bled in several QCCS (Quantum Computing Control System, shown in Figure 514). It can synchro-

nize up to 448 microwave channels, enabling the control of over 100 superconducting qubits. 

 

Qblox (2018, the Netherlands, $5M) is a spin-off from QuTech that develops 

scalable control electronics for superconducting qubits. Their latest generation 

controls up to 20 qubits with a 4U rackable system and 100 qubit par full rack. 

These clusters consume about 1 kW (Figure 517). The 

device contains both micro-wave generators for qubits 

gates (QCM module, blue) and qubits readout and 

electronics for qubit readout (QRM module, white). 

Each unit relies on small custom FPGAs. In a classical 

manner, it creates waveforms mixed with a microwave 

carrier signal after DAC conversion. Readout uses an 

ADC and a phase detection system. 

 

Figure 517: this Qblox system can control up to 20 qubits. 

Their DACs/ADCs have a high sampling rate of 16 bits. A high sampling rate is important to create 

precise waveformed microwaves. This precision is a way to ensure a good fidelity for qubit gates 

generated by these generated microwave pulses. 

Their architecture could scale up to controlling 1,000 superconducting qubits. Calibration is done 

with the help from Orange Quantum Systems and cabling comes from Delft Circuits, two other 

spin-offs of Qutech in the Netherlands. 

They also sell the desktop Pulsar QRM (quantum readout module) that handles a few qubits control 

in small factor format. As their Cluster modules, these can be coupled and synchronized together with 

using their homegrown protocols SYNQ (synchronized start within <<1 ns) and LINQ (distributing 

measurement outcomes in <200 ns). 

Qblox developed in 2023 their Q-Profile benchmarking tool to benchmark and optimize control elec-

tronics. On a small scale QAOA implementation with up to 14 qubits, they used it to optimize the 

algorithm speed by x32152. 

As of 2023, the company had a staff of 80 people. 

 

Quantum Machines (2018, Israel, $100M) provides a qubit control layer for 

superconducting quantum computers that combines hardware and software2153. 

It is a spin-off from the Braun Center for Submicron Research Laboratory at 

the Weizmann Institute. The company had a staff of 150 and 250 customers 

throughout the world as of August 2023. 

 

2152 See Q-Profile: Profiling Tool for Quantum Control Stacks applied to the Quantum Approximate Optimization Algorithm by Koen 

J. Mesman et al, Qblox, March 2023 (8 pages). 

2153 See The Story of the First Israeli Quantum Computing Startup by Eliran Rubin, December 2018. 

https://arxiv.org/abs/2303.01450
https://medium.com/tlv-partners/the-story-of-the-first-israeli-quantum-computing-startup-2930ce0452b5
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They developed their own classic qubit control processor, an FPGA operating at room temperature, 

which generates the pulses for controlling qubits and measuring their states either with microwaves 

and lasers2154. Packaged as their OPX/OPX+ systems, it supports superconducting, electron spin, NV 

centers, trapped ions and cold atoms qubits (working with QuEra). In March 2022, they announced 

the availability of Octave, a compact and rack-mountable all-in-one RF up/down-conversion module 

which completes their OPX systems. It contains its own built-in Local Oscillator (LO) sources and 

provides continuous self-calibration features. In August 2023, Quantum Machines announced its 

OPX1000 3U high-density controller supporting up to 64 output and 16 input analog channels, com-

pared to 10 output and 2 input channels in the OPX+ (Figure 518). 

The company was created by Itamar Sivan (CEO, who did a Master's degree at the ENS Paris between 

2009 and 2011), Yonathan Cohen (CTO, former Weizmann Institute managing director) and Nissim 

Ofek (Chief Engineer, who had a post-doc position in Rob Schoelkopf’s lab in Yale University where 

he developed a FPGA based control and QEC code). 

They partner with Q-CTRL which develops qubits firmware level control software. Their processor 

is integrated into their "Quantum Orchestration Platform", which also combines a software layer2155. 

In June 2020, they announced the creation of the QUA language, positioned as a language for creating 

hybrid quantum and classical algorithms, such as VQE and QAOA, which need rapid feedback be-

tween classical and quantum processors. This programming language works with all types of qubits, 

superconductors, silicon, cold atoms and trapped ions. The compiler thus takes into account the dif-

ferences in the implementation of qubits: their connectivity, the homogeneity or heterogeneity of their 

coupling, the coherence times, the error rates, etc. 

 
Figure 518: OPX1000 is a full-stack solution for qubit control and 

measurement, enabling closed-loop error correction with 64 
output line for qubit control and 16 input lines for qubit readout, 
spread in 8 modules, and packed in a 3U rack. Source: Quantum 

Machines. 2023. 

  
Figure 519: QDevil QCage.64 chip packaging for a superconducting 

qubit chip. Source: QDevil. 

In April 2022, Quantum Machines, together with their customers Alice&Bob, Benjamin Huard’s team 

from ENS Lyon and Florian Marquardt of the Max Planck Institute for the Science of Light in Ger-

many, announced the launch of Artemis, a 3-year EU funded project (900K€) as part of QUANTERA 

to use a real-time neural network to improve the accuracy of quantum controls and quantum error 

correction. It will lead to the creation of a full-stack QEC universal quantum controller. It will be 

complemented by an (unspecified) cloud-based quantum processor. 

In March 2022, Quantum Machines made the acquisition of QDevil (Denmark) which gives them a 

foothold in the cryogenic electronics space with filters and a low noise DACs. In February 2023, 

QDevil introduced QCage.64, a superconducting test chip carrier enabling high-fidelity operations. 

The qubit chip is enclosed in a microwave cavity to minimize losses and decoherence. It has 64 trans-

mission lines enabling testing of about a dozen qubits (Figure 519). 

 

2154 See the video MLQ2021 Session Th2: Quantum Machines, March 2021 (46 mn) explaining their process. 

2155 See Quantum Machines raises $17.5M for its Quantum Orchestration Platform by Frederic Lardinois, March 2020, Israel gets 

ready to join global quantum computing race by Amitai Ziv, December 2019 and The quantum computer is about to change the world. 

Three Israelis are leading the revolution by Oded Carmeli, February 2020. 

https://quantera.eu/artemis/
https://www.youtube.com/watch?app=desktop&v=0wPGzF_vo7A
https://techcrunch.com/2020/03/19/quantum-machines-raises-17-5m-for-its-quantum-orchestration-platform/
https://www.haaretz.com/israel-news/business/.premium-israel-gets-ready-to-join-global-quantum-computing-race-1.8202806
https://www.haaretz.com/israel-news/business/.premium-israel-gets-ready-to-join-global-quantum-computing-race-1.8202806
https://www.haaretz.com/israel-news/.premium.MAGAZINE-quantum-computing-is-changing-the-world-three-israelis-are-leading-the-revolution-1.8530603
https://www.haaretz.com/israel-news/.premium.MAGAZINE-quantum-computing-is-changing-the-world-three-israelis-are-leading-the-revolution-1.8530603
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They also have a partnership with Nvidia to develop low-latency controls using Nvidia DGX servers 

with classical GPGPUs. In March 2023, they both announced the integration of Quantum Machines 

OPX+ with the latest Nvidia DGX using the Grace Hopper system through a PCIe bus enabling very 

low latency in the sub-microsecond scale between GPUs and QPUs2156. 

 
Keysight Technologies (USA) is an electronics measurement company spun-

out of Agilent in 2014, which itself was coming from Hewlett Packard in 2000. 

It then expanded its portfolio through several acquisitions: Signadyne (FPGA-based PXI digitizers 

and AWGs initially used with trapped ions qubits) in 2016, Ixia (software), Liberty Cal (calibration 

services) and ScienLab (test solutions in eMobility systems) in 2017, Labber Quantum in 2019 (MIT 

spun-out specialized in qubits control  and software) and Quantum Benchmark in 2021 (quantum 

error diagnosis and suppression, and benchmarking software). The company has now a broad portfo-

lio of measurement and control electronic systems widely used in the quantum real, in its three mar-

kets: computing, sensing and communications, including optical instruments (Figure 520). Most 

quantum research labs already have some Keysight test and measurement systems. In qubits control 

electronics, they provide pulse laser controls, basebands pulse controls and pulsed microwaves con-

trols (AWGs like the M3202A PXIe Arbitrary Waveform Generator with 1 GSa/s, 14 bit sampling, 

DAC) as well as ADCs for qubit readout (like the M3102A 14-bit PXIe Digitizer). Interestingly, they 

address one source of electronics signals quality variability: the fluctuating room temperature. Thus, 

a solution to control rack temperature with air flow operating at 35°C. 

Their Quantum Control System assembles various software and hardware components to drive single 

and multi-qubit lab experiments. The hardware part is the Quantum Engineering Toolkit (QET) and 

contains a PC workstation with a PXIe Interface Module, a PXIe chassis containing an AWG, a DAC, 

and In-Phase and Quadrature modulator and demodulator, a Vector Signal Generator and other op-

tional electronics (Figure 521). Among other places, this toolkit is used since 2020 at the MIT EQuS 

(Engineering Quantum Systems Group) testbed. 

Keysight is involved in several quantum computing related projects like the Boulder Cryogenic Quan-

tum Testbed launched in 2019, a joint effort of Google, the NIST and the University of Colorado 

Boulder, housed in the JILA laboratory on the CU Boulder campus. It helps US researchers working 

on superconducting qubits at the characterization level. The lab is equipped with a 10 mK Janis JDry 

250 mini dilution refrigerator. They also participate to MATQu, an EU funded German project which 

ambitions to produce superconducting qubits on 300 mm silicon-based process flows. 

Keysight hardware is also used in quantum sensing (AWGs, ADCs, DACs, analog signal generation, 

measurement of current-voltage (“I-V”) and capacitance-voltage (“C-V”), oscilloscopes) and CV-

QKD signal generation and detection (with waveform/pattern generation, oscilloscopes, lightwave 

detectors and variable optical attenuators). In the vendors space, they partner with IBM on Qiskit 

Metal, an open source software solution to design your own superconducting qubits to understand 

qubits crosstalk effects. 

In most of their solutions, Keysight uses Xilink FPGAs but it also has its own cleanroom facilities to 

design custom ASICs, like in photonics. They plan to implement control electronics with cryo-CMOS 

only in the long term, after 2030-2040. Until then, classical electronics will do the job. 

Keysight announced in June 2022 its new generation of qubit control electronics, Quantum Control 

System (QCS), based on a proprietary ASIC integrating microwave signals AWGs, 14-bit DACs and 

12-bit readout ADCs with the effect of reducing phase jitter in the generated signals and enabling fast 

closed-loop quantum error correction (Figure 522). 

 

2156 See NVIDIA Announces New System for Accelerated Quantum-Classical Computing, Nvidia, March 2023. 

https://nvidianews.nvidia.com/news/nvidia-announces-new-system-for-accelerated-quantum-classical-computing
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Figure 520: the Keysight control electronics family, mostly used in research laboratories. 

It is packaged in PXIe cards format and a 4U box can control 20 qubits. Il is completed by a Python 

API. It seems to be the first offering of this type with some ASIC drive components. The readout lag 

is only 20 ns, from the reception of the readout microwave to outputting its result. The first announced 

customers of QCS are Alice&Bob and Rigetti. 

In August 2023, Keysight announced QuantumPro, an integrated EDA (electronic design automation) 

software tool for the design and simulation of superconducting qubits. It embeds five features into 

the PathWave Advanced Design System (ADS) 2024 platform with schematic design, layout creation, 

electromagnetic analysis, nonlinear circuit simulation, and quantum parameter extraction. 

 
Figure 521: Keysight PXIe Quantum Control System. 

 
Figure 522: Keysight’s first ASIC to control qubits. 

 

QuantrolOx (2021, Finland-UK, $8M) is an enabling technology company 

creating a deep learning software solution to optimize the automatic tuning and 

optimization of qubits settings2157. 

Their solution Quantum Edge that was developed with the help from DeepMind is using small train-

ing data sets and works in two steps: one with coarse tuning and a second with fine tuning. It effi-

ciently adjusts the parameters of many qubits and is applicable to all sorts of qubits but particularly 

with those who express the largest variability like superconducting and electron spins qubits. In Au-

gust 2023, they integrated their solution with Qblox control electronics for the drive of superconduct-

ing qubits. 

 

2157 See Machine learning as an enabler of qubit scalability by Natalia Ares, Nature, 2021 (3 pages) and Learning Quantum Systems 

by Valentin Gebhart, Natalia Ares et al, July 2022 (26 pages) which provides a broad view on machine learning use-case for various 

types of qubits quantum error mitigation. 

https://ora.ox.ac.uk/objects/uuid:908b6268-d1aa-4765-aae4-cee428924c19/download_file?safe_filename=Ares_2021_machine_learning_as.pdf&type_of_work=Journal+article
https://arxiv.org/abs/2207.00298
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The company has already about a staff of 10 including Vishal Chatrath (CEO, UK), Andrew Briggs 

(Executive Chair, UK, Professor of Nanomaterials, University of Oxford), Natalia Ares (Chief Sci-

entist, UK, with a strong background on quantum thermodynamics and machine learning, Professor 

at University of Oxford), Dominic Lennon (Head of Quantum Technologies, UK, also from Oxford 

University) and Juha Seppä (CTO, Finland). Mostly based in the UK, the startup is positioned as a 

Finish one, maybe to make it easier to get some EU funding! Their first investors are Nielsen Ventures, 

Hoxton Ventures, Voima Ventures, Remus Capital, Hermann Hauser (cofounder of Arm) and Laurent 

Caraffa. 

We can also mention a Chinese project, a superconducting microwave generator for the control of 

superconducting qubits based on a Xilinx FPGA2158. In other similar and older projects, China’s re-

search teams showcased scalability claims that were not really sustained by a real scalable architec-

ture2159. 

 

Active Technologies (2003, Italy) is a spin-off of University of Ferrara creat-

ing AWGs and Pulse/Pattern Generators. It can control experimental solid state 

qubits as well as electro-optical and electro-acoustic modulators used with cold 

atoms qubits. Its flagship product is the AWG-5000, a fast 16-bit AWG with 8 

output channels. 

 

CIQTEK (2016, China, $15M) aka Guoyi Quantum develops high-precision 

pulse generator (ASG) and arbitrary waveform generator (AWG) used in 

qubits control, electron parametric resonance spectroscopes and scanning elec-

tron microscopes. They also manufacture NV centers-based magnetometers 

and <Diamond I>, a 2-qubit computing system for educational purpose. It is 

based in Hefei and has 500 employees. 

 

Intermodulation Products (2018, Sweden) is a spin-off company of KTH, 

the Royal Swedish Institute of Technology. They market Vivace, a microwave 

generator in the 4 GHz band used to drive superconducting qubits. 

 

Quaxys (2020, USA) provides hardware and software solutions for supercon-

ducting and spin qubits electronic control, including Quantuware 4840, a com-

pact qubit control and measurement unit. 

 

Teledyne E2V (USA/UK/France) is a designer, manufacturer and provider of 

DACs and ADCs circuits used for microwave processing with superconduct-

ing qubits, noticeably with IBM. These are designed and manufactured near 

Grenoble, France. 

 

Creotech Instruments (2008, Poland) is a satellite electronics developer 

which developed Sinara, an electronic system to drive trapped-ion qubits that 

implements quantum errors mitigation protocols. 

It was built as part of the European Flagship AQTION project led by the University of Innsbruck. 

The system contains ADCs, DACs, digital I/Os, RF amplifiers, clock distribution, AWG and other 

electronic controls. 

Cryo-CMOS 

Cryo-electronics sit inside the cryostat, control the qubits and manage their readout in place of the 

some of the external electronic devices we’re just covered, totally or partially depending on the sys-

tems generation. 

 

2158 See Scalable and customizable arbitrary waveform generator for superconducting quantum computing by Jin Lin, 2019 (9 pages). 

2159 See High Performance and Scalable AWG for Superconducting Quantum Computer by Jin Lin et al, 2018 (5 pages). 

https://aip.scitation.org/doi/full/10.1063/1.5120299
https://aip.scitation.org/doi/full/10.1063/1.5120299
https://arxiv.org/pdf/1806.03660.pdf
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Many research teams and industry vendors are working on this strategic set of technologies which 

may help to unlock qubit scalability. We have among others the University of Sidney, TU Delft in 

the Netherlands2160, VTT in Sweden, CEA-Leti and CNRS Institut Néel in France, POSTECH in 

South Korea and industry vendors like Intel and IBM. Cryo-electronics could help save a lot of quite 

expensive and embarrassing cabling, filters, attenuators, amplifiers, and reduce thermal losses in the 

cryostat. 

It can also contribute to shorten the qubit gate to qubit readout cycle which can fasten the execution 

of quantum correction codes that will be required when operating large scale quantum processors. 

 
Figure 523: initially, research labs tried to build specific cryogenic component chips for many qubit control functions. Then, players 

like Intel tried to consolidate these in fewer components. There are still many components around, even with integrated cryo-CMOS 
for qubit control and readout, like the parametric amplifiers and HEMT. Source: The Role of Cryo-CMOS in Quantum Computers by 

Edoardo Charbon, EPFL Lausanne, February 2019 (91 slides). 

It must meet rigorous specifications2161. Figure 523 describes the variety of component functions that 

can be integrated in the 1K-4K stages and even, when possible, at the qubit chip stage at less than 20 

mK2162. These components must be certified to operate at these temperatures. These are data multi-

plexers and demultiplexers, local oscillators, AWGs, DACs, ADCs, low-noise amplifiers, DC flux 

bias generators, thermometers and other various sensors. The trend is to put within the cryostat a 

maximum of these electronic components. However, the heat they released is limited by the dilution 

refrigeration system cooling power2163. It also conditions at which cold plate stage these components 

can operate. There is a complicated trade-off between the cryostat power overhead and what is saved 

by reducing cabling and filters between room temperature and the 4K cryostat stage where most of 

these Cryo-CMOS circuits are installed. 

 

2160 See Large-Scale Quantum Computers: The need for Cryo-CMOS by Fabio Sebastiano, TU Delft, April 2021 (57 mn video). 

2161 See Engineering cryogenic setups for 100-qubit scale superconducting circuit systems by S. Krinner et al, 2019 (29 pages) which 

describes the issues with superconducting qubit control. In 2018, they proposed an optimized approach of wiring and electronics 

allowing up to 150 superconducting qubits to be embedded in a cryostat. 

2162 Source of the diagram: The Role of Cryo-CMOS in Quantum Computers by Edoardo Charbon, EPFL Lausanne, February 2019 

(91 slides). See also an earlier work from Purdue University and Australian colleagues: Cryogenic Control Architecture for Large-Scale 

Quantum Computing by J. M. Hornibrook, 2014 (8 pages) which describes well what should be done where in the cryostat. 

2163 See Cryogenic Control Beyond 100 Qubits by Ian Conway Lamb, 2017 (103 pages) which describes the technological challenges 

of components operating at cryogenic temperature, here for superconducting qubits. And the short version: Cryogenic Control Archi-

tecture for Large-Scale Quantum Computing by Ian Conway Lamb et al, 2017 (8 pages). See also Semiconductor devices for cryogenic 

amplification by Damien Prêle, 2013 (30 slides) and Cryo-CMOS Circuits and Systems for Quantum Computing Applications by 

Bishnu Patra et al, 2018 (14 pages). 

cryo-FPGA

low noise amplifiers
(LNA)

multiplexers
demultiplexers

oscillators

thermometer

https://indico.physics.lbl.gov/indico/event/837/attachments/1780/2309/Edoardo_Charbon_Berkeley19_released-compressed.pdf
https://www.youtube.com/watch?v=XmGGJ6zrI4g
https://link.springer.com/content/pdf/10.1140/epjqt/s40507-019-0072-0.pdf
https://indico.physics.lbl.gov/indico/event/837/attachments/1780/2309/Edoardo_Charbon_Berkeley19_released-compressed.pdf
https://arxiv.org/abs/1409.2202
https://arxiv.org/abs/1409.2202
https://ses.library.usyd.edu.au/bitstream/2123/17046/1/thesis_20170727.pdf
https://arxiv.org/pdf/1409.2202.pdf
https://arxiv.org/pdf/1409.2202.pdf
http://www.apc.univ-paris7.fr/~prele/Cryo_Amp_Review_Prele_WOLTE10_InitedReviewTalk.pdf
http://www.apc.univ-paris7.fr/~prele/Cryo_Amp_Review_Prele_WOLTE10_InitedReviewTalk.pdf
https://www.researchgate.net/publication/319697494_Cryo-CMOS_Circuits_and_Systems_for_Quantum_Computing_Applications
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Starting in 2016, separate solid-state electronic components started to be designed and tested at cry-

ogenic temperatures. IMEC (Belgium) developed in 2020 a cryo-CMOS RF MUX multiplexing the 

in and out microwave signals used in qubit readouts and operating at 32 mK (Figure 524). Working 

at up to 10 GHz, it is suitable for superconducting qubits readouts and not yet for all electron spin 

qubits2164. 

It was to greatly simplify cabling between RF control and readout electronics. It runs at 4K. They 

created a similar solution operating at 15 mK in 2022 that is suitable for time-domain microwaves 

multiplexing for the drive of superconducting qubits. 

 
Figure 524: a qubit control multiplexing solution developed by IMEC. Source: Millikelvin temperature cryo-CMOS multiplexer for 

scalable quantum device characterisation by Anton Potočnik et al, IMEC, November 2020 (35 pages). 

The trend is to integrate all these components in a minimum number of chips, preferably one, and 

working as close as possible to the qubit chip. The best level of integration so far was reached with 

Intel HorseRidge 2 announced in 2021 and the coldest operation was achieved with the Gooseberry 

chip from Microsoft and the University of Sidney as well as with a cryo-CMOS from CEA-Leti. 

The first approach was to miniaturize these circuits at the 4K stage of the cryostat. It was studied in 

2019 at TU Delft for silicon qubits state readout with their QuRO, for Quantum Read-Out2165. The 

readout was using microwaves photon reflectometry. It sent an unmodulated RF frequency and eval-

uated the amplitude and phase of the reflected RF photon. The technique allows multiplexing qubits 

readout before sending the information out of the cryostat. This simplifies the output wiring. The 

prototype was based on a CMOS low noise amplifier (LNA) supplemented by a SiGe (silicon-ger-

manium) transistor amplifier, followed by an analog-to-digital converter (ADC) implemented in a 

Xilinx Artix 7 FPGA. This FPGA made it possible to multiplex the readout state of several qubits. 

They use some copper cooling radiator in the 4K stage of the dilution refrigeration. They relied on 

standard market off-the-shelf passive and active components operating correctly at 4K. This proto-

typing did not deal with the waveform generation and DAC circuits driving qubit gates. 

The energy saving of this kind of system is related to the quantum error correction load on qubit 

measurement. Bringing readout electronics closer to qubits speeds up error correcting codes. It is also 

interesting for simplifying the connectivity and improving quantum computers scalability. A similar 

approach was initially adopted by Intel in collaboration with QuTech for its 2020 HorseRidge super-

conducting and silicon qubits driver component capable of handling the microwave pulses of this 

frequency driver from 2 to 20 GHz. This component is sitting at the 4K stage of the cryostat2166. 

Introduced in 2021, HorseRidge 2 improved cryo-electronics integration to an unprecedented level 

(Figure 525). 

 

2164 See Millikelvin temperature cryo-CMOS multiplexer for scalable quantum device characterisation by Anton Potočnik et al, IMEC, 

November 2020 (35 pages). 

2165 See Cryogenic electronics for the read-out of quantum processors by Harald Homulle, TUDelft, 2019 (185 pages). 

2166 See Cryo-chip overcomes obstacle to large-scale quantum computers by QuTech, February 2020. 

https://arxiv.org/ftp/arxiv/papers/2011/2011.11514.pdf
https://arxiv.org/ftp/arxiv/papers/2011/2011.11514.pdf
https://arxiv.org/ftp/arxiv/papers/2011/2011.11514.pdf
https://repository.tudelft.nl/islandora/object/uuid%3Ae833f394-c8b1-46e2-86b8-da0c71559538
https://repository.tudelft.nl/islandora/object/uuid%3Ae833f394-c8b1-46e2-86b8-da0c71559538
https://phys.org/news/2020-02-cryo-chip-obstacle-large-scale-quantum.html
https://phys.org/news/2020-02-cryo-chip-obstacle-large-scale-quantum.html
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Figure 525: Intel HorseRidge 2 presented in 2021 is probably the most integrated qubit control chip being developed. Source: A 

Fully Integrated Cryo-CMOS SoC for Qubit Control in Quantum Computers Capable of State Manipulation, Readout and High-Speed 
Gate Pulsing of Spin Qubits in Intel 22nm FFL FinFET Technology by J-S. Park et al, February 2021 (3 pages). 

It added multigate pulsing making it possible to control several qubits simultaneously, qubit readout 

and a programmable microcontroller. Gate pulsing creates multi-qubit gates with square DC signals 

controlling the barrier and plunger gates of the quantum dots while single-qubit gates use modulated 

RF signals and qubit readout use regular RF signals. 

The chip uses frequency multiplexing to reduce the number of RF cables for qubits drive and readout. 

It drives up to 16 spin qubits with frequency ranges between 11 and 17 GHz. It reads the state of up 

to 6 qubits simultaneously. The control chip contains 22 DACs to simultaneously control the gate 

potentials for many qubits. 

The chip is manufactured in a 22nm low-power FinFET technology (22FFL), operates at 4K and 

contains 100 million transistors2167. In May 2021, Intel and Qutech demonstrated high-fidelity two-

qubit control with this HorseRidge 2 control chip. 

In 2022, POSTECH from South Korea proposed a similar architecture to HorseRidge 2 with a CMOS 

SoC sitting at 3.5K. It adds local oscillators2168. Il was prototyped in 40 nm TSMC bulk CMOS and 

consumes about 15 mW per qubit. 

In 2019, an American-Australian team from the University of Sydney, Purdue University and Mi-

crosoft Research designed Gooseberry, a CMOS circuit to control superconducting, electron spin or 

(yet to be seen) Majorana fermion qubits2169 (Figure 526). 

 

2167 See A Fully Integrated Cryo-CMOS SoC for Qubit Control in Quantum Computers Capable of State Manipulation, Readout and 

High-Speed Gate Pulsing of Spin Qubits in Intel 22nm FFL FinFET Technology by J-S. Park et al, February 2021 (3 pages) and 41 

slides (not free access). 

2168 See A Cryo-CMOS Controller IC for Superconducting Qubits by Kiseo Kang et al, August 2022 (14 pages). Computing the power 

per qubit was not obvious since the drain per function is not clearly presented in the paper (readout pulses vs readout pulses analysis). 

2169 See A Cryogenic Interface for Controlling Many Qubits by D.J. Reilly et al, December 2019 (7 pages). It was then published in 

Nature in January 2021. 
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Designed by David Reilly’s team from the joint Microsoft Quantum Laboratories at the University of 

Sydney, it is operating at 100mK, just next to the qubit circuit on the same PCB support but without 

supposedly disturbing the qubits (in that case, only for silicon qubits since superconducting qubits 

would sit at the 15 mK cold plate stage). It seems to save power with a low sampling rate in 

AWG/DAC/DACs (4 bits). The circuit is using a microwave carrier signal source (LO or local oscil-

lator) positioned outside the cryostat. It uses a round-robbing scheme to distribute modulated micro-

waves to each qubit in a sequential way. Qubit readout is done here with external circuits (ADC and 

FPGA). It is a bit the opposite of Harald Homulle's solution from TUDelft. The test CMOS is realized 

in FDSOI in 28nm. The chip greatly simplifies the control circuitry coming from outside. 

 
Figure 526: Microsoft prototype another control chip that support fewer functions than HorseRidge but it run next to the qubit chip 
at lower temperature, suitable for silicon spin qubits. Source: A Cryogenic Interface for Controlling Many Qubits by D.J. Reilly et al, 

December 2019 (7 pages). 

This low-power chip generates control pulses of 100 mV at 18 nW per cell. The control of the qubits 

can also use superconducting microwave generation and reading circuits, their interest being a much 

lower thermal dissipation2170. 

In 2020, CEA-Leti in Grenoble created a mixed analog, digital and quantum cryo-CMOS circuit 

manufactured in 28 nm FDSOI and operating at 110 mK. It handles all the qubits driving and readout 

cycle with charge pumping, generating continuous tone GHz microwaves and measuring the induced 

current with a multiplexed transimpedance amplifier (TIA). At this experimental stage, it drives only 

a couple qubits but looks promising with regards to the ability to control quantum dots qubits at their 

operating temperature, at least for silicon qubits working between 100 mK and 1.5 K depending on 

their type and experimental settings. And the quantum dot qubits were in the circuit itself! 

One key technology to master when assembling electronic components at the qubit level is packaging 

and connectivity. That’s where a French team from CEA-Leti, CEA LIST and CNRS-Institut Néel 

made progress in February 2021 with building a prototype interposer enabling the integration of quan-

tum and control chips fabricated from different materials, processes and sources. Named QuIC (Quan-

tum integrated circuits with cryo-CMOS), the prototype demonstrator controls quantum chips with 

integrated control electronics and operating at below 1K. 

 

2170 See Quantum Computer Control using Novel, Hybrid Semiconductor-Superconductor Electronics by Erik P. DeBenedictis of Zetta-

flops, 2019 (15 pages), which describes an approach for controlling qubits mixing superconductors (JJ) and adiabatic circuits, Cryo-

genic Adiabatic Transistor Circuits (CATCs). The paper gives an overview of the energy efficiency of cryo-CMOS components and 

various known superconductors (RQL, AQFP, ...). 

input: digital 
instructions arriving 
via a serial 
peripheral interface 
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four low-bandwidth 
wires from room 
temperaturemixed analog/digital CMOS 

with low-leakage transistors

28 nm FDSOI CMOS operating 
at 100 mK

chargelock fast-gate (CLFG) 
multiplexing command 

voltage to many variable 
outputs, with sequential time 

multiplex qubits activation

contains master oscillator, 
wave form memory, 

configurable ring oscillator

benchmarked on a GaAs 
silicon spin qubit

micro-wave carrier 
coming from outside the 
cryostat

source: A Cryogenic 
Interface for Controlling 
Many Qubits by D.J. Reilly 
et al, December 2019 and 
published in Nature in 
January 2021.

https://arxiv.org/pdf/1912.01299.pdf
https://arxiv.org/ftp/arxiv/papers/1912/1912.11532.pdf
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Figure 527: this chip from CEA-LIST runs at the same temperature as Microsoft’s chip seen before. It is tailored for silicon spin 
qubits control. Source: A 110mK 295μW 28nm FD-SOI CMOS Quantum Integrated Circuit with a 2.8GHz Excitation and nA Current 
Sensing of an On-chip Double Quantum Dot by Loick Le Guevel, Silvano de Franceschi, Yvain Thonnart, Maud Vinet et al, February 

2020, ISSCC (12 pages). 

The integration uses a 3D flip-chip process. The control electronics are made on standard FDSOI 

28nm by STMicroelectronics. Passive elements and filter devices will be integrated in future versions 

(Figure 527)2171. 

The integrated packaging increases the number of qubits that can be controlled by reducing the num-

ber of coaxial cables flowing through the cryostat from the upper stages. It also avoids chip wire 

bonding since qubits and control electronics are coupled by routing lines on the interposer. The pack-

aging allows thermal decoupling between the quantum chip and the electronics control chip. 

They also use a die-to-wafer process from CEA-Leti that are used to build interconnects working at 

under 1K. 

CEA is also replacing indium bumps with other materials that are compatible with existing CMOS 

manufacturing processes, like SnAg microbumps and directly bonded Cu pads from Cu/SiO2
2172. 

In another work published by an EPFL team in January 2021, a 40 nm CMOS chip operating at 50 

mK hosted both 9 silicon quantum dots qubits organized in a 3x3 array and some digital electronics 

using analog LC resonators implementing time- and frequency-domain multiplexing for qubit readout, 

all operating at 50 mK2173. 

IBM is also designing cryo-CMOS components. They prototyped the first one manufactured in a 14 

nm process. It supports 4.5-to-5.5GHz RF AWG for pulse control generation and does not rely on 

TDM or FDM (time or frequency multiplexing)2174. 

 

2171 See also A Compact TIA in 22nm FDSOI CMOS for Qubit Readout in Monolithic Quantum Processors by Domenico Zito et al, 

AGH University of Science and Technology and Aarhus University, October 2023 (4 pages). 

2172 See Die-to-Wafer 3D Interconnections Operating at Sub-Kelvin Temperatures for Quantum Computation, September 2020. 

2173 See Integrated multiplexed microwave readout of silicon quantum dots in a cryogenic CMOS chip by A. Ruffino et al, EPFL, 

January 2021 (14 pages). 

2174 See A Cryo-CMOS Low-Power Semi-Autonomous Qubit State Controller in 14nm FinFET Technology by David J Frank et al, 

IBM Research, ISSCC IEEE, February 2022 (no free access). 

double 
quantum 
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GHz tone generator
for single qubit gates
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spin qubit manipulation, 
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https://www.researchgate.net/publication/340623766_192_A_110mK_295W_28nm_FDSOI_CMOS_Quantum_Integrated_Circuit_with_a_28GHz_Excitation_and_nA_Current_Sensing_of_an_On-Chip_Double_Quantum_Dot
https://www.researchgate.net/publication/340623766_192_A_110mK_295W_28nm_FDSOI_CMOS_Quantum_Integrated_Circuit_with_a_28GHz_Excitation_and_nA_Current_Sensing_of_an_On-Chip_Double_Quantum_Dot
https://arxiv.org/abs/2310.06792
https://www.researchgate.net/publication/346379361_Die-to-Wafer_3D_Interconnections_Operating_at_Sub-Kelvin_Temperatures_for_Quantum_Computation
https://arxiv.org/pdf/2101.08295.pdf
https://ieeexplore.ieee.org/document/9731538
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Another 2023 iteration of the chip added a full implementation of a cross-resonance two-qubit gate 

drive with the same energy consumption per qubit and2175. It contains an SRAM based AWG, a tech-

nique that IBM also prototyped in 2022 to drive spin qubits2176. However, it seems that LO (local 

oscillator) leakage negatively impacts gate fidelities and will need some work. IBM created blueprints 

to integrate all readout features in such chips in the future2177. 

 

 
Figure 528: compilation of various cryo-chips developed so far. (cc) Olivier Ezratty, 2022. Sources: Google – Bardin: A 28nm Bulk-CMOS 4-to-
8GHz <2mW Cryogenic Pulse Modulator for Scalable Quantum Computing, February 2019 (13 pages), Intel HorseRidge 2: A Fully Integrated 
Cryo-CMOS SoC for Qubit Control in Quantum Computers Capable of State Manipulation, Readout and High-Speed Gate Pulsing of Spin Qubits 
in Intel 22nm FFL FinFET Technology by J-S. Park et al, February 2021 (3 pages), Microsoft / Sydney / Purdue: A Cryogenic Interface for 
Controlling Many Qubits by D.J. Reilly et al, December 2019 (7 pages), CEA List/Leti: A 110mK 295μW 28nm FD-SOI CMOS Quantum Integrated 
Circuit with a 2.8GHz Excitation and nA Current Sensing of an On-chip Double Quantum Dot by Loïck Le Guevel et al, February 2020, ISSCC (12 
pages). QuTech: A Scalable Cryo-CMOS Controller for the Wideband Frequency-Multiplexed Control of Spin Qubits and Transmons by Jeroen 
Petrus Gerardus Van Dijk, Menno Veldhorst, Lieven M. K. Vandersypen, Edoardo Charbon et al, November 2020 (17 pages). EPFL: Integrated 
multiplexed microwave readout of silicon quantum dots in a cryogenic CMOS chip by A. Ruffino et al, EPFL, January 2021 (14 pages), POSTECH: 
A Cryo-CMOS Controller IC for Superconducting Qubits by Kiseo Kang et al, August 2022 (14 pages). IBM: A Cryo-CMOS Low-Power Semi-
Autonomous Qubit State Controller in 14nm FinFET Technology by David J Frank et al, IBM Research, ISSCC IEEE, February 2022 (no free 
access), Using Cryogenic CMOS Control Electronics To Enable A Two-Qubit Cross-Resonance Gate by Devin L. Underwood et al, IBM Research, 
February-August 2023 (33 pages), SEEQC: Hardware-Efficient Qubit Control with Single-Flux-Quantum Pulse Sequences by Robert McDermott 
et al, 2019 (10 pages), DigiQ: A Scalable Digital Controller for Quantum Computers Using SFQ Logic by Mohammad Reza Jokar et al, February 
2022 (15 pages). IBM QEC: Have your QEC and Bandwidth too!: A lightweight cryogenic decoder for common / trivial errors, and efficient 
bandwidth + execution management otherwise by Gokul Subramanian Ravi et al, August 2022 (14 pages). Updated in 2023. 

As seen in IBM and Intel designs, cryo-CMOS chips consuming 25 mW at 4 K per qubit would turn 

into a total 5 W per qubit consumption at room temperature due to the 200× cryostat overhead at 4K. 

 

2175 See Using Cryogenic CMOS Control Electronics To Enable A Two-Qubit Cross-Resonance Gate by Devin L. Underwood et al, 

IBM Research, February-August 2023 (33 pages). 

2176 See A cryogenic SRAM based arbitrary waveform generator in 14 nm for spin qubit control by Mridula Prathapan et al, IBM 

Research, November 2022 (4 pages). The chipset consumes 2 to 4 mW for AWG and DAC at 8-bit sampling, to drive spin qubits. 

2177 See A system design approach toward integrated cryogenic quantum control systems by Mridula Prathapan et al, IBM Research 

Zurich, November 2022 (4 pages). 
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One million physical qubits would then require 5 MW of power, and this doesn’t take into account 

many other power drain sources like the classical part of error correction codes and the related data 

flow. One interesting research avenue to improve the energy-efficiency of cryo-CMOS would be to 

implement some form of reversible logic in it. This seems theoretically possible outside the DAC and 

ADC parts2178. 

For a helicopter view, all these cryo-CMOS projects seem to make more sense to drive silicon spin 

qubits than superconducting qubits. One reason is the available cooling budget is much higher at the 

operating temperature of spin qubits that sits between 100 mK and 1 K while superconducting qubits 

operate at about 15 mK. 

Figure 528 contains a detailed comparison of the various cryo-chips studied in the section and the 

next on superconducting logic. It shows a discrepancy of power consumption per qubit which is ex-

plained by several factors: the different electronic features supported by the chips, their mutualization 

across a given number of qubits and the manufacturing node technology. 

It is completed by Figure 529 which shows which part in the table corresponds to which function in 

the pulse management sequences from qubit drive to qubit readout. 

 
Figure 529: feature list chosen for the table in Figure 528. (cc) Olivier Ezratty, 2022. 

Superconducting electronics 

The other option for qubit control and readout at low temperature is to rely on superconducting logic 

based on Josephson junctions2179. The most common one is SFQ, for “single flux quantum” and then 

RSFQ for “rapid SFQ”2180. 

 

2178 See Rebooting Quantum Computing by Erik P. DeBenedictis and Elie K. Track, Zettaflops and Hypres, December 2022 (6 pages). 

2179 See Superconducting electronics at 4 K for control and readout of qubits by Adam Sirois et al, NIST,  ASC 2020 (27 slides) and 

Flux Quantum Electronics by NIST which cover their broad research in the domain. 

2180 SFQ logic families are divided into two groups: ac-biased and dc-biased. Reciprocal Quantum Logic (RQL) and Adiabatic Quantum 

Flux Parametron (AQFP) are in the first group, and Rapid Single Flux Quantum (RSFQ), Energy-efficient RSFQ (ERSFQ) and energy-

efficient SFQ (eSFQ) are in the second group. The dc-biased logic family with higher operation speed (as high as 770GHz for a T-Flip 

Flop (TFF)) and less bias supply issues are more popular than ac-biased logic family. Source: NISQ+: Boosting quantum computing 

power by approximating quantum error correction by Adam Holmes et al, Intel, University of Chicago and USC, April 2020 (13 pages). 
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Their potential benefit is a very low power consumption, up to 500 times less than CMOS logic2181, 

the ability to operate at the same temperatures as superconducting qubits, and their enablement of a 

much simple cabling scheme within the cryostat2182. 

The eSFQ variant can even potentially be 104 more efficient than cryo-CMOS for some functions2183. 

However, this technology has some shortcomings: it may be a significant source of noise affecting 

qubits fidelities with so-called quasiparticle poisoning and antenna effect2184, there are some con-

straints on high-frequency power sources, classically generated AWG wave formed pulses are re-

placed by trains of single amplitude SFQ pulses of less than 2 ps duration which drives its own prep-

aration overhead to create qubit gates (Figure 530)2185, limited Josephson junctions density and some 

qubit backaction, SFQ logic can’t be used to store data. Many cryogenic memory solutions are inves-

tigated but are still in the making: cryogenic spintronics, magnetic tunnel junction (MTJ) 2186, RQL 

(reciprocal quantum logic)2187, SQUID-based, hybrid Josephson–CMOS, JMRAM and OST-MRAM 

memories and even classical SRAM2188. We pass on the whereabouts of these various technologies2189. 

 
Figure 530: SFQ based wave pulse generation process. 

Source: Digital coherent control of a superconducting qubit by Edward Leonard, Robert McDermott et al, 2018 (13 pages). 

There are many interconnected research fields here, and SFQ qubits drive logic is frequently of sub-

product of more general research in superconducting electronics. 

Since the 1970s, there were many ups and downs with research in using superconducting electronics 

to override the apparent limitations of Moore’s law with classical semiconductors. Also, supercon-

ducting electronics have other use cases like with single photon detection, magnetism sensing with 

SQUIDs and analog amplifiers working at the quantum limits (JPAs, SPMs, TWPAs, that we cover 

in the part starting page 614). 

 

2181 Source: Superconducting Microelectronics for Next-Generation Computing by Leonard M. Johnson, February 2018 (27 slides). 

2182 With room temperature classical control electronics on a 1,000 qubit system, you’d need between $5M and $10M of niobium-

titanium cables for the 4K to 15 mK stages. Each such cable costs in excess of $2K. 

2183 See Quantum-Classical Interface Based on Single Flux Quantum Digital Logic by Roger McDermott, Oleg A. Mukhanov, Thomas 

A. Ohki et al, October 2017 (16 pages). 

2184 See Single Flux Quantum-Based Digital Control of Superconducting Qubits in a Multi-Chip Module by Chuan-Hong Liu, R. 

McDermott et al, PRX Quantum, January-July 2023 (15 pages) that addresses the quasiparticle poisoning problem with separating the 

SFQ chipset from the qubit chipset. 

2185 At this point, in D-Wave annealers, SFQ circuits create DC signals and ramp currents with DACs (digital-to-analog converters) to 

configure the system  and drive the magnetometers used for qubits readouts. 

2186 See Cryogenic Memory Architecture Integrating Spin Hall Effect based Magnetic Memory and Superconductive Cryotron Devices 

by Minh-Hai Nguyen et al, 2020 (11 pages). 

2187 See Superconducting logic circuits operating with reciprocal magnetic flux quanta by O.T. Oberg, 2011 (337 pages). 

2188 See Cryogenic In-Memory Computing for Quantum Processors Using Commercial 5-nm FinFETs by Shivendra Singh Parihar et 

al, IEEE Journal of Circuit and Systems, August 2023 (13 pages). 

2189 See the review paper Cryogenic Memory Technologies by Shamiul Alam et al, July 2022 (21 pages). 

https://arxiv.org/abs/1806.07930
file:///C:/Travail/•%09https:/ilp.mit.edu/sites/default/files/2020-01/Johnson.2018.RD_.pdf
https://arxiv.org/abs/1710.04645
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.030310
https://www.nature.com/articles/s41598-019-57137-9
https://drum.lib.umd.edu/handle/1903/12338
https://ieeexplore.ieee.org/abstract/document/10233878
https://arxiv.org/abs/2111.09436
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Qubit readout function can also be implemented with SFQ with readout signal generated through a 

JPM amplifier2190 and converted with ADCs2191. 

Tone signal generation can also be implemented in SFQ logic2192. 

IBM studied classical electronics based on the Josephson junction from the 1960s to 1983, using lead 

and then lead/niobium. The technology was only supported by IBM and could not compete with 

CMOS processors, drive by Moore’s law and the whole semiconductor industry, particularly with 

Intel. Japan’s MITI had also launched a superconducting computing initiative throughout the 1980s 

leading to a 4-bit machine using 1 Kbits of RAM. The Bell labs also worked on niobium/aluminum 

oxide Josephson junctions. 

Hypres. Then, the invention of the more efficient and energy efficient RSFQ in USSR in 1985 led to 

its transfer to the USA via its coinventor Oleg Mukhanov when he joined Hypres in 1991. It led to a 

short lived superconducting supercomputing project (1997-2001). 

Starting in the early 2000s, attention then turned to superconducting qubits with investments through-

out the world (USA, France, Japan, ...) leading to major developments from IBM, Google and others. 

Hypres did use superconducting electronics for non-quantum use cases, particularly in the defense 

industry and with radars, and quantum sensing using SQUIDs. Interestingly, some of the interest in 

classical electronics made with SFQ and RSFQ came with quantum computing and the need for en-

ergy efficient control electronics. 

D-Wave was probably the first to use SFQ electronics in its systems and since its inception. At their 

beginning, they hired skilled engineers coming from IBM, Stony Brooke University in New York and 

coming from Stellenbosch University in South Africa having a good experience in superconducting 

physics and electronics. 

D-Wave’s quantum annealers con-

tain flux superconducting qubits 

and superconducting SFQ circuits 

handling signals control generation, 

control and qubit state readout, and 

for up to 5,000 qubits. This is a lit-

tle-known technological feat from 

D-Wave. It allows them to greatly 

simplify the wiring that leads to the 

quantum processor since all their 

SFQ electronics sits in the same 

chip handling the qubits. Figure 531 

shows how it looks like. 

 
Figure 531: a side-by-side comparison of the stacking of elements in a superconducting 

qubit (left) and with SFQ logic (right). Source: Digital coherent control of a 
superconducting qubit by Edward Leonard, Robert McDermott et al, 2018 (13 pages). 

Who else in working with SFQ electronics to control solid state qubits? Let’s start with the USA who 

are the most active here. 

• SEEQC, a spin-off / split-off from Hypres that we’ll detail later and is specialized in supercon-

ducting electronics for qubits control. 

 

2190 See Interfacing Superconducting Qubits With Cryogenic Logic: Readout by Caleb Howington, Alex Opremcak, Robert McDermott, 

Alex Kirichenko, Oleg A. Mukhanov and Britton L. T. Plourde, August 2019 (5 pages) with more details in the related thesis Digital 

Readout and Control of a Superconducting Qubit by Caleb Jordan Howington, December 2019 (127 pages). 

2191 See History of Superconductor Analog-to-Digital Converters by Oleg Mukhanov, 2011 (19 pages) and Superconductor Analog-to-

Digital Converters by Oleg A. Mukhanov et al, 2010 (21 pages). 

2192 See A low-noise on-chip coherent microwave source by Chengyu Yan, Mikko Möttönen et al, November 2021 (14 pages) and 

Digital Control of a Superconducting Qubit Using a Josephson Pulse Generator at 3 K by L. Howe et al, PRX Quantum, 2022 (11 

pages). 

https://arxiv.org/abs/1806.07930
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https://par.nsf.gov/servlets/purl/10100939
https://core.ac.uk/download/pdf/289153742.pdf
https://core.ac.uk/download/pdf/289153742.pdf
https://xdevs.com/doc/_Metrology/ADC-History-Ch7.8_100yearsSC.pdf
http://www.hypres.com/wp-content/uploads/2010/12/Superconductor-Analog-to-Digital-Converters.pdf
http://www.hypres.com/wp-content/uploads/2010/12/Superconductor-Analog-to-Digital-Converters.pdf
https://arxiv.org/abs/2103.07617
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.3.010350
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• Raytheon BBN (USA) is investigating the usage of SFQ systems and a mix of SFQ and spintron-

ics for controlling qubits2193. They have a wide-ranging partnership with IBM and some IBM 

researchers worked with BBN on SFQ back in 2018 but it doesn’t tell whether IBM is keen to 

adopt SFQs to control their superconducting qubits. 

• University of Wisconsin-Madison has a Department of Physics run by Robert McDermott that 

investigates SFQ logic. He pioneered qubit control with trains of SFQ pulses2194. They authored 

the paper with Raytheon BBN on SFQ qubit control mentioned with Raytheon above. 

• MIT Lincoln Labs has been working for a while on SFQ logic in the “beyond CMOS” roadmap 

funded by IARPA as part of the Quantum Enhanced Optimization (QEO) and Logical Qubit 

(LogiQ) programs2195 2196. In 2017, they developed a 3D Integrated Superconducting Qubit Plat-

form using three layers: the qubit chip, an interposer with through-substate vias and a supporting 

chip with a routing layer and a TWPA for qubit readout microwave amplification. They are also 

leveraging their own superconducting cleanroom. The Lincoln Lab is even providing many labs 

across the world with their own custom TWPA and for free. 

• University of Chicago is also in-

volved in the design of SFQ-

based qubit control electronics. In 

2022, they demonstrated low-er-

ror two-qubit operations using 

SFQ pulses drive working with 

fluxonium superconducting 

qubits2197 (Figure 532). They also 

led the DigiQ project launched by 

the NSF. 

 
Figure 532: SFQ wave packet optimization. Source: Practical implications of SFQ-

based two-qubit gates by Mohammad Reza Jokar et al, February 2022 (11 pages). 

• It was funded as part of the Enabling Practical-scale Quantum Computation (EPiQC)2198. 

• Northrop Grumman is also working on SFQ for qubit controls and even patented one related 

solution back in 20082199. They also developed RQL techniques. 

• IBM together with the Universities of Chicago and Southern California, and Super.tech (from 

ColdQuanta) presented in August 2022 the development of an SFQ-based cryogenic circuit to 

implement part of the logic of the most common errors in quantum error correction for surface 

 

2193 See Quantum Engineering and Computing Group by Thomas Ohki, March 2021 (39 slides). The team has a staff of 20 and Digital 

coherent control of a superconducting qubit by Edward Leonard, Robert McDermott et al, 2018 (13 pages). It identifies a shortcoming 

of SFQ: quasi-particles poisoning that negatively impacts qubit fidelities. Back in 2018, they said it could be addressed with putting 

SFQ logic on a separate chip that would be bonded (with indium) to the qubit chipset. Nowadays, this is an available technology. 

2194 See Accurate Qubit Control with Single Flux Quantum Pulses by Robert McDermott and M.G. Vavilov, 2014 (10 pages), Quantum-

Classical Interface Based on Single Flux Quantum Digital Logic by Robert McDermott et al, 2017 (16 pages) and Scalable Hardware-

Efficient Qubit Control with Single Flux Quantum Pulse Sequences by Kangbo Li, Robert McDermott and Maxim G. Vavilov, 2019 

(10 pages). 

2195 See Superconducting integrated circuits, MIT Lincoln Labs. 

2196 See Superconducting Microelectronics for Next-Generation Computing by Leonard M. Johnson, February 2018 (27 slides). 

2197 See Practical implications of SFQ-based two-qubit gates by Mohammad Reza Jokar et al, February 2022 (11 pages). 

2198 See DigiQ: A Scalable Digital Controller for Quantum Computers Using SFQ Logic by Mohammad Reza Jokar et al, February 

2022 (15 pages). The project is run with Amazon, Nvidia, Super.tech and USC. The qubits are driven by series of small SFS pulses, 

not by arbitrary waveformed pulses. Theoretically, SFQ logic could still create these waveforms thanks to clock speed exceeding 100  

GHz. It could create waveforms with basebands of 4 to 25 GHz. But this would require superconducting DACs and ADCs which 

happen to need resistances, thus being irreversible and dissipative, creating some thermal constraints. 

2199 See Method and apparatus for controlling qubits with single flux quantum logic patent. 

https://arxiv.org/abs/2202.01411
https://arxiv.org/abs/2202.01411
https://ny-creates.org/wp-content/uploads/OHKI_NYCREATES_JJOs_fin.pdf
https://arxiv.org/abs/1806.07930
https://arxiv.org/abs/1806.07930
https://arxiv.org/abs/1408.0390
https://arxiv.org/abs/1710.04645
https://arxiv.org/abs/1710.04645
https://arxiv.org/abs/1902.02911
https://arxiv.org/abs/1902.02911
https://www.ll.mit.edu/research-and-development/advanced-technology/microsystems-prototyping-foundry/superconducting
https://ilp.mit.edu/sites/default/files/2020-01/Johnson.2018.RD_.pdf
https://arxiv.org/abs/2202.01411
https://arxiv.org/abs/2202.01407
https://patents.google.com/patent/US20110133770A1/en
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codes2200. The decoder could support between 2000 and 100,000 logical qubits depending on the 

code distance. 

And in the rest of the world: 

• Japan has a very active group in SFQ, the group of Nobuyuki Yoshikawa from Yokohama Na-

tional University. They are working in the field of superconducting electronics, SFQ and adiabatic 

circuits mostly as “beyond than Moore” solutions2201 . He participated to the development of 

AQFP (Adiabatic Quantum-Flux-Parametron), an energy-efficient superconductor logic ele-

ment2202 and started to publish work on its implementation for qubits control in 20232203. RIKEN 

also has a team working on using SFQs2204. 

• Canada has a team spread over Sherbrooke, Waterloo and 1Qbit working on improving SFQ 

qubit drive2205. 

• Germany has a couple labs and fabs looking at superconducting electronics and their potential 

usage in qubits control. You can count with Per J. Liebermann and Frank K. Wilhelm from Saar-

land University who work on improving qubit fidelities with varying the time distance between 

SFQ pulses in the train using control theory and (classical) genetic algorithms2206. The Leibniz-

IPHT in Jena, Thuringia, has a cleanroom that works, among other things, on producing RSFQ 

circuits and SQUIDs for quantum sensing. Leibniz-IPHT is coordinating the German project 

HIQuP dealing specifically with superconducting qubit control electronics and partnering with 

IQM Germany and Supracon AG, itself a spin-out of the Leibnitz-IPHT that is specialized in 

SQUID based magnetometers. The PTB has also investigated SFQ circuits in the past2207. There 

was also the EU project RSFQubit from 2004 to 2007, involving many German players and co-

ordinated by Chalmers University, Sweden, with a funding of 2.6M€. 

• France with Pascal Febvre from CNRS Chambéry working on a project funded by ODNI and 

DARPA2208. 

• Finland also conducts some research in SFQ logic at VTT under the leadership of Matteo Cher-

chi2209. Their aCryComm project develops converters and input/outputs for simple SFQ proces-

sors2210. This work could also lead to some potential collaboration with IQM. 

 

2200 See Have your QEC and Bandwidth too!: A lightweight cryogenic decoder for common / trivial errors, and efficient bandwidth + 

execution management otherwise by Gokul Subramanian Ravi et al, August 2022 (14 pages). 

2201 See a review paper he coauthored in 2004: Superconducting Digital Electronics by Hisao Kayakawa et al, 2004 (15 pages). 

2202 See Adiabatic Quantum-Flux-Parametron: A Tutorial Review by Naoki Takeuchi, Nobuyuki Yoshikawa et al, January 2022 (14 

pages). 

2203 See Scalable quantum-bit controller using adiabatic superconductor logic by Naoki Takeuchi, Nobuyuki Yoshikawa et al, October 

2023 (10 pages). 

2204 See Inter-temperature Bandwidth Reduction in Cryogenic QAOA Machines by Yosuke Ueno et al, RIKEN, October 2023 (4 pages). 

2205 See Compact Pulse Schedules for High-Fidelity Single-Flux Quantum Qubit Control by Ross Shillito et al, September 2023 (10 

pages). 

2206 See Optimal Qubit Control Using Single-Flux Quantum Pulses by Per J. Liebermann and Frank K. Wilhelm, Saarland University, 

2016 (5 pages). 

2207 See Low-noise RSFQ Circuits for a Josephson Qubit Control by M Khabipov, D Balashov, E Tolkacheva and A B Zorin, PTB, 

2008 (7 pages). 

2208 See Superconductor modulation circuits for Qubit control at microwave frequencies by Sasan Razmkhah, Ali Bozbey and Pascal 

Febvre, November 2022-September 2023 (5 pages). This new work seems to deal with integrating a mixer and a signal modulator in 

the SFQ control chipset. 

2209 See Superconducting chips to scale up quantum computers and boost supercomputers by Matteo Cherchi, March 2021. 

2210 See Supporting quantum technologies with an ultra-low loss silicon photonics platform by Matteo Cherchi et al, VTT, January 

2022-February 2023 (24 pages). 

https://arxiv.org/abs/2208.08547
https://arxiv.org/abs/2208.08547
file:///C:/Travail/ISI-000223917000004-01.pdf
https://www.jstage.jst.go.jp/article/transele/advpub/0/advpub_2021SEP0003/_pdf
https://arxiv.org/abs/2310.06544
https://arxiv.org/abs/2310.01630
https://arxiv.org/abs/2309.04606
https://arxiv.org/abs/1512.05495
https://iopscience.iop.org/article/10.1088/1742-6596/97/1/012041/pdf
https://arxiv.org/abs/2211.06667
https://www.vttresearch.com/en/news-and-ideas/superconducting-chips-scale-quantum-computers-and-boost-supercomputers
https://arxiv.org/abs/2201.04715
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• China launched a 200M€ project on SFQ electronics. The Shanghai Institute of Microsystem and 

Information Technology’s (SIMIT) Laboratory of Superconducting Electronics is studying 

SQUIDs (Superconducting quantum interference device used in sensing), SNSPD (superconduct-

ing nanowire single-photon detectors) and Superconducting large scale integrated circuits with a 

50 persons team. They ambition to create a 64 bits SFQ-based microprocessor. They have their 

own cleanroom. A side project could well become SFQ-based qubits control chips. 

• Russia has some researchers working on superconducting electronics and even on SFQ qubit 

drive electronics, particularly at Lomonosov Moscow State University and Lobachevsky State 

University of Nizhny Novgorod2211. 

 

SEEQC (2017, USA, $34.2M) was created as a subsidiary of Hypres, an 

American company specialized in the creation of superconducting electronics, 

by John Levy, Matthew Hutchings and Oleg Mukhanov2212. 

Its parent company Hypres (1983, USA, $50K) is a long-time specialist in superconducting electronic 

circuits. It was created by Sadeg Faris, a Libyan who invented the quiteron at IBM, a superconducting 

transistor. He created Hypres the same year IBM pulled the plug on superconducting electronics and 

used IBM patents under license. 

They have been the only superconducting electronics company for three decades and lived out of 

SBIR funding and some defense business, like with radars and spectrum analysis. They are a mix of 

nationalities with Indians, Russians, and a Lebanese. Hypres split in two in 2020. The RF business 

did stay at Hypres working mostly for the DoD, and SEEQC specialized in SFQ based qubit drive 

while keeping Hypres’s cleanroom based in Elmsford, New York State. The remained of Hypres then 

worked with other cleanrooms like with SkyWater and the MIT Lincoln Labs. But SEEQC also man-

ufactures superconducting chips for the DoE, NASA and DoD as well as other commercial and aca-

demic teams. 

SEEQC stands for "Superconducting Energy Efficient Quantum Computing". It focuses on the crea-

tion of superconducting circuits completed with spintronic technology memories2213. The company 

was initially funded under IARPA's C3 project launched in 2016. Then SEEQC created a lab at Fed-

erico II University of Naples, Italy, and the UK, mostly to capture EU/UK public funding. It fared 

better with the UK than with the EU. They got grants from Innovate UK’s Industrial Challenge Strat-

egy Fund as part of four consortiums. 

• The first, announced in April 2020, totaling £7M, is led by Oxford Quantum Circuits includes 

Oxford Instruments, Kelvin Nanotechnology, University of Glasgow (Martin Weides’ team) and 

the Royal Holloway University of London, to create a superconducting qubit computer. 

• The second, launched in September 2021, is NISQ.OS, totaling £5.363M, is focused on building 

an operating system and an hardware abstraction layer is led by Riverlane and includes, Hitachi 

Europe, Universal Quantum, Duality Quantum Photonics, Oxford Ionics, Oxford Quantum 

 

2211 See Beyond Moore’s technologies: operation principles of a superconductor alternative by Igor I. Soloviev et al, 2017 (22 pages), 

Flux qubit interaction with rapid single-flux quantum logic circuits: Control and readout by N. V. Klenov, Low Temperature Physics, 

2017 (11 pages), the excellent review presentation Superconducting digital electronics by Igor Soloviev, 2021 (115 slides), Genetic 

algorithm for searching bipolar Single-Flux-Quantum pulse sequences for qubit control by M.V. Bastrakova et al, September 2022 (9 

pages) that deals with the optimization of SFQ pulses to drive qubits, using a genetic machine learning algorithm and Speeding up 

qubit control with bipolar single-flux-quantum pulse sequences by Vsevolod Vozhakov, Igor I. Soloviev, October 2023 (17 pages). 

2212 See SEEQC Cuts Its Own Path to the Quantum Era With Integrated Circuit Approach by Matt Swayne, The Quantum Daily, Sep-

tember 2020. By setting up offices in Milan and the UK, the startup found a way to secure European funding for its research. Otherwise 

they collaborate with Robert McDermott's team at the University of Wisconsin and the Syracuse team in upstate New York. 

2213 See Single Flux Quantum Logic for Digital Applications by Oleg Mukhanov of SEEQC/Hypres, August 2019 (33 slides). Oleg 

Mukhanov also worked on a TWPA, in Symmetric Traveling Wave Parametric Amplifier by Alessandro Miano and Oleg Mukhanov, 

April 2019 (6 pages). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5753050/
https://aip.scitation.org/doi/10.1063/1.4995627
https://mipt.ru/upload/medialibrary/53a/soloviev_scde-2021.pdf
https://arxiv.org/abs/2209.09790
https://arxiv.org/abs/2209.09790
https://arxiv.org/abs/2310.11484
https://arxiv.org/abs/2310.11484
https://thequantumdaily.com/2020/09/28/tqd-exclusive-seeqc-cuts-its-own-path-to-the-quantum-era-with-integrated-circuit-approac/
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/RP92_%20Mukhanov_distpres.pdf
https://arxiv.org/abs/1811.02703
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Circuits, arm and the UK National Physical Laboratory, another SEEQC partner in the UK. 

SEEQC and Riverlane announced in June 2021 that they had integrated Riverlane’s operating 

system Deltaflow.OS with SEEQC’s qubit driving components. 

• The third consortium was launched in November 2021 in partnership with Merck who is also an 

investor in SEEQC as well as with Riverlane, Oxford Instruments, the University of Oxford and 

Medicines Discovery Catapult, with a total funding of £6.85M grant from Innovate UK’s Indus-

trial Strategy Challenge Fund (ISCF) to build a “commercially scalable application-specific quan-

tum computer designed to tackle prohibitively high costs within pharmaceutical drug development” 

(aka QuPharma project). A bit like IQM’s strategy, SEEQC is to create “an application-specific 

quantum computer” to simulate quantum chemistry, an idea that I found a bit questionable. The 

announcement didn’t mention either a number of qubit or expected fidelities, but the project is 

due for completion “in 18 months”. 

• The fourth consortium is a project led by sureCore, with £6.5M to support the integration of 

SEEQC’s technology with cryo-CMOS components for qubit controls. SEEQC’s role is to “de-

termine what IP blocks the project will need to create for the Cryo-CMOS chips”. Other partners 

are Oxford Instruments, SemiWise, Synopsys, Universal Quantum and the University of Glasgow. 

In December 2021, SEEQC also announced a partnership with QuantWare (the Netherlands) for the 

development of a QPU containing QuantWare’s superconducting qubits and SEEQC’s SFQ cryogenic 

control electronics. It adds another superconducting vendor to SEEQC’s partners, on top of OQC 

(UK). The difference here is that QuantWare will embed SEEQC’s technology in its QPU in multi-

chip modules. 

SEEQC’s architecture was initially based on two chips: a classical SFQ control chip and the SFQu-

Class DQM, both using Josephson junctions in SFQ superconducting circuits. The first chip runs at 

3K or as low as 600 mK and uses an energy efficient ERSFQ or eSFQ variant of RSFQ logic. It 

removes a lot of wiring clutter thanks to digital control signals multiplexing (Figure 534). 

It controls the DQM and han-

dles error corrections with-

out requiring an external 

classical computer. The 

SFQuClass DQM (Digital 

Quantum Management) in-

cludes the microwave gener-

ators used to drive the qubits 

(with DACs, digital-to-ana-

log signal converters) and for 

qubits readouts (with ADCs, 

analog to digital microwave 

signal converters) (Figure 

533). 

 
Figure 533: SEEQC overall architecture with a classical coprocessor running at 3K/600mK and the 

DQM that site close to the qubit chip at 20 mK. Source: SEEQC. 

Its power drain is only 0.0002 mW per qubit when it could reach over 20 mW per qubits with cryo-

CMOS but we have to check these kinds of comparison making sure the same electronics functions 

are implemented or not implemented. 

The mid-loop between the SFQ co-processor and the DQM also reduces the latency for qubits con-

trols and is particularly interesting for implementing error correction codes. When we can generate 

qubit control signals inside the cryostat, it still must be exchanged both ways digitally with the outside 

of the cryostat. This can be done through signals multiplexed on copper, fiber optics, or even, it is 

under study, radio waves at very high frequencies (in THz). 
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It also helps maximize thermal and vacuum insulation with the outside2214 2215. 

An optical fiber has the 

advantage of being made 

of glass, which does not 

generate thermal expan-

sion and is a weak heat 

conductor. Still, SEEQC 

has scalability plans that 

will require using a 

growing number of 

wires with the number of 

qubits, with a better 

“Rent’s rule” than with 

classical control2216. 

 
Figure 534: how many wires are necessary for controlling qubits comparing Google’s Sycamore system 

and SEEQC’s solution. Source: SEEQC. 

In April 2023, SEEQC demonstrated its first full-stack quantum computer in its laboratory in Naples, 

Italy, System Red with 5 superconducting qubits, quite fast two-qubit gates at 39 ns, but with a paltry 

98.4% fidelity. It assembled QuantWare’s 5 superconducting qubit chip and SEEQC’s SFQ chip for 

qubit drive as well as digital demultiplexing features. They even say they communicate wirelessly 

when it may actually use metal layers in another chip underneath both chips in the packaging, with 

up to 9-layer in niobium2217. At this point, they use a single cable to control four RF signals with 

future version controlling 16 signals. The next system iteration will support SFQ based qubit readout 

which in the first edition seems implemented classically at room temperature2218. They didn’t indicate 

whether they were using a 4K-level bridge chip. 

Circulators 

Circulators are used in the qubit readouts chain at the lowest level of a cryostat. 

The generic role of a n-way circulator is to send the microwave from input i to input i+1 in a direc-

tional aka non-reciprocal way. The signal from i+1 can’t be sent or is sent with strong attenuation to 

input i (Figure 535). It is used to convey the readout microwave from their AWG/DAC source to the 

qubit resonator and its response microwave to the first amplification stage. The amplified microwave 

is sent upwards to the next amplification stage, without being sent back to the resonator. There are 

settings variations based on using between one and four circulators to improve the various compo-

nents isolation in the readout food chain. 

 

2214 See Quantum-classical interface based on single flux quantum digital logic by Robert McDermott, 2018 (19 pages), Digital coher-

ent control of a superconducting qubit by Edward Leonard Jr. et al, 2018 (13 pages). The diagram in Figure 533 suggests that microwave 

generation is always performed outside the cryostat. This is related to the experiment containing a double qubit control: by direct 

current to drive the microwave generation by the SFQ near the qubits, and in the traditional way outside the cryostat, used to compare 

the two methods fidelities. 

2215 See Digital coherent control of a superconducting qubit, by Oleg Mukhanov (CTO and co-founder of SEEQC), Robert McDermott 

et al, September 2019 (39 slides) and Hardware-Efficient Qubit Control with Single-Flux-Quantum Pulse Sequences by Robert McDer-

mott et al, 2019 (10 pages). 

2216 Rent’s rule compute the maths of connections needed to control an electronic system and how it scales with size. See Microminia-

ture packaging and integrated circuitry: The work of E. F. Rent, with an application to on-chip interconnection requirements, 2005 (28 

pages) which describes the history of Rent’s rule that dates from 1960 and Rent’s rule and extensibility in quantum computing by D.P. 

Franke, James Clarke, L.M.K. Vandersypen and Menno Veldhorst, 2018 (8 pages) that describes how these rules could be applied in 

quantum computing. 

2217 See Flip-Chip Packaging of Fluxonium Qubits by Aaron Somoroff, Oleg Mukhanov et al, March 2023 (14 pages) which describes 

their flip-chip bonding combining an SFQ and a fluxonium qubit chipset. It still seems to be a different design from System Red. 

2218 See Discriminating the Phase of a Coherent Tone with a Flux-Switchable Superconducting Circuit by Luigi Di Palma, Oleg Mukha-

nov et al, SEEQC, June 2023 (15 pages). 

https://par.nsf.gov/servlets/purl/10061801
https://arxiv.org/abs/1806.07930
https://arxiv.org/abs/1806.07930
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/STP651-Leonard%20presentation.pdf
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.12.014044
https://www.researchgate.net/publication/220498942_Microminiature_packaging_and_integrated_circuitry_The_work_of_E_F_Rent_with_an_application_to_on-chip_interconnection_requirements
https://www.researchgate.net/publication/220498942_Microminiature_packaging_and_integrated_circuitry_The_work_of_E_F_Rent_with_an_application_to_on-chip_interconnection_requirements
https://arxiv.org/pdf/1806.02145.pdf
https://arxiv.org/abs/2303.01481
https://arxiv.org/abs/2306.11364
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Indeed, the reciprocal protection is not perfect, as measured in dec-

ibels and is usually of about 17 to 18 dB. So, chains of circulators 

enable a protection of about 35 dB, if not over 50 dB. The circulator 

protection must exceed the first amplifier (or paramp) gain with is 

currently sitting between 15 and 20 dB. 

Circulators protect the qubits from unwanted noise coming from the 

output measurement chain. It avoids back-action of the amplifier on 

the qubits. They are key contributors to the qubit readout being 

“nondestructive” of the resulting quantum state (aka QND for quan-

tum non-demolition measurement). 

 
Figure 535: principle of operation of a 
circulator which circulates microwaves 

in a one-way fashion. 

Isolators are similar symmetry breaking devices, but with only two connectors they enable a one-way 

microwave circulation. Conceptually, these are like “microwave diodes”, letting microwaves be trans-

mitted in only one direction (Figure 537). 

Traditional circulators use a ferrite magnet. A microwave entering the circulator through one port is 

subject to a Faraday rotation in the ferrite, changing its phase2219. It creates a constructive microwave 

interference in one direction of circulation and a destructive interference in the other direction. Such 

circulators can’t be integrated in or near qubit circuits due to their ambient magnetism. Circulators 

can still be mutualized for the readout of several qubits with frequency-domain multiplexing used at 

the AWG/DAC and ADC/FPGA levels in the upper data processing stages2220. 

Nowadays, this multiplexing is not exceeding 8 qubits, but it could 

theoretically reach 100 qubits, such as with a 10 MHz bandwidth 

and equivalent 10 MHz spacing, spread in a 2 GHz bandwidth cen-

tered at 6.5 GHz, although 20-qubit multiplexing seems more rea-

sonable given the specifications of existing parametric amplifiers 

(mostly TWPAs). 

Also, the shorter the microwave bandwidth, the longer the qubit 

readout microwave will be, which contradicts the needs of quantum 

error correction which must be fast. 

 
Figure 536: a typical commercial bulky 

circulator. QuinStar Technology. 

Existing Faraday circulators used with superconducting qubits are relatively large components, being 

several centimeters wide (Figure 536). This length is conditioned by the microwave length, which is 

5 cm for 6 GHz wavelengths. With cabling, filters and attenuators, circulators are the key components 

located in the cryostat that limit qubit scaling, thus the need to find alternative and less bulky solutions. 

Ideal circulators would fit into the qubit chips and use compatible (superconducting) circuits, have a 

high protection (in the 20 dB region), a large and controllable bandwidth (between 500 MHz and up 

to 2 GHz, to enable qubit readout multiplexing) and low power drain if they are active and depending 

on the cryostat stage where they are operating (15 mK or 4K). They’d also be combined with the first 

stage quantum-limit low-noise amplifier like a TWPA. 

These new types of circulators can be segmented by their underlying physical process. I will simplify 

this and have, first, classical electronics systems: 

 

2219 This effect was described first in The Ferromagnetic Faraday Effect at Microwave Frequencies and its Applications by C. L. Hogan, 

1952 (31 pages). 

2220 See the interesting presentation Hall Effect Gyrators and Circulators by David DiVincenzo, Quantum Technology - Chalmers, 2016 

(53 slides). 
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.25.253
https://www.chalmers.se/en/research/strong/nano/events/initiative_seminar_2016/Documents/DiVincenzo%20Dec%202016.pdf
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• Hall effect circulators as developed by David DiVincenzo in Germany and whose size is not 

constrained by the readout microwave wavelength2221. 

• LC based cryo-CMOS circulators as prototyped at TU Delft2222. 

 
Figure 537: several circulators are actually used for each set of qubits controlled through frequency multiplexing. 

Source: Irfan Siddiqi. 

And then, various superconducting circuits using Josephson junctions like: 

• Interferometric and parametric Josephson circulators, developed at IBM2223 2224, RIKEN2225 

and Google AI (as shown in Figure 539)2226, with the advantage of being very low power hungry. 

• Superconducting quantum tunnelling capacitors, developed by Clemens Mueller at ETH Zur-

ich and the University of Queensland2227. These are passive systems or can be controlled with just 

 

2221 See Hall Effect Gyrators and Circulators by Giovanni Viola and David DiVincenzo, 2014 (18 pages) and On-Chip Microwave 

Quantum Hall Circulator by A. C. Mahoney et al, 2017 (9 pages) which is based on III/V GaAs and AlGaAs electronics. 

2222 See A Wideband Low-Power Cryogenic CMOS Circulator for Quantum Applications by Andrea Ruffino, Fabio Sebastiano and 

Edoardo Charbon, IEEE & EPFL, 2020 (15 pages). It uses resonant LC circuits level combining inductance (L) and capacitors (C). 

The circuit provides a 18 dB isolation and consumes a total of 10.5 mW. It runs at 4.2K and not at the lowest 15 mK. It was tested with 

a 40 nm node with an active area of 0.45 mm2 in an experimental 1.5 mm wide square circuit. 

2223 See Active protection of a superconducting qubit with an interferometric Josephson isolator by Baleegh Abdo, Jerry M. Chow et 

al, IBM Research, 2018 (10 pages) and High-fidelity qubit readout using interferometric directional Josephson devices by Baleegh 

Abdo et al, IBM Research, 2021 (32 pages). 

2224 See Wideband Josephson Parametric Isolator by M. A. Beck et al, IBM, December 2022 (10 pages). 

2225 See Magnetic-Free Traveling-Wave Nonreciprocal Superconducting Microwave Components by Dengke Zhang and Jaw-Shen Tsai, 

RIKEN, 2021 (18 pages), with a bandwidth of 580 MHz around 6 GHz and an isolation of 20 dB. 

2226 See Josephson parametric circulator with same-frequency signal ports, 200 MHz bandwidth, and high dynamic range by Randy 

Kwende et al, Google AI, May 2023 (6 pages). 

2227 See Breaking time-reversal symmetry with a superconducting flux capacitor by Clemens Müller, Thomas M. Stace et al, 2018 (10 

pages). This circulator uses a small superconducting capacitor, using the quantum tunnelling of the magnetic flux around it, allowing 

a flow of microwave energy in one direction. 

superconducting readout and circulators

circulators

JPA or TWPA

microwave 
pulses

amplified readout 
microwave pulses

local oscillator 
frequency

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.4.021019
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.011007
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.011007
https://www.researchgate.net/publication/339993119_A_Wideband_Low-Power_Cryogenic_CMOS_Circulator_for_Quantum_Applications
https://arxiv.org/abs/1810.07234
https://arxiv.org/abs/2006.01918
https://arxiv.org/abs/2212.08563
https://arxiv.org/abs/2106.02928
https://arxiv.org/abs/2303.06757
https://arxiv.org/abs/1709.09826
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some DC (direct current) input, as shown in Figure 5382228. These could be potentially directly 

implemented in superconducting qubit chips. 

• On-chip microwave circulators with a wide tunable frequency, developed in 2017 at the Uni-

versity of Colorado in Boulder2229, a variation with SQUIDs superconducting components. 

Also, Josephson based quantum diodes, also named superconducting diodes, are being developed 

using similar designs2230 2231 2232. 

 
Figure 538: a prototype passive superconducting circulator that 
could potentially be integrated in a superconducting qubit chip. 

Source: Passive superconducting circulator on a chip by Rohit 
Navarathna et al, August 2022. 

 
Figure 539: a parametric Josephson junctions based circulator 

proposed by Google. Source: Josephson parametric circulator with 
same-frequency signal ports, 200 MHz bandwidth, and high 

dynamic range by Randy Kwende et al, Google AI, May 2023. 

While there are many such prototype solutions, and we’ve not covered them all, it seems they have 

not yet reached the commercial stage at this point, although some have use cases beyond qubits con-

trol like in the telecom and radar markets. 

 

Analog Quantum Circuits (2022, Australia, $2M) is a company created by 

Tom Stace (CEO) and Arkady Fedorov (CSO) that is developing on-chip cir-

culators for solid state qubits, based on the work of Fedorov. They also have 

plans to develop other components like TWPAs and attenuators. 

Amplifiers 

Analog qubit readout microwave signals must be amplified several times before they are converted 

digitally with an ADC and then analyzed, usually with an FPGA programmable circuit. Supercon-

ducting readout microwaves are amplified at least three times: first, at the lowest cryogenic stage (15 

mK) with a parametric amplifier (“paramp”) operating at the quantum limit (JPA, TWPA), then at the 

4K stage with an HEMT amplifier, then at ambient temperature with a classical RF analog amplifier 

that may also be an HEMT. The paramp serves as a low-noise signal preamplifier before the noisier 

HEMT. They all add a gain of respectively about 15 dB, 40 dB and 50 dB to readout microwaves. 

 

2228 See Passive superconducting circulator on a chip by Rohit Navarathna, Thomas M. Stace, Arkady Fedorov et al, PRL, August 

2022-January 2023 (11 pages). This led to the creation of Analog Quantum Circuits (Australia). 

2229 See Widely Tunable On-Chip Microwave Circulator for Superconducting Quantum Circuits  by Benjamin J. Chapman, Alexandre 

Blais et al, 2017 (16 pages) and the related thesis Widely tunable on-chip microwave circulator for superconducting quantum circuits 

by Benjamin J. Chapman, 2017 (144 pages). See also Design of an on-chip superconducting microwave circulator with octave band-

width by Benjamin J. Chapman et al, 2018 (12 pages). 

2230 See Microwave quantum diode by Rishabh Upadhyay, Jukka P. Pekola et al, April 2023 (13 pages). 

2231 See Gate-tunable superconducting diode effect in a three-terminal Josephson device by Mohit Gupta et al, Nature Communications, 

May 2023 (8 pages). 

2232 See The superconducting diode effect by Muhammad Nadeem, Michael S. Fuhrer and Xiaolin Wang, Nature Reviews Physics, 

January-September 2023 (26 pages, arXiv). 

https://arxiv.org/abs/2208.13339
https://arxiv.org/abs/2303.06757
https://arxiv.org/abs/2303.06757
https://arxiv.org/abs/2303.06757
https://arxiv.org/abs/2208.13339
https://arxiv.org/pdf/1707.04565.pdf
https://jila.colorado.edu/sites/default/files/2019-03/ChapmanThesisOct25.pdf
https://arxiv.org/abs/1809.08747
https://arxiv.org/abs/1809.08747
https://arxiv.org/abs/2304.00799
https://www.nature.com/articles/s41467-023-38856-0
https://www.nature.com/articles/s42254-023-00632-w
https://arxiv.org/abs/2301.13564
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Paramps. To make things short, two main generations of parametric amplifiers have been used for 

qubits readout. They are based on exciting and pumping a material with nonlinear polarization using 

an intense electromagnetic field. A weak microwave signal can then get amplified via the interaction 

with the medium. The first paramps used with qubit readouts were the JPAs (Josephson Parametric 

Amplifiers)2233. These are simple amplifiers, using one or two Josephson junctions, easy to manufac-

ture, with a good gain of about 15 to 20 dB2234. Their main shortcoming is their narrow bandwidth 

which prevents their implementation with frequency-domain qubits readout multiplexing, where a 

single amplifier processes a readout signal coming from several chained qubits using different reso-

nant frequencies. It is due to JPAs being based on cavities. Some variant using Josephson based FET 

transistors (JoFET) are frequency tunable but have a low bandwidth as well2235. 

     

      
Figure 540: top left, the typical narrow-band response curve of a JPA, and top right, the typical frequency response curve of a TWPA 

that has over 2 GHz available with a gain superior to 15 dB in two parts, below 6.2 GHz and above 7 GHz. Bottom left is a typical 
TWPA circuit, with 2000 series of Josephson junction bridges, as described on the right. 

Source: Resonant and traveling-wave parametric amplification near the quantum limit by Luca Planat, June 2020 (237 pages). 

TWPA (aka, usually, JTWPA) practically emerged in 20152236. Recent TWPAs are based on long 

arrays of about 2000 series of Josephson junctions and as such are considered to be “meta-materials”. 

They are more complicated to manufacture. 

This explains the interest for a relatively new generation of paramps, the TWPAs (travelling waves 

parametric amplifiers) which were pioneered by Bernard Yurke (USA) in 19962237 and successfully 

implemented in an array of SQUIDs in 2007 by Manuel A. Castellanos-Beltran from JILA (USA)2238, 

and then, in 2008, with an intrinsic noise below the standard quantum limit (SQL) and over 20 dB of 

 

2233 See Superconducting Parametric Amplifiers by Jose Aumentado, IEEE Microwave Magazine, August 2020 (15 pages) (not open 

access). 

2234 A Japanese team was able to reach a gain of 40 dB with a JPA in 2022, but with a narrow bandwidth. With a 20 dB gain, they obtain 

a bandwidth of only 400 kHz. See A three-dimensional Josephson parametric amplifier by I. Mahboob et al, May 2022 (5 pages). 

2235 See Gate-tunable, superconductor-semiconductor parametric amplifier by D. Phan et al, IST Austria, June 2022-May 2023 (13 

pages). 

2236 See Traveling wave parametric amplifier with Josephson junctions using minimal resonator phase matching by T.C. White, John 

Martinis et al, UCSB, 2015 (15 pages) and A near–quantum-limited Josephson traveling-wave parametric amplifier by C. Macklin, 

William D. Olivier, Irfan Siddiqi et al, 2015 (3 pages). Despite the first work involving John Martinis in 2015, Google Sycamore was 

using JPAs and not TWPAs. Google is still investigating, naturally, how to use TWPAs in their systems. 

2237 See A low-noise series-array Josephson junction parametric amplifier by Bernard Yurke et al, 1996 (4 pages). 

2238 See Widely tunable parametric amplifier based on a superconducting quantum interference device array resonator by Manuel A. 

Castellanos-Beltran et al, 2007 (9 pages). 

https://tel.archives-ouvertes.fr/tel-03137118/file/PLANAT_2020_archivage.pdf
https://ieeexplore.ieee.org/document/9134828
https://arxiv.org/abs/2205.13101
https://arxiv.org/abs/2206.05746
https://arxiv.org/abs/1503.04364
https://www.science.org/doi/10.1126/science.aaa8525
https://www.researchgate.net/publication/30762948_A_low-noise_series-array_Josephson_junction_parametric_amplifier
https://arxiv.org/abs/0706.2373
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power gain2239. These amplifiers are used for qubit readout, in high-energy particle physics, radioas-

tronomy and astrophysics2240, like for the detection of dark matter. 

Their broader bandwidth could potentially enable up to 10-20 qubits readout multiplexing2241. Their 

other figures of merit are their saturation and dynamic range (linked to minimum and maximum input 

signal power), and noise level (noise temperature, under 1K). New options arise with Floquet mode 

TWPAs from MIT, decreasing noise level and across a wide bandwidth of 6 GHz, further increasing 

qubits readout multiplexing capabilities. And it has a better directionality2242 (Figure 540). 

Both JPAs and TWPAs are active components that are driven by a constant microwave pulse acting 

as a “pump”. JPAs are fed with a pulse of -80 dB while TWPAs use a -70 dB or just a tiny 0.1 nW. 

This is the power reaching the paramps. It is much larger from the outside local oscillator and must 

be attenuated on the way down in the cryostat. 

With TWPAs, there are variations with three-wave mixing (3WM) using one pump photon yielding 

one signal photon and one idler residual photon and four-wave mixing (4WM) using two pump pho-

tons yielding one signal and one idler photon. The pump microwave usually comes from a local os-

cillator source outside the cryostat. 

Other qubit readout options are investigated, including: 

• Low-noise cryo-CMOS amplifiers, prototyped in 2020 by CEA-Leti that operates at 10 mK2243. 

In another recent work involving the UK and CEA-Leti in France, quantum-dots based readout 

amplification is studied, and is adapted to silicon spin qubits. With some improvements, it could 

reach gains of classical JPAs (15 dB) although on a small bandwidth2244. 

• Semiconducting nanowire amplifier developed in the Netherlands, working at near-quantum-

limited performance, with >20 dB gain and a 30 MHz gain-bandwidth, good saturation powers of 

−120 dBm, magnetic field compatibility up to 500 mT and frequency tunability over a range of 

15 MHz2245. However, its bandwidth is limited compared to TWPA, making it difficult to multi-

plex the readout of several qubits with a single cable and amplifier. 

• Superconducting amplifier running at up to 1.5K, which may be useful for silicon spin qubits 

with near quantum limit noise reduction2246. 

• Nanobolometers operating in the gigahertz regime could also be of some use here, but more for 

metrology2247. 

 

2239 See this good TWPA review paper Perspective on traveling wave microwave parametric amplifiers by Martina Esposito, Arpit 

Ranadive, Luca Planat and Nicolas Roch, September 2021 (8 pages). 

2240 See Demonstration of a Quantum Noise Limited Traveling-Wave Parametric Amplifier by Nikita Klimovich et al, Caltech and JPL, 

June 2023 (6 pages). 

2241 TWPAs however generate undesired mixing processes between the different frequency multiplexed tones as described in Intermod-

ulation Distortion in a Josephson Traveling Wave Parametric Amplifier by Ants Remm, Andreas Wallraff et al, October 2022 (11 pages). 

2242 See Floquet Mode Traveling-Wave Parametric Amplifiers by Kaidong Peng et al, MIT, PRX Quantum, April 2022 (20 pages). This 

work from MIT was funded by Amazon AWS Center for Quantum Computing and by NEC. 

2243 See Low-power transimpedance amplifier for cryogenic integration with quantum devices by L. Le Guevelet al, March 2020 (13 

pages). 

2244 See Quantum Dot-Based Parametric Amplifiers by Laurence Cochrane, Fernando Gonzalez-Zalba, Maud Vinet et al, PRL, May 

2022 (7 pages). 

2245 See Gate-tunable kinetic inductance parametric amplifier by Lukas Johannes Splitthoff et al, QuTech and Kavli Institute for Nano-

science, Delft University of Technology, August 2023 (12 pages). 

2246 See Radiatively-cooled quantum microwave amplifiers by Mingrui Xu et al, Yale, August 2023 (9 pages). 

2247 See Cryogenic sensor enabling broad-band and traceable power measurements by J.-P. Girard et al, IQM, Aalto University, VTT 

and Bluefors, Review of Scientific Instruments, May 2023 (11 pages). 

https://arxiv.org/abs/2107.13033
https://arxiv.org/abs/2306.11028
https://arxiv.org/abs/2210.04799
https://arxiv.org/abs/2210.04799
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020306
https://hal.archives-ouvertes.fr/hal-03047484
https://arxiv.org/abs/2111.11825
https://arxiv.org/abs/2308.06989
https://arxiv.org/abs/2308.02106
https://pubs.aip.org/aip/rsi/article/94/5/054710/2892940/Cryogenic-sensor-enabling-broad-band-and-traceable
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• Microwave photon counters using Josephson Photo Multiplier (JPM) that can be directly em-

bedded in the qubit chip. It doesn’t require low-noise amplification with a JPA or a TWPA and 

provides a good readout fidelity >98% although it’s a bit slow, lasting 500 ns2248. Another micro-

wave photon counter was realized at CEA SPEC in Saclay using a SQUID connected to a coil2249. 

Before looking at cryogenic amplification commercial 

vendors, let’s mention the MIT Lincoln Lab team from 

William D. Oliver who has been pioneering TWPAs for a 

while, and is providing many labs in the world with its own 

TWPAs since 2015, and for free (pictured in Figure 541). 

A gift for science development! On the industry vendors 

side, IBM and Rigetti developed their own TWPAs. IQM 

uses TWPAs from VTT. 

In Finland, VTT is also manufacturing TWPAs using 

1,600 Josephson junctions. 40 nm CMOS. In Sweden, 

Chalmers University researchers are working on their 

own optimized 3WM TWPA2250. 

 

Figure 541: an MIT Lincoln lab TWPA. Source: A near–
quantum-limited Josephson traveling-wave 

parametric amplifier by C. Macklin, William D. Olivier, 
Irfan Siddiqi et al, 2015 (3 pages) 

In Italy, various labs launched DARTWARS, for designing a TWPA with very large bandwidth cov-

ering 5 to 10 GHz with low noise temperature of 600 mK. It will use two techniques with Josephson 

junctions (JTWPAs) and kinetic inductances (KITWPAs)2251.  There was also a 4-year EU TWPA 

project named ParaWave, run by German, Italian and British partners from 2018 to 20212252. 

Google is not following the TWPA path but improving JPAs with their home-made SNIMPA or ‘snake 

impedance matched parametric amplifier’ which has a high dynamic range, large bandwidth, high 

saturation and where the active nonlinear element is implemented with an array of rf-SQUIDs2253. 

HEMT. At last, at the 4K cryostat stage sit the second qubit microwaves readout amplifiers named 

HEMT (High-electron-mobility transistor). They provide a large gain amplification of about 40 dB 

with high dynamic range and a large-bandwidth >6GHz for the inbound microwave readout signal 

coming from the paramps from the first cryostat stage, which benefited from a first level 15 to 20 dB 

low-noise amplification at or near the quantum limit. 

Many labs and vendors produce HEMTs for qubit readout, like Chalmers University of Technology 

in Sweden using indium phosphide (InP) transistors which are very efficient at 4K2254. The main 

vendor here is Low Noise Factory (described later, below) as well as Cosmic Microwave Technol-

ogy, with HEMTs designed at Caltech. 

 

2248 See High-Fidelity Measurement of a Superconducting Qubit Using an On-Chip Microwave Photon Counter by A. Opremcak, 

Robert McDermott et al, February 2021 (13 pages). On top of give researchers from Wisconsin University, this work involves six 

researchers from Google and one from Syracuse University in New York. 

2249 See Emission of Photon Multiplets by a dc-Biased Superconducting Circuit by G. C. Ménard, Denis Vion, Daniel Estève et al, PRX, 

April 2022 (15 pages). 

2250 See Three-wave mixing traveling-wave parametric amplifier with periodic variation of the circuit parameters by Anita Fadavi 

Roudsari, Per Delsing et al, September 2022 (6 pages). 

2251 See Ultra low noise readout with travelling wave parametric amplifiers: the DARTWARS project by A. Rettaroli et al, July 2022 

(4 pages). 

2252 See Josephson travelling wave parametric amplifier and its application for metrology, 2018 (7 pages). 

2253 See Readout of a quantum processor with high dynamic range Josephson parametric amplifiers by T.C. White, Charles Neil, Frank 

Arute, Joseph C. Bardin et many al, September 2022 (9 pages). They tested it on a 54-qubit Sycamore processor. 

2254 See InAs/AlSb HEMTs for cryogenic LNAs at ultra-low power dissipation by Giuseppe Moschetti et al, 2020, Solid State Elec-

tronics (7 pages). 

https://www.science.org/doi/10.1126/science.aaa8525
https://www.science.org/doi/10.1126/science.aaa8525
https://www.science.org/doi/10.1126/science.aaa8525
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.11.011027
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.021006
https://arxiv.org/abs/2209.07551
https://arxiv.org/abs/2207.12775
https://www.euramet.org/research-innovation/search-research-projects/details/project/josephson-travelling-wave-parametric-amplifier-and-its-application-for-metrology/
https://arxiv.org/abs/2209.07757
https://research.chalmers.se/en/publication/147501
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Still, commercial HEMT amplifiers dissipate 10 mW of power, which can be a problem when the 

number of qubits scale, even though the cooling power at the 4K stage is quite larger than at 15 mK, 

with about 1W to 2W. 

One solution would be to use a variety of weakly dissipative TWPAs sitting at the 4K stage, using 

superconducting materials operating at this temperature like NbTiN and put an HEMT at the 70K 

cryogenic stage2255. This would reduce the heat generated at 4K. 

Then, we have room temperature analog amplifiers adding about 50 dB to the signal coming from the 

HEMT at 4K. These amplifiers are also usually HEMT-based. They consume about 250 mW, which 

is shared for the multiplexed readout signals of several qubits, usually between 5 and 10 with the 

potential to grow to 20 and even 100 qubits, depending on the readout speed. Indeed, the shorter the 

readout pulse, the broader the pulse frequency spectrum will be, limiting multiplexing over a band-

width of about 2 GHz. The longer the pulse, the smaller the pulse spectrum will be, but it will be 

detrimental to the efficiency of error correction. That’s another design trade-off to take into account 

in designing these systems. 

Now let’s look at the amplification vendors I have identified so far. 

 

Low Noise Factory (2005, Sweden) designs and produces low-noise amplifi-

ers (HEMT) operating at ambient or cryogenic temperatures as well as circu-

lators and JPAs, including double circulators. 

They are part of the European OpenSuperQ project, led by the University of Saarland in Germany, 

VTT in Finland and Chalmers in Sweden, to create commercial TWPAs. The consortium demon-

strated in 2019 a TWPA with a maximal gain of 10 dB over a 1.4 GHz bandwidth. 

 
Silent Waves (2022, France) is a spun-out startup from CNRS Institut Néel in 

Grenoble. It was founded by Luca Planat, Nicolas Roch and Baptiste Planat. 

Their offering is a very efficient TWPA, based on the research con-

ducted by CNRS-Institut Néel-UGA and the LPMMC in Greno-

ble2256. Their commercial TWPA added noise is near the quantum 

limit of noise. It enables high-fidelity single-shot qubit readout on 

a wide frequency band and with a gain than can exceed 20 dB. 

Based on a patented fabrication process, Silent Waves’ amplifiers 

are currently being manufactured in the Grenoble CNRS Institut 

Néel clean room2257 (Figure 542). They address both superconduct-

ing and silicon spin qubits readout. As a first stage, they will enable 

5 and 10 qubits readout multiplexing. 

 
Figure 542: a Silent Waves TWPA in its 

packaging. 
Source: Silent Waves. 2023. 

 

Qubic Technologies (2020, Canada) is developing JPAs and TWPAs, the aim 

being to produce more correlations and better filtered noise. They also use this 

technology to improve radars. The company was created by Jérôme Bourassa 

(CEO), a former researcher from the Institut Quantique at the Université de 

Sherbrooke. He also collaborates with the Institute for Quantum Computing 

from the University of Waterloo. 

 

2255 See Performance of a Kinetic-Inductance Traveling-Wave Parametric Amplifier at 4 Kelvin: Toward an Alternative to Semicon-

ductor Amplifiers by M. Malnou et al, NIST and University of Colorado Boulder, October 2021 (11 pages). Their KI-TWPA dissipates 

only 1 µW. 

2256 See A photonic crystal Josephson traveling wave parametric amplifier by Luca Planat et al, October 2019 (17 pages). 

2257 TWPAs could have applications beyond superconducting qubits readout, in microwave photonics, quantum sensing and quantum 

information with continuous variables as described in Observation of two-mode squeezing in a traveling wave parametric amplifier by 

Martina Esposito, Olivier Buisson, Nicolas Roch, Luca Planat et al, first published in November 2021 and revised in April 2022 (16 

pages). 

https://arxiv.org/abs/2110.08142
https://arxiv.org/abs/2110.08142
https://arxiv.org/pdf/1907.10158.pdf
https://arxiv.org/abs/2111.03696
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QuantWare (The Netherlands) is not just providing custom superconducting 

qubits chips but also their Crescendo TWPA. It provides a gain of >18 dB gain 

on a bandwidth of over 1.5 GHz. 

At last, let’s mention again Cosmic Microwave Technologies (2016, USA) which produces cryo-

genic LNAs (low noise amplifiers) used for qubits readouts and is a spin-out of Caltech. 

Cabling, connectors and filters 

In current quantum systems based on superconducting qubits, copper coaxial cables carry microwave 

photon pulses at frequencies between 5 and 10 GHz that act on the qubits for their reset, for imple-

menting quantum gates and handling qubit readouts. 

Microwaves are generated by devices generally located outside the refrigerated enclosure. Frequen-

cies below 5 GHz and above 10 GHz are filtered out2258. These microwaves are also attenuated and 

filtered at the input on the 4K cold plate. An attenuation of 60db, carried out in three steps of 20 dB 

which each time divide by 100 the transmitted power. It is used to limit the thermal noise that is 

conveyed in the cables. It is reduced so as not to represent by more than one thousandth of the photons 

that end up in the qubits. Each filter absorbs energy that must be dissipated at the stages where they 

are placed. 

The thermal conductivity of a cable Q is calculated as follows, using the 

product of the cable conductivity k, its cross-section A, the temperature gra-

dient T2-T1 and L the length of the cable. 

Q = kA 
T2−T1

L
 

Coaxial superconducting cables - having theoretically zero resistance at low temperature - connect 

the qubits to their reading system (thus, in the upward direction in the diagrams). They are made of 

niobium and titanium alloy (NbTi). They include loops to absorb the metal contraction that occurs 

during cryostat cooling and warm-up2259. With qubit readout, microwave signals are amplified at least 

twice before leaving the cryostat including once at superconducting temperature, below 1 K. 

These cables are used between the 4K and 15-100 mK 

cold plates in a cryostat. They come from various ven-

dors including CoaxCo (Japan). This company seems 

to be the only one in the world that produces NbTi ca-

bles2260. The 2 mm diameter cable consists of a conduc-

tive outer jacket and a central conductor, both made of 

niobium-titanium which are separated by a Teflon 

(PFTE) or Kapton insulation (Figure 543). 

 
Figure 543: a typical CoaxCo niobium-titanium cable. 

Source: CoaxCo. 

Other vendors like Delft Circuits are also proposing superconducting cables but they seem to rely on 

CoaxCo for the base cables they’re then integrating in their own solutions. Most vendors are now 

trying to miniaturize this cumbersome cabling, mostly by using flexible cables. 

Other avenues are pursued, at the research level, using optical cables and frequency conversion from 

5 GHz to 200 THz and the other way around, using phonon-based mechanical resonators cavity 

 

2258 See Engineering the microwave to infrared noise photon flux for superconducting quantum systems by S. Danilin et al, 2022 (22 

pages).   

2259 See Challenges in Scaling-up the Control Interface of a Quantum Computer by D. J. Reilly of Microsoft, December 2019 (6 pages) 

which states that superconducting cables have resistance and capacitance when microwaves are passed through them and therefore 

have a thermal release that must be taken into account. 

2260 See We'd have more quantum computers if it weren't so hard to find the damn cables, by Martin Giles, January 2019. 

http://www.coax.co.jp/en/product/sc/219-50-nbti-nbti.html
https://eprints.gla.ac.uk/263423/
https://arxiv.org/pdf/1912.05114.pdf
https://www.technologyreview.com/s/612760/quantum-computers-component-shortage/
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optomechanics, optomechanical crystal resonator2261 or coplanar waveguide and optical cavity using 

the dark state protocol2262. You then must look at the thermal cost of demultiplexing this signal in the 

cryostat and the quality of the microwave signal after its dual transduction to and from optical wave-

lengths. This is an option IBM is investigating for scaling its superconducting computer systems2263. 

Above 4K, the coax cables are using more regular materials like copper alloys. 

Microwave qubit control downlink cables are made of various materials including copper-nickel, 

copper-beryllium or bronze alloys. After passing through the 4K stage, they are replaced by super-

conducting versions to limit their heat conduction. Between the two, 20 dB attenuators are inserted. 

In addition, conventional twisted pair cables carrying direct current are used to power the active elec-

tronic components integrated in the cryostat, in particular the qubit state readout amplifiers. 

This creates significant wiring clutter. Figure 544 contains on the left a Google cryostat with its 

bunch of cables and wires connecting the different cold plates. This is the wiring for only 53 qubits 

(actually, you need to add the 88 coupling qubits). It seems that it is possible to miniaturize some of 

this, especially with flat ribbon cables. These various cables cost several thousand dollars per unit. 

For today's 72-qubit superconducting quantum computer, this cabling costs more than the entire cry-

ostat, more than half a million dollars. Bluefors offer their own optimized cabling system, such as 

their 168-cable High-Density Wiring, which appears to be sized to support 56 qubits (center). The 

same is true with the removable cable system of the Oxford Instruments Proteox (right). 

The most expensive cables are the niobium-titanium coax sitting between the 4K and 15 mK stages, 

up to $3K each. A 1,000 qubit QPU could have $10M of cabling in its bill of materials! 

      
Figure 544: from left to right, Google Sycamore cable clutter, BlueFors optimized cabling system and Oxford Instrument removable 

cabling system. Sources: Google, Bluefors, Oxford Instruments. 

Now, onto the vendors in this space… 

 

QDevil (2016, Denmark, 1M€) sells filters used in cryostats including the 

QFilter, based on a collaboration between Harvard University and the Univer-

sity of Copenhagen. It is a cryogenic filter reducing electron temperatures be-

low 100 mK. 

 

2261 See Cavity optomechanics by Markus Aspelmeyer, Tobias J. Kippenberg, and Florian Marquardt, Review of Modern Physics, 2014 

(65 pages), Two-dimensional optomechanical crystal cavity with high quantum cooperativity by Hengjiang Ren, Oskar Painter et al, 

2020 (21 pages) and the review paper Mesoscopic physics of nanomechanical systems by Adrian Bachtold et al, February 2022 (87 

pages). 

2262 See Proposal for transduction between microwave and optical photons using 167Er:YSO by Faezeh Kimiaee Asadi et al, University 

of Calgary, February 2022 (8 pages). 

2263 See Optomechanics with Gallium Phosphide for Quantum Transduction by Paul Seidler, May 2019. 

https://arxiv.org/abs/1303.0733
https://arxiv.org/abs/1910.02873
https://arxiv.org/abs/2202.01819
https://arxiv.org/abs/2202.08770
https://www.ibm.com/blogs/research/2019/05/optomechanics-gallium-phosphide/
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They also sell the QDAC, a 24-channel low noise DAC, the QBoard, a PCB-based fast-exchange 

cryogenic chip carrier system, and the QBox, a 24-channel breakout box. They are partnering with 

Bluefors. The company was acquired by Quantum Machines (Israel) in March 2022. 

 

Delft Circuits (2016, the Netherlands, 6.5M€) was created by Sal Jua Bosman 

(CEO), Daan Kuitenbrouwer (COO) and Paulianne Brouwer (CFO), the first 

two coming from TU Delft. 

They offer cables and flexible mats used to carry the control micro-

waves of superconducting qubits such as CF3 (Cri/oFlex) and support-

ing frequencies ranging from 2 to 40 GHz with 8 embedded cables. 

Delft Circuit also introduced in March 2022 their Tabbi, an ultra-high 

density modular flexible microwave interconnect that consolidates the 

equivalent of 8 SMA cables in about 10 mm and embed its own filters 

(Figure 545). The startup had 24 people as of early 2022. They manu-

facture their products out of a 150 m2 lab located at the Delft Quantum 

Campus. The company got financial support from many EU programs 

(AVaQus, MATQu and SPROUT). 

 

Figure 545: a Delft Circuit Tabbi flat 
cable and connector. 

 

XMA Corporation (2003, USA) provides the OmniSpectra product line com-

prising adapters, attenuators, couplers and other passive cryo-electronic com-

ponents used in quantum computing. 

 

Radiall (France) is an industry company specialized in connectors and cabling, 

very active in the aerospace vertical. They are now addressing quantum tech-

nology needs. 

The company creates custom solutions for the quantum industry, including ultra-miniature microwave 

board-to-board connectors, 3D cabling and cryogenic switches. Radiall is currently expanding its 

product portfolio with microwave solutions supporting various quantum computing technology that 

require microwave components meeting strict electromagnetic compatibility/electromagnetic inter-

ference (EMC/EMI) constraints, cryogenic, non-magnetic and density specifications. 

 
Figure 546: examples of Radiall connectors, attenuators, panel fixing, custom assemblies and cryo switches. Source: Radiall. 

 

CryoCoax (UK/USA) is a division of Intelliconnect (UK/USA) that provides 

RF interconnect assemblies for various markets including quantum computing, 

based on niobium-titanium, cupro-nickel, beryllium-copper, stainless steel and 

brass. 

They provide high-density multiway connectors using the SMPM interface (created by Carlisle In-

terconnect Technologies) that supports a 4.75mm pitch instead of a classical 15 mm pitch with SMA 

connectors. They also distribute the cabling solutions from Delft Circuits and passive components 

from OmniSpectra. 

connectors panel fixing

attenuators

custom assemblies cryo switches
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Atem (1990, France) is a coaxial cables designer and manufacturer. It wants 

to enter the quantum computers space with its Qryolink project to propose su-

perconducting coaxial cables. 

 

Rosenberger Group (Germany) is involved in the German qBriqs projects to 

build connectors, attenuators components, niobium-titanium and stainless ca-

bles assembly to be incorporated in 80 channel multiport connectors and flat 

cables (with a 1 mm pitch) developed by Supracon AG and LPKF. They plan 

to produce these flat cables with 3D printers. 

 

VIQTHOR (2022, France) is aiming to create an optical-based fiber multi-

plexing solution for microwave drive. 

At last, let’s mention the IARPA funded SuperCables US program that aims to develop high-data 

rate and low-power transport solutions for cryogenic electronics. It started in 2019. Its goal is to 

optical fiber connectivity between room temperature and cryogenic electronics to limit heating. It 

works on creating electro-optic modulators converting digital signals into and from optical data. It 

was a 2-year effort targeting a bandwidth of 50 Gbits/s. Which in itself is insufficient for qubits con-

trol! Cabling must also be scaled at a lower dimension, around the qubit chips. As qubit count will 

grow, the number of control lines reaching the chips will grow. It could scale as 2√𝑁, 𝑁 being the 

number of qubits if cabling was using a classical X-Y addressing mode but it doesn’t seem to be 

applicable since qubit gating is not easy to serialize. Thus, the need to miniaturize the wiring reaching 

chips. The current lab-grade grid spacing between these wires is 10 µm, as tested by Fraunhofer IZM 

using indium2264. 

Other electronics vendors 

Let’s now look at other commercial vendors in the cryogenic electronics area, given they don’t create 

any cryo-CMOS at this point. 

 
Atlantic Microwave (1989, USA) produces and markets radiofrequency and 

microwave components operating at cryogenic temperatures. 

They are used to control superconducting and silicon qubits in cryostats. This includes microwave 

attenuators, filters, microwave amplifiers and bias tees. It is a subsidiary of the British group ETL 

Systems, founded in 1984. 

 

Raditek (1993, USA) is a designer and provider of RF signals processing sys-

tems, including the circulator magnet-based filters used between the first stage 

microwave amplifier (at 15 mK) and second stage amplifier (at 4K) used usu-

ally with superconducting qubits. 

 

QuinStar Technology (1993, USA) is a vendor of cryogenic circulators, com-

ing from the acquisition of Pamtech (USA) in 2010. 

 
RF-Lambda (2003, USA) also provides circulators and low-noise amplifiers. 

 

CryoHEMT (2019, France) is a company created by Quan Dong and Yong Jin 

in Orsay, France. It designs and manufactures low-noise HEMT microwave 

amplifiers which amplifies microwaves at the 4.2K cryostat stages.  

 

2264 See Deepfreeze electronics for supercomputers - Fraunhofer technology prepares quantum computing for industrial use, February 

2023. 

https://www.izm.fraunhofer.de/en/news_events/tech_news/deepfreeze-electronics-for-supercomputers.html
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Their technology is based on the PhD thesis from Quan Dong done under the supervising of Yong Jin 

in France in 2013. It seems not being used in quantum information systems. 

 

Diramics (2016, Switzerland) is a spin-off from ETH Zurich creating ultra-

low noise transistors in III-V materials (InP, indium-phosphorus) with a tech-

nology named pHEMT (pseudomorphic high-electron-mobility transistor, us-

ing junctions with two semiconductors with different band gaps). 

It can be used in low temperature electronics. It is currently mostly used in astronomy applications. 

 

Marki Microwave (1991, USA) is a supplier of microwave control compo-

nents: amplifiers, bias tees, couplers, mixers and filters. 

 

Quantum Microwave (2016, USA) creates microwave components operating 

at cryogenic temperatures for quantum computers, including JPA amplifiers, 

attenuators, frequency couplers, multiplexers, bias tees, diplexers, filters, im-

age reject mixers and directional couplers. 

 

One main applied research domain for Raytheon is related to superconducting 

qubits controls. They work on arbitrary pulse sequencers (APS) creating su-

perconducting qubits control microwaves, an FPGA readout system using low 

noise parametric amplifiers and a custom made three-way mixing mode JPAs 

with 20 dB gain as show in Figure 547. 

They are also exploring SFQ based control logic (Josephson 

gate-based logic) and spintronics based low-power memo-

ries. They are mainly found in superconducting qubits quan-

tum computers (IBM, Google, Rigetti, D-Wave). However, 

they do not push forward the miniaturization of these com-

ponents like what SEEQC is doing. In October 2021, they 

announce a technology partnership with IBM, with not many 

details2265. On top of that, they also develop Josephson junc-

tion based infrared photon detectors2266. 

 
Figure 547: a Raytheon BBN JPA. 

 

Holzworth Instrumentation (2004, USA) is a provider of multi-channel RF 

sources and AWGs. They also provide phase noise analyzers. The company was 

acquired by Wireless Telecom in 2019. 

 

apitech (1999, USA) is a provider of cryo-attenuators targeting the quantum com-

puting market and covering signals from DC to 40 GHz, and with SMA, and 

SMPM connectors. 

 

AnaPico (2005, Switzerland) is a provider of low phase noise RF signals genera-

tors, for the local oscillators used in qubits control and readout, running up to 6.1 

GHz. 

 

Wenteq Microwave Corp (2006, USA) provides low-noise amplifiers, atten-

uators, circulators and coaxial connectors, in the RF/microwave range. 

 

Scalinq (2022, Sweden) was created by a team coming from Chalmers Uni-

versity who wants to help superconducting quantum computers companies de-

sign larger QPUs. 

 

2265 See Raytheon, IBM partner for quantum in defense, aerospace by Nicole Hemsoth, in TheNextPlatform, October 2021. 

2266 See Josephson junction infrared single-photon detector by Evan D. Walsh et al, April 2021 (12 pages). 

http://www.theses.fr/2013PA112035
https://www.nextplatform.com/2021/10/11/raytheon-ibm-partner-for-quantum-in-defense-aerospace/
https://arxiv.org/abs/2011.02624
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It designs a QPU chip sample holder named LINQER, with currently 16, 36 and 80 connectors, and 

the potential to scale up to 300 connectors. It provides low crosstalk, an innovative magnetic shielding 

technology, and supports chip sizes up to 20×20 mm2. The company was created by Zaid Saeed (CEO), 

Lisa Rooth (VP) and Robert Rehammar (CTO). They announced a partnership with Qblox in Sep-

tember 2023 which makes sense. Indeed, Qblox hardware outputs are connectors for coaxial cables 

that can land in Scalinq’s connectors. The company is also partnering with Atlantic Quantum, another 

Swedish startup. 

 
Ohtama (1964, Japan) is a magnetic shields vendor some of which could be 

used to protect qubit chips in the cryostat. 

 
QuEL (2021, Japan) is a startup that provides room temperature qubit control 

electronics that came out of Osaka University. 

The QuEL-1 is an all-in-one 3U rackable solution to control qubits from gates to readout. It has 8 16-

bit output and 4 12-bit input channels in the 7-11 GHz range. 

 
T0.technology (2021, Canada) develops quantum computing control electron-

ics solutions. 

It supports over a thousand independent pulses per I/O, arbitrarily sequenced or combined, low-la-

tency feedback, direct digital synthesis at RF-frequencies and real-time pulse generation, using pre-

computed or algorithmically determined pulse-profiles. The company also manufactures supercon-

ducting sensors. 

Thermometers 

It is possible to measure pressure (ambient, gas), temperature (everywhere) and flow (of gas) at 

cryogenic temperatures. Specific sensors are installed in cryostats, attached to different locations in 

the “chandelier” (with superconducting qubits). Temperatures are measured with cryogenic thermom-

eters! There are many types of low temperature thermometers as shown in Figure 548. 

These are found in particular at 

Lake Shore Cryotronics with its 

Cernox thermometers which go 

down to 100 mK and resist well to 

the ambient magnetic field and its 

ruthenium oxide thermometers 

which go down to 10 mK. At less 

than 20 mK, noise thermometers us-

ing Josephson junctions are used 

(and the loop is closed...).  Some 

thermometers are placed on the 

plates opposite the heat exchange 

tubes and the mixing box. Still, pro-

gresses need to be done even in this 

area, noticeably to measure precise 

temperatures in the 10 mK range 

and with no delay. 

 
Figure 548: categories of low-temperature thermometers. Source: Thermometry at low 
temperature by Alexander Kirste, 2014 (31 slides). We can see that there are about ten 

types of thermometers that go down to less than 1K. The most commonly used one 
exploits the Coulomb block based on tunnel junction. The electrical voltage of the 

junction varies linearly with the cryogenic temperature. 

Temperature can even be measured within cryo-CMOS chips operating at 20 mK to a couple K2267. 

 

2267 See CMOS on-chip thermometry at deep cryogenic temperatures by Grayson M. Noah et al, Quantum Motion, August 2023 (14 

pages). 

https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/finKirsteA_Thermometry_Kryo2014_final_032515_0.pdf
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/finKirsteA_Thermometry_Kryo2014_final_032515_0.pdf
https://arxiv.org/abs/2308.00392
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Vacuum 

Besides photon qubits, most other qubit types require some form of vacuum to isolate the qubits from 

their environment. We usually make a distinction between different levels of vacuum. The most strin-

gent ones are used with trapped ions and cold atoms which require ultra-high vacuum (UHV) condi-

tions whereas solid-state qubits like superconducting and electron spins are less demanding. UHV 

starts at 10-9 mbar. 

One problem to avoid when creating vacuum is outgassing. It manifests with particles being ejected 

from the internal enclosure surfaces and materials, including residual water coming from the air. The 

phenomenon is avoided by carefully selecting the materials. 

Cold atoms qubits require a pressure of 10-10 mbar while trapped ions goes down to 10-12 mbar. In 

both cases, low pressures and outgassing are obtained with heating the system enclosure above 200°C 

for several hours while the vacuum pumps are operating. This “bake-out” process removes water and 

other trace gases sitting on the chamber surface. Heating is done with heater stripes placed around 

the chamber. The chamber exterior can also be cooled with liquid nitrogen to contain any further 

gassing. 

There are many vacuum and ultra-high-vacuum systems vendors. The most commonly seen in re-

search labs come from Pfeiffer (Germany). Some pumps must be cooled at low temperature, like the 

4K pump used by Pasqal to cool their atoms. 

Finally, measuring pressure in vacuum is also a challenge. Classical mechanical pressure measure-

ment is of no use in the UHV to XUV (extreme ultra-vacuum) ranges covering 1 x 10-6 to 1 x 10-10 

Pa. The NIST in the USA is proposing a solution applicable to cold atoms to cover these ranges of 

pressures2268. A dedicated part on quantum pressure sensors is located page 832. 

Lasers 

Masers and lasers are applications of three successive discoveries and inventions: 

• Fabry-Pérot resonant cavities, named after Charles Fabry2269  (1867-1945) and Alfred Pérot 

(1963-1925). Their system invented in 1898 was originally used to create an interferometer. 

• Stimulated emission, formalized by Albert Einstein in 1917. It occurs when an excited atom 

receives a photon of energy equivalent to a transition between two energy levels. It then re-emits 

two photons identical to the received one and the energy level of the atom is reduced to its ground 

state. 

• Optical pumping, invented by Alfred Kastler in 1949 at ENS in France, which earned him the 

1966 Nobel prize in Physics. 

It generates a population inversion, creating a high proportion of atoms excited at level E2 in the 

diagram below compared to level E1. Optical pumping often excites atoms to energy levels higher 

than E2 in Figure 549, with a non-radiative transition from these levels to the E2 level and then from 

the E1 level to the fundamental level of the E0 atom. 

If pumping was performed only between levels E1 and E2, their proportion would balance, and the 

laser effect could not be triggered. Three-level pumping is used with pulse lasers and four-level pump-

ing with continuous lasers. 

 

2268 See Development of a new UHV/XHV pressure standard (Cold Atom Vacuum Standard) by Julia Scherschligt et al, 2018 (15 

pages). 

2269 We owe to Charles Fabry the creation of the Institut d'Optique, of which he was the first director in 1926 of the engineering school 

that was originally called SupOptique or Ecole Supérieure d'Optique. 

https://arxiv.org/abs/1801.10120
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A laser is based on a resonant cavity filled with a gain or amplifier medium. The pumping of this gain 

medium is optical, electrical or chemical. Once at the high energy level (E2 in Figure 549), the atom 

drops to the E1 energy level either spontaneously or stimulated. 

The mechanism can be self-sustained since the spontaneously emitting photons then generate the 

stimulated emission of identical twin photons in frequency, phase and amplitude. 

The stimulated emission is sustained by placing the atoms in a transparent cavity, filled with solid, 

liquid or gas, and parallel mirrors trapping the photons. One of the mirrors is slightly semi-reflective, 

allowing some of the amplified light to exit the laser. 

This system of mirrors plays the role of a resonator. It reflects off-axis and thus undesirable photons 

out of the laser and the wanted on-axis photons back into the excited population where they can 

continue to be amplified thanks to the laser pumping. 

 
Figure 549: how lasers work. (cc) Olivier Ezratty, 2021. 

The light resulting from this process is directive (thanks to the resonator and its parallel mirrors), 

monochromatic (thanks to the choice of excited atoms and the fineness of the cavity) and coherent 

(the photons are in phase and with the same wavelength/frequency thanks to the stimulated emission 

and the length of the cavity being a multiple of the laser wavelength). The laser photons frequency 

depends on the materials used in the cavity and the optical length of the cavity. As an order of mag-

nitude, a 1mW red laser emits 3x1015 photons per second. 

Lasers (light amplification by stimulated emission of radiation) appeared conceptually in 1958 in an 

article by Arthur Leonard Schawlow and Charles Hard Townes. The first gas laser was created in 

1960 by Theodore Maiman, using helium-neon. Excimer-based gas lasers cover ultraviolet. 

We then had successively doped crystal lasers (also named solid-state lasers, such as ruby which is 

Al2O3 doped with Cr3+, or YAG, Yttrium garnet and Aluminum Y33+Al53+O12
2-), chemical lasers 

(covering the infrared spectrum), semiconductor diode lasers (the most common today, usually 

based on gallium arsenide, or GaAs), fiber lasers (using rare earth elements like neodymium, erbium 

and thulium, mainly used in optical communications), and finally, free electron lasers, which we 

already briefly covered in relativistic quantum mechanics section (Figure 552). 

Lasers operate either in pulses or continuously. The first mode is used to create very high-power 

levels. It led to the creation of femtolasers and even attolasers with very short pulses of a few hundred 

attoseconds in the UV range. Anne L’Huillier (French, Lund University, Sweden), Pierre Agostini 

(French, Ohio State University) and Ferenc Krausz (MPI) were awarded the Nobel prize in physics 

schemas sources: Wikipedia and Olivier Ezratty
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in October 2023 for their seminal work on attolasers. This opens the path to explore how electrons 

behave in atoms. To create very powerful lasers, laser amplifiers are created which consists of chains 

of lasers with a primer laser that is connected to a series of lasers that successively amplify the light 

generated by the previous laser. 

Lasers applications are quite various: industrial diamond drilling and cutting (1965), barcode readers 

(1974), laser printing (1981), office scanners, Laserdisc (1978), audio CDs (1982), DVDs (1995), 

surgery, particularly in ophthalmology (glaucoma, retinal detachment, refractive surgery), cosmetic 

surgery, in dermatology, for tattoo and hair removal, telecommunications, laser pointers, depth sen-

sors, focus sensors for smartphones, iPhone FaceID sensor, measurement and alignment in construc-

tion, all sorts of LiDARs, stereolithography 3D printing, confocal microscopy (very shallow depth 

images), flow cytometry (cell counting), DNA chips analysis, video projector light sources, velocity 

measurement, the stripping of certain materials, various weapons, nuclear fusion, telescopes adaptive 

optics, atoms cooling, quantum telecommunications, quantum cryptography and finally, quantum 

computing, and on and on and on. In short, lasers are everywhere! 

 
Figure 550: the great variety of lasers covering the electromagnetic spectrum from ultraviolet to mid-infrared waves. 

Source: Wikipedia. 

The frequency ranges covered by lasers range from infrared to ultraviolet (Figure 550). There are 

even types of lasers with adjustable frequency. Free electron lasers go as far as X-rays. Gamma-rays 

lasers - or grasers - do not yet exist. 

In quantum technologies, the most commonly used laser wavelengths are 775 nm (beginning of the 

near infrared region next to red) and 1,550 nm (middle of the near infrared region). The first one is 

used for quantum computing thanks to efficient photon generation and single photon detection (par-

ticularly with APD, avalanche photo diodes). The second is used in optical fiber for long distance 

communications, data transmission and QKD systems (Figure 551). 

There are many solutions to up and down-convert photons from/to these two wavelengths. For exam-

ple, these conversions are mandatory when connecting several photon-based quantum computers 

through a fiber optic link. Solid-state qubits require another type of conversion, mostly from micro-

waves to 1,550 nm infrared photons, given the conversion must convert the quantum information in 

the solid-state qubit to some encoding in the resulting photons, like their polarization. 

Another breed worth mentioning are femtoseconds lasers, which create short pulses of coherent light 

in the range from the femtosecond (10-15s) to the picosecond (10-12s). 

https://upload.wikimedia.org/wikipedia/commons/4/48/Commercial_laser_lines.svg
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They are use in micro-machining and various other tasks, including quantum sensing in relation with 

frequency combs2270. 

The Maser (1953) or "Microwave Amplification by Stimulated Emission of Radiation" was invented 

before the laser, in 1953, by Nikolay Basov, Alexander Prokhorov and Charles Hard Townes, who 

were awarded the Nobel prize in Physics in 1964. It is the equivalent of the laser but emits microwaves 

instead of visible light. The first masers were using ammonia and generated 24 GHz microwave pho-

tons. Hydrogen Masers followed in 1960. 

 
Figure 551: lasers used in the visible and infrared spectrum. Source: http://www.infinitioptics.com/technology/multi-sensor/. 

 
Figure 552: the various types of lasers and their cavity materials. (cc) Olivier Ezratty, 2021. 

There are many laser vendors who play a role in the second quantum revolution, both with photon 

qubits, quantum telecommunications, quantum cryptography and quantum sensing. Lasers are also 

used to control cold atoms and trapped-ions qubits. 

 

2270 See 20 years of developments in optical frequency comb technology and applications by Tara Fortier and Esther Baumann, NIST, 

2019 (16 pages). 
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Chromacity (2013, UK) is a manufacturer of lasers targeting various industry 

and research needs, including quantum communications. 

 
DenseLight Semiconductors (2000, Singapore) manufactures various laser 

products. 

 

FemTum (2016, Canada) creates mid-infrared lasers which can be used in 

quantum optics and silicon photonics applications and quantum sensing using 

optical frequency combs. It is a spin-off from the Center of optics, photonics 

and laser (COPL) in Quebec City. 

 
FocusLight Technologies (2007, China) produces laser diodes and laser optics 

components. 

 

Freedom Photonics (2005, USA) manufactures lasers and photodiodes using 

InP and GaAs semiconductor, SiGe-based photonics and planar lightwave 

waveguides. It was acquired by Luminar in March 2022. 

 

Lumibird (1970, France) is a supplier of lasers. Formerly Quantel and 

Keopsys, it is a large SME with more than 800 employees and a turnover of 

110 M€, 80% of which is exported. 

 

Toptica Photonics (1998, Germany) is a photonics equipment manufacturer 

developing laser sources covering a wide range of frequencies from 190nm 

(UV) to Terahertz waves, including laser diodes and frequency combs (Figure 

553). Their lasers can be used to control trapped ions and cold atoms. 

Their flagship product, the Chromacity OPO, has a tunable optical parametric oscillator that covers 

near-IR and mid-IR wavelengths. Some of their lasers can create entangled photons. They employed 

over 320 people in 2022 for a revenue of $82M. 

 
Figure 553: wavelengths coverage of Toptica lasers. Source: The Control of Quantum States with Lasers in Photonics View, 2019 (3 pages). 

 
Stable Laser Systems (2009, USA) offers Fabry-Perot lasers and cavities that 

can be used for cold atom confinement. 

The startup launched by Mark Notcutt is based in Boulder, Colorado, one of 

the nerve centers of quantum technologies in the USA, near NIST and the Uni-

versity of Colorado. His team also includes Jan Hall, winner of the 2005 Nobel 

prize in Physics for the discovery of the effect that bears his name. 
 

https://onlinelibrary.wiley.com/doi/epdf/10.1002/phvs.201900024
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GLOphotonics (2011, France) sells hollow-core photonic crystal fiber (HC-

PCF) and their functionalized form Photonic Microcells (PMC). These lasers 

use a proprietary fiber technology and gas photonics. They are partnering with 

CNRS XLIM lab in Limoges. 

 

iPronics (2019, Spain) develops general-purpose integrated programmable 

photonic systems, where optical hardware complements software to perform 

multiple functions. 

 

Q.ANT (2018, Germany, 11M€ public funding) has a product line organized 

in four segments: particle metrology, atomic gyroscope, magnetic sensing and 

photonic computing. 

They develop a green laser optimized for NV centers quantum sensors. It is a subsidiary of the 

TRUMPF Group. It also manufactures powerful lasers used in ASML lithography machines and light 

channels on silicon for qubits transport. They are also working on photonic-based quantum computing 

using lithium-niobate circuits using path encoding, phase modulation, interferometers (MZI), fiber 

couplers, electro-optical modulators and resonators. They lead a relate German consortium with 

50M€ funding including 42M€ public funding from the German government. As of November 2022, 

the company had 50 employees. 

 

Silentsys (2021, France) created a closed-loop voltage regulation electronic 

system that complements lasers and their servo controller to reduce the emitted 

laser noise and improve its frequency precision. 

 
UnikLasers (2013, UK, £4.1M) sells ultra-narrow linewidth, high power la-

sers at the specific wavelengths related to the exact atomic transitions targeted 

for quantum sensing applications. 

It can transform a MHz linewidth laser into an Hz linewidth laser. It is currently adapted to continuous 

lasers running in the 1,550 nm and 1,050 nm wavelengths and fits in a 2U rack system. Their OFD 

system (optical frequency discriminator) delivers a continuous voltage signal driving the laser diodes 

that is proportional to the frequency fluctuations of the input laser beam. The technology core is 

optical, using frequency combs. They also propose low power voltage power systems. One of their 

OFD can drive two lasers. 

 

Vexlum (2017, Finland) produces high-power narrow-linewidth vertical exter-

nal-cavity surface-emitting lasers (VECSELs) including blue and UV lasers, 

used among other things, to control trapped beryllium ions. 

It is a spinoff from Tampere University of Technology Optoelectronics Research Centre (ORC). 

And also: Spectra Physics (1961,USA), Altitun (1997, Sweden, $10M), Calmar Laser (1996, USA) 

and Ampliconyx (2016, Finland who manufactures short-pulses lasers), Active Fiber Systems (2009, 

Germany) which creates femtoseconds fiber lasers and is a spin-off from Fraunhofer IOF, InnoLume 

(2002, Germany, $26.8M, which sells laser diodes), FISBA (1957, USA) which develops multi-

wavelengths lasers, Intense Photonics (1994, USA, $51M, which develops single and multi-mode 

monolithic laser array products, and high power laser diodes and was acquired by Orix Group), Lytid 

(2015, France) which manufactures terahertz cascade lasers, Spark Lasers (2015, France) and their 

picosecond and femtosecond lasers, Amplitude Laser Group (2001, France) and their femtosecond 

lasers, neoLASE (2007, Germany) a supplier of various laser products including laser amplifiers, 

Alpes Lasers (1994, Switzerland) which sell infrared quantum cascade lasers, Luna Innovations 

(1990, USA, $13.1M), Vector Photonics (2020, UK, £1.6M) is a spin-off from the University of 

Glasgow which develops semiconductor lasers based on PCSELs (Photonic Crystal Surface Emitting 

Lasers) and OEwaves (2000, USA, $15M) provides lasers, oscillators and optical/RF tests and meas-

urement systems. 
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Photonics 

Let’s now look at other photonics equipment manufacturers. They sometimes also manufacture lasers 

but even more. 

 

Accelink (1976, China) sells optoelectronic components, including fiber op-

tics modulation and demodulation systems, lasers and SiO2/Si material plane 

optical waveguides. They probably play a role in the deployment of quantum 

telecommunication networks. 

 

Aurea Technology (2010, France) is a photonics equipment manufacturer tar-

geting various markets including quantum communications (QKD) and quan-

tum sensing. 

It sells twin photon sources (TPS), time correlated single photon detectors (Picoxea), ultra-low-noise 

NIR single-photon counting detection modules (SPD_A and SPD_OEM_NIR2271), time correlators 

(Chronoxea) and high-resolution fiber sensors (q-OTDR) and picosecond pulse lasers (Pixea). They 

also developed Fluoxea, a fluorescence lifetime imaging mapping system using time-correlated single 

photon counting that can be used to characterize semiconductors, qualify quantum dots or measure 

local magnetic fields (with the help of NV centers). The company has its own assembly plant in 

Besancon, France. It is a spin-off company from the optics department of FEMTO-ST, a public re-

search lab based as well in Besancon. 

 

Azurlight Systems (2010, France) develops high-power laser amplification 

systems in the visible and near-infrared spectra (from 488 nm to 1,065 nm) 

using ytterbium-based fibers with low thermal dissipation. These can be used 

for atoms cooling and trapping. The company was acquired by Toptica (Ger-

many) in 2023. 

 

Cailabs (2013, France, $46.2M) is a company based in Rennes, France, which 

is a spin-off from the LKB of ENS Paris and markets photonics equipment and 

in particular spatial multimode multiplexing systems for optical fibers support-

ing up to 45 nodes. 

This is what makes it possible to multiply the speed of the optical fibers of the telecom operators' 

networks. In particular, they have KDDI (Japan) as a customer. The startup is managed by Jean-

François Morizur (CEO) and Guillaume Labroille (CTO) with Nicolas Treps from LKB being their 

scientific advisor. 

 

Quandela (2017, France, €35M) is a startup that was initially specialized in 

the generation of indistinguishable photons with quantum dot fed by a laser 

(Figure 554). They pivoted in 2020 in the quantum computing market. 

Quandela's team is composed of Valérian Giesz (CEO), an engineer from the Institut d'Optique with 

a PhD in photonics2272 , Niccolo Somaschi (CTO), PhD from the University of Southampton and 

Pascale Senellart (CSO), CNRS research director at C2N from CNRS and Université Paris-Saclay. It 

had a staff of about 70 people in Summer 2022 and several international customers, mainly in Europe, 

Russia and Asia. Their team also includes Shane Mansfield, who is their Director of Research (theory, 

algorithms and software) and Jean Senellart (CPO). 

 

2271 The SPD_OEM_NIR is using an InGaAs single photon avalanche diode (SPAD in the 900 to 1700 nm wavelength range with very 

low dark count rate noise (DCR<700 Hz). It is cooled with the Peltier effect. The supported wavelengths make is suitable to photon 

counting in telecom wavelengths based QKDs (1,550 nm). It also fits into a standard datacenter rack in a 2U package. 

2272 See his thesis in Cavity-enhanced Photon-Photon Interactions With Bright Quantum Dot Sources by Valérian Giesz, 2016 (228 

pages) where he describes his work in Pascale Senellart’s team and the various evolutions of their quantum dot photon source that led 

in 2017 to the creation of Quandela. 

https://tel.archives-ouvertes.fr/tel-01272948/document
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With a trapped artificial atom comprised of a couple thousand atoms forced to emit periodically single 

photons in a given direction by laser-activated cavity quantum electrodynamics, they are able to gen-

erate photon streams that are well separated in time and with stable quantum characteristics, with 

wavelengths from 924 nm to 928 nm in the near infrared, this range being progressively extended2273.  

This creates a very bright photon source that can then be time-bin multiplexed to create indistinguish-

able photons used in photon qubit quantum computers, first with using a KLM probabilistic model2274. 

The next goal is to create large cluster states of entangled photons, given various techniques are in-

vestigated here and there (spin-photon entanglement mechanism2275 2276, photon number entangle-

ment2277, frequency-bin entanglement, etc.). 

 
Figure 554: Quandela’s quantum dots single photon source. Source: Near-optimal single-photon sources in the solid-state by 

Niccolo Somaschi, Valerian Giesz, Pascale Senellart et al, 2015 (23 pages). 

They are developing single photon sources running at telecom wavelength as part of the project Paris-

RegionQCI, a regional project, led by Orange, with an end goal to deploy a QDK-fibered link between 

Paris and the Paris-Saclay University. 

They also work on the generation of cluster states of entangled photons as part of the European Union 

FET Open Qluster project (2019-2023). This project is critical for the implementation of a scalable 

MBQC model in their QPU. 

The photon source must be cooled down to about 4K, which is achievable with compact cryostats 

costing only a few thousand Euros and using helium 4, such as the attoDRY800 from Attocube (Ger-

many). These cryostats use a simple pulsed tube, reminiscent of the first cooling stage of the dry 

dilution cryostats used with superconducting and quantum dot spin qubits. 

 

2273 See Near optimal single-photon sources in the solid state, Niccolo Somaschi, Valerian Giesz, Pascale Senellart et al, 2016 (23 

pages). The quantum dot is made with InGaAs (indium, gallium, arsenide) and is surrounded by stacked Bragg-reflectors made respec-

tively with GaAs and Al0.9Ga0.1As (aluminum, gallium, arsenide). Pascale Senellart describes in detail how Quandela's photon genera-

tors are made in her talk Quantum optics with artificial atoms in a Rochester Lecture in June 2018 (1h10mn). The prestigious Rochester 

Lectures are held once a year in Durham, UK. The 2017 edition welcomed Peter Knight and the 2012 edition Alain Aspect. 

2274 The process was improved in Pascale Senellart's laboratory in 2020 to generate even brighter and purer photon sources from a 

spectral and polarization point of view thanks to quantum dot excitation with phonons. See Efficient Source of Indistinguishable Single-

Photons based on Phonon-Assisted Excitation by S. E. Thomas, Pascale Senellart et al, July 2020 (10 pages). 

2275 See Ideal refocusing of an optically active spin qubit under strong hyperfine interactions by Leon Zaporski et al, Nature Nanotech-

nology, January 2023 (23 pages). 

2276 See On-chip spin-photon entanglement based on photon-scattering of a quantum dot by Ming Lai Chan et al, May 2023 (7 pages). 

2277 See Photon-number entanglement generated by sequential excitation of a two-level atom by Stephen C. Wein, Maria Maffei, Paul 

Hilaire, Niccolo Somaschi, Aristide Lemaître, Loïc Lanco, Alexia Auffèves, Pascale Senellart et al, April 2022 (22 pages). 

https://arxiv.org/abs/1510.06499
https://arxiv.org/ftp/arxiv/papers/1510/1510.06499.pdf
https://www.youtube.com/watch?v=AoFV696X2iI
https://www.dur.ac.uk/physics/newsandevents/lectures/rochester-microsite/
https://www.dur.ac.uk/physics/newsandevents/lectures/rochester-microsite/
https://arxiv.org/abs/2007.04330
https://arxiv.org/abs/2007.04330
https://www.nature.com/articles/s41565-022-01282-2
https://www.nature.com/articles/s41534-023-00717-5
https://www.nature.com/articles/s41566-022-00979-z
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Quandela launched in 2020 a compact and integrated version of its indistinguishable photons gener-

ator, fitting into a datacenter rack named Prometheus. The fiber is glued to the photon source, which 

eliminates the mechanical part of the calibration. The pulsed head of the 4K cryostat is also integrated 

in the rack, the compressor being outside and water-cooled at first. Eventually, it will be integrated in 

the rack and cooled by air. 

The rack was designed by Pentagram, the same British designer that IBM used for the Q System 

One launched in January 2019. It is 1.75m high and 80 cm wide. The whole thing consumes about 5 

to 6 kW, the bulk of it coming from the cryostat. 

Quandela and the C2N laboratory collabo-

rate with research labs around the world to 

create advanced photonics platforms. In 

2020, they published with a team from the 

Hebrew University of Jerusalem a paper on 

the creation of a 4-photon cluster state for 

quantum computing (Figure 555). The idea is 

to use single photons and to entangle them 

with each other via a delay line and inject 

them into a computing circuit based using 

cluster states and MBQC (measurement 

based quantum computing) method. 

In Europe, they collaborate mainly with Fa-

bio Sciarrino's team in Italy, in Spain with 

INL and other teams in Austria, the United 

Kingdom, Slovakia and Israel. They are part 

of the European FET project PHOQUSING 

for boson sampling led by Fabio Sciarrino's 

team. 

 

Figure 555: creation of cluster state photons with a serial entangler using 
a delay line. Source: Sequential generation of linear cluster states from a 

single photon emitter by D. Istrati et al, 2020 (14 pages). 

 
Figure 556: three entangled photon source using Quandela quantum dots. Source: Interfacing scalable photonic platforms: solid-

state based multi-photon interference in a reconfigurable glass chip by Pascale Senellart et al, 2019 (7 pages). 

In 2019, they experimented with Quandela's photon source to demultiplex it into three photons which 

were then injected into a photonic integrated circuit integrating a programmable quantum gate. The 

photonic circuit was precisely etched with a femtosecond laser (Figure 556). 

Since 2020, Quandela has started working on creating a photon-based quantum computer using their 

own photon source. We cover this core part of their business in the photonic qubits vendor section. 

 

Qontrol Systems (2016, UK) develops photonics components including pho-

tonics device status readout modules and backplanes (boards) on which several 

of these modules can be installed. These modules drive photonics devices via 

a 12V voltage and read signals with 18-bit accuracy. This is control electronics. 

https://arxiv.org/abs/1912.04375
https://arxiv.org/abs/1912.04375
https://arxiv.org/abs/1905.00936
https://arxiv.org/abs/1905.00936
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Quantum Opus (2013, USA) develops single photon detectors based on su-

perconducting nanowires, the Opus One. The compact version Opus Two is an 

8U data center rack-mount package, including cryostat2278. This company ben-

efited from US federal funding, including $100K in 2015 and $1.5M in 2015 

from DARPA and $125K from NASA in 2018. They are a provider of the Chi-

nese team who did run the gaussian boson sampling experiment announced in 

December 2020. 

 

Scontel (2004, Russia) offers single photon detectors in the visible and infra-

red (SSPD, for Superconducting Single Photon Detecting Systems). These de-

tectors are cooled at 2.2K helium-4 using a Sumitomo SRDK 101 pulse head 

system with a water-cooled HC-4E compressor. 

 
Single Quantum (2012, the Netherlands) offers Qos single photon detectors 

integrated in a 2.5K liquid helium cooled cryostat. 

Their sensor uses the SNSPD (superconducting nanowire single photon detector) technique, made of 

a thin film of superconducting nanowires shaped into a flattened serpentine coil. This device captures 

a single photon from an optical fiber and has a detection efficiency of 85% to 90%, covering wave-

lengths from 800 nm to 1,550 nm (Figure 557). 

     
Figure 557: SingleQuantum SNSPD photon source. 

 

Sparrow Quantum (2016, Denmark, $9.9M) is a spin-off from the Niels Bohr 

photonics research laboratory. Like Quandela and Qubitekk, they offer single 

photon sources. 

Their solution is based on InAs quantum dots. Their engineering differentiation lies with the quantum 

dot efficient coupling with a slow-light photonic-crystal waveguide. A laser is illuminating the quan-

tum dots with using a confocal microscope. Their photon coherence indistinguishability is between 

95% and 98% with their Sparrow Chip 2021 Resonant. They are generated in the 920-980 nm wave 

range. The photon generation system is cooled at 6K. It generates streams of 100 single high quality 

photons at a rate of over 20 million single photons per second in a fiber. 

 

VLC Photonics (2011, Spain) produces photonics equipment and fabless de-

sign of photonic integrated circuits. The company is involved in European 

Flagship projects. 

It is a spin-off of the University of Valencia. The company was founded by Iñigo Artundo, Pascual 

Muñoz, José Capmany and José David Domenech. They also market technical reports at prices rang-

ing from 4K€ to 5.4K€ per piece. 

 

2278 See Introduction to Quantum Opus and revolutionary superconducting detection systems (14 slides). 

https://www.nasa.gov/sites/default/files/atoms/files/16_quantmopus_superconducting_detection.pdf
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Excelitas (2010, USA) sells various photonics devices including Single-Pho-

ton Counting Modules (SPCMs). 

 

Pixel Photonics (2020, Germany, 1.45M€) develops single photon detectors 

(SNSPD) targeting quantum computing, QKD and imaging markets. With 

HTGF (Germany) and Quantonation (France) as seed investors. 

 

Hamamatsu Photonics (1953, Japan) provides silicon photodiodes, electron 

multipliers for detecting electrons, ions, and charged particles, photon coun-

ters, LCoS based spatial Light Modulators (SLM) used for cold atoms con-

trols, laser cooling systems, quantum imaging and image sensors for the de-

tection of neutral atoms, trapped ions and NV centers fluorescence. 

 

Miraex (2019, Switzerland) has two main quantum technologies in its port-

folio: photonic based quantum sensors for vibration, acceleration, acoustic, 

pressure, electrical field and temperature measurement and a quantum system 

converting matter qubits into photon qubits and vice versa. It is a spin-off 

from EPFL. 

 

Micron-Photons-Devices (2004, Italy) aka MPD creates Single Photon 

Counting Avalanche Diodes, “SPAD”, fabricated using custom silicon, stand-

ard CMOS and InGaAs/InP technologies. It also sells photon counting based 

QRNGs. 

 

Qubitrium (2020, Turkey) develops entangled photon sources, laser current 

drivers and single photons detectors. 

 

Teem photonics (1998, France) creates lasers and integrated photonics com-

ponents including erbium doped waveguide amplifiers and arrayed-wave-

guide gratings. Not the same AWGs than the arbitrary waveform generators 

used to control solid-state qubits, although these can be used to signals mul-

tiplexing/demultiplexing. 

 

Alcyon Photonics (2018, Spain, $560K) is a spin off from IO (Instituto de 

Óptica) in Spain. Its expertise is on sub-wavelength grating (SWG) technol-

ogy. They create complex photonic circuits like high-performance Applica-

tion Specific Photonic Integrated Circuits (APICs). The company was co-

founded by the researcher Aitor Villafranca. 

 

Scintil Photonics (2018, France) develops mixed silicon and III/V photonic 

components, using their BackSide-on-BOX process, that mixes active and 

passive optical components. 

Their technique bonds InP/III-V dies on the backside of processed Silicon-On-Insulators (SOI) wafers, 

only where it is needed. Their fabrication process is classical CMOS. Their components integrate 

lasers (WDM laser arrays and tunable lasers), modulators, waveguides, wavelength filters, surface 

fiber couplers, semiconductor optical amplifiers (SOA), and photodetectors. 

 

Qlibri (2022, Germany) provides optical micro-cavities used in absorption 

microscopy and quantum technologies. It is used in quantum computation and 

single-photon sources. It can be used to sample inhomogeneous nanosystems 

like quantum dots, NV-centers, or 2D-Materials. 

Muquans/Exail (France) is also a provider of laser and intelligent frequency tunable lasers, laser 

frequency doublers and narrow-linewidth lasers used in various quantum technologies. 
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Photon Force (2015, UK) creates single-photons cameras of 32x32 pixels. It can be used in various 

photonic based quantum sensing applications. It enables time-tagging of incoming photons with a 

time resolution of 55 pico-seconds. 

Covesion (2009, UK) develops laser frequency conversions devices that are used in many quantum 

optics applications. It is a spin-off from the University of Southampton. 

ICON Photonics (2018, France) offering is made of optical coupling and packaging solutions for 

high speed optical communications using 3D wafer-level polymer optical beamshaping. It can be 

used for the development of quantum communications and quantum computing solutions. 

We also have Ibsen Photonics (1991, Denmark) which provides spectrometers and various photonic 

equipment, Lumiphase (2020, Switzerland) which develops optical modulators, Bay Photonics 

(2007, UK) which provides photonic circuits assembly and packaging, MenloSystems (2001, Ger-

many) and their optical frequency combs, terahertz systems and femtosecond lasers, Qubig (2008, 

Germany) which develops light modulators (amplitude and phase modulators, phase shifters, Pockels 

cells) that can be used in quantum computing or communications, Menhir Photonics (2018, Swit-

zerland) which create femtolasers, Photek (1991, UK) with its photon and imaging detectors and g2-

zero (2020, Spain) which manufactures single photon detectors. 

Fabs and manufacturing tools 

Many quantum technologies components are nanofabrication based and must be manufactured some-

where. It is the case with superconducting qubits, superconducting electronics, quantum-dots based 

electron spin qubit circuits, quantum nanophotonic circuits, NV center based qubits and sensors, sin-

gle-photon generating quantum dots, photon detectors, trapped ions supporting circuits, travelling 

wave parametric amplifiers and the likes. You could wonder how these circuits are manufactured and 

where. Like your regular smartphone chip processor, is it coming from a giant $20B TSMC 5 nm fab 

in Taiwan? Well, most of the time, no! 

Foundries 

We are in a very different technology and market realm. Quantum related components have some 

distinct characteristics compared to mass market semiconductors that you’ll find in your TV, 

smartphone, laptop or tablet. They are very specialized and use sometimes special manufacturing 

processes and/or materials like III/V semiconductors or niobium/aluminum deposition for supercon-

ducting qubits and electronics. They are most of the time experimental with many try/error cycles. 

They are sometimes manufactured with specialized tools. And finally, they are produced in rather 

small quantities. Surprisingly, given the experimental nature of many components, the related fabs 

are usually less impressive in size and cost. 

Fabs contain cleanrooms, where the concentration of airborne particles is controlled on top of tem-

perature, humidity and sometimes, other parameters like ambient magnetism and vibrations. Clean-

rooms are classified according to the number and size of particles suspended in the atmosphere.  

Cleanroom ISO classes range from 1 to 9, with an (exponential) increased number and size of particles 

per volume unit, 1 being the “cleaner”. Most specialized quantum technologies fabs have a less strin-

gent cleanroom class requirement than the most expensive and modern semiconductor fabs since they 

are not creating high-density chips and do not care so much about yield. They are rather class 100 to 

class 1000 cleanrooms. 

We can segment quantum technologies fabs in a couple categories as shown in Figure 558: 

Research fabs. These are most of the time fabs from national research organizations labs and univer-

sities. These fabs have cleanrooms with sizes ranging from 100 m2 to 4,000 m2. Their teams and the 

associated researchers are creating the “recipe” of new semiconductor technologies. These fabs usu-

ally produce 200 mm or smaller wafers. 
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Figure 558: research and industry cleanrooms fabricating semiconductors for quantum use cases. (cc) Olivier Ezratty, 2022-2023. 

North-America with the famous MIT Lincoln Labs in the USA (superconducting electronics and 

qubits, trapped ions chips, with 1,629 m2 of clean rooms), Princeton (1,350 m2 cleanroom, silicon and 

III/V, up to 100 mm wafers), HRLabs in California (all sort of things in a 900 m2 clean room), UCSB 

Nanofab (1,170 m2, superconducting qubits, MEMS, photonics, imaging sensors), Harvard CNF (966 

m2), Yale University (108 m2, superconducting qubits), Stanford (180 m2, various quantum techs), 

NIST NanoFab (1,800 m2 cleanroom), DoE Argonne Quantum Foundry (500 m2) and Fermilab 

SQMS Center and the Fermilab Quantum Computing Lab Two, University of Chicago (890 m2, Pritz-

ker Nanofabrication facility) and the University of Waterloo Quantum Nano Fabrication and Charac-

terization Facility (600 m2). 

Europe with VTT in Finland (2,600 m2 cleanroom for 150 and 200 mm wafers, superconducting 

qubits and electronics, photonics), DTU Nanofab ini Denmark (1,350 m2), the superconducting Royal 

Holloway cleanroom in the UK (350 m2), CNRS C2N (2,900 m2 clean room near Paris, photon quan-

tum dots sources in GaAs, polaritons circuits, etc), CNRS Institut Néel (220 m2, near Grenoble, su-

perconducting electronics and qubits, graphene, diamonds growth2279), Van Leeuwenhoek Lab at TU 

Delft (3,500 m2 cleanroom used by Qutech and TNO in The Netherlands), MyFab (Sweden), Fraun-

hofer IPM (400 m² clean room in Freiburg, various optical quantum sensors), Fraunhofer IPMS near 

Dresden (200 mm wafers 1,500 m² cleanroom) and also PTB, Leibniz IPHT and Jülich in Germany, 

PoliFAB from Politecnico di Milano which created an interferometer used by Pascale Senellart’s team 

to demonstrate the indistinguishability of photon clusters2280, ISTA Nanofabrication Facility in Aus-

tria (450 m2), EPFL and ETH Zurich in Switzerland and the UK National Epitaxy Facility. 

Asia-Pacific with RIKEN and AIST (superconducting electronics, but also a strong CMOS 300 mm 

manufacturing capacity) in Japan, UNSW in Australia and the Shanghai Institute of Microsystem And 

Information Technology (SIMIT) has also its own fab. 

 

2279 See Fabrication of superconducting qubits by Vladimir Milchakov (IQM), September 2020, who describes the Institut Néel super-

conducting manufacturing capability and process. This fab also produces the TWPA electronics from Silent Waves, a spin-off startup 

from Institut Néel created in 2022. 

2280 See Quantifying n-photon indistinguishability with a cyclic integrated interferometer by Mathias Pont, Pascale Senellart, Fabio 

Sciarrino, Andrea Crespi et al, January 2022 (21 pages). 

research fabs
pre-industry 
research fabs

foundry vendors
in-house

vendor fabs

with 300 mm wafers capabilities in many casesmostly small fabs, superconducting electronics and III/V

https://www.linkedin.com/pulse/fabrication-superconducting-qubits-vladimir-milchakov/
https://arxiv.org/abs/2201.13333
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Pre-industry research fabs. These are the likes of IMEC (Belgium) and CEA-Leti (France) who 

create new semiconductor components and design new manufacturing processes before they are vol-

ume-produced in commercial fabs. These are larger fabs than the aforementioned research fabs. CEA-

Leti operates 11,000 m2 of cleanroom in Grenoble. IMEC cleanrooms totals 12,000 m2 in Leuven, 

Belgium. CEA-Leti produces silicon qubits wafers for its own usage as well as for vendors like Quan-

tum Motion (UK). These fabs produce wafers up to 300 mm. 

Likewise, the Center for Advanced Technology in Nanomaterials and Nanoelectronics (CATN2) from 

SUNY Polytechnic Institute in New York State has a cleanroom of 12,000 m2 producing 200 mm and 

300 mm wafers for AI, photonics, CMOS spin qubits, superconducting qubits and digital electronics. 

Foundry vendors. These are independent foundries manufacturing semiconductors for third parties. 

GlobalFoundries manufactures nanophotonic chips for PsiQuantum and Xanadu in Malta, New-York 

State in their 41,400 m2 clean room on top of classical CMOS chips like the IBM Power processors. 

Infineon’s Villach fab in Austria manufactures trapped ions chips in its 23,000 m2 cleanroom for 

Oxford Ionics2281. In Germany, Infineon is an industry partner of many other projects with supercon-

ducting qubits, silicon qubits, ion traps, qubit control electronics and NV centers qubits and sens-

ing2282. In the USA, SkyWater is the largest foundry for superconducting electronics, working among 

others for D-Wave, on top of working on various space applications and with DARPA. Formerly 

Cypress Semiconductor, Control Data and VTC, they consolidate a 7,360 m2 clean room in Minnesota 

and another one of 3,300 m2 in Florida and support 90 nm features geometries on 200 mm wafers. 

Lionix in The Netherlands manufactures nanophotonic circuits for its subsidiary QuiX. Larger found-

ries are usually needed for high-density chips, particularly with silicon qubits where patterns are rel-

atively small, down to about 10 nm. OMMIC (2000, France) is a small foundry specialized in manu-

facturing III-V MMIC (monolithic microwave integrated circuit) which could comprise cryogenic 

amplifiers used in quantum computing. It was acquired in 2023 for 38.5M€ by MACOM Technology 

Solutions (USA), a company specialized in radio, microwave and millimeter wave semiconduc-

tors2283. At last, let’s mention Research Instruments Gmbh which manufactures special components 

for research and industry applications, including some superconducting components used in quantum 

computing and ConScience AB (Sweden), a clean room fab service with various capabilities includ-

ing the manufacturing of superconducting chipsets. It proudly announced in September 2023 to have 

“delivered its first quantum technology components to a US based quantum computing company” 

without any details. It may be related to Atlantic Quantum and its fluxonium chips. 

In-house vendor fabs. These are the fabs from quantum technology vendors who are self-sufficient 

for this respect. Intel manufactures its own quantum dots spin qubits chips in one of its clean rooms 

at its Hillsboro facility in Oregon. IBM also has its own manufacturing capacity for superconducting 

qubits and high-density silicon chips with a cleanroom of 3,600 m2 in Yorktown, New York State. 

Rigetti in the USA and IQM in Finland have their own small $20M fabs for their superconducting 

qubits chips. Google has also an in-house fab in Santa Barbara, California. SEEQC has a small 150 

mm wafers 200 m2 cleanroom dedicated to manufacturing superconducting electronics. Keysight also 

has its own III/V 1,200 m2 cleanroom, the High Frequency Technology Center (HFTC) in Santa Rosa, 

California2284. Northrop Grumman’s fab in Maryland creates 150 mm silicon, SiGe, GaAs, GaN-on-

SiC, GaN-on-Si, indium based nitrides and SiC wafers. Qilimanjaro relies on a fab that was put in 

 

2281 See Development of novel micro-fabricated ion traps by Gerald Stocker, November 2018 (96 pages) and Trapped ion quantum 

computing, Infineon. 

2282 See Infineon Participates in 6 Research Projects, Expands Commitment to Quantum Computing by Matt Swayne, The Quantum 

Insider, February 2022. It formally opened a quantum lab near Munich in October 2023 with about 20 researchers. 

2283 In July 2023, however, a scandal was revealed involving the former management of OMMIC who sold protected technology to 

Russia and China. See Ommic case: How a French company allegedly handed over military secrets to China and Russia, July 2023. 

2284 Their equipment is well documented in Keysight High Frequency Tech Center (HFTC) (15 pages). 

https://www.quantumoptics.at/images/publications/diploma/master_stocker.pdf
https://www.infineon.com/cms/en/product/promopages/trapped-ions/
https://www.infineon.com/cms/en/product/promopages/trapped-ions/
https://thequantuminsider.com/2022/02/19/infineon-participates-in-6-research-projects-expands-commitment-to-quantum-computing/
https://freemindtronic.com/ommic-case-how-a-french-company-delivered-military-secrets-to-china-and-russia/
https://www.keysight.com/fr/en/assets/7018-04675/brochures/5992-0385.pdf
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place in 2021 at TII in Abu Dhabi. At last, Thales has an in-house 4,000 m2 III/V fab with CEA-Leti 

as a partner. 

Having your own fab makes sense when you need to have a fast turnaround and test repetitively many 

generations of qubit chips. It is relatively affordable for producing superconducting qubits on small 

wafers. 

The USA, European Union and China all want to increase their share, self-reliance and supply secu-

rity with semiconductor manufacturing. In February 2022, the European Union launched the Euro-

pean Chips Act to “foster development of capacities in advanced manufacturing, design and system 

integration as well as cutting-edge industrial production”, with a public/private funding of €43B until 

2030. It includes international partnerships like when Intel is installing a new fab in Germany. The 

plan contains a provision for quantum technologies, to “set up advanced technology and engineering 

capacities for quantum chips in the form of design libraries for quantum chips, pilot lines, and testing 

and experimentation facilities”. This may provide some additional funding for the extension of the 

many quantum-related fabs mentioned before. 

In March 2022, the US Senate voted on the CHIPS Act, with $52B funding. It was finally signed by 

POTUS in August 2022. It contains an additional Federal budget of $152M per year for quantum 

technologies for the 2023-2027 period, although seemingly not specific to components manufacturing. 

Chips USA manufacturing market share is in the 12% mark, above EU’s that sits around 9%. The rest 

is in Asia, mostly Taiwan, South Korea, China and Japan2285. 

Generic processes 

We’ll describe here the generic processes used to produce chips regardless of their use case, the most 

commonplace being bipolar, CMOS and BiCMOS chips2286. The story always begins with a wafer, 

as shown in Figure 559. 

Wafers are usually made of monocrystalline silicon sliced with wired diamond saws out of ingots 

manufactured with the Czochralski crystal growth method. They are sometimes completed with a thin 

buried layer of SiO2 (aka SOI, for silicon on insulator) and another thin layer of regular Si, using the 

SmartCut process invented by CEA-Leti and implemented by SOITEC and its licensing partners2287. 

SOI wafers have many interesting characteristics like reduced parasitic capacitances and low leakage 

currents. They are frequently used for nanophotonic circuits (like those from PsiQuantum manufac-

tured by GlobalFoundries) or for silicon qubits chips (CEA-Leti, Qutech, ...). In other cases, wafers 

are made of III/V semiconducting materials (like GaAs or GaN, for manufacturing some nanopho-

tonic circuits) or even sapphire (for some superconducting qubits and trapped ion circuits). A wafer 

has a thickness ranging from 40 μm to 700 μm and its diameter ranges from a couple inches (for III/V 

and other small volume processes) to 300 mm and even 450 mm (for volume CMOS processes). 

 

2285 See Quantum Technology Manufacturing Roadmap, SRI for NIST, October 2023 (69 pages) which makes a broad inventory of the 

technology challenges of enabling technologies features and manufacturing. 

2286 Bipolar transistors have a very high speed and are used in analog devices. CMOS transistors are slower and do not handle such 

high power as bipolar transistors but are aggressively scaled down in density and require far less power to operate. BiCMOS used both 

bipolar and CMOS logic that are co-integrated within the same chip, which requires additional process steps and incur higher costs. 

2287 The SmartCut process is not using a wire diamond saw like the ones used to slice wafers out of silicon ingots. It first creates a layer 

of SiO2 on a Si wafer using Si thermal oxidation in wet atmosphere, PECVD or CVD. Then, an ionic implantation of H or He is made 

on another Si wafer creating a sort of “glue”. The SiO2 side of the first wafer is bounded with this “glued” Si wafer and a thin layer of 

Si of that wafer is deposed on the SiO2 using a “layer splitting” process created by thermal annealing. The second Si wafer can be 

reused for another Si deposit cycle. Both the SiO2 and the overlay Si layers can be as thin as 10 nm. A variant of the SmartCut process 

is also used to depose a thin Si layer on sapphire wafers and thermal annealing is created with laser beams in a so-called “LLO” process, 

for laser lift-off. I found interesting SmartCut process descriptions in The advanced developments of the SmartCut technology: fabri-

cation of silicon thin wafers & silicon-on-something hetero-structures by Raphaël Meyer, 2018 (252 pages). 

https://www.sri.com/wp-content/uploads/2023/11/QTMR-Final-Report-of-Needs-Capabilities-and-Gaps-v5.pdf
https://tel.archives-ouvertes.fr/tel-01694114/
https://tel.archives-ouvertes.fr/tel-01694114/
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The most generic chips production processes then involve several cycles with the following succes-

sive steps with a repeat cycle ranging from resist coating to planarization including patterning, re-

moving and adding matter. 

 
Figure 559: a generic layout of a chip manufacturing process. (cc) Olivier Ezratty, 2022. 

When this cycle is over will all chip layers added on top of the other, the process ends with various 

finishing steps up to a packaged chip ready for integration. 

Patterning 

These are the process steps that define the places in the wafer where matter has to be removed with 

etching or added afterwards. It involves several steps that are defined during the design stages ex-

ploiting automated electronic design automation (EDA) software tools like those from ANSYS, Ca-

dence, Keysight Technologies, Synopsis, Xilinx and Mentor Graphics (in Siemens group). 

Resist coating is applied on the wafer with a photore-

sist liquid that will be later exposed during the lithog-

raphy process and selectively removed during devel-

opment. The coating is mechanically added with a dis-

penser nozzle positioned above the center of the rotat-

ing wafer attached to a chuck and spindle with vac-

uum pumping2288 (Figure 560). 

EBR (edge bead removal) removes excess coating at 

the wafer edge with a solvent. Then a N2 based soft 

bake evaporates most of the solvent. 

 
Figure 560: resist spin coating. Source: Introduction to 

Semiconductor Manufacturing Technology by Hong Xiao 
(2148 slides). 

Photolithography is used to expose a special coating on selected areas (Figure 561). The photoli-

thography technique makes use of a photomask and ultra-violet rays exposing a photoresist film or 

coating. It’s being used to produce silicon qubits and nanophotonic chips. The usual photolithography 

process involves a stepper which moves the wafer under the camera to expose the wafer for each and 

every chip to produce, and with a very high precision (<1 nm). 

 

2288 See the incredibly rich Introduction to Semiconductor Manufacturing Technology by Hong Xiao (2148 slides) and its eponymous 

book published in 2012 (524 pages). 
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It replaces mask aligners that are used when the photolithography process exposes the whole wafer 

in a single step. The size of the chip is limited by the size of the photolithography reticle, which 

conditions the mask maximum size. Across time and density improvements, various ranges of ultra-

violet wavelengths have been used. 

It started with UV, to DUV or deep ultra-violet under 248 nm, then to EUV (extreme ultra-violet) at 

13 nm and PUV at 6.5 nm which is border line to soft XRays. Starting with EUV, there is only one 

provider of photolithography system, ASML. 

Electron beam lithography (EBL) is another lithography technique, that is focusing a beam of elec-

trons on an electron-sensitive resist film to remove matter in specified areas, without requiring a mask 

like with photolithography. EBL can reach precisions of 1 nm which is excellent and better then 

photolithography. It is used to create precision nanostructures like with photon-generating quantum 

dots and also superconducting qubit chips. It is a very slow process compared with photolithography, 

so adapted to low volume and custom productions. An EBL looks like an electron microscope. Exist-

ing electron microscopes can be converted to run EBL tasks. 

Other less used varieties of lithography are ion-beam (using helium), laser lithography, the latter being 

used for resolutions above 500 nm, and STM (Scanning Tunnelling Microscopy) that can reach sub-

nm resolutions. 

Development which removes the photoresist coating where it was or wasn’t exposed during the pho-

tolithography or electron beam lithography step. It depends on the photoresist material used which is 

either a negative (insoluble after exposure) or positive resist material (soluble after exposure). 

Positive photoresist enables better lithography resolution but is more expensive than negative photo-

resist. It uses so-called hard baking above 100°C to polymerize and stabilize the photoresist coating. 

 

Figure 561: the three main lithography techniques used for semiconductors manufacturing. Compilation (cc) Olivier Ezratty, 2022-2023. 

There are many resist coatings depending on the process (photolithography or electron beam lithog-

raphy) and whether we are using a negative or positive resist. With positive resist, coating can be 

made of long polymer chains with weak chain bonds. Exposure creates chain scission in the exposed 

areas. These are dissolved during the chemical development process while the longer chains do not 

dissolve. Another process consists in using resist creating hydrophilic product when exposed, which 

are then dissolved by water. Negative coating can be made of monomers that polymerize when ex-

posed to light and become non dissoluble by the solvent used in the development process. 
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Figure 562: two examples of such cluster tools, on the left with a Kurt Lesker OCTOS Automated Thin Film Deposition Cluster Tool 
(source) and on the right an Applied Materials Endura Clover MRAM PVD System (source). 

The photolithography process contains in total about 10 stages (coating, soft-baking, exposure, clean-

ing, hard-baking, ...). In volume production, these are handled in cluster tool systems, using one or 

several robotized systems to move the wafer from one tool to the next in a controlled environment. 

This ensure both productivity and production quality (Figure 562). 

Photolithography clusters vendors include Dainippon Screen, who partners with ASML. Cluster tools 

are also in place for other parts of manufacturing seen later, like etching and additive steps. Multi-

axis robots and roof conveyors like those from Kuka and Muratec move wafer cassettes (handling 25 

wafers) from one cluster to the other. 

Removing matter 

These steps correspond to the removal of matter on the wafer based on the zones defined by the 

lithography process (Figure 563). 

 
Figure 563: the various ways to remove matter in semiconductor manufacturing. Compilation (cc) Olivier Ezratty, 2022-2023. 

Illustration sources: Wikipedia, others. 
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Etching removes matter in the uncovered areas, using wet chemical or dry physical methods, the dry 

methods being the most commonplace for high-density (VLSI) circuits. Various dry etching tech-

niques include ion milling or sputter etching, and plasma based reactive ion etching. The first uses 

the projection of inert ionized noble gas while the second uses neutrally charged free radicals that 

react with the target surface. In general, plasma is an ionized gas with the same proportion of positive 

and negative charges. There are also variants with anisotropic (orientation independent) or directional 

etching (orientation dependent). 

Stripping and cleaning remove the remainder of the photoresist material.  In volume production 

clean rooms, etching and stripping is handled by cluster tools with robotized handlers moving wafers 

from the etcher to the stripper tool, with a loading and unloading station extracting wafers from its 

carrier box (usually, containing 25 wafers in volume production environments). 

Planarization of the wafer uses physical polishing. It can be based on CMP (Chemical Metal Planar-

ization). It is generally implemented after additive steps. 

Adding matter 

Additive steps consist in adding some materials in the visible areas, like silicon or doped silicon in 

classical CMOS transistors, using boron or indium (for p-doping) and arsenic (As), phosphorus (P), 

antimony (Sb) or aluminum (Al) (for n-doping). Some of these processes are implementing an epitaxy, 

creating a perfect crystalline structure with the added material, in the feature layers (doped silicon, 

gates). Other processes like PVD and sputtering are not epitaxial and are used for the production of 

superconducting qubits. 

 
Figure 564: the various ways to add matter in semiconductor manufacturing. Compilation (cc) Olivier Ezratty, 2022-2023. 

Additive steps can use various techniques like ion implantation, CVD (chemical vapor deposition, 

where the target surface is exposed to one or more volatile precursors, which chemically react and/or 

decompose on the target surface to leave a thin film deposit on the target, e.g. using silane SiH4 to 

deposit Si on the wafer, generating 2 H2 molecules), ALD (atomic layer deposition, a variation of 

CVD to create highly precise epitaxial atomic layers using repeat cycles), PVD (physical vapor dep-

osition under low pressure, where the material to deposit with evaporation, sputtering or plasma and 

then condenses on the target surface), sputtering being one type of PVD (using ion projection to pull 

material from a source and deposit it on the target wafer or ionized gas like argon that, thanks to a 

high-voltage applied to the target, is projected on the target and creates a plasma with the target atoms 
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that then condenses on the surface of the chip), e-beam deposition (another variety of PVD using 

electron beams to evaporate the matter to deposit on the wafer), PLD (pulse laser deposition, using 

femtoseconds laser pulses to extract matter from a source and then sent to the target), MBE which is 

a variety of PVD (molecular beam epitaxy, for thin-film deposition of single orderly crystal struc-

tures). CVD can be plasma based (Figure 564). 

In the last process cycles, these steps are related to the creation of several superposed metal layers 

connecting the various semiconducting circuits created in the earlier steps. With superconducting 

qubits, aluminum, and aluminum oxide (or niobium) sputtering is implemented in this step. 

Metal layers. When all cycles related to the functional parts of the circuits are finished, some elec-

trodeposition of metal is made to connect the chip to the outside world, usually copper or aluminum 

(in the case of superconducting qubits and electronics) and copper-aluminum alloys. 

Metal layers are created with a mix of li-

thography-etching and PVD/CVD. 

As metal layers are added, their density 

decreases. Then, some wiring may be 

added and bonding or bumps plus packag-

ing. 

In CMOS designs, the “front-end-of-line” 

(FEOL) contains the individual active el-

ements (transistors, capacitors, etc.) while 

the “back end of line” (BEOL) contains 

the metal layers (Figure 565). 

 
Figure 565: typical metal layers of a semiconductor. 

So-called 3D chips like the superconducting qubits chips from IBM, OQC and others result from the 

assembly and perfect alignment of stacked chips. CEA-Leti (France) is collaborating with Intel in the 

design of such innovative 3D packaging technologies. 3D stacking makes use of TSV or through 

silicon vias, which establishes a metal connection from top to bottom of a chip or from the active 

layer to the front plane through the wafer. 

A TSV hole is created with reactive ion etching, copper electrochemical deposition for creating a seed 

layer and electroplating to fill the hole2289. 

Heating 

Thermal processes are implemented for various purposes like dopant activation and diffusion, gate 

oxidation (Si+2O→SiO2), metal reflow which smooths its surface usually in an atmosphere of N2 or 

H2O, metal alloying and chemical vapor deposition. One used technique involves rapid thermal an-

nealing, using a vertical or horizontal furnace. 

Finishing 

These are the product finishing tasks undertaken when the patterning-removing-adding-heating cycle 

is completed (the front-end process). The aim here is to turn the chip on its wafer into a functional 

component with its connectivity. It is also called the back-end process (Figure 566). 

Wafer testing. Then, testing and characterization is done to make sure the manufactured components 

meet the required quality. One inspection tool used is electron microscopes, which can also be used 

to analyze the patterning quality between each patterning cycle. Wafers containing chips operating at 

cryotemperatures can be tested by a cryo-prober like the one provided by Bluefors/Afore and being 

used by Intel in Oregon and CEA-Leti in Grenoble. 

 

2289 See Tutorial on forming through-silicon vias by Susan L. Burkett et al, January 2020 (16 pages). 

https://avs.scitation.org/doi/10.1116/6.0000026
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Figure 566: the finishing steps of semiconductor manufacturing with dicing, wire bonding and molding. Compilation (cc) Olivier 

Ezratty, 2022 and The semiconductor manufacturing process (back-end process), Matsusada, February 2022. 

Electrode formation, wiring and bonding. These are more traditional steps to add macro-elements 

to the circuit that will connect them to the outside world. This is done after the chips are extracted 

from the wafer with dicing. 

Packaging. It is mostly about putting plastic and sometimes metal shielding for specific applications 

(space, military, quantum) around the chip and its bonds/wires. The component can be then integrated 

in a system with its surrounding electronics. 

End-product testing. The electronic circuit is fully functionally tested here before being used. 

The manufacturing yield is the percentage of functional chips at the end of manufacturing. Each in-

termediate manufacturing step has its own yield, and the end yield is the result of the multiplication 

of each step yield. 

Quantum process specifics 

Each and every chip is manufactured with a specific recipe with many steps involving different tool-

ing and dozens of parameters (tool, chemical compounds, temperature, pressure, angles, ...). Putting 

in place such processes is tedious and require very specialized skills. The whole manufacturing pro-

cess for a chip can last from a couple hours to a couple months depending on its complexity. All in 

all, a new chip design, manufacturing and testing can last between a couple weeks to 2.5 years de-

pending on the product and process. 

Superconducting qubits 

Manufacturing a superconducting qubit chip is both rather specific and simple, at least, compared to 

classical silicon CMOS chips and their epitaxy processes, creating pure crystalline semiconducting 

structures. It explains why so many labs in the world have their own cleanroom able to prototype such 

chips. A superconducting chip wafer can usually be produced in less than a week when it can last 

months if not over a year for CMOS chips on 300 mm wafers2290. There are of course many variations 

and as the superconducting chips become more complicated, assembling up to three stack chiplets, 

and with more lithography steps, the production cycle gets longer. 

We’ll describe here one of the methods to create a superconducting qubit chip which is derived from 

the bridge-based Niemeyer-Dolan technique2291 (Figure 567). The superconducting qubit core feature 

is its Josephson junction made of three layers: a conducting metal like aluminum and its oxide 

 

2290 See a couple examples of superconducting qubits manufacturing process descriptions in Manufacturing low dissipation supercon-

ducting quantum processors by Ani Nersisyan et al, Rigetti, January 2019 (9 pages), Simplified Josephson-junction fabrication process 

for reproducibly high-performance superconducting qubits by A. Osman et al, Chalmers, November 2020 (7 pages) and the thesis 

Micromachined Quantum Circuits by Teresa Brecht, Yale University, December 2017 (271 pages). 

2291 There are other Josephson junction techniques like the Manhattan bridge. See Improving Quantum Hardware: Building New Su-

perconducting Qubits and Couplers by Thomas Michael Hazard, Princeton, 2019 (136 pages). 

https://www.matsusada.com/column/sc_mfg_proces-back-end.html
https://arxiv.org/abs/1901.08042
https://arxiv.org/abs/1901.08042
https://arxiv.org/abs/2011.05230
https://arxiv.org/abs/2011.05230
https://rsl.yale.edu/sites/default/files/files/RSL_Theses/Brecht_Thesis_Final_ScreenVersion.pdf
https://physics.princeton.edu/archives/theses/lib/upload/Hazard_Thomas_Thesis_.pdf
https://physics.princeton.edu/archives/theses/lib/upload/Hazard_Thomas_Thesis_.pdf
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insulator variant in between. It is surrounded by metal structures for creating capacitances and a res-

onator2292. 

• The wafer substrate is made of either sapphire or intrinsic silicon, meaning monocrystalline and 

undoped. Silicon is commonplace but has its shortcomings: it must be deoxidized, since SiO2 is 

damaging the qubit’s quality. Sapphire can’t be oxidized but is less commonplace2293. The wafer 

may be gold plated on its unpolished side to ensure good electric and thermal contacts between 

the chip and the chip-carrier. 

• Resist deposition is done using the spin-coating technique and with two layers of resist one on 

top of each other. The bottom one is more sensitive to the e-beam than the one above. 

• E-beam lithography exposes some of the resist to an electron beam. This is a rather slow process. 

It uses a double insolation process with different strengths to attack the two resins layers. 

• Development where the resist is removed from the hole exposed by the e-beam and etching which 

creates an undercut carved in the resist. 

• First metal evaporation where a first layer of aluminum is deposited with an angle +θ.  It creates 

the first layer of the Josephson junction. 

• An aluminum oxide layer is grown during an oxidation step. This gate is less than 2 nm thick. 

• Second angled metal evaporation to create a new layer above the oxidized aluminum from the 

Josephson junction gate. It is done in the opposite angle -θ to cover a different area in the hole. 

• The residual resist may in some situations be removed with a CMP process or more classically 

dissolved in solvent during the lift off step. For these, no additional layer or isolation layer is 

added on the Josephson junction. 

All this process was just about creating a single Josephson junction that is usually 200 nm wide. A 

classical superconducting qubit contains at least two other circuits: capacitances (about 100 μm to 

600 μm wide), a resonator (aka superconducting coplanar waveguide) and a microwave network. 

The network and resonator can be created using 193 nm UV lithography or laser lithography and 

negative resist etching, meaning the metal is first deposited everywhere (except on the Josephson 

junction) and then, the resist coating is removed where it was not exposed. RIE (reactive ion etching) 

can also be used, particularly for creating resonators. This process can make use of aluminum, nio-

bium, TiN (titanium nitride) as developed by John Martinis in 2013 and even indium2294. 

TiN is appreciated thanks to its ability to avoid oxidation. Titanium nitride (TiN) can be used as an 

isolation layer on top to a sapphire substrate to avoid dielectric losses between the various qubit’s 

components2295. 

Superconducting qubits circuits are usually rather simple and only 2D with no additional metal layers. 

Still, insulators like tantalum are tested over the parts of the chip outside the Al/AlOx/Al Josephson 

 

2292 The schema below comes from Resonant and traveling-wave parametric amplification near the quantum limit by Luca Planat, June 

2020 (237 pages). It describes the process for the creation of a Josephson junction in a TWPA and is very similar to a superconducting 

qubit. 

2293 See Fabrication of Al/AlOx/Al junctions with high uniformity and stability on sapphire substrates by Yuzhen Zheng et al, China, 

May 2023 (10 pages). 

2294 See Sputtered TiN films for superconducting coplanar waveguide resonators by S. Ohya, John Martinis et al, UCSB, 2013 (9 pages). 

2295 See Titanium Nitride Film on Sapphire Substrate with Low Dielectric Loss for Superconducting Qubits by Hao Deng et many als, 

Alibaba, May 2022 (10 pages). The use of TiN enables qubit lifetimes of up to 300 µs. 

https://tel.archives-ouvertes.fr/tel-03137118/file/PLANAT_2020_archivage.pdf
https://arxiv.org/abs/2305.10956
https://web.physics.ucsb.edu/~martinisgroup/papers/Ohya2013.pdf
https://arxiv.org/abs/2205.03528
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junction, like on the various niobium circuits (resonators, …) avoiding the formation of Nb2O5 oxides. 

It can improve the qubit stability (T1)
2296. 

 
Figure 567: the process of manufacturing a superconducting qubit or superconducting component like a TWPA. Source: Resonant and traveling-

wave parametric amplification near the quantum limit by Luca Planat, June 2020 (237 pages). Comments added by Olivier Ezratty in 2022. 

There’s an empty space of a minimum 2 mm height above and below the chip in its (copper) packag-

ing. On the other hand, superconducting electronics dies can superpose up over 10 alternating layers 

of niobium and dielectric, usually SiO2. The surrounding connections are themselves superconducting 

and the chip edge is connected to gold or aluminum wires and bonds. Some elements on the chip may 

be connected together with ‘airbridges’ which consist of wired connections between two distant ele-

ments ‘flying’ over a qubit component, with a small layer of air/vacuum between the circuit and the 

wire2297. 

Andreas Fuhrer Janett from IBM Zurich labs developed a process and apparatus to put the chip in 

ultra-high vacuum (UHV) during assembly2298. According to IBM, the UHV can contribute to creat-

ing less noisy qubits. 

The connectivity constraints explain for example the limitations of the chimera structure in D-Wave 

superconducting qubits layout. The trend is to create 3D structures, assembling several chips, with 

one being dedicated to electronic signals controlling the qubits, like with Google, IBM and OQC. 

The chips are assembled using wafer bonding, connecting metal layers using indium thanks to it 

ductility, even in low temperatures and at relatively low temperature (156°C). Chips also use TSV 

(through-silicon vias) to facilitate signals routing between the connectivity chip and the qubit chip2299. 

 

2296 See Systematic Improvements in Transmon Qubit Coherence Enabled by Niobium Surface Encapsulation by Mustafa Bal, Anna 

Grassellino et al, FermiLab, NIST, Rigetti, Northwestern University, April Louisiana State University, 2023 (17 pages). The tested 

qubits were manufactured at the Pritzker Nanofabrication (PNF) facility. 

2297 See How Google (Probably) Made the Quantum Supremacy Chip by Russ Renzas, September 2019 which describes , among other 

things, the various layers in Google original Sycamore circuit and its airbridges. 

2298 See Ultrahigh vacuum packaging and surface cleaning for quantum devices by M. Mergenthaler, Andreas Fuhrer et al, 2021 (6 

pages). 

2299 See Fabrication of superconducting through-silicon vias by Justin L. Mallek, William D. Oliver et al, March 2021 (14 pages). 
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https://tel.archives-ouvertes.fr/tel-03137118/file/PLANAT_2020_archivage.pdf
https://tel.archives-ouvertes.fr/tel-03137118/file/PLANAT_2020_archivage.pdf
https://arxiv.org/abs/2304.13257
https://medium.com/swlh/how-google-probably-made-the-quantum-supremacy-chip-296d5d321bbd
https://arxiv.org/abs/2010.12090
https://arxiv.org/abs/2103.08536
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The chip density is not very high as compared with classical CMOS chips. The quality and fidelity of 

the superconducting qubits depends on several factors including materials purity2300. The manufac-

turing yield of superconducting chips can however be as low as 1% but is usually above 70%2301. One 

avenue to potentially improve the manufacturing quality of superconducting qubits would be to pro-

duce them with 300 mm CMOS fab technologies. That’s what IMEC has been experimenting in 2022 

with producing qubits of rather good quality (but not stellar), using argon milling2302 and subtractive 

processes2303. 

We mentioned a lot of aluminum so far. It is not the only superconducting metal used with Josephson 

junctions, among other reasons due to the stability of the aluminum oxides that creates the thin junc-

tion.  Niobium, niobium-titanium nitride, and tantalum2304 2305can be used for large structures like 

resonators. Niobium is also used in superconducting electronics (SFQs, already covered) and SQUIDs 

sensors with the advantage of being a superconductor at 9K versus 1.2K for aluminum. Niobium is 

easy to etch but oxides quickly. 

Superconducting nanowire single photon detectors 

Superconducting nanowire single photon detectors (SNSPDs) can be manufactured with NbTiN sput-

tering on sapphire2306. 

Trapped ions circuits 

These circuits implementing Paul or Penning traps are manufactured using a mix of techniques with 

e-beam metal evaporation-based deposition of titanium and gold, etching process, and femtosecond-

laser machining for 3D surfaces shaping using tools like those from FEMTOprint2307. 

Photon-generating quantum dots  

Like the ones from CNRS C2N and Quandela are manufactured with adding about 100 layers alter-

nating GaAs and GaAsAl compounds using molecular beams epitaxy. Adding these many layers can 

still be implemented in a couple hours. In the middle of the road, special techniques are used to deposit 

the planar λ cavity made of a couple hundred of InGaAs. The cylinder cut for the quantum dot en-

closing is implemented with ion milling2308. 

Silicon qubits  

Their manufacturing is very close to traditional CMOS manufacturing techniques (Figure 568). It 

requires UV/EUV photolithography due to the relatively high features density in the chips (which can 

 

2300 See Material matters in superconducting qubits by Conal E. Murray, IBM Quantum, 2019 (98 pages). 

2301 It was the yield with IBM’s 17 qubits chipsets in 2018 according to Towards Efficient Superconducting Quantum Processor Archi-

tecture Design by Gushu Li et al, 2019 (15 pages). 

2302 See Argon milling induced decoherence mechanisms in superconducting quantum circuits by J. Van Damme et al, IMEC, February 

2023 (13 pages) describing how argon milling can negatively affect the quality of niobium resonators. 

2303 See Path toward manufacturable superconducting qubits with relaxation times exceeding 0.1 ms by J. Verjauw et al, npj, August 

2022 (7 pages). 

2304 See New material platform for superconducting transmon qubits with coherence times exceeding 0.3 milliseconds by Alexander P. 

M. Place, Nathalie P. de Leon, Andrew A. Houck et al, Nature Communications, March 2021 (6 pages). 

2305 See High-quality superconducting α-Ta film sputtered on heated silicon substrate by Yanfu Wu et al, May 2023 (12 pages). 

2306 See NbTiN for improved superconducting detectors by Julien Zichi, KTH Sweden, 2019 (86 pages). 

2307 See the thesis Multi-wafer ion traps for scalable quantum information processing by Chiara Decaroli, ETH Zurich, 2021 (248 

pages) which provides a lot of insights on trapped ion architectures and circuits manufacturing. 

2308 See the details in Near-optimal single-photon sources in the solid-state by Niccolo Somaschi, Valerian Giesz, Pascale Senellart et 

al, 2015 (23 pages). 

https://arxiv.org/ftp/arxiv/papers/2106/2106.05919.pdf
https://arxiv.org/abs/1911.12879
https://arxiv.org/abs/1911.12879
https://arxiv.org/abs/2302.03518
https://www.nature.com/articles/s41534-022-00600-9
https://www.bnl.gov/newsroom/news.php?a=121242
https://arxiv.org/abs/2305.10957
https://www.diva-portal.org/smash/get/diva2:1316907/FULLTEXT01.pdf
https://ethz.ch/content/dam/ethz/special-interest/phys/quantum-electronics/tiqi-dam/documents/phd_theses/Thesis_Chiara_Decaroli
https://arxiv.org/abs/1510.06499
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go as low as 10 nm). The etching processes are also rather similar. The materials purity is an important 

figure of merit to ensure the quality of the manufactured qubits as it is with superconducting qubits. 

The silicon wafers used to create spin qubits are covered by a layer of about 100 nm of 28Si using a 

wafer scale CVD process. All the other functional and isolation layers using silicon are also based on 
28Si, mostly through silane (SiH4). There are many variants with Si/SiGe heterostructures, Al/AlOx 

structures, etc. Indeed, superconducting features must be integrated in these chipsets on top of more 

regular CMOS ones2309. The chip vertical structure is relatively simple, with only a few metal layers, 

and some control electronics are usually placed in a separate chip that is bonded to the qubits in a 3D. 

 
Figure 568: various implementations of silicon spin qubits. Source: Scaling silicon-based quantum computing using CMOS 

technology: State-of-the-art, Challenges and Perspectives by M. F. Gonzalez-Zalba, Silvano de Franceschi, Edoardo Charbon, Maud 
Vinet, Tristan Meunier and Andrew S. Dzurak, November 2020-April 2023 (21 pages). 

 

2309 See an example with Strong hole-photon coupling in planar Ge: probing the charge degree and Wigner molecule states by Franco 

De Palma et al, EPFL, October 2023 (22 pages). 

https://arxiv.org/abs/2011.11753
https://arxiv.org/abs/2011.11753
https://arxiv.org/abs/2310.20661
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In its various research papers published at APS March meeting in 2022, Intel did showcase how 

manufacturing quality had an impact on the quality of quantum dots spin qubits. In October 2022, 

they added some information on the quality and yield of their silicon qubits wafers2310. 

Tools 

We’ll cover here some specific manufacturing tools that are used for producing quantum technologies 

semiconductor components. The breadth of tools in semiconductor fabs is much broader with tools 

from vendors like ASML (UV and EUV photolithography) and Applied Materials (PVD, CVD, 

etching and stripping, ...).  Their tools are used in high-volume large fabs while many of the quantum-

specific production tools are used more for research purposes and for small scale industrial production. 

 

Plassys Bestek (1987, France) develops and manufactures vacuum and ultra-

high-vacuum thin film deposition systems with a turnover of about 7M€. Most 

of their tools are based on physical vapor deposition (PVD) processes (vapor-

ization of metal or compounds for deposition on a substrate, all under vacuum). 

Positioned at the end of the 1990s as a key supplier of equipment for the fabrication of superconduct-

ing qubits, they have developed a wide range of electron beam deposition systems dedicated to con-

trolled angle evaporation under the name "MEB" which makes Plassys the leader for this technology 

(Yale University, Rigetti Computing, QCI, NTT, Oxford, CEA Saclay, Qilimanjaro, TU Delft, VTT… 

rely on their tools). The “MEB” tools used an electron beam to melt and to evaporate materials that 

allows the deposition of aluminum films for forming the Josephson junctions or for resonators as well 

as of niobium as underlayer or as resonators. They also provide sputtering tools for depositing various 

kind of superconducting films (Al, Ti, Nb, Ta, MoSi, MoGe, nitrides…) and other elemental materials 

or complex compounds. Sputtering tools integrate cathodes on which a bias voltage is applied under 

a controlled atmosphere of gas mixture including argon for generating a plasma around 10-3 – 10-2 

mbar. Positive ions from the plasma are attracted by the cathodes on which a “target” is made from 

the material source you want to deposit. The high energy of the ions sputters the target inducing then 

the generation of a vapor that condensates onto the substrate.   

They also supply the SSDR150 chemical vapor deposition (CVD) reactor for the growth of ultra-pure 

diamonds which is the raw material for the development of NV center based technologies. This CVD 

process is using hydrogen and methane (CH4) at a pressure around 100 millibars2311 with the assis-

tance of a microwave source generating a high density plasma. They also handle diamond doping 

with nitrogen, boron, phosphorus…. 

    
Figure 569: various production machines from Plassys-Bestek. Source: Plassys-Bestek. 

 

2310 See Intel Hits Key Milestone in Quantum Chip Production Research, Intel, October 2022. 

2311 The CVD diamond growth process is described in Diamond growth by chemical vapour deposition by J. J. Gracio et al, 2011 (75 

pages). 

https://www.intel.com/content/www/us/en/newsroom/news/intel-hits-key-milestone-quantum-chip-research.html#gs.etertj
https://hal.archives-ouvertes.fr/hal-00597830/document
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Their R&D and production machines dedicated to quantum technologies are now grouped under the 

Qutek Series brand (Figure 569). In addition to the MEB systems, Qutek series includes MP systems 

(sputtering deposition for superconducting or photonic devices) and thermal evaporation system for 

indium bumps (used for connecting superconducting qubits). 

 

Angstrom Engineering (1992, Canada) is a manufacturing tool vendor. Their 

Quantum Series line of physical vapor deposition (PVD) systems is adapted to 

the creation of Josephson Junctions, from using an electron beam source to 

deposit aluminum, magnetron sputtering for niobium and ion beam cleaning. 

 

Kelvin Nanotechnology (2020, UK) is an electron beam lithography and 

nanofabrication tooling company. It manufactures various miniaturized 

MEMS and photonic components used in quantum technologies. 

These include 3D ion traps, various photonic devices, MEMS gravimeters and lasers built on 200 mm 

wafers in features going as low as 20 nm. They are based at the James Watt Nanofabrication Centre 

(JWNC) in Glasgow, Scotland. 

 
Orsay Physics (1989, France) is a subsidiary of Tescan Orsay Holdings 

(Czech Republic - France). It provides manufacturing tools for focused ion and 

electron beam processes. 

Out of these, their nitrogen-FIB (i-FIB, for focused ion beam) is being used to create NV centers in 

nano- and micro-structures with high precision, like in NV center arrays with 2 µm separations be-

tween the centers2312. 

 

Riber (1987, France) is a manufacturer of MBE reactors, used mostly in III/V 

and II/VI multi-layers epitaxy processes. 

They handle various MBE processes: solid sources MBE, Plasma-Assisted MBE (PAMBE), Metal-

Organic MBE (MOMBE), Gas Source MBE (GSMBE) and full gaseous Chemical Beam epitaxy 

(CBE). A Riber MBE reactor is being used to manufacture the 100+ layers quantum dots based photon 

sources from Quandela. 

 

Raith (1980, Germany) provides nanofabrication and electron beam lithogra-

phy instruments. These tools are involved in the manufacturing of all sorts of 

qubits, trapped ions, superconducting, electron spin, topological qubits, NV 

centers and nanophotonics. 

 

Picosun Group (2003, Finland, 17.4M€) is a manufacturer of atomic layer 

deposition (ALD) tooling used in the production of various electronic compo-

nents (imaging sensors, LEDs and OLEDs, MEMS, etc). 

Their technology can be used to create graphene structures among other things. They are one of the 

Finish industry partners of QuTI, a 10M€ collaborative research project on quantum related compo-

nents manufacturing and testing. They partner with VTT, Bluefors, Afore, IQM, Quantastica, Saab, 

Vexlum and the Finish offices from Rockley Photonics (USA) and CSC (USA). 

 
Encapsulix (2011, France) develops ultra-short cycle time ALD systems. It is 

mostly used in the production of OLED in encapsulated quantum dots. 

 

Samco Inc (Japan) is a provider of thin film deposition, microfabrication and 

surface cleaning, CVD and other treatment machines.  

 

2312 See i-FIB application note. 

https://www.orsayphysics.com/i-fib
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Their tooling includes PECVD systems (plasma-enhanced CVD), SiC CVD systems, ALD (atomic 

layer deposition) systems, reactive-ion etching (RIE) systems, Inductively Coupled Plasma (ICP) 

etching systems, Silicon Deep Reactive Ion Etching (DRIE) systems for MEMS device fabrication 

and TSV (through-silicon-vias) via-hole etching and plasma cleaners. These systems are used to pro-

duce various sorts of quantum components like niobium and tantalum based superconducting circuits, 

from qubits to surface acoustic waves filters2313 2314and GaAs photonic components. 

 

ADNANOTEK (Taiwan, 1999) is a provider of MBE, PLD (pulsed laser dep-

osition which is a variation of PVD) and Laser MBE PLD, various sputtering 

systems, EBE (electron beam evaporators), Ion Beam Sputter Deposition 

(IBSD), ALD (atomic layer deposition), Plasma Enhanced Atomic Layer Dep-

osition (PEALD) and various ultra-high vacuum equipment. 

 

CVD Equipment Corporation (USA) is specialized in CVD and dry etching 

systems that can be used for various semiconductor production, including III/V 

and nanophotonic chips. 

 
Plasma-Therm (USA) has a broad range of plasma and ion beam etching and 

deposition used among other things in GaAs components manufacturing. 

The company made several acquisitions: Advanced Vacuum Europe of Lomma (1993, Sweden) in 

2011, Nanoplas France in 2015, Nano Etch Systems (2009, USA) in 2016, Kobus and Corial (France) 

in 2018, JLS Designs Ltd (UK) in 2020. The company opened in 2018 its European Head Office in 

Grenoble, France, and in 2020, one process and technical support office in Singapore. 

 

Izovac Photonics (Lithuania) provides the IZOVAC range of products vacuum 

coating equipment using vacuum sputtering (magnetron sputtering, Ion Beam 

Assisted Deposition, Ion beam sputtering, DLC (Diamond-Like Carbon) coat-

ing by PECVD (Plasma Enhanced Chemical Vapor Deposition). Their main 

market are the display and touch screen manufacturing. They also develop cus-

tomized vacuum deposition equipment. 

 

Evatec (Switzerland) provides a family of evaporation, sputtering and PECVD 

products covering various needs including in MEMS and photonics applica-

tions. They also develop and sell wafer cassette-to-cassette processing tools in 

their Clusterline family. 

 

Prevac (Poland) has a breadth of semiconductors manufacturing tools includ-

ing an UHV Magnetron Sputtering System working with 3-inches wafers and 

PLD systems. They also sell an UHV multichamber cluster tool to automate a 

process with a thin film layer growth deposition chamber, load-lock chambers 

and a transferring tunnel. 

 

Seki Diamond Systems (Japan) is a subsidiary of Cornes Technologies 

(USA) that sells CVD diamond reactors producing synthetic diamonds and 

supporting Microwave Plasma CVD, Hot-Filament CVD and Low Tempera-

ture CVD. It covers broad industry use cases. 

 
Polyteknik (2005, Denmark) provides PVD and coating systems, including 

their Flextura e-beam PVD system. 

 

2313 See Towards practical quantum computers: transmon qubit with a lifetime approaching 0.5 milliseconds by Chenlu Wang et al, 

NPJ, January 2022 (6 pages). 

2314 See Niobium (Nb) Plasma Etching Process (RIE or ICP-RIE), Samco. 

https://www.nature.com/articles/s41534-021-00510-2
https://www.samcointl.com/portfolio/niobium-etching/
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Besi (1995, the Netherlands) or BE Semiconductor Industries, is the world-

wide leader in semiconducting assembly machines (die attach, packaging, plat-

ing). One key use case if 3D chiplets assemblies. The company participates to 

the EU project MATQu to create a manufacturing capacity of superconducting 

chips on 300 mm silicon wafers. 

 

Onnes Technologies (2018, the Netherlands) is a startup created by Max 

Kouwenhoven (CEO) that develops the arQtika Linear Cryo-Walker for Quan-

tum Scanning Probe Microscopy (qSPM). 

It is a low-dissipation cryogenic nanopositioner, that can be used to study the structure of protein 

complexes, such as ferritin, a protein in the human brain linked to Alzheimer’s disease, with excellent 

precision and accuracy. It was developed in collaboration with Leiden Cryogenics. Their solution can 

also be used to characterize various aspects of transmon qubits. 

 

SOITEC (1992, France) is a company producing SOI wafer which contain an 

isolation layer of SiO2. These wafers are commonplace in many quantum tech-

nologies semiconductor components. 

SOITEC acquired EpiGaN (2010, Belgium, 4M€) in 2019. It adds GaN wafers production to their 

portfolio. 

Some other vendors can be mentioned like RECIF Technologies (France) with its wafers handling 

and sorters, Heidelberg (Germany) and its mask writer, Süss MicroTec (Germany) and its photomask 

handling and mask aligners, Keysight Technologies (and its NX5402A silicon photonics hybrid wafer 

testing system), Oxford Instruments (UK) and its RIE plasma etchers from the Plasmalab family 

and ALD systems, Vistec (USA) and STS Elionix (USA) and their e-beam writers, Transene Com-

pany (USA) and their etching systems, Pureon with its diamond based Chemical Mechanical Pla-

narization tools (CMP)2315, Polygon Physics (2013, France) which provides ion, electron, plasma and 

atom sources based on ultracompact and ultralow power electron cyclotron resonance plasma tech-

nology (ECR) and Multi Beam Sputtering tools (MBS), JEOL (Japan) and Multibeam (USA) and 

their e-beam lithography systems, Thermo Fisher (USA) and its e-beam lithography and ion milling 

systems, Veeco (USA) and its lithography, MBE, CVD, PVD, ion beams, ALD and dicing systems, 

Aixtron (1983, Germany) and its CVD systems, NuFlare (Japan) and its mask writers and epitaxial 

growth reactors, AJA International (1989, USA) and its thin film deposition systems including mag-

netron sputtering, e-beam evaporation, thermal evaporation, and ion milling systems and Denton Vac-

uum (1964, USA) and its evaporation, sputtering, PE-CVD and ion beam deposition tools. 

EDA 

The electronic design automation (EDA) software tools running on classical computers are unsung 

heroes of semiconductor advances2316. They kept pace with the growth of chips complexity and come 

from Cadence, Synopsys and Siemens (formerly from Mentor Graphics) to name a few vendors, in a 

market that is being consolidated. 

One famous tool to design and even test your ‘home-made’ superconducting chip is IBM Qiskit Metal, 

that was announced in 20212317. In February 2023, Amazon AWS introduced Palace (PArallel, LArge-

scale Computational Electromagnetics), a finite element open-source code for full-wave electromag-

netics simulations capable of simulating a single transmon qubit with its readout resonator coupling 

 

2315 In 2020, Microdiamant (Switzerland) acquired Eminess Technologies from Saint Gobain and was rebranded as Pureon. 

2316 This part comes from Is there a Moore’s law in quantum computing, Olivier Ezratty, March 2023 (32 pages). It was updated for 

this book. 

2317 See Qiskit Metal documentation, IBM. 

https://arxiv.org/abs/2303.15547
https://qiskit.org/metal/
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and a terminated coplanar waveguide (CPW) transmission line for input/output2318. A similar tool, 

QuantumPro, was launched by Keysight in August 2023. 

Cadence tools are used to design spin qubits and control electronics chips like with IQM2319. Qubit 

designers usually assemble their own suite of multiscale EDA tools ranging from the physics of the 

qubits at low level to the whole behavior of chip circuits and, in between, for designing specific parts 

of these circuits like Josephson junctions, resonators2320 or couplers2321 in the case of superconducting 

qubits, or, for example, of readout lines for quantum dots spin qubits2322. 

Tools frequently mentioned include Sonnet ABS (Adaptive Band Synthesis), Ansys HFSS 3D High 

Frequency Structure Simulation Software Multipurpose that helps the design and simulation of high-

frequency electronics and Ansys RaptorQu which is used for electromagnetic simulations of super-

conducting qubit circuits. 

Drawpy is a Python framework based on HFSS that creates circuits drawings. SPICE is an open-

source software used to digitally simulate analog circuits. At a higher level, Synopsis Technology 

Computer-Aided Design (TCAD) helps design a whole circuit. 

One challenge here is to create software suites able to implement digital twins of qubit chips in a full-

stack manner, from the lower quantum physics level at the atomic scale up to all the circuitry and 

including various material defects and noise models. At the atomic scale level, we’re up with using 

quantum physics digital simulations using DFTs and other classical methods, and, in the future, quan-

tum algorithms. At the circuit level, simulations use various methods: Method of Moments (MoM) 

for planar and stacked planar structures, Finite Element Method (FEM) for 3D structures and Finite 

Difference Time Domain (FDTD) for handling large problems2323. At the highest abstraction level, 

circuit designers are using MBSE (Model-Based System Engineering) and ESL (Electronic System 

Design) methods as well as the SysML (System Modeling Language) for the creation of product 

specifications. Also, Automatic Test Pattern Generation (ATPG) tools are used to model circuit de-

fects. 

 

NanoAcademic Technologies (2008, Canada) is a company created by Hong 

Guo rom McGill University and Yu Zhu and Leil Liu (all coming from China) 

which sells quantum materials software simulation tools like NanoDCAL. It is 

used to simulate the physics of quantum chips like superconducting qubits. In 

2023, it introduced QTCAD, its spin-qubit modeling tool. 

 

QuantCAD (2021, USA) is a company created by Michael Flatté and based 

in Iowa that develops and sells CADtronics and qNoise, a suite of simulation 

software that models noise and current in quantum devices. It is used to design 

various quantum components, including quantum sensors and optoelectronic 

devices. 

 

2318 See AWS releases open-source software Palace for cloud-based electromagnetics simulations of quantum computing hardware by 

Sebastian Grimberg, Hugh Carson, and Andrew Keller, Amazon AWS, February 2023. 

2319 See IQM Uses AWR to Make RF/Microwave Chips for Quantum Computers, Cadence. 

2320 See Fast analytic and numerical design of superconducting resonators in flip-chip architectures by Hang-Xi Li, Jonas Bylander et 

al, VTT, May 2023 (12 pages). 

2321 See Quantum Chip Design Automation in Superconducting Coupler Architecture by Fei-Yu Li et al, Baidu Research, December 

2022 (11 pages). 

2322 See RF simulation platform of qubit control using FDSOI technology for quantum computing by H. Jacquinot, Maud Vinet, Tristan 

Meunier et al, April 2023 (11 pages). 

2323 See Getting Started with EDA Tools for EM Simulation and Analysis by Gary Breed, High Frequency Electronics, 2010 (2 pages). 

https://aws.amazon.com/blogs/quantum-computing/aws-releases-open-source-software-palace-for-cloud-based-electromagnetics-simulations-of-quantum-computing-hardware/
https://resources.system-analysis.cadence.com/success-stories/iqm-uses-awr-to-make-rf-microwave-chips-for-quantum-computers
https://arxiv.org/abs/2305.05502
https://arxiv.org/abs/2212.13751
https://arxiv.org/abs/2304.03705
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=340d514226902cddc8946d68af19fbd6e5aba842%20
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Other enabling technologies vendors 

These companies are developing physical components and enabling technologies that can play a role 

in building quantum computers. 

More often, as this market remains limited to research, these startups are more generalist and target 

broader markets than quantum computing, covering physics research in general and even various 

industrial applications. 

 

Aeponyx (2011, Canada, $11.4M) is a fabless micro-optical switch semicon-

ductor chips designer and manufacturer, specialized in Micro-Electro-Mechan-

ical-Systems (MEMS) and silicon-nitride based silicon photonics. 

 

Alter Technology (2006, Spain/Germany) is a subsidiary of the German group 

TÜV NORD specialized in micro and optoelectronics engineering for space 

and harsh environment applications.  

It has labs in UK, France, Spain and Italy. They develop several quantum enabling technologies like 

frequency-stabilized lasers used to control cold atoms, an ion-trap chip carrier, entangled sources of 

photons for space based QKD, a squeezed light quantum MEMS gravimeter. 

 

AuroraQ (2017, Canada) creates communication systems based on supercon-

ducting qubits, including quantum communication repeaters. It is comple-

mented by the QSPICE Design software which allows the design of supercon-

ducting quantum circuits. In other words, this is an ultra-niche market2324. 

 

DiamFab (2019, France) is a spin-off of Institut Néel in Grenoble specialized 

in the growth of doped diamond layers on a diamond wafer substrate. 

Among other markets, they also target NV center use cases in quantum technologies. Diamond is also 

used as a high-performance semiconductor for power applications for diodes and field-effect transis-

tors. 

HiQuTe Diamond (2022, France) is a company created by Riadh Issaoui, Ovidiu Brinza, Fabien 

Bénédic, Alexandre Tallaire and Jocelyn Achard, who are researchers from LSPM in Paris, France 

(Laboratoire des sciences des procédés et des matériaux). They produce high quality diamond crystals 

used in quantum technologies. 

 

Elementsix (1946, Luxembourg) is a subsidiary of De Beers Group, the 

world's leading diamond producer, which, among other things, manufactures 

synthetic diamonds for use in NV centers based systems, mostly used in quan-

tum sensing.  

They hold many patents in the related processes. In September 2021, they launched DNV-B14, a new 

chemical vapor deposition (CVD) made quantum-grade diamond with a uniform and x 10 higher 

density of NV spin centers. 

 

Hummink (2020, France) developed a patented technology combining a na-

nometric “pen” with an oscillating macro-resonator to perform a capillary dep-

osition of various liquids. 

It can print conducting materials with an existing choice of 10 different materials. It can be used to 

add precision items on devices in 3D. 

 

2324 See The Geometry of a Quantum Circuit and its Impact on Electromagnetic Noise, 2018 (15 pages). QSPICE is a derivative from 

the SPICE open source project ("Simulation Program with Integrated Circuit Emphasis") used to digitally simulate analog circuits. 

https://arxiv.org/abs/1805.02341
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Labber Quantum (2016, USA) develops software solutions for controlling 

the qubits of experimental quantum computers with Python scripting handling 

electronics hardware control (AWGs, DACs, ADCs), data storage and visuali-

zation. They are used to calibrate qubits. The startup was acquired by Keysight 

Technologies in March 2020. 

 
LakeDiamond (2015, Switzerland, €2M) produced synthetic diamonds used 

to create NV centers qubits in diamonds or with quantum sensing. 

They use vacuum deposition with the CVD method (Chemical Vapor Deposition). The company 

closed in February 2020 after getting funding from an ICO in 2018 (Initial Coin Offering, using some 

crypto currency). 

 

Lucigem (2016, Australia) manufactures fluorescent nano-diamonds that can 

be used in various quantum applications, particularly for medical imaging. The 

company is the result of work carried out at Macquarie University in Sydney. 

 

Diatope (2021, Germany) creates diamonds with NV centers for quantum 

sensing and quantum computing applications. It is a spinoff from the Institute 

for Quantum Optics at Ulm University by Johannes Lang, Christoph Findler 

and Christian Osterkamp.  

They produce NV centers using isotopically purified 12C and do provide NV centers benchmarking 

services. 

Qzabre (2018, Switzerland) creates NV center-based tips and probes to be used in scanning micro-

scopes. They also sell a NV center microscope, the QSM. The startup was created by Christian Degen 

from ETH Zurich. 

                  

Adamas Nano (2010, USA) sells nanodiamond particles for various use cases including NV centers-

based sensors. Bikanta (2013, USA, $1.7M), Cymaris Labs (2004, USA) and FND Biotech (2016, 

Taiwan) sell fluorescent nanodiamond targeting medical imaging applications. Diamond Materials 

(2017, Germany) is a manufacturer of various variations of diamonds including NV centers. Quan-

tum Diamant (Germany) also produces NV centers diamonds, for quantum sensing. 

It is a spin-off from TUM (the Technical University of Munich). Photonanometa (2011, Russia) is 

another producer of diamond with NV-center defects. 

 
M-Labs (2007, Hong Kong), formerly known as Milkymist, is working on the 

ARTIQ (Advanced Real-Time Infrastructure for Quantum physics) project. 

This system combines hardware and a real-time oper-

ating system to control quantum computer hardware 

based on trapped ions. It is a bit like the trapped coun-

terpart of startups such as the Israeli Quantum Ma-

chines. They have developed their own FPGA circuit 

for ARTIQ, all programmed in Python. The solution 

has been developed with the Ion Storage Group team 

at NIST in the USA, working on trapped ions qubits. 

The company was founded by a French engineer, 

Sébastien Bourdeauducq. 
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Nano-Meta Technologies (2010, USA) is a spin-off from the University of 

Perdue that aims to create a quantum information storage system. It is in fact 

a private contract research laboratory. 

It commercializes intellectual property on technologies associating photonics and nanomaterials that 

could be used in quantum cryptography systems. 

 

ParTec (2001, Germany) is a supercomputer and quantum technologies inte-

grator also involved in software tools development. It participates in the Euro-

pean HPCQS project to deploy and integrate two Pasqal quantum simulators 

and supercomputers. 

It provides solutions to connect classical hardware to QPUs as part of the German project QSolid. It 

also developed with Quantum Machines QBRIDGE, to integrate HPC workflows and QPUs which 

will be deployed at the Israeli Quantum Computing Center (QCC) before the end of 2023. At last, the 

company is investing 5 M€ in the buildup of a production facility for the assembly and testing of 

cryogenic and non-cryogenic systems. 

 

Photon Spot (2010, USA) develops nanowires based single photon detectors. 

They have received a DARPA funding of $100K in 2014 and $1.5M in 2015. 

 

QBee.eu (2020, Belgium) is a sort of quantum accelerator or incubator created 

by Koen Bertels, who also leads the Quantum Computer Architectures Lab in 

TU Delft and also works at Qutech.  

They run various research projects like defining a quantum micro-architecture for quantum accelera-

tors using the OpenQL language from TU Delft, a quantum computing emulator, quantum genomics, 

quantum chemistry2325, and quantum finance plus some services in education and consulting. 

 

Q-Lion (2019, Spain) develops an error correction code solution for trapped 

ion qubits. The startup is a spin-off from the Bank of Santander's Explorer in-

cubation program. It was created by Andrea Rodriguez Blanco, who was still 

working on a thesis in 2020. 

QuantTera (2005, USA) is a contract R&D company created by Matt Kim that develops nano-engi-

neered photonic devices targeting photonic telecommunications and wireless applications. It is 

mainly using silicon-germanium based photonics. It says it targets quantum applications, with no 

details. 

 

S-Fifteen Instruments (2017, Singapore) is a spin-off from CQT that devel-

ops qubit control systems, entangled photon sources, single photons detectors 

and quantum cryptography solutions covering QKD and QRNGs. 

 

StarCryo Electronics (1999, USA) creates SQUIDs sensors used mostly in 

quantum sensing and other cryo-electronics products (cables, connectors, ...). 

 

2325 See "Toward" Metal-Organic Framework Design by Quantum Computing by Kourosh Sayar Dogahe et al, September 2023 (10 

pages). 

https://arxiv.org/abs/2309.05465
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Vapor Cell Technologies (2020, USA) provides alkaline atom capsules, 

mainly rubidium, for use in various miniaturized solutions using cold at-

oms2326. The company was founded by Doug Bopp, a former NIST researcher 

from Boulder, Colorado. 

 

Zyvex Labs (1997, USA) develops atomic precise manufacturing (APM) so-

lutions based on STM (Scanning Tunneling Microscopy) that can be used to 

produce components for use in quantum computing (such as the deposition of 

dopants for superconducting qubits and silicon) and quantum metrology. 

They were funded by NIST, DARPA and the Department of Energy SBIR research programs. The 

company was founded by Jim Von Ehr. Zyvex announced in September 2022 a sub-nm version of its 

STM solution, the ZyvexLitho1. 

Raw materials 

For any new hardware technology, it is now a common practice to wonder about its environmental 

friendliness. We’ve already been dealing with the energetic dimension of quantum computing. An-

other key aspect to investigate is the raw materials that are used. What are their sources of supply, 

their global reserves, their economic and environmental cost of extraction, consumable raw materials 

if any, and finally, the recycling processes of these materials? 

In this exclusive content, I propose a first broad inventory of the different raw materials used in and 

around quantum technologies of all types, particularly in quantum computers. All these elements are 

positioned in an in-house Mendeleev periodic table of elements, Figure 570 2327. 

We mainly have two types of materials to study: those used in qubits and the supplemental materials, 

particularly for cables and other supporting structures as well as the gases used in cryostats, mostly 

helium 3 and 4. 

The materials used in qubits are sometimes quite rare (strontium, ytterbium, beryllium). Their selec-

tion is based on their energy transitions which correspond to laser or microwave wavelengths that can 

be used practically with market sources. 

Other constraints explain their choice such as the stability of some of these energy levels. Some ma-

terials are very rare but their needs in quantum technologies remain marginal in proportion to their 

production and world consumption. This is at least the case if millions of quantum computers using 

them are not manufactured. We are not yet at the stage where the consumption of certain elements 

would come mostly from quantum technologies, as may be the case for smartphones concerning cer-

tain rare earths and minerals such as the famous coltan2328. 

How about rare earth elements? Out of the 17 elements in that category who mainly sit in the lantha-

num row in Mendeleev’s elements table, about 6 of them are used in quantum technologies: yttrium, 

praseodymium, dysprosium, europium, erbium and ytterbium, the two later being commonplace in 

trapped ions computing. 

 

2326 See Chip-scale atomic devices by John Kitching, 2018 (39 pages) which makes a very interesting inventory of measurement com-

ponents using this technology: magnetometers, gyroscopes, atomic clocks. You will say that this should go in the metrology section 

and you will be right. 

2327 See also this very nice illustrated poster: The Periodic Table of the Elements, in Pictures. 

2328 The coltan is the contraction of columbite-tantalite. It is used to recover tantalum and niobium. If it is an important source for 

tantalum, it is in fact secondary for niobium compared to other minerals. See USGS Mineral Commodity Summaries 2020, the equiv-

alent of the French BRGM (204 pages) that helped me create this part. 

https://aip.scitation.org/doi/10.1063/1.5026238
https://elements.wlonk.com/Elements_Pics_11x8.5.pdf
https://pubs.usgs.gov/periodicals/mcs2020/mcs2020.pdf
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Figure 570: table of elements and those which are used in quantum technologies. (cc) Olivier Ezratty, 2021-2023. 

In July 2022, Turkey announced the discovery of large reserves of rare earths minerals potentially 

exceeding China’s reserves. But the announcement was probably overstated, preprocessed minerals 

getting out of mines and rare earth oxides produced after separation2329. 

One differentiating aspect of quantum technologies relates to the isotopes used which are sometimes 

the rarest of their elements. This is the case for helium (3) used in cryogenics below 4K or for cesium 

(133) for atomic clocks or rubidium (87) in cold atoms. Silicon (28) is used in silicon qubits and, 

although it is the most abundant isotope, requires costly refining. Carbon (12) is also used in nano-

tubes like with the startup C12 Quantum Electronics, while Carbon 13 is used in some NV center 

structures. Some of these isotopes are purified with centrifugal separation, a technique well known in 

nuclear physics, both civil and military. 

I do not mention in this inventory the materials used in the production of semiconductors, such as 

fluorine and other various solvents. And there are many of these! 

We will also not deal with the recycling of quantum computers, an issue that has not yet arisen due 

to their current very limited number. However, it can be reduced to the more generic issue of recycling 

various electronic devices. 

Helium 

Helium is a great paradox in the table of elements. It is the second most abundant element in the 

Universe after hydrogen. Nuclear fusion does the rest to create all the other elements in first- and 

second-generation stars. Yet, this element is quite rare on Earth and its reserves are dwindling. It is a 

noble, inert gas that does not interact chemically with any other element because its electron layer is 

complete with two electrons. Lighter than air, it tends to leave the atmosphere. As we have seen in 

detail in the cryostats section, starting page 563, helium is used for cooling superconductors and elec-

tron spins qubits systems. 

 

2329 See Turkey Discovers 694 million mt of Rare Earth Element Reserves, with Infrastructure Construction Starting This Year, July 

2022 and Turkey Probably Hasn’t Found the Rare Earth Metals It Says It Has by Chris Baraniuk, Wired, July 2022. 

elements used in quantum technologies

alkali metals: used
in trapped ions 
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used in superconducting
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superconducting qubits

helium: used in 
cryostats at lower

than 10K, and helium
3 to reach <3K 
temperature

silicon: used in wafers 
for electron spins 

qbits and photonics, 
Si28 for silicium qubits 

wafers.

« III-V » elements: 
used for photonic 
semiconductors 
(arsenic, gallium, 

indium)

rare earths: 
ytterbium, europium, 

praseodyme and 
erbium used in 

trapped ions qubits, 
optical memories and 

some lasers. 

nitrogen: used in 
some cryostats, 

mostly for quantum 
sensing

carbon: used in 
nanotubes for silicium 

qubits

copper, silver, gold: used in cryostats for 
cold plates and cabling

iron, cobalt, nickel, 
chrome: used in 

cryostats

rubidium : 
used in cold 
atom qubits 

and in 
quantum 
sensing

cesium : 
used in 
atomic
clocks

germanium: used in 
some CMOS 

components and 
some electron spins 

qubits.

group IIB metals: 
sometimes used in 

trapped ions qubits, 
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https://news.metal.com/newscontent/101881567/Turkey-Discovers-694-million-mt-of-Rare-Earth-Element-Reserves-with-Infrastructure-Construction-Starting-This-Year/#.YsSw_-yrSbA.twitter 
https://www.wired.com/story/turkey-rare-earth-metals/
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As soon as one needs to go below 1K, one must use a mixture of two helium isotopes, 4He which is 

the most common and stable (with two neutrons) and 3He which is much rarer (with only one neutron). 

For cryogenics above 1K, 4He is sufficient. 

For at least a decade, many specialists have been concerned about a shortage of 4He supply. It is 

commonly used for cooling superconducting magnets in particle accelerators such as the CERN LHC 

and in MRI scanners or to inflate balloons. It is also used as a neutral gas for the production of semi-

conductors. Fortunately, new sources of natural gas from which 4He can be extracted have emerged, 

notably in Tanzania and Qatar2330 . 

But a low annual growth in demand of just 1.6% is too high compared to production forecasts. Air 

Liquide is one of the major players in this global market, operating a large 4He extraction and pro-

duction unit in Qatar, linked to their gas operations. It seems however than the shortage is temporarily 

gone2331. 

The 3He isotope is rather rare, therefore quite expensive! It was historically a by-product of the storage 

of tritium-based H-bombs. Tritium gradually disintegrated to produce 3He as shown in Figure 571. It 

was therefore recovered from H-bomb stockpiles! It could also be produced in some nuclear fusion 

plants… when it works someday. 

With the reductions in nuclear weapons 

stockpiles, the production of 3He is now 

coming from specialized nuclear power 

plants. Tritium can be produced with irradi-

ating lithium or with tritium-controlled de-

cay in specialized nuclear facilities, such as 

those controlled by the US Department of 

Energy. Tritium is an isotope of hydrogen 

with one proton and two neutrons.  

 

Figure 571: Helium 3 is a by-product of tritium, an isotope of hydrogen with 
two neutrons. 

3He is produced at the U.S. Department of 

Energy's Savannah site in South Carolina 

(Figure 573) and at the Canadian CANDU 

power plant2332. 

The price of 4He gas is around €20 per liter 

while the price of 3He gas is between €2K 

and €3K per gas liter (Figure 572). 

 
Figure 572: price tags for helium 3 and 4… as gas! 

A typical dilution-based cryostat requires 15 

to 18 liters of 3He gas for a little over 100 

liters of 4He gas! The gases are purchased 

separately and mixed at the right dosage by 

the manufacturer of the dry cryostat. 

At the end, it is therefore necessary to pay 

at least 30 to 40K€ of 3He and 4He per dry 

cryostat. 

 
Figure 573: Savanah River Site is one of the few places where helium 3 is 

produced in the world. 

The 4He which feeds the pulsed head and passes through the large compressor must be highly purified. 

 

2330 See Helium - Macro View Update, Edison Investment Research, February 2019 (21 pages). 

2331 See Helium shortage has ended, at least for now, June 2020. 

2332 See Savannah River Tritium Enterprise (4 pages). Helium-3 is also exploited in various specialized applications: in neutron detec-

tors used in security systems, in oil exploration, in medical imaging and in nuclear fusion research. Also see CANDU Reactor, Wik-

ipedia. 

helium 3
2 protons
1 neutron

rare

helium 4
2 protons

2 neutrons
relatively abundant

$1500 to $2000 per liter of gas
>$10K helium 3 per computer

$5-$20 per liter of gas
>100L per computer

DoE Savannah River Site in South Carolina

https://www.edisongroup.com/wp-content/uploads/2019/02/HeliumMacroUpdate2019.pdf
https://physicstoday.scitation.org/do/10.1063/PT.6.2.20200605a/full/
https://www.srs.gov/general/news/factsheets/srs_srte.pdf
https://en.wikipedia.org/wiki/CANDU_reactor
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France has some 3He production capacities located in a CEA nuclear reactor in Grenoble. But it does 

not necessarily use them for quantum computers because this production is too expensive2333. 

We can also find 3He on the surface of the Moon but it is not very practical to extract it and ship it 

back to Earth even if it is technologically possible2334! This isotope could be interesting to feed nu-

clear fusion reactions, pending its complicated technological development. 

3He is therefore a real bottleneck in the production of superconducting and electron spin quantum 

computers! It cannot even be avoided for the latter, which requires a temperature of about 1K2335. 

Silicon 

Silicon is the key element in many semiconductor components used in or around quantum processors. 

While being the second most abundant element in the Earth's crust after oxygen, the silicon used in 

semiconductors comes come from a few quartz mines. This is because quartz is composed of at least 

97% silicon, which is easier to refine. After chemical-based refinement, silicon is turned into large 

cylindrical ingots which are then sliced into thin wafers. Wafers are then processed in semiconductor 

fabs with transistors that combine silicon oxide and different doping materials such as hafnium. 

Silicon qubits require using 28Si, because the null spin of its nucleus does not interfere with the spin 

of the trapped electrons used as the qubit observable. The silicon wafers on which the qubits are 

etched are covered with a thin layer of 28Si. 28Si is the most abundant variant of the element while 
29Si represents less than 4%. 

28Si made headlines in 2010 when some German researchers created a perfect crystal ball made of 
28Si to accurately determine the Avogadro number, which determines the number of elements, here 

atoms, in a mole2336. The tests were carried out on a 5 kg sample at a cost of 1M€ In 2014, an American 

team improved the purity of 28Si to 99.9998% with pumping silicon ions in a magnetic field, allowing 

it to be separated by mass2337 . 

This continued in 2017 with 99.999%2338 28Si produced by a team of Russian and German researchers. 

The interest of 28Si was to allow a precise counting of the number of silicon atoms in the mass con-

sidered, because of its perfect crystal structure, dimensioned by X-ray interferometry. The Avogadro 

number determined by the 2010 experiment was NA = 6.022 140 84(18) × 1023. The ambition of these 

two projects was to create a new material standard of the kilogram, the 1889 material standard pre-

served in France that degrades by oxidation. 

 

2333 See Isotope Development & Production for Research and Applications (IDPRA), Supply and Demand of Helium-3, 2016, Re-

sponding to The U.S. Research Community's Liquid Helium Crisis, 2016 (29 pages) and How helium shortages will impact quantum 

computer research  by James Sanders, April 2019. 

2334 See There's Helium in Them Thar Craters!. China is planning to harvest Helium 3 on the Moon. 

2335 Helium-4 is used to cool superconducting magnets in MRI systems. It is also used to cool the magnets of the LHC at CERN. The 

constraints are different: it is just a matter of obtaining superconductivity for the magnets that focus the particle beams. The required 

temperature is between 1.8K and 4.5K, much "hotter" than the 15 mK of electron-based quantum processors (superconductors, silicon, 

NV Centers, Majorana fermions). On the other hand, the volumes to be cryogenized are much larger. In some cases, however, the 

required temperature can fall below 1K, particularly for the search for dark matter. In CERN's LHC, 9 Tesla magnets are cooled to 

1.8K with 18 kW cryostats that handle 120 tons of helium 4. 

2336 See An accurate determination of the Avogadro constant by counting the atoms in a 28Si crystal by B. Andreas, 2010 (4 pages). 

Silicon 28 was obtained by centrifuging silicon fluoride (SiF4) gas, then transformed into SiH4 which was then used to create the 

crystal by vacuum deposition of purified silicon. All this was carried out in different laboratories in Russia, in Nizhny-Novgorod and 

Saint Petersburg. The researchers involved also came from Italy, Australia, Japan, Switzerland and BIPM in France, from their respec-

tive weights and measures offices. 

2337  See Purer-than-pure silicon solves problem for quantum tech by Jonathan Webb, 2014 which refers to Enriching 28Si beyond 

99.9998% for semiconductor quantum computing by K J Dwyer et al, 2014 (7 pages). 

2338 See A new generation of 99.999% enriched 28Si single crystals for the determination of Avogadro's constant by N V Abrosimov et 

al, 2017 (12 pages) which describes very well the process of purification of 28Si, the source of the illustration on this page. 

https://science.energy.gov/np/research/idpra/3he-fact-sheet/
https://www.aps.org/policy/reports/popa-reports/upload/HeliumReport.pdf
https://www.aps.org/policy/reports/popa-reports/upload/HeliumReport.pdf
https://www.techrepublic.com/article/how-helium-shortages-will-impact-quantum-computer-research/
https://www.techrepublic.com/article/how-helium-shortages-will-impact-quantum-computer-research/
http://fti.neep.wisc.edu/neep602/FALL97/LEC20/lecture20.html
https://arxiv.org/abs/1010.2317
https://www.bbc.com/news/science-environment-28632263
https://www.researchgate.net/publication/264499000_Enriching_28Si_beyond_999998_for_semiconductor_quantum_computing
https://www.researchgate.net/publication/264499000_Enriching_28Si_beyond_999998_for_semiconductor_quantum_computing
https://iopscience.iop.org/article/10.1088/1681-7575/aa7a62/pdf
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Figure 574: silicon 28 was initially produced to create a replacement for the reference kilogram used in the international metric system, as a 
way to determine the Avogadro number. Purifying silicon 28 was a figure of merit of this quest that is now reused in the silicon spin realm. 

Finally, in 2018, the Avogadro number was redefined in the international measurement system as a 

slightly different constant of 6.022 140 76 × 1023 mol-1. Indirectly, however, these two experiments 

did advance the know-how of 28Si purification, at a time when its interest in creating silicon qubits 

was barely in the radar. What a good illustration of serendipity in science! 

The silicon purification process is complex. It involves the production of silicon tetrafluoride (SiF4) 

of all isotopes. Enrichment in 28Si is carried out in a centrifuge, originally at the Central Design Bu-

reau of Machine Building in St. Petersburg, in fact, a former plutonium enrichment plant reassigned 

for this use in 2004. 

The gas is transformed into silane (28Si H4) at the Institute of Chemistry of High-Purity Substances 

of the Russian Academy of Sciences in Nizhny-Novgorod. It can then be deposited by vapor deposi-

tion (CVD) on silicon, releasing hydrogen. The resulting ingot can then be stretched to create a per-

fectly crystalline silicon ready to be sliced into wafers. CEA-Leti researchers are also working with 

Russian teams at Nizhny-Novgorod on the process for vacuum deposition of 28Si on 300 mm wa-

fers2339. In October 2021, Orano announced its ambition to produce 28Si in France, to start in 2023. 

Likewise, Silex Systems (Australia) got an AUS $5.1M funding from the Australian government in 

2023 to also produce 28Si (in the form of silane) using a new laser enrichment technique that could 

reach a ~99.998% purity. 

Air Liquide is also partnering with the Nizhny-Novgorod laboratory for this process of CVD (chem-

ical vapor deposition) of 28Si on a 30 to 60 nm thin film that is 99.992% pure2340 above a conventional 

silicon wafer. Knowing that Air Liquide also masters the conversion of SiF4 into silane. 

Germanium 

Germanium is a semiconductor metalloid that is part of the III-V family. It is used in many fields: in 

photonics, in SiGe heterojunction bipolar transistors which are used for the amplification of weak 

microwave signals as well as in electron spin qubits chips. 

 

2339 See 99.992% 28Si CVD-grown epilayer on 300 mm substrates for large scale integration of silicon spin qubits by V. Mazzocchi of 

CEA-Leti and colleagues from France and Russia, 2018 (7 pages). 

2340 See Quantum computing: progress toward silicon-28,  April 2018. 

https://arxiv.org/pdf/1807.04968.pdf
https://www.minatec.org/en/quantum-computing-progress-toward-silicon-28/
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With spin qubits, it must be isotopically purified to generate 73Ge which 

corresponds to 7.36% of its proportion (in purple in the chart opposite). 

It is a stable, natural and non-radioactive isotope. Germanium is gener-

ally extracted from zinc ores and also from zinc-copper ores. In 2019, 

130 tons of germanium were produced, with China being the main sup-

plier with 85 tons2341. Data on known reserves are variable and are esti-

mated at approximately 9,000 tons, mainly located in China, Canada and 

the USA. Along with gallium and indium, which are also III-V materials, 

germanium is considered a critical resource. Isotopic purification of ger-

manium is carried out by the same Russian teams at Nizhnii Novgorod 

as those producing 28Si, 74Ge being of particular interest (Figure 575). 

 
Figure 575: Germanium natural 

isotopes distribution. 

It uses a germanium tetrafluoride centrifugation process like the one used to produce germanium 

tetrafluoride and explained in Figure 5742342. 

Rubidium 

Rubidium is an alkali metal used to create cold atom qubits that are excited into highly energetic 

Rydberg states. 

It is also used in quantum sensing, notably to create atomic clocks and micro-gravimeters. It is an 

alkaline, soft, silvery metal with a melting temperature of only 39.3°C (in Figure 576). In a neutral 

atom computer, the metal is used very sparingly. It is supplied in ampoules of a few solid grams. 

It is heated in a small box to be sublimated into gas 

which then feeds the vacuum chamber where the lasers 

will trap individual atoms. The metal costs about $85 per 

gram and about $1,600 per 100g. It is readily available 

from chemical companies. Only 5 tons are produced an-

nually worldwide, including China, Canada, Namibia 

and Zimbabwe2343. It is a by-product of the extraction of 

cesium and lithium. The isotope 87Ru is the most used 

and represents 27.8% of available rubidium. It is radio-

active but with a half-life longer than the age of the Uni-

verse, so it is very stable. World reserves are estimated 

at 100,000 tons, which is enough to keep up with the cur-

rent rate of production and consumption. 

 
Figure 576: rubidium in molten state. , in molten state. 

Source Wikipedia. 

Niobium 

Niobium is a transition metal used in superconducting qubits as well as in microwave cables driving 

superconducting and electron spin qubits. Coax Co (Japan) has a monopoly in the manufacturing of 

these cable, which are very expensive, about $3K per half a meter segment. And three are needed per 

superconducting qubits, positioned between the 4K and 15mK cryostat cold plates. 

In industry, it is used in the production of high-strength special steels, in superconducting magnets, 

in particle accelerators, in arc welding, in bone prostheses associated with titanium, in optics, as a 

catalyst for rubber synthesis, in aircraft engines and in gas turbines. 

 

2341 See Refinery production of germanium worldwide in 2021, by country, Statista. 

2342 See Production of germanium stable isotopes single crystals by Mihail Fedorovich Churbanov et al, April 2017 (6 pages). 

2343 Each human weighing 70 kg contains about 0.36g of it. However, we are not going to create a variant of Soylent Green to exploit 

it. Rubidium mining in Canada is carried out by Tantalum Mining Corporation, which belongs to the Chinese group Sinomine Resources 

since June 2019. 

https://en.wikipedia.org/wiki/Rubidium
https://www.statista.com/statistics/1062116/global-germanium-production-by-country
https://www.researchgate.net/publication/315966783_Production_of_germanium_stable_isotopes_single_crystals


Understanding Quantum Technologies 2023 - Quantum enabling technologies / Raw materials - 664 

World production was estimated at 68,000 tons per year in 2018, with 

Brazil accounting for 88%, followed by Canada for just over 9%, gener-

ated by a single mine. It comes from the exploitation of pyrochlore, an 

ore combining calcium, sodium, oxygen and niobium (Figure 577). 

It is not very expensive and is priced at $45 per kilogram, but in its ferro-

niobium form. The reserves are 9 million tons, enough to last 130 years 

at the current usage rate. But in practice, niobium is considered a "risky" 

resource because its demand is growing rapidly even though it comes 

from relatively safe geopolitical places. 

 
Figure 577: niobium is a 
relatively cheap metal. 

Ytterbium 

Ytterbium is a rare earth of the lanthanide series, which is used in trapped ions qubits, quantum mem-

ories, atomic clocks, doping of certain lasers and, more rarely, in cold atom qubits (Figure 578). 

Otherwise, it is used to reinforce certain specialized steels. 

The metal is extracted from monazite, a tetrahedral crystalline rock 

structure of phosphorus oxide associated with various rare earths, which 

contains only 0.03% of it. Production follows a complex cycle using sul-

furic acid and ions exchange. Quantum applications use isotope 171, one 

of the 7 non-radioactive isotopes of the element. It represents 14% of its 

proportion in the rocks from which it is extracted. This isotope is proba-

bly more expensive than the regular multi-isotope version which is sold 

between $500 and $1K per kilogram. 

 
Figure 578: ytterbium atomic 

structure. 

Approximately 50 tons are produced annually, mainly in China, the USA, Brazil, India and Australia, 

with reserves estimated at one million tons. Creating trapped ions computers require about one gram 

per quantum processor. 

Erbium 

This rare earth of the lanthanide family is used in quantum memories, in some fancy cold atom qubits 

and in certain lasers (Er:YLF type for yttrium lithium fluoride or Er:YAG type for yttrium aluminum 

oxide). It is found in some optical fibers used in optical amplifiers (Figure 579). 

Finally, it can be used to create vanadium alloys found in cryo-

stats thanks to its high thermal mass heat absorption capacity. 

China is the main producer, followed by the USA. It comes from 

extracting xenotime (phosphate ore) and euxenite (an ore also 

containing niobium, titanium and yttrium). The ore is processed 

with hydrochloric or sulfuric acid and then neutralized with soda 

ash. After a bunch of chemical treatments, erbium ions are ex-

tracted by ion exchange on polymer resins. 

 
Figure 579: erbium. 

Erbium is then obtained by heating its oxide with calcium at 1,450°C in a neutral argon atmosphere. 

All this is a long and expensive chemical process, probably polluting of lot but carried out on small 

volumes. Erbium is produced at a rate of about 500 tons per year. Its price per gram is about $20, 

which is quite affordable to integrate it in memories or cold atoms qubits. 

Strontium 

Strontium is the most common alkali metal used to create trapped ions qubits, with its isotope 87, 

representing 7% of its five isotopes. It is used as a red dye in fireworks. 
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Mexico and Germany are the main producers, with an estimated world production of 220,000 tons 

per year and reserves of over one billion tons. It is notably used in bones anti-cancer radioactive 

chemotherapies. 

Strontium is considered to be toxic. This is the case of all these rare metals which, being pure, oxidize 

quickly whatever happens. In particular, it explodes when being in contact with water. 

Gold 

In quantum technologies, gold is mainly used as a thin layer covering the copper plates of the cold 

plates in cryostats. It prevents copper oxidation and adds good thermal conductivity. The volume used 

is quite small in relation to gold production and global reserves. About 3000T of gold are produced 

every year worldwide. 

Titanium 

Titanium is mainly used in association with niobium in superconducting microwave cables. 

In industry, it is used for its resistance to corrosion, particularly in the aerospace industry. Some sub-

marines have an all-titanium hull. Titanium oxide is used as a painting white pigment. It is found in 

great quantities on Earth since it is the fifth most abundant metal. But only a few ores contain a high 

enough concentration of it to make its production profitable. The main producing countries are Aus-

tralia, South Africa, Canada and Norway at a rate of 4.2 million tons per year. Reserves are in excess 

of 600 million tons. 

Nitrogen 

Liquid nitrogen is used in cryostats to clean the gaseous helium that feeds them. It is also found in 

small quantities in NV Centers crystals. It is not a rare commodity. But its production in liquid form 

is quite energy consuming. 

Other materials 

Many other relatively common materials are used in quantum technologies. 

Copper is found in cryostat cold plates and with some of the various electrical connectors. It is puri-

fied at 99.99% to become free of impurities and oxygen (OFHC for oxygen-free high conductivity), 

in order to improve its thermal conductivity and electrical conductance. It is also widely used in 

trapped ions chambers. As far as its depletion is concerned, its consumption in quantum technologies 

is minor. 

Carbon is exploited in a variety of places, including with carbon nanotubes from C12 Quantum Elec-

tronics. This carbon must be purified to keep only its isotope 12. 12C is acquired in the form of me-

thane in bottles acquired in the USA for $10K. It is 99.997% purified. The isotopic separation of 12C 

uses a chemical process applied to CO2. Carbon is also used in NV centers. 

Aluminum2344 is used in some superconducting qubits as well as for part of the connector technology 

in cryostats. It is abundant. 

Manganese is used in very small quantities as a dopant in some superconducting qubits and can be 

used with trapped ions qubits. 

Silver is mainly used in powder form in some heat exchangers in dilution refrigeration systems. 

Iron is a commodity used in the form of steel in the structure of quantum computers. 

 

2344 The spelling is aluminum in American and Canadian English and aluminium elsewhere. This document is mostly in American 

English. 
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Rhenium and tantalum are used in some superconducting qubits. 

Cesium is mainly used in atomic clocks, in its isotope 133. Reserves are sufficiently abundant in 

relation to identified needs. They are mainly located in Canada. 

In addition to germanium, gallium and indium play a key role in III-V components used mainly in 

photonics and Neodymium is used in lasers. This is one of the few areas of quantum technologies 

where there is a strong dependence on China as a source of supply. Finally, beryllium, calcium, zinc, 

cadmium and mercury can be used in trapped ion qubits, but the most commonly used are ytterbium, 

barium and calcium. 

 

Element Quantum computing Quantum sensing 

and others 

Main country 

sources 

Rarity Cleanliness 

Helium 3 Cryostats  USA, Canada   

Helium 4 Cryostats Cryostats Qatar   

Silicon 28 Silicon Qubits  Russia, France   

Rubidium Cold Atoms Cold Atoms China, Canada, Na-

mibia and Zimbabwe 

  

Niobium Cables, supra qubits  Brazil, Canada   

Ytterbium Trapped ions, memory  China, USA, Brazil, 

India and Australia 

  

Europium Memories Repeaters Mongolia, China, 

Russia 

  

Erbium Cold atoms, memory  China   

Barium Trapped ions  UK, Romania, Russia   

Strontium Trapped ions  Mexico, Germany   

Neodymium Lasers Lasers China, United States, 

Brazil, India, Sri 

Lanka, Australia 

  

Gold Cold plates  Peru, Mexico, Indo-

nesia 

  

Titanium Cables  Australia, South Af-

rica, Canada, Norway 

  

Gallium  Photonics China, Germany, Ka-

zakhstan, Ukraine 

  

Germanium  Photonics China, Canada, Fin-

land, Russia, USA 

  

Indium  Photonics China, Belgium, Can-

ada, Japan, Peru, 

South Korea. 

  

Nitrogen Cryostats NV Centers    

Aluminum Cryostats, supra qubits  China, India, Russia, 

Canada 

  

Silver Cryostats  Mexico, China, Peru, 

Chile, Poland 

  

Caesium  Clocks Canada, Zimbabwe, 

Namibia 

  

Carbon NV Centers, nanotubes NV Centers    

 

Figure 580: table with elements used in quantum technologies with their country or origin, rarity and environmental footprint. Consolidation 
(cc) Olivier Ezratty. 2022. 



Understanding Quantum Technologies 2023 - Quantum enabling technologies / Raw materials - 667 

Figure 580 features a table with a summary of this part with a list of materials, their main usage in 

quantum technologies, their main countries of production, rarity, and production cleanliness. 

 

 

 

 

Quantum enabling technologies key takeaways 

▪ Quantum enabling technologies covers a broad field with cryogenics, electronics, lasers, photon sources and de-

tectors, semiconductor manufacturing techniques and even specific materials production. They are strategic to en-

abling future quantum systems, particularly scalable quantum computers. From a business standpoint, they are the 

equivalent of shovels in the gold rush. Many of these technologies have use cases beyond quantum technologies. 

▪ Cryogeny is a key quantum computing enabling technology particularly for solid-state qubits which work at tem-

peratures between 15 mK and 1K. These systems rely on a mix of helium 3 and 4 in so-called dry-dilution refrig-

eration systems. Other simpler cooling technologies target the 3K to 10K temperature ranges and are used with 

photon sources and detectors for photon qubits systems as well as with trapped ions and cold atoms setups. 

▪ Cabling and filters play another key role, particularly with solid-state qubits. Superconducting cables are expensive 

with 3K€ per meter and come from a single vendor source from Japan. Signals multiplexing may be on the way. 

▪ Microwave generation and readout systems used with superconducting and quantum dots electron spin qubits are 

other key enabling technologies. The challenge is to miniaturize it and lower their power consumption and, if that 

makes sense, to put them as close as possible to the qubits, operate them at cryogenic temperatures and simplify 

system cabling. It is a key to physical qubits scalability, particularly to implement quantum error correction. A lot 

of different technologies compete here, mostly around cryo-CMOS and superconducting electronics. Other com-

ponents deserve attention like circulators and parametric amplifiers that we cover in detail in this new edition. 

Lastly, error correction requires extensive classical processing that is frequently forgotten in the resource estima-

tions of fault-tolerant quantum computing. 

▪ Many lasers and photonics equipment are used with cold atoms, trapped ions, and photon qubits and also quantum 

telecommunications, cryptography and sensing. It includes single indistinguishable photon sources as well as single 

photon detectors. The lasers field is also very diverse with products covering different ranges of wavelengths, 

power, continuous vs pulsed lasers, etc. 

▪ Manufacturing electronic components for quantum technologies is a strategic topic covered extensively in this 

book with a description of generic fab techniques and some that are specific to quantum technologies like with the 

fabrication of superconducting qubits and quantum dots. 

▪ Quantum technologies use a lot of various raw materials, some being rare but used in very small quantities. While 

some materials may have some incurred environmental costs, most of them do not seem to be scarce and they have 

multiple sources around the planet. The next challenge will be to analyze full product lifecycle costs and reduce 

the overall environmental footprint of emerging quantum technology, particularly for those who may be used in 

volume. 
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Unconventional computing 

This part consolidates a set of technologies and companies that propose to significantly increase the 

power of computing machines while not relying on quantum technologies. 

Quantum computing belongs to the broad unconventional computing field like digital annealing, 

reversible and adiabatic classical computing, superconducting computing, analog computing, proba-

bilistic computing, photonics computing and chemical computing2345. The category is quite broad 

since it also includes nanomagnets (energy efficient, non-volatile, used with neural networks), 

spintronic and memristors (for neural networks and spiking neurons), magnetic excitations (spin wave, 

skyrmions), in-memory processing, dynamical systems (Ising machines) and brain inspired compu-

ting2346 2347. 

Many of these avenues have been explored by major players such as IBM for superconducting com-

puting or by startups and with ups and downs. Some, such as MemComputing and InfinityQ, go so 

far as to tout exponential computing accelerations versus traditional architectures while being based 

on classical CMOS components and to the point of asserting a capability to solve exponential (NP) 

problems in polynomial time. 

Unconventional computing paradigms differ in one way or another from Turing's machine-based 

technologies and Von Neumann's architecture based on control units, computing, registers and 

memory that are the basis of today's classic computers. A bit like quantum computing, their benefit 

compared to classical computing could be about bringing some speedup but not only. It can also deal 

with system energetic footprint or with the ability to solve specific types of problems. 

It is particularly true with natu-

ral computing solutions that use 

physical elements from nature or 

are inspired by nature as shown 

in Figure 581. This includes com-

puters based on biological com-

ponents like DNA, probabilistic 

computers, chemical computers, 

membrane computers, as well as 

spintronics and neuromorphic 

processors that are adapted to ar-

tificial intelligence pro-

cessing2348 . I won’t cover them 

all since they are not necessarily 

relevant to bring some compu-

ting speedup vs classical compu-

ting. 

 

Figure 581: how biomimetics is used in computing. Source: Unconventional Computing: 
computation with networks biosimulation, and biological algorithms by Dan Nicolau, 

McGill University, 2019 (52 slides). 

 

2345 I don’t cover analog computing which seems entirely out of fashion. See Analog Computers by Francis Massen (80 slides). 

2346 See Roadmap for Unconventional Computing with Nanotechnology by Giovanni Finocchio et al, January 2023 (88 pages) which 

inventories many unconventional computing categories 

2347 See Unconventional Computation Including Quantum Computation by Bruce MacLennan, University of Tennessee, 2022 (308 

pages). 

2348 See Unconventional Computation by Bruce MacLennan, University of Tennessee, who is a reference in the field, October 2019 

(306 pages) and Unconventional Computing by Andrew Adamatzky et al, Springer, 2018 (698 pages). 

http://web.stanford.edu/class/ee380/Abstracts/160525-slides.pdf
http://web.stanford.edu/class/ee380/Abstracts/160525-slides.pdf
https://computarium.lcd.lu/literature/COMPUTARIUM_CREW/MASSEN/Analog%20computers.pdf
https://arxiv.org/abs/2301.06727
http://web.eecs.utk.edu/~bmaclenn/UC.pdf
http://web.eecs.utk.edu/courses/fall2019/cosc594uc/handouts/UC.pdf
https://www.amazon.fr/Unconventional-Computing-Encyclopedia-Complexity-Systems/dp/1493968823
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For many of the domains in unconventional computing, you’ll find a couple startups and even large 

established companies trying to create viable products, based on various levels of fundamental re-

search TRL (technology readiness level). But, after nearly 60 consecutive years of CMOS-based 

Moore’s law expanding the scope of classical computing, none of these paths got traction. 

What are they missing? It depends. First, it may not work at all. Then, it may operate at small scale 

but not beyond, when it could exceed to performances of classical computers. Then, it may cover 

very narrow use cases, making it difficult to find a market. Also, it may have a hard time competing 

with the progress of classical computing both in the hardware and software realms. 

It can also be economical, with not enough funding fueling the domain. At last, these technologies 

have a very small ecosystem of scientists, vendors and users. It makes it hard to evaluate. 

Analog computing was a good example of failure, with some work done between the 1950s and the 

1970s. It was abandoned in favor of digital electronic systems due to their better flexibility and ab-

sence of noise. It could be revived thanks to bringing some energetic advantage2349. For some respect, 

quantum computing is a return of the analog computing paradigms. 

Superconducting classical computing could be useful to allow quantum computers to "scale". We can 

therefore also evaluate these different technologies from the point of view of their complementarity, 

rather than competition, with quantum computing. 

Supercomputing and HPCs 

The so-called “quantum supremacy” announced by Google in October 2019 systematically referred 

to power comparisons with supercomputers, in particular with the IBM Summit installed at the Oak 

Ridge laboratory of the US Department of Energy since 20182350. This kind of supercomputer falls 

within the field of “High Performance Computing” (HPC), which we will study briefly here to put it 

into perspective in relation to quantum computing. 

Definitions 

The notion of HPC has not always been well defined, particularly since it is a moving target. The 

power of a supercomputer from the 1980s is now available in a simple recent server if not in your 

smartphone. However, it is possible to describe the category with its application requirements. HPC 

and supercomputers are essentially used for digital simulation and the analysis of complex data. These 

tools are provided to both researchers, public services and industry for their most advanced compu-

tational needs2351. 

HPCs are used for weather forecasting2352, organic and inorganic chemistry simulations, aerospace 

and automotive simulation, nuclear weapon simulation2353, in financial services, more recently in 

machine and deep learning and, we tend to forget, also to create advanced computer graphics in movie 

and TV series productions. The mathematical models used in supercomputers are used in particular 

to solve partial differential equations and to carry out N-body simulations. 

 

2349 See The Unbelievable Zombie Comeback of Analog Computing by Charles Platt, Wired, March 2023. 

2350 We’ll see in a later part that this comparison was non-sense and was mixing apples and oranges in an unfair way towards the IBM 

Summit and HPC overall. With factoring-in the noise generated by Sycamore, emulating it requires only the power of a simple PC. 

2351 See this good review paper on HPCs: Reinventing High Performance Computing: Challenges and Opportunities by Daniel Reed et 

al, Universities of Tennessee, Utah and ORNL, March 2022 (22 pages). 

2352 As for IBM Weather Channel and its GRAPH (Global Hi-Resolution Forecasting System) forecasting model which is accurate to 

within 3 km. It is based on an HPC, the Dyeus with 76 nodes of 4 V100 GPUs and 2 Power 9 CPUs. See High Performance Computing 

for Numerical Weather Prediction at The Weather Company, an IBM Business by Todd Hutchinson and John Wong, 2019 (18 slides). 

2353 This is the role of the supercomputer at CEA-DAM in Bruyères-le-Châtel in the Ile-de-France region, which is fed with data from 

the Megajoule laser located in Aquitaine. 

https://www-wired-com.cdn.ampproject.org/c/s/www.wired.com/story/unbelievable-zombie-comeback-analog-computing/amp
https://arxiv.org/abs/2203.02544
https://on-demand.gputechconf.com/supercomputing/2019/pdf/sc1927-the-weather-company-high-resolution-hyper-localized-global-weather-forecasting-for-the-masses.pdf
https://on-demand.gputechconf.com/supercomputing/2019/pdf/sc1927-the-weather-company-high-resolution-hyper-localized-global-weather-forecasting-for-the-masses.pdf
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These systems are demanding in several ways: in computing capacity, often evaluated in floating-

point operations per second, if possible, in double precision (FLOPS), in data storage capacity, and 

above all, in the ability to transfer data rapidly between storage, memory and processing units. It is 

in these areas that supercomputers are most distinct from commodity servers used in data centers. 

These systems however do not belong to the “unconventional computing” domain since they are 

based on classical computing systems: CPU, GPU, memory and storage. They are just a little extreme 

in their size and capacity. 

History 

When the mainframe computers era started in the 1960s, you had general purpose solutions coming 

for example from IBM with its famous family of 360 systems with a range of power of 1 to 25 de-

pending on the configuration. Then, you had specialized vendors like Control Data who targeted the 

scientific market with more specialized systems. 

The history of supercomputers started with the advent of the Cray 1 in 1976. Its founder Seymour 

Cray participated in the creation of one of the first startups in computing, ERA and later cofounded 

Control Data! Cray supercomputers relied on home-grown vector processors and various proprietary 

massively parallel systems2354. 

These proprietary systems have been wiped away over the last decade by cluster-based architectures 

using CPU and GPGPUs standard processors like those from Nvidia, starting around 2017. A cluster 

contains several nodes, each containing several CPUs and/or GPGPUs, themselves multi-core, and 

fast interconnection between these nodes, between clusters, and fast access to data storage, increas-

ingly based on SSDs, which are much faster than hard disks, and at last fast networking access. 

According to Precedence Research, the current size of the HPC market is estimated at around $44B 

in 2023, to nearly double by 2032 (Figure 582). Quantum computing market sizes must be compared 

to this gauge. We can expect that its size will correspond to a share of this pie, in the 10% to 30% 

range depending on the actual capabilities of quantum computers. 

 
Figure 582 : HPC market size forecast. Source : Precedence Research. 

 

2354 Cray was acquired by HPE in 2019. 

https://www.precedenceresearch.com/high-performance-computing-market#:~:text=According%20to%20Precedence%20Research%2C%20the,US%24%2085.34%20billion%20by%202032
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HPC architecture 

Clusters based on standard microprocessors now account for over 90% of the 500 largest supercom-

puters in the world2355 . The CPUs most often come from Intel (Xeon), AMD (Opteron and then 

EPYC), IBM (Power9, who withdrew from that market) while Nvidia dominates the market with its 

GPGPUs (general purpose GPUs), including the famous V100 generation Volta launched in 2017 and 

its successors A100 Ampere announced in May 2020 and the H100 Hopper in March 2022 with 80 

billion transistors and a data transfer speed of 3 TB/s with its associated HBM3 RAM. 60% of the top 

25 HPC are now equipped with Nvidia GPGPUs while AMD is providing the CPU for 52% of them 

and Intel only 28%, showing how market positions can quickly change. This trend accelerated as the 

OpenMP and OpenACC frameworks were ported to Nvidia GPUs, making these easier to use for a 

host of existing scientific applications. 

This is a form of commoditization of supercomputing, even if these are still heavyweight systems 

installed in large clean rooms. The technology added value shifted to interconnection, memory and 

storage architecture as well as, of course, software. 

Interconnection in clusters uses technologies such as Nvidia's NVLink, which connects GPUs and 

CPUs at high speed. Clusters are interconnected by multiple 200 Gbits/s fiber optic links, often from 

Mellanox, Nvidia's subsidiary since 2019. On a larger scale, HPE is promoting the Gen-Z architec-

ture optimized for data access in distributed "data-centric" systems. 

Operations on supercomputers are programmed with different development tools. One example is 

OpenFOAM, an open source SDK used to simulate fluid mechanics, chemical reactions, heat transfer, 

solid mechanics, electromagnetism and also in finance. And besides LS-DYNA for structural simu-

lation. Finally, the parallel application development library for Fortran, C and C++ OpenMP is very 

commonly used for scientific computing, as is OpenACC. Let's not forget also that there are many 

optimization algorithms based on practically acceptable approximations, such as for traveling salesperson 

type problems. 

 
Figure 583: Fujitsu’s Fugaku supercomputer is one of the largest in the world. It uses Fujitsu A64FX chips containing each 52 Arm 

cores and 32GB of HBM2 memory. Source: Fujitsu. 

 

2355 The Top 500 is based on a standardized benchmark, the HPL for High Performance Linpack. It is used to solve a set of linear 

equations using Gaussian elimination using dense matrices and floating number calculus. See the last published version as of the writing 

of this book was from June 2023. https://www.top500.org/lists/top500/2023/06/. 

https://www.top500.org/lists/top500/2023/06/
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Vendors from Japan and China are creating their own custom supercomputers microprocessors, in 

order to limit their dependence on USA companies. 

In Japan, the Fujitsu Fugaku supercomputer uses Fujitsu A64FX chips comprising 52 Arm cores and 

32GB of HBM2 memory delivering a nominal power rating of 2.7 TFLOPS (processor layout below). 

The Fugaku, which is not a poisonous fish, has a total of 415 double precision PFLOPS with 396 

racks and 152,064 processors (Figure 583). Its installation was completed in June 2020 and enabled 

Fujitsu to win first place on the podium of the world's most powerful supercomputers ahead of the 

USA with the IBM Summit2356 . 

China's largest supercomputer is the Sunway TaihuLight at the National Supercomputing Center in 

Wuxi. With a capacity of 93 PFLOPS, it uses 40,960 SW26010 256-core 64-bit RISC architecture 

home-built processors (with a simplified instruction set). As of June 2022, China had deployed 26.8% 

of the world's Top 500 supercomputers, with the USA accounting for 30%, but China accounted for 

only 2 of the TOP50 HPCs with 19 in the USA (see Figure 584). 

       

Figure 584: the TOP 50 (left, in percentage) and top 500 (right, in number of systems) HPC worldwide. Data source: 
https://www.top500.org/lists/top500/2023/06/. 2023. 

In September 2021, the DoE started the installation of its Frontier new generation supercomputer in 

its Oak Ridge lab, the Aurora system built by HPE with 9,400+ Cray EX nodes, each equipped with 

one AMD Epyc CPU and four Radeon Instinct MI250X GPUs. Operational since 2022, it currently 

provides 1.1 exaflops of HPC and AI computing power and consume only 21 MW, reaching a record 

of 52 GLOPS/W2357. 

In 2018, the European Union launched the EPI (European Processor Initiative), a project aiming to bring 

technology independence with supercomputers multicore microprocessors. It mainly involves German, 

Spanish, and French players, notably Eviden, CEA and SiPearl.  

The productization and commercialisation effort is carried out by the startup SiPearl, led by Philippe 

Notton. It is part of the EuroHPC programme to create supercomputers encompassing processors de-

signed in Europe. EuroHPC’s first two exascale systems planned in Germany and in France, will use 

SiPearl technology. EuroHPC R&I projects such as EPI are co-funded evenly between the European Un-

ion and EuroHPC participating states. 

In France, GENCI invests in a coordinated way in supercomputers for public research, on behalf of the 

Ministry of Research, together with CNRS, CEA, as well as France Universités and INRIA. GENCI’s 

 

2356 See Fujitsu and RIKEN Take First Place Worldwide in TOP500, HPCG, and HPL-AI with Supercomputer Fugaku, June 2020 and 

Japanese Supercomputer Development and Hybrid Accelerated Supercomputing by Taisuke Boku, 2019 (59 slides), Supercomputer 

Fugaku, 2019 (13 slides) and The first "exascale" supercomputer Fugaku & beyond by Satoshi Matsuoka, August 2019 (80 slides). 

2357 See US Closes in on Exascale: Frontier Installation Is Underway by Tiffany Trader, HPCwire, September 2021. 
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https://www.top500.org/lists/top500/2023/06/
https://www.fujitsu.com/global/about/resources/news/press-releases/2020/0622-01.html
https://www.hpcadvisorycouncil.com/events/2019/australia-conference/pdf/day-one/T_Boku_Tsukuba_JapanDev_HybridSC_Tue_190827.pdf
http://web.archive.org/web/20200530054842/https:/www.fujitsu.com/global/Images/supercomputer-fugaku.pdf
http://web.archive.org/web/20200530054842/https:/www.fujitsu.com/global/Images/supercomputer-fugaku.pdf
https://www.bnl.gov/modsim2019/files/talks/SatoshiMatsuoka.pdf
https://www.hpcwire.com/2021/09/29/us-closes-in-on-exascale-frontier-installation-is-underway
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main systems are deployed and operated in three national supercomputing centres, resp. at CNRS/IDRIS, 

CINES and CEA/TGCC. Use case for these systems are scientific simulation and machine learning. IDRIS 

is more specifically specialising in HPC-fueled AI, and TGCC on quantum computing. 

The GENCI Jean Zay su-

percomputer is deployed at 

CNRS/IDRISS. It is 

equipped with 2,696 Nvidia 

V100 GPUs and over 3,462 

Intel Xeon Cascade Lake 

CPUs (Figure 585). It is 

cooled by "hot water”, from 

30°C to 42°C. 

Its GPU AI-oriented exten-

sion was deployed in 2021 as 

part of the French AI plan 

announced in 2018 with 52 

8-GPU nodes. 

 
Figure 585: the Jean Zay supercomputer in France is typical of the new generation of HPCs 

launched since 2018 with a mix of CPUs and GPGPUs from Nvidia. Source: GENCI. 

The GENCI computing center is due to house a quantum accelerator, probably from Pasqal, within 

a few years. It will be integrated into a hybrid computing architecture. Many other European HPC 

centers have similar plans, in Germany, Italy and the Netherlands, among others. 

HPC in the cloud 

Since the advent of the cloud, HPC and supercomputing resources are now available on demand. 

Cloud data centers do not necessarily provide HPC resources. This depends on the servers and clusters 

deployed architectures and on the packaging of the cloud vendor’s offering. This notion can be asso-

ciated with the notion of hyperscale, which covers the capacity of a cloud infrastructure to adapt to 

the increasing customer computing needs. 

Machine learning and deep learning applications are the most recent applications implemented on 

supercomputers, particularly since they are using GPGPUs that run tensors enabling efficient matrix 

operations, which are very common in neural networks. In practice, however, most supercomputers 

continue to run scientific simulation applications. 

The market for microprocessors dedicated to machine learning and deep learning acceleration has 

been booming for several years. A wide variety of approaches have been adopted by its vendors. It 

can be represented as in Figure 586 on two axes: in the Y axis, the level of cores specialization, and 

on the X axis, the number of cores. 

Google's TPUs (Tensor Processing Units) are highly specialized for training neural networks, espe-

cially convolutional image recognition networks. Nvidia's GPUs contain thousands of classical arith-

metic calculation cores as well as hundreds of tensors for matrix computing, which optimizes their 

versatility. 

The most extreme processor is the Cerebras V2 launched in 2021 with its 850,000 cores. It is a 21 

cm square chip containing a hefty 2.6 trillion 7 nm transistors and 40 GB of integrated SRAM ultra-

fast cache memory. Their first version launched in 2019 is already deployed in two test servers at the 

DoE in the USA with one and two of these chips. The first benchmarks published late 2019 did show 

excellent performance in neural networks training. In 2022, TotalEnergies found 100x speedups vs 

conventional GPGPU with various material simulations applications2358. 

 

2358 See Cerebras shows off scale up AI performance for big pharma and big oil by Timothy Prickett Morgan, TheNextPlatform, March 

2022. 

HPE SGI machine
>3642 CPU  Intel Cascade Lake with 12 and 20 cores

2696 GPU Nvidia V100, 1,3 PB SSD storage
28 PFLOPS in 2020

< 2 MW
hot water cooling (32°C-42°C)

https://www.nextplatform.com/2022/03/02/cerebras-shows-off-scale-up-ai-performance-for-big-pharma-and-big-oil/
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Figure 586: a map of the tensor-based processors with two dimensions: the number of cores and their specialization. The more 

specialized cores are in Google’s TPU with large tensor operations capacity (128x128 values) while Cerebras’s wafer scale chip has 
845,000 relatively simple cores. (cc) Olivier Ezratty, 2022-2023. 

The company raised a total of $720M, a similar amount to PsiQuantum. 

Finally, FPGAs are dynamically programmable circuits that allow the creation of custom circuits at 

rather low cost and high flexibility2359. These are used by some cloud vendors such as Microsoft (with 

its Brainwave chips) and Chinese cloud companies like Alibaba and Baidu. The FPGA field is also 

lively with two trends, one is the integration of DSA (domain specific architecture) modules like arm 

cores, GPU cores, NPU cores and the like next to programmable arrays. The other is the CGRA 

(Coarse Grain Reconfigurable Array) which is about using higher level of abstraction modules than 

implementing just typical lookup tables logic2360. 

Some of these cloud players are developing their own supercomputers. Google has created its TPU 

pods over several generations for its data centers. A TPU v3 board contains four TPU chips, each with 

two cores, with 16 GB of HBM memory for each TPU core. A TPU v3 Pod has up to 2048 TPU cores 

and 32 TB of memory. 

Graphcore (2016, UK, $692M) is another contender in this crowder market. It is now using 3D chips 

bonding using a TSMC technology, the main chip containing processing units and the secondary un-

derneath chip containing connectivity between the computing chips cores. Its current processors have 

1,472 cores and 900MB on-chip SDRAM memory, which helps them outperform Nvidia chips on 

some tasks2361. 

Nvidia integrates its A100 GPUs in SuperPods totaling 140 DGX A100 and 1120 A100 servers and 

4 Po of storage, for 700 PFLOPS. These FLOPS are, however, not necessarily the same as those used 

to evaluate the TOP 500 supercomputers. Vendor communication is sometimes misleading. 

 

2359 The FPGA market is currently dominated by two vendors: Intel, after its acquisition of Altera in 2015, and AMD, after its acquisition 

of Xilinx in 2020. In 2019, Xilinx had a 52% revenue market share and Intel about 35%. 

2360 See A Survey on Coarse-Grained Reconfigurable Architectures From a Performance Perspective by Artur Podobas, Kentaro Sano 

and Satoshi Matsuoka, RIKEN, KTH Royal Institute of Technology and Tokyo Institute of Technology, July 2020 (25 pages). 

2361 See Graphcore Uses TSMC 3D Chip Tech to Speed AI by 40% Unveils plan for $120-million “brain-scale” supercomputers in 

2024 by Samuel K. Moore, IEEE Spectrum, March 2022. 
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https://arxiv.org/abs/2004.04509
https://www.nextplatform.com/2022/03/03/graphcore-goes-3d-with-ai-chips-architects-10-exaflops-ultra-intelligent-machine/
https://www.nextplatform.com/2022/03/03/graphcore-goes-3d-with-ai-chips-architects-10-exaflops-ultra-intelligent-machine/
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Both to improve performance and to reduce energy consumption, there are a number of ways to make 

these calculations more efficient: Approximate Computing, which reduces precision in neural net-

work training and/or inferences without affecting the results, Quantization, which switches from 

floating-point calculations to integer computing during or after training, Binary Neuron Networks, 

which is even simpler with 1 bit output neurons taking us back to the Perceptrons era of 1957 and 

Sparse Computing, which allows computations to occur on compressed representation of matrices, 

this being useful only for sparse matrices, without prior decompression. 

 

Quantum Silicon Inc (2011, Canada, $80K) is developing spin qubit chips 

using the donor spin variety. It is supposed to operate at room temperature. It 

seems not to be quantum computing per se, with qubits, but nano-classical 

computing using single-atom silicon quantum dots. 

It is non quantum atomic scale computing. The surface of a pure silicon substate is hydrogenated and 

the dots correspond to silicon where the bounded hydrogen atom has been removed with atomic probe 

microscopes. It used the process of hydrogen lithography, also prototyped at IBM. The careful ar-

rangement of atoms and holes enables the implementation of classical Boolean gates like the OR two-

bit gate. Two key benefits could come from this: faster operations and 100x less energy consumption. 

QSi was created by Ken Gordon (CEO), Robert A. Wolkow (CTO), James Chepyha (CFO). Given 

the company’s creation date and funding, it seems the technology may be hard to turn into a real 

product. They may however pivot in the sensing market. 

Whatever happens with quantum computers, supercomputers will always be relevant. Applications 

using large amounts of data are not suitable for quantum computing, even with zillions of qubits. 

Indeed, data loading time in qubits is a huge bottleneck because it relies on very long series of quan-

tum gates that are not as fast as classical data processing. Applications adapted to quantum computing 

should not rely on high-volume data feeds. This is the case with weather forecasts which requires 

heavy data sets. It will rely on classical supercomputing for a long time despite some exaggerated 

claims2362. 

Power efficiency 

Supercomputers are quite power hungry. Their increasingly powerful microprocessors consume sev-

eral hundreds of Watts. A third of the electrical energy consumed by a data center is spent on cooling. 

Specialized server racks now easily consume up to 30kW. It has now reached the point where liquid 

cooling is preferred for removing heat from components, usually with water. This provides greater 

efficiency. 

The table in Figure 587 describes the power consumption gap between computing and memory access, 

which are becoming increasingly expensive the further away memory is from computing. The ratio 

goes up to more than 1 to 1,000! It explains the attempts to bring memory closer to computing units 

like what UpMem (France) does with its DRAM memory modules integrating dozens of RISC-V 

cores to perform in-memory computing and speed-up certain processes by a factor of 10, particularly 

for big data applications. 

HPC power efficiency comes from progress in CPU/GPU designs and architecture but also depends 

on the efficiency of software tools and libraries which have significantly contributed to the improve-

ment of HPCs energy efficiency2363 (Figure 588). 

 

2362 See Forecasting the Weather Using Quantum Computers by 1Qbit, 2017. The paper references CES 2019: IBM unveils weather 

forecasting system, commercial quantum computer by Abrar Al-Heeti, January 2019, which covers two entirely unrelated announce-

ments from IBM, one on weather forecasting using classical computing and another, related to their Q System One, both introduced at 

CES 2019. See also Rigetti Enhances Predictive Weather Modeling with Quantum Machine Learning, December 2021 who does this 

with a mere 32 qubits! 

2363 See Computational Efficiency through Tuned Approximation by David Keyes, November 2022 (62 slides). 

https://1qbit.com/blog/quantum-computing/forecasting-the-weather-using-quantum-computers/
https://www.cnet.com/news/ibm-unveils-weather-forecasting-system-commercial-quantum-computing-at-ces/
https://www.cnet.com/news/ibm-unveils-weather-forecasting-system-commercial-quantum-computing-at-ces/
https://www.globenewswire.com/news-release/2021/12/01/2344216/0/en/Rigetti-Enhances-Predictive-Weather-Modeling-with-Quantum-Machine-Learning.html
https://siag-sc.org/media/files/DK-slides.pdf
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Figure 587: in classical computing, the biggest energy cost comes with moving the data and not computing. It may be the same with 

quantum computing, if not worse given data loading in a QPU will be quite slow and energy consuming. Source: The End of Moore’s Law & 
Fater General Purpose Computing and a Road Forward, by John Hennessy 2019 (49 slides). 

However, most organizations running the largest supercomputers in the world have created a sort of 

top limit on the power drain of their systems, around 20 MW. This is one of their motivations to be 

interested in quantum computers since they may potentially bring some energetic advantage on top 

of some computing advantage as we’re already covered in this book in the engineering section. 

 
Figure 588: HPC energy efficiency progress over time. Source: Computational Efficiency through Tuned Approximation by David 

Keyes, November 2022 (62 slides). Added in 2023. 

Quantum computing in HPC centers 

Even if and when scalable quantum computer become available with an exponential computing power 

gain, we will still need classical HPCs as shown in Figure 590. The main reasons are that quantum 

computers, even in the FTQC regime, won’t be able to handle big data efficiently. They will always 

rely on HPC to process and prepare complex data in order to feed quantum computers with simpler 

data. Quantum computing is made for solving high-complexity problems with relatively small data 

while HPCs may be limited in the size of addressable problems but have much better capabilities in 

data processing. You understand this with the bandwidth of typical classical systems shown in Figure 

589. 

As a comparison, you can feed a quantum computer very slowly. Let’s say you can use 4,000 logical 

qubits. You will be able to feed one bit for each qubit at each gate cycle. Current gate cycles are 2 

kHz with IBM systems, without the burden of quantum error correction. It is even much slower with 

trapped ion systems. You end up being able to feed roughly 1 MB per second in such a quantum 

computer! Some architecture ingeniosity will be required to accelerate this pace, including using 

quantum memories and fastening the QPU cycle rate (measured in CLOPS). 

computing

cache and 
memory 
access

https://opennetworking.org/wp-content/uploads/2020/12/9_2.05pm_John_Hennessey.pdf
https://opennetworking.org/wp-content/uploads/2020/12/9_2.05pm_John_Hennessey.pdf
https://siag-sc.org/media/files/DK-slides.pdf
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Figure 589: data bandwidth and capacity of typical systems memory, storage and interconnect. (cc) Olivier Ezratty, 2020-2024. 

 
Figure 590: how to position HPCs vs (scalable) quantum computers. HPCs are for big data and high-precision computing. Quantum 
computing will be adapted to high complexity problems but with relatively reasonable amounts of data. There’s some cross-over 

between both systems and they will work in sync in many cases. (cc) Olivier Ezratty, 2021. 

Digital annealing computing 

Digital annealing classically implements the adiabatic theorem seen when discussing quantum an-

nealing in the quantum hardware part of this book. It can make use of custom chips designed to 

improve the efficiency of digital annealing. 

Several industry vendors are in this market with Fujitsu and Hitachi. This part also includes some 

related solutions coming from MemComputing and InfinityQ. Research in that area comes for ex-

ample from the University of Toronto (Canada) and the University of Rochester (USA)2364. 

 

Fujitsu announced in early June 2018 a digital annealing computer operating 

at room temperature. Fujitsu is one of the world leaders in the supercomputer 

market with HPE and Eviden/Atos. 

 

2364 See A CMOS Ising Machines with Coupled Bistable Nodes by Richard Afoakwa et al, University of Rochester, July 2020-Novem-

ber 2022 (25 pages). 
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It was therefore logical that they explored ways to upscale their HPC offering. It is supposed to scale 

much better than D-Wave quantum annealers2365. 

Their digital annealers use custom CMOS DAU chips developed in 

partnership with the University of Toronto. It is proposed as a cloud 

offering and is used to solve optimization problems and to carry out 

molecule screenings. The dedicated chip contains 1,024 bit update 

blocks incorporating memory to store their weights with a precision 

of 16 bits, logic blocks to perform value inversions and the associated 

control circuits (Figure 591, Figure 592). This is reminiscent of 

memristor-based neural networks. As with D-Wave, problems are 

loaded into the system in the form of graphs with biases in the links 

between elements and the system looks for a minimum energy state 

to solve the problem. It has some familiarity with the Ising model used 

in D-Wave. Some case studies are available in optimization tasks2366. 

 
Figure 591: Fujitsu’s DAU processor 
for implementing optimized digital 

annealing. Source: Fujitsu. 

 
Figure 592: Fujitsu’s DAU high-level architecture. Source: Fujitsu. 

Its designer, Hidetoshi Nishimori of the Tokyo Institute of Technology, believes that Fujitsu will be 

able to create solutions that outperform D-Wave. In 2019, Fujitsu announced its second generation of 

chips with 8,192 blocks followed by a third generation with 100K blocks in 2020 and a fourth gener-

ation in 2020 with a 10x speed improvement. They have sold only a few of these machines in Japan 

and one in Taiwan2367. Development tools are provided by 1QBit, in which Fujitsu has made an in-

vestment. Fujitsu has been collaborating since April 2020 with Quantum Benchmarks (Canada) on 

quantum algorithms and error suppression codes, based on an IA Fujitsu algorithm and their experi-

ence with their digital annealing2368. Fujitsu is also partnering with Entanglement (USA) which de-

veloped a Covid vaccine logistics optimization solution with its annealer. 

 

2365 See Fujitsu's CMOS Digital Annealer Produces Quantum Computer Speeds, 2018. 

2366 See Solving Job-Shop Scheduling Problems with QUBO-Based Specialized Hardware by Jiachen Zhang, Giovanni Lo Bianco, J. 

Christopher Beck, 2022 (9 pages) and Solving Combinatorial Optimization Problems on Fujitsu Digital Annealer by Yu-Ting Kao et 

al, National Chengchi University, Taiwan, November 2023 (5 pages) 

2367 See Fujitsu delivers Quantum-Inspired Digital Annealer for research center at Chung Yuan Christian Center in Taiwan, Fujitsu, 

November 2022. 

2368 See Fujitsu Laboratories and Quantum Benchmark Begin Joint Research on Algorithms with Error Suppression for Quantum Com-

puting, April 2020 and Fujitsu Laboratories and Quantum Benchmark Begin Joint Research on Algorithms with Error Suppression for 

Quantum Computing by Fujitsu, March 2020. 

https://spectrum.ieee.org/tech-talk/computing/hardware/fujitsus-cmos-digital-annealer-produces-quantum-computer-speeds
https://ojs.aaai.org/index.php/ICAPS/article/view/19826
https://arxiv.org/abs/2311.05196
https://www.fujitsu.com/global/about/resources/news/press-releases/2022/1101-01.html
https://www.technology.org/2020/04/05/fujitsu-laboratories-and-quantum-benchmark-begin-joint-research-on-algorithms-with-error-suppression-for-quantum-computing/
https://www.technology.org/2020/04/05/fujitsu-laboratories-and-quantum-benchmark-begin-joint-research-on-algorithms-with-error-suppression-for-quantum-computing/
https://www.fujitsu.com/global/about/resources/news/press-releases/2020/0325-01.html
https://www.fujitsu.com/global/about/resources/news/press-releases/2020/0325-01.html
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Some advertised case studies involve Toyota Systems Corporation for supply chain optimization, 

stadium seat allocation optimization in Berlin, and peptide drug discovery with Pepti-Aid Corpora-

tion. 

 
Hitachi also launched a related initiative although, contrarily to Fujitsu, it 

seems it did stay in research lab and didn’t reach commercialization. 

Their system is implementing a hardware solution to 

solve Ising models. It is mixing probabilistic and deter-

ministic approaches running in a CMOS component to 

find some energy minimum of a combinatorial problem 

expressed as an Ising model2369 (Figure 593). It doesn’t 

find the absolute minimum to the problem but an ac-

ceptable solution. The CMOS uses SRAM to store the 

virtual “spin states” of the Ising model problem. Hita-

chi stated that it could help solve combinatorial opti-

mization problems such as the travelling salesman 

problem efficiently. The architecture was first relying 

on FPGAs which makes sense given it didn’t reach vol-

ume production. 

 
Figure 593: CMOS annealing principle. 

 

The mysterious startup MemComputing (2016, USA)  was founded by John 

Beane, a serial entrepreneur, with two physics researchers, Massimiliano Di 

Ventra and Fabio Traversa, who have done extensive work on memory com-

puting2370. 

It can be positioned in a category close to Fujitsu's offer. It is a solution inspired by quantum annealing 

computation. They use the principle of invertible computing units, able to circulate data both ways, 

from input to output and output to input. 

It also uses oscillating Boolean gates implementing a non-Von-Neumann computing model and some 

sort of tunnel effect2371. Their hardware solution MemCPU Coprocessor is to place memory next to 

computing units in processing unit2372 (Figure 594). These memristor-like computing cells have sym-

metrical inputs and outputs interconnected to neighboring cells. It computes exclusively with integer 

numbers. There is no floating-point computing at all. They would automatically find a complex bal-

ance of a parameterized system. This is the principle of SOLGs (Self Organizing Logic Gates) shown 

in Figure 595 2373. 

The company positions its technology as competing with quantum computing with a market ready 

solution although its real existence and packaging is in question2374. Their architecture is supposed to 

solve various classes of NP-complete and NP-difficult problems in polynomial time such as 3-SAT 

 

2369 See CMOS Annealing Machine – developed through multi-disciplinary cooperation by Hitachi, Ltd., November 2018, Overview 

of CMOS Annealing Machines by Masanao Yamaoka, January 2019 (4 pages) and CMOS Annealing Machine: an In-memory Com-

puting Accelerator to Process Combinatorial Optimization Problems, April 2019. 

2370 See Universal Memcomputing Machines by Fabio Traversa and Max Di Ventra, 2014 (14 pages) and Perspective: Memcomputing: 

Leveraging memory and physics to compute efficiently by Fabio Traversa and Massimilio Di Ventra, 2018 (16 pages). 

2371 See Global minimization via classical tunneling assisted by collective force field formation by F. Caravelli, F. C. Sheldon and Fabio 

L. Traversa, February 2021 (15 pages). 

2372 It is described in Memcomputing: fusion of memory and computing by Yi Li et al, 2017 (3 pages) where this schema comes from. 

2373 SOLGs are described in the patent Self-Organizing Logic Gates and Circuits and Complex Problem Solving With Self-Organizing 

Circuits, March 2018 (37 pages). It is further detailed in Coupled oscillator networks for von Neumann and non von Neumann compu-

ting by Michele Bonnin, Fabio L. Traversa and Fabrizio Bonani, arXiv preprint, December 2020 (29 pages). 

2374 See MemComputing vs Quantum Computing by MemComputing, August 2022. 

https://www.hitachi.com/rd/sc/story/cmos_annealing2/index.html
https://www.ituaj.jp/wp-content/uploads/2019/01/nb31-1_web-08-Special-CMOSAnnealing.pdf
https://www.ituaj.jp/wp-content/uploads/2019/01/nb31-1_web-08-Special-CMOSAnnealing.pdf
https://ieeexplore.ieee.org/document/8780296
https://ieeexplore.ieee.org/document/8780296
https://arxiv.org/pdf/1405.0931.pdf
https://aip.scitation.org/doi/10.1063/1.5026506
https://aip.scitation.org/doi/10.1063/1.5026506
https://arxiv.org/abs/2102.03385
http://scis.scichina.com/en/2018/060424.pdf
https://patentimages.storage.googleapis.com/41/14/9a/e63d6fb272cc88/US9911080.pdf
https://patentimages.storage.googleapis.com/41/14/9a/e63d6fb272cc88/US9911080.pdf
https://arxiv.org/abs/2012.12386
https://arxiv.org/abs/2012.12386
https://www.memcpu.com/blog/memcomputing-vs-quantum-computing/
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problems2375. They tout significant performance gains such as four orders of magnitude for machine 

learning applications, i.e., performance multiplied by 10,000! Their solution is emulated in conven-

tional computers like with the AMD EPYC microprocessor and provided as an SDK operated in the 

cloud, which they have designed in partnership with Canvass Labs (2017, USA). Their electronic 

architecture was also prototyped at a small scale using Analog Devices standard analog multiplier 

circuits2376. 

The application domains include the resolution of planning and optimization problems such as the 

traveling salesperson problem, combinatorial optimizations and searches2377, bioinformatics, neural 

network training2378 and even integer factoring2379, each time with the promise of an exponential gain 

in computing time compared to traditional computing. 

They announced that they would need to embed some memristor technology in their component, 

which could create significant delay in the manufacturing given this technology is not really mature. 

They handle problems such as MIPLIB (Mixed Integer Programming Library), which are considered 

intractable with a 60-second response time on a server running Linux and have even beaten a D-Wave. 

This is used to find a combination of given integers that can generate zero when added together (the 

"Subset Sum problem"). 

 
Figure 594: MemComputing architecture compared with classical computing. It is basically a mix of in-memory processing with 

bidirectional computing. Source: MemComputing. 

The startup manages to obtain a quantum scale advantage by emulating its process on classical com-

puters. This amounts to challenging all current theories of complexity. 

In April 2020, MemComputing announced that it would make its XPC (Xtreme Performance Com-

puting) software stack available in the cloud for researchers working on Covid-192380 . 

So, is this technology simply revolutionary and could it nullify many efforts in quantum computing, 

or are there one or more shortcomings? There are plenty of them. How do you initialize the system 

so that it is close to a global minimum? What is their real capacity to create these SOLGs in current 

CMOS components? 

 

2375 See Memcomputing NP-complete problems in polynomial time using polynomial resources and collective states by Fabio Traversa, 

Massimilio Di Ventra et al, 2014 (10 pages) and Evidence of an exponential speed-up in the solution of hard optimization problems by 

Fabio Traversa et al, 2018. Then, See this Conference from Massimiliano Di Ventra at Berkeley in 2016 (26 minutes). 

2376 See Implementation of digital MemComputing using standard electronic components by Yuan-Hang Zhang and Massimiliano Di 

Ventra, October 2023 (9 pages). 

2377 See Stress-testing memcomputing on hard combinatorial optimization problems by Fabio Traversa, Massimiliano Di Ventra et al, 

2018 (6 pages). 

2378 See Accelerating Deep Learning with Memcomputing by Haik Manukian, Fabio Traversa and Massimiliano Di Ventra, 2018 (8 

pages). 

2379 See Polynomial-time solution of prime factorization and NP-hard problems with digital memcomputing machines by Fabio Tra-

versa and Massimiliano Di Ventra, 2017 (22 pages). 

2380 See MemCPUXPC SaaS Platform available free for COVID-19 Research, 2020. 

https://www.researchgate.net/publication/268524981_Memcomputing_NP-complete_problems_in_polynomial_time_using_polynomial_resources_and_collective_states/link/548186210cf22525dcb61e41/download
https://arxiv.org/abs/1710.09278
https://www.youtube.com/watch?v=hahHNceA464
https://arxiv.org/abs/2309.12437
https://arxiv.org/pdf/1807.00107.pdf
https://arxiv.org/abs/1801.00512
https://arxiv.org/abs/1512.05064
https://insidehpc.com/2020/04/memcpu-xpc-saas-platform-available-free-for-covid-19-research/
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Figure 595: SOLGs (Self Organizing Logic Gates) from MemComputing. Source: MemComputing. 

How is noise managed in their system2381? Is the system scaling well? Their approach would not be 

scalable according to several specialists including Scott Aaronson2382. 

In 2022, MemComputing published two papers in partnership with a scientist from the DoE Los 

Alamos lab on the potential effect of a tunneling effect with memristors to find global minimum, a 

task commonly used to solve various optimization and machine learning problems2383. All this re-

mains very theoretical. 

In 2023, MemComputing published a pre-print paper on its platform capability to factorize large bi-

prime integers2384. Their paper contains a projected estimate of the time it would take to factorize a 

RSA-2048 key with their platform. It would require about 100 years on a classical emulation of their 

platform and tens of minutes on its ASIC version… which remains to be seen and tested at such a 

scale. The research was funded by the US Air Force. 

 

InfinityQ (2019, Canada, $6M) stated initially that they had built the “first 

quantum computing CMOS microchip technology to work at room tempera-

ture”. 

The company was launched by Aurelie Hélouis (CEO) with Kristina Kapanova (CTO, who later left 

the company) and John Mullen, former Assistant Director of the CIA. 

Their qubit architecture was presented as an analog quantum computer with between 1,000 and 5,000 

qubits. and “based on an artificial atom in a lambda configuration” which “exploits superposition 

and entanglement to achieve quantum computing without the burden of maintaining very fragile 

quantum objects”. 

It was a cloud native platform and quantum analog-computing technology that could run any coding 

language, any problem up to 100,000x faster than an average laptop, with the same energy consump-

tion as a lightbulb. Their first-generation machine was supposed to solve complex optimization prob-

lems, linear system and FFTs (fast Fourier transforms). Lots of promises! 

 

2381 They provide an answer in Directed percolation and numerical stability of simulations of digital memcomputing machines by Yuan-

Hang Zhang and Massimiliano Di Ventra, April 2021 preprint on arXiv (12 pages). 

2382 See A Note on `Memcomputing NP-complete problems' and (Strong) Church's Thesis by Ken Steiglitz, 2015 (2 pages) which 

quickly demonstrates that this is not possible. The same goes for Memrefuting by Scott Aaronson in 2017 and for A review of`Mem-

computing NP-complete problems in polynomial time using polynomial resources' by Igor Markov, 2015 (3 pages). 

2383 See MemComputing Announces Collaboration with Los Alamos National Lab, January 2022, Global minimization via classical 

tunneling assisted by collective force field formation by Francesco Caravelli et al, Science Advances, December 2021 (9 pages) and 

Projective Embedding of Dynamical Systems: uniform mean field equations by Francesco Caravelli et al, MemComputing and DoE 

Los Alamos lab, January 2022 (45 pages). PEDS, projective embedding of dynamical systems (PEDS). 

2384 See Scaling up prime factorization with self-organizing gates: A memcomputing approach by Tristan Sharp, Rishabh Khare, Erick 

Pederson and Fabio Lorenzo Traversa, MemComputing, September 2023 (23 pages). 

https://arxiv.org/abs/2102.03547
http://www.cs.princeton.edu/~ken/chi6fRw77tfbk98.pdf
https://www.scottaaronson.com/blog/?p=2212
https://arxiv.org/pdf/1412.0650.pdf
https://arxiv.org/pdf/1412.0650.pdf
https://www.memcpu.com/press-releases/collaboration-paper-with-los-alamos-national-lab/
https://www.science.org/doi/10.1126/sciadv.abh1542
https://www.science.org/doi/10.1126/sciadv.abh1542
https://arxiv.org/abs/2201.02355
https://arxiv.org/abs/2309.08198
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They created a proof of concept with 10 qubits late 2020 and announced a 100 qubits MVP in 2021 

with full commercialization planned after 2025. In April 2021, they mentioned that they had solved 

a traveling salesperson problem with 128 cities while other “non-classical machines” have solved 

such problems with a maximum of 22 cities, the actual record being 7,515,755,956 steps2385. They 

also made business claims such as having projects starting with major unnamed UK and Canada 

banks, with a Swiss pharmaceutical and the Canadian government2386. Their technology could be 

classified as some sort of reservoir computing running on CMOS doing rabi flops emulation2387. Their 

quantum, superposition and entanglement claims seemed totally overexaggerated. 

In 2022, the company made a pivot, did reset its web site and claimed that its solution was “A quan-

tum-inspired technology to serve gaming & metaverse's intensive computation demands”. Really!? 

In 2023, they came back with another story, about “the World’s largest Ising machine able to handle 

112,000 variables, based on a Restricted Boltzmann Machine (RBM), with methods coming from 

research done by their new CTO Saavan Patel and Sayeef Salahuddin from UC Berkeley. They can 

solve QUBO and MaxCut formatted problems. The underlying hardware is using one Nvidia A6000 

GPU card using an A100 chip. 

Reversible and adiabatic calculation 

Since the 1960s, researchers have been considering reducing computer power consumption by several 

orders of magnitude based on the principle of adiabatic reversible computing2388 (Figure 597). The 

goal is primarily energy-based. It does not accelerate computing. In most cases, it is even contradic-

tory with Moore’s law, as the main techniques used result in a calculation speed decrease. 

All this is due to our understanding, since the 1960s, of the link between computation and thermody-

namic processes. Rolf Landauer created in 1961 the equation according to which the process of 

information processing that dissipates energy is related to memory erasure2389. The erased information 

is turned into heat sent outside the computer, increasing the environment entropy. Rolf Landauer 

estimated that the dissipated energy was always greater than kTln(2) per erased bit, k being Boltz-

mann's constant (1.38×10-23 J/K), T the temperature in Kelvin and ln(2) the logarithm of 2 (about 

0.69315). At room temperature, this gives 0.017 eV. 

This is the famous Landauer limit. Landauer's limit was experimentally verified fifty years later, in 

2011, by a team from ENS Lyon in Sergio Ciliberto's group2390 (Figure 598). 

 

2385 Source : World TSP. 

2386 See a video of their presentation, December 2020 (17 mn). 

2387 See Quantum reservoir computing with a single nonlinear oscillator by L. C. G. Govia et al, Raytheon, January 2021 (9 pages). 

2388 To write this part, I used the many references from the excellent presentation Reversible Adiabatic Classical Computation - an 

Overview by David Frank, 2014, IBM (46 slides), as well as from The Future of Computing Depends on Making It Reversible by 

Michael P. Frank, 2017 and The Case for Reversible Computing by Michael P. Frank, 2018 (19 pages). See also Computers That Can 

Run Backwards by Peter Denning and Ted Lewis, 2017 and Theory of Reversible Computing by Kenichi Morita, 2017 (463 pages). 

See also the review paper Quantum Foundations of Classical Reversible Computing by Michael P. Frank and Karpur Shukla, April 

2021 (70 pages). 

2389 See Irreversibility and heat generation in the computing process by Rolf Landauer, in IBM Journal of Research & Development, 

1961 (9 pages). 

2390 See Experimental verification of Landauer's principle linking information and thermodynamics by Antoine Bérut et Al, 2011 (4 

pages) and Information and thermodynamics: Experimental verification of Landauer's erasure principle by Antoine Bérut, Artyom 

Petrosyan and Sergio Ciliberto, ENS Lyon, 2015 (26 pages). Other experiments followed to validate this, with magnetic memories, 

such as Experimental test of Landauer's principle in single-bit operations on nanomagnetic memory bits by Jeongmin Hong et al, 2016 

(6 pages). The principle consists in lowering the energy barrier of the bit state transition when an operation is required and then to raise 

it again to preserve the bit state. See also Delft's 2018 experiment in Quantum Landauer erasure with a molecular nanomagnet by R. 

Gaudenzi et al, 2018 (7 pages). 

https://www.math.uwaterloo.ca/tsp/world/
https://www.youtube.com/watch?app=desktop&v=UTVy7Ol2BwU
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.013077
https://rebootingcomputing.ieee.org/images/files/pdf/7-rcs2-adiabatic-reversible-5-14-14.pdf
https://rebootingcomputing.ieee.org/images/files/pdf/7-rcs2-adiabatic-reversible-5-14-14.pdf
https://spectrum.ieee.org/computing/hardware/the-future-of-computing-depends-on-making-it-reversible
https://arxiv.org/ftp/arxiv/papers/1803/1803.02789.pdf
https://www.americanscientist.org/article/computers-that-can-run-backwards
https://www.americanscientist.org/article/computers-that-can-run-backwards
https://b-ok.cc/book/4986981/3bace2
https://arxiv.org/abs/2105.00065
http://web.archive.org/web/20201101021528/http:/worrydream.com/refs/Landauer%20-%20Irreversibility%20and%20Heat%20Generation%20in%20the%20Computing%20Process.pdf
http://www.physics.rutgers.edu/~morozov/677_f2017/Physics_677_2017_files/Berut_Lutz_Nature2012.pdf
https://arxiv.org/pdf/1503.06537.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4795654/pdf/1501492.pdf
https://pure.tudelft.nl/portal/files/46876998/Quantum_Landauer_Gaudenzi_Nat_Phys.pdf
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Figure 596: the thermodynamic principle of reversible computing. Source: "Thermodynamics of computing, from classical to 
quantum" by Alexia Auffèves, May 2020 (11 pages), adapted from Experimental verification of Landauer's principle linking 

information and thermodynamics by Antoine Bérut et Al, 2011 (4 pages). 

More generally, Landauer's limit illustrates the link between the notions of logical and physical re-

versibility of computation. The first is linked to the ability to determine the input values of a calcula-

tion according to the output values. 

The second is that the unfolding of a physical process in reverse may not violate the laws of physics, 

including the inescapable second law of thermodynamics according to which the entropy of a ther-

modynamic system always increases unless the process is reversible. 

Today, a CMOS component spends 5,000 eV energy to erase one bit, almost 300,000 times more than 

the Landauer’s limit. One could gain an order of magnitude and go down to 500 eV, but that would 

still be 30,000 times more than the Landauer limit. So, in order to reduce the computing energy con-

sumption, why not avoid erasing information and, in the process, make all computing physically and 

logically reversible? This would require a review of all current computational logic that relies at low-

level on irreversible logic gates that destroy information, such as NAND or XOR gates that generate 

one bit from two bits. 

In 1973, Charles Bennett, another IBM researcher and colleague of Rolf Landauer's, imagined a 

calculation method that would avoid this energy-dissipating erasure of information without requiring 

an infinite memory2391. 

He was followed by Edward Fredkin and Tommaso Toffoli who, in 1978 and 1982, imagined re-

versible logical gates inspired by a metaphorical physical model based on billiard balls, the BBM for 

billiard ball model2392. These logic gates have as many outputs as inputs and it is easy to understand 

why they become reversible. Although their model was not practically feasible with contemporary 

electronics, it was then applied to the quantum equivalent of these gates that we already covered. 

Konstantin Likharev proposed in 1976, then in 1982, to implement this reversible computational 

logic by manipulating the energy levels of superconducting Josephson junctions, under the name of 

"parametric quantrons"2393. 

 

2391 See Logical reversibility of computation by Charles Bennett, IBM Journal of Research and Development, 1973 (8 pages). Charles 

Bennett is also the creator of BB84 codes with Georges Brassard, which laid the foundations of quantum key distributions. 

2392 See Conservative Logic by Edward Fredkin et Tommaso Toffoli, International Journal of Theoretical Physics, 1982 (35 pages). 

2393 He tells this story in Josephson Digital Electronics in the Soviet Union by Konstantin Likharev, 2012 (18 slides). 

http://www.physics.rutgers.edu/~morozov/677_f2017/Physics_677_2017_files/Berut_Lutz_Nature2012.pdf
http://www.physics.rutgers.edu/~morozov/677_f2017/Physics_677_2017_files/Berut_Lutz_Nature2012.pdf
https://www.math.ucsd.edu/~sbuss/CourseWeb/Math268_2013W/Bennett_Reversibiity.pdf
http://fab.cba.mit.edu/classes/862.16/notes/computation/Fredkin-2002.pdf
http://www.ascinc.org/asc2012/wp-content/uploads/file/2SEA-04-Likharev.pdf
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In 1991, this became the "quantron flux parametron" (QFP), capable of operating up to 10 GHz and 

developed by a Japanese team2394. 

 
Figure 597: why reversible logic could help save energy. But it won’t make it faster. Source: Reversible Adiabatic Classical 

Computation - an Overview by David Frank, 2014, IBM (46 slides). 

This led then in 2003 to Vasili Semenov's idea to use nSQUID circuits to realize these circuits, the n 

meaning "negative" because of a negative inductance that connects two SQUIDs of the device. As for 

any Josephson junction, it works under cryogenic temperature2395. 

Reversible computing is often associated with adiabatic computing but one could work without the 

other. The general principle of adiabatic computing is illustrated in Figure 596: in a classical calcula-

tion, the energy barrier to switch the state of a system between a) and c) is high. In a quasi-adiabatic 

calculation, a physical system lowers the state energy transition barrier (in d) to trigger it (in e) and 

then in f, by raising the level of the barrier to its normal state. 

The processing energy cost is thus lowered by approaching Landauer’s limit. The high level of the 

non-calculation barrier guarantees the stability of the information managed outside of this operation. 

Lowering the barrier and raising it are often managed by trapezoidal voltage control of the transistors 

instead of looking like a square wave signal. 

Between 1985 and 1993, reversible or partially reversible CMOS and CCD computing components 

were designed. 

Craig Lent then proposed in 1997 an adiabatic computation system based on quantum dots and cel-

lular automata (QCA for Quantum dots Cellular Automata) to operate up to 100 GHz2396 . 

In the same manner, Krishna Natarajan suggested in 2004 to use MEMS (electro-micro-mechanical 

components) to drive the trapezoidal voltage control necessary to create adiabatic CMOS components 

with a very low energy dissipation of 1 eV2397 . 

 

2394 See Quantum Flux Parametron: A Single Quantum Flux Device for Josephson Supercomputer by Mitsumi Hosoya et al, June 1991. 

2395 See an explanation of the process in Engineering and Measurement of nSQUID Circuits by Jie Ren, 2012 (26 slides). nSQUIDs 

are double SQUIDs connected by a negative inductance. SQUID = Superconducting Quantum Interference Device, a system used to 

accurately measure the magnetism of superconducting Josephson effect loops. These nSQUIDs were manufactured by Hypres. 

2396 See A Device Architecture for Computing with Quantum Dots by Craig Lent and Douglas Tougaw, 1997 (17 pages). 

2397 See Driving Fully-Adiabatic Logic Circuits Using Custom High-Q MEMS Resonators by Krishna Natarajan et al, 2004 (7 pages). 

https://rebootingcomputing.ieee.org/images/files/pdf/7-rcs2-adiabatic-reversible-5-14-14.pdf
https://rebootingcomputing.ieee.org/images/files/pdf/7-rcs2-adiabatic-reversible-5-14-14.pdf
https://www.researchgate.net/publication/3309428_Quantum_Flux_Parametron_A_Single_Quantum_Flux_Device_for_Josephson_Supercomputer/link/5af3f7c3a6fdcc0c0309f387/download
https://www.physics.umd.edu/~kosborn/index_files/SEALeR/Jie_Ren.pdf
https://pdfs.semanticscholar.org/234e/816b1c17ffd2271b92fc2ece087db204f680.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.84.5099&rep=rep1&type=pdf
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The idea was pursued by a team from CEA-Leti and Delft in the Netherlands in 2017 and Ralph 

Merkle in 2019, with prototype circuits based on this kind of technology2398. 

 
Figure 598: Source: Experimental Test of Landauer's Principle at the Sub-kBT Level by Alexei Orlov, Craig Lent et al, 2012 (5 pages). 

In 2012, Alexei Orlov et al. experimentally validated Landauer's limit and, above all, the possibility 

of overcoming it (from below) with reversible calculation, all with a few discrete classical electronic 

components, resistors and capacitors2399 (Figure 599). Their experiment showed that a bit copy or 

erasing with copy could be done with an energy lower than Landauer's limit, at the price of slowing 

down the operation as shown in Figure 598. 

Pure and simple erasing did consume more en-

ergy than Landauer's limit. The model was 

safe! And it all worked at room temperature. 

In 2019, Alexei Orlov's team from Notre 

Dame University in Indiana produced the 

equivalent of an 8-bit microcontroller using a 

subset of a RISC-type MIPS instruction set 

with 5,766 transistors, 40% of which are adia-

batic2400. This seems to be, to date, the most 

successful realization of a reversible adiabatic 

processor. It remains, however, experimental 

and far from industry requirements. Its indus-

trialization could be of interest to create mi-

crocontrollers for low power connected ob-

jects. 

 
Figure 599: Source: Experimental Tests of the Landauer Principle in 

Electron Circuits, and Quasi-Adiabatic Computing Systems by Alexei O. 
Orlov et al, 2012 (5 pages). 

 

2398 See Adiabatic capacitive logic: A paradigm for low-power logic by Gaël Pillonnet et al, CEA-Leti, 2017 (5 pages) and Mechanical 

Computing Systems Using Only Links and Rotary Joints by Ralph Merkle et al, 2019 (34 pages). 

2399 See Experimental Test of Landauer's Principle at the Sub-kBT Level by Alexei Orlov, Craig Lent et al, 2012 (5 pages). 

2400 See Experimental Tests of the Landauer Principle in Electron Circuits, and Quasi-Adiabatic Computing Systems by Alexei O. 

Orlov et al, 2012 (5 pages) which is integrated in Energy Limits in Computation by Craig Lent, Alexei Orlov et al, 2019 (245 pages). 

https://pdfs.semanticscholar.org/2605/28df6a5dd66aaa64a4cdf6ca31d056b102ec.pdf
https://www3.nd.edu/~lent/pdf/nd/OrlovExperimentalTestLandauerJJAP.pdf
https://www3.nd.edu/~lent/pdf/nd/OrlovExperimentalTestLandauerJJAP.pdf
https://hal.archives-ouvertes.fr/hal-01887199/file/Gaeletal_ISCAS_2017.pdf
https://arxiv.org/pdf/1801.03534.pdf
https://arxiv.org/pdf/1801.03534.pdf
https://pdfs.semanticscholar.org/2605/28df6a5dd66aaa64a4cdf6ca31d056b102ec.pdf
https://www3.nd.edu/~lent/pdf/nd/OrlovExperimentalTestLandauerJJAP.pdf
https://www.amazon.com/Energy-Limits-Computation-Landauers-Experiments-ebook/dp/B07G5TS17N
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However, this adiabatic CMOS technique requires a larger number of transistors. Therefore, emerges 

a new trade-off between a larger and more expensive to design and manufacture power saving com-

ponent vs cheaper but more energy hungry conventional counterparts. Still, the environmental cause 

has recently revived interest in reversible and adiabatic computing. It is promoted by the Computer 

Community Consortium group of the American Computing Research Association with the lead 

from Michael P. Frank's team at Sandia National Labs2401. 

 
Figure 600: Source: Thermodynamic Computing, Computer Community Consortium of the Computing Research Association, 2019 

(36 pages). 

They position it as an intermediate architecture between classical and quantum computing, but on 

quantities that are not necessarily relevant (dimension of components and duration of state fluctuation, 

see Figure 600)2402. The purpose of the manifesto is to obtain US federal credits to finance this re-

search. So, the story is not over! 

Superconducting computing 

The idea of creating superconducting computers capable of taking advantage of the lack of resistance 

of low temperature electronic components dates back to the early 1960s. Its history evolves in parallel 

with reversible and adiabatic computing. It started with the discovery of the Josephson effect in 1962. 

This effect was later used to create two-states superconducting qubits with research starting in the 

early 1980s. 

The expected benefits of superconducting transistors are an increase in clock frequency and a de-

crease in power consumption2403! The gain is more significant with the clock frequency than with 

energy consumption. For example, in a Japanese SFQ component realized in 2019, the clock was 32 

GHz while the power drain was 2.5 TOPS per Watt, in the average of most deep learning CMOS 

chips2404 (Figure 601). 

 

2401 See Thermodynamic Computing, Computer Community Consortium of the Computing Research Association, 2019 (36 pages). It 

is a manifesto to develop thermodynamically responsible computing inspired by biomimicry. The document is the result of a workshop 

with about 40 participants, almost all American except one researcher from London and another from Luxembourg, from universities 

and a few private actors such as Google, Rigetti, HPE, Knowm (which develops memristor-based circuits for AI applications, their kT-

RAM technology) and Daptics (ex Protolife, created by Norman Harry Packard (1954) and which develops chemical simulation algo-

rithms). 

2402 See Quantum Foundations of Classical Reversible Computing by Michael P. Frank and Karpur Shukla, April 2021 (70 pages) and  

The Reversible Computing Scaling Path: Challenges and Opportunities by Michael P. Frank, February 2022 (40 slides). 

2403 See this very interesting presentation on superconducting electronics: Superconducting Microelectronics for Next-Generation Com-

puting by Leonard Johnson, MIT Lincoln Labs, November 2018 (27 slides). The gain in power consumption would be between 10 and 

1,000. The integration level is currently low, of the order of 200 nm compared to 7 nm for the densest CMOS processors. But it is 

steadily increasing. There are even investigations to combine superconducting transistors, optoelectronics and neural networks. See 

Superconducting Optoelectronic Loop Neurons by Amir Jafari-Salim, 2018 (48 pages). 

2404 See 29.3 A 48GHz 5.6mW Gate-Level-Pipelined Multiplier Using Single-Flux Quantum Logic by Ikki Nagaoka et al, 2019. 

https://cra.org/ccc/wp-content/uploads/sites/2/2019/10/CCC-Thermodynamic-Computing-Reportv3.pdf
https://cra.org/ccc/wp-content/uploads/sites/2/2019/10/CCC-Thermodynamic-Computing-Reportv3.pdf
https://arxiv.org/abs/2105.00065
https://cfwebprod.sandia.gov/cfdocs/CompResearch/docs/ECI22-talk-v7.pdf
https://ilp.mit.edu/sites/default/files/2020-01/Johnson.2018.RD_.pdf
https://ilp.mit.edu/sites/default/files/2020-01/Johnson.2018.RD_.pdf
http://shainline.net/content/soens_1-5_small.pdf
https://ieeexplore.ieee.org/document/8662351
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Figure 601: schematic positioning SFQs in terms of clock speed and integration compared to traditional electronic components. 
Source: Impact of Recent Advancement in Cryogenic Circuit Technology by Akira Fujimaki and Masamitsu Tanaka, 2017 (37 slides). 

Several generations of superconducting components have been developed over time2405: 

• SFQ (Single Flux Quantum) was a first-generation circuit, limited to a 1 GHz and 300 Mhz clock 

frequency. Work started at IBM in the 1960s. They had invested the equivalent of $100M today 

in a program that was partly funded by the NSA and which was abandoned in 1983 which are also 

based on the Josephson effect2406. D-Wave's superconducting qubit use SFQ-type components for 

generating and reading qubit control signals2407. 

• RSFQ (Rapid Single Flux Quantum) was coinvented in Russia in the mid-1980s by Konstantin 

K. Likharev and his then-PhD student Oleg Mukhanov. Mukhanov then moved to the USA and 

joined Hypres in 1991 to launch the industry development of RSFQ. The first ones were produced 

in the mid-2000s2408 (Figure 602). They have the advantage of being able to operate up to 750 

GHz. They can be used to create ALUs (Arithmetic Logic Units2409) running at 20/30 GHz as well 

as ADCs (analog to digital converters) running up to 40 GHz2410. In RSFQ logic, binary infor-

mation is managed in the form of quantum states of the Josephson junction flux, which is trans-

ferred as voltage pulses2411. However, the technology does not use state superposition and entan-

glement as in superconducting qubits. Hypres develops radio frequency reception systems using 

two superconducting components: SQUID (Superconducting Quantum Interference Device) 

based antennas that allow to capture magnetism with precision (invented in 1964) and an RSFQ 

chip running at 30 GHz with 11K JJ (Josephson junctions)2412! 

 

2405 See Single Flux Quantum (SFQ) Circuit Fabrication and Design: Status and Outlook by V. Bolkhovsky et al, Lincoln Laboratory 

at MIT, 2016 (34 slides) which provides an interesting view on their manufacturing process and metal layers, and IRDS Cryogenic 

Electronic and Quantum Information Processing, IEEE, 2021 (93 pages) which provides a good overview of the various SFQ technol-

ogies around. 

2406 See The Long Arm of Moore's Law: Microelectronics and American Science by Cyrus Mody, 2017 (299 pages), page 58. 

2407 See Architectural considerations in the design of a superconducting quantum annealing processor by P. I. Bunyk et al from D-Wave, 

2014 (9 pages). 

2408 Source: Single Flux Quantum Logic for Digital Applications by Oleg Mukhanov of SEEQC/Hypres, August 2019 (33 slides). 

2409 See for instance qBSA:Logic Design of a 32-bit Block-Skewed RSFQ Arithmetic Logic Unit, 2020 (3 pages). 

2410 This would be very useful to generate the microwaves to drive superconducting and silicon qubits. 

2411 Time management in logic programming must take this into account. On this topic, see A Computational Temporal Logic for 

Superconducting Accelerators by Georgios Tzimpragos et al, 2020 (14 pages). 

2412 See Superconducting Quantum Arrays for Wideband Antennas and Low Noise Amplifiers by Oleg Mukhanov et al, 2014 (36 slides). 

https://www.semanticscholar.org/paper/Impact-of-Recent-Advancement-in-Cryogenic-Circuit-Fujimaki-Tanaka/5dedbb191117f04d779f31262ed2cfda5508abad
https://beyondcmos.ornl.gov/2016/documents/Session%203_talk2-Gouker.pdf
https://irds.ieee.org/editions/2021/cryogenic-electronics-and-quantum-information-processing
https://irds.ieee.org/editions/2021/cryogenic-electronics-and-quantum-information-processing
https://www.amazon.com/Long-Arm-Moores-Law-Microelectronics/dp/0262035499
https://arxiv.org/abs/1401.5504
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/RP92_%20Mukhanov_distpres.pdf
https://arxiv.org/pdf/2001.10715.pdf
https://dl.acm.org/doi/pdf/10.1145/3373376.3378517
https://dl.acm.org/doi/pdf/10.1145/3373376.3378517
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20140008955.pdf
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• AQFP (Adiabatic Quantum Flux Parametron) which comprises two superconducting Josephson 

loops connected together by an inductance, reminiscent of the nSQUID principle2413. The process 

is very energy efficient due to its ability to be reversible. A recent work from Japanese researchers 

prototypes a AQFP processor using 20,000 Josephson gates operating at 4.2K2414. 

• RQL (Reciprocal Quantum Logic)2415, eRSFQ (Energy Efficient RSFQ) and eSFQ (Energy Ef-

ficient SFQ) are variants of the RSFQ that are more energy efficient due to the absence of bias 

resistance, replaced by an inductance. This is the variant chosen by Hypres and its subsidiary 

SEEQC. Their SFQs combine eRSFQs, of which they are the originators, and eSFQs. RQLs are 

studied to create superconducting memories. 

 
Figure 602: RSFQ and its evolutions, ERSFQ, RQL and AQFP. Source: Single Flux Quantum Logic for Digital Applications by Oleg 

Mukhanov of SEEQC/Hypres, August 2019 (33 slides). 

• SFETs (Superconducting FETs, Field Effect Transistors) which implement a concept similar to 

adiabatic CMOS, but with a superconducting component. These components have been developed 

since the 1980s2416. 

There are a few other variants of superconducting components that I will just mention (SSV, SVJJ, 

STTJJ, S3JJ) because they do not seem to be common, on top of JMRAM that is investigated for 

implementing superconducting memory. Also, some researchers are looking into the way to create 

superconducting diodes using the Meissner effect, which could be useful in creating superconducting 

computing solutions2417. 

To date, the integration record for this type of component is only 144,000 Josephson junctions in a 

chip, realized in a 248 nm integration2418 if we don’t account for D-Wave’s Pegasus chip with its 

million Josephson junctions including about 10,000 JJs used in their annealer qubits, the rest being 

used for qubits control logic and digital signals multiplexing/demultiplexing. 

 

2413 See Adiabatic Quantum-Flux Parametron: Towards Building Extremely Energy-Efficient Circuits and Systems, by Olivia Chen et 

al, 2018 (10 pages) and Design and Implementation of a Bitonic Sorter-Based DNN Using Adiabatic Superconducting Logic also from 

Olivia Chen et al, 2019 (24 slides). 

2414 See MANA: A Monolithic Adiabatic iNtegration Architecture Microprocessor Using 1.4-zJ/op Unshunted Superconductor Joseph-

son Junction Devices by Christopher L. Ayala et al, December 2020 (14 pages). They provide some impressive cryogenic needs for 

using this technology at a supercomputing scale. 

2415 See Ultra-Low-Power Superconductor Logic by Quentin P. Herr et al, 2011 (7 pages). 

2416 See Josephson Junction Field-effect Transistors for Boolean Logic Cryogenic Applications by Feng Wen, 2019 (7 pages) and Su-

perconducting silicon on insulator and silicide-based superconducting MOSFET for quantum technologies by Anaïs Francheteau, 2017 

(153 pages). 

2417 See Ubiquitous Superconducting Diode Effect in Superconductor Thin Films by Yasen Hou et al, MIT, PRL, July 2023 (6 pages). 

2418 See Advanced Fabrication Processes for Superconducting Very Large Scale Integrated Circuits by Sergey K. Tolpygo, 2015 (43 

slides). 

https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/RP92_%20Mukhanov_distpres.pdf
https://www.nature.com/articles/s41598-019-46595-w.pdf
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/3-RE-I-4_OliviaChen-rev.pdf
https://www.researchgate.net/publication/347641869_MANA_A_Monolithic_Adiabatic_iNtegration_Architecture_Microprocessor_Using_14-zJop_Unshunted_Superconductor_Josephson_Junction_Devices
https://www.researchgate.net/publication/347641869_MANA_A_Monolithic_Adiabatic_iNtegration_Architecture_Microprocessor_Using_14-zJop_Unshunted_Superconductor_Josephson_Junction_Devices
https://arxiv.org/abs/1103.4269
https://arxiv.org/abs/1905.13008
https://tel.archives-ouvertes.fr/tel-01800055/file/FRANCHETEAU_2017_diffusion.pdf
https://tel.archives-ouvertes.fr/tel-01800055/file/FRANCHETEAU_2017_diffusion.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.027001
https://arxiv.org/abs/1509.05081
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Another key component has been developed, superconducting diodes with zero resistance in one di-

rection. They were experimented in 2022 with europium sulfide thin film separating a superconduct-

ing aluminum and a normal metal copper layer2419 and, separately, with niobium bromide placed be-

tween layers of niobium diselenide2420. 

In the mid-2000s, the NSA invested $400M in the RSFQ over the 2005-2010 period. Its goal was to 

create a processor with one million logic gates running at 50 GHz. The NSA document describing the 

project is surprisingly detailed and highly informative. It reveals the scope of the related technological 

challenges2421 (Figure 604). In particular, for creating cryogenic memories, superconducting or not: 

CMOS-Josephson junction hybrid, spintronic based2422, SFQ or monolithic RSFQ-MRAM. Then the 

communication between the cryogenic electronics and room temperature components, with a 25 

Gbits/s optical fiber that we would probably now reach 100 or 200 Gbits/s, leaving aside the question 

of the optical signal modulation and demodulation. 

Cryogenics must be sized to support a large number of components. For testing purpose, a simple 

pulsed tube would be sufficient but more imposing installations are planned as computing power 

would grow, as in the illustration in Figure 603 on the right. 

  
Figure 603: Left: A 64-fiber system for bi-directional transmission totaling 6.4 Tbps between a superconducting processor operating 

at 4K and high speed mass memory at ambient temperature. Optical connections are shown in red and electrical in black. This 
technology was to be available by 2010. Right: concept for a large-scale system including cryogenic cooling unit for 

supercomputers. Source: NSA Superconducting Technology Assessment, 2005 (257 pages), pages 100 and 125. 

The project relied mainly on Hypres, the only American company entirely dedicated to the creation 

of superconducting components, who runs its own foundry since 1983, but then divested it to SEEQC 

and now seems to rely on SkyWater’s foundry. They were supplying radio frequency components for 

military use cases. Out of this, they developed an 8-bit RSFQ processor and 28,000 Josephson junc-

tions. 

There is also Northrop Grumman with its foundry located in Linthicum, Maryland. Finally, 

Chalmers University in Sweden and various research laboratories in the USA (JPL, Berkeley, Stony 

Brook) as well as the NIST Boulder laboratory were also involved. IMEC has a lab in Florida that 

designs superconducting circuits with densities in the 10 nm to 20 nm range. 

 

2419 See Superconducting spintronic tunnel diode by E. Strambini et al, Nature Communications, May 2022 (7 pages). 

2420 And The field-free Josephson diode in a van der Waals heterostructure by Heng Wu et al, Nature, April 2022 (17 pages). 

2421 See NSA Superconducting Technology Assessment, 2005 (257 pages). The document is quite old but still very well crafted and 

interesting. 

2422 See Cryogenic Memory Architecture Integrating Spin Hall Effect based Magnetic Memory and Superconductive Cryotron Devices 

by Minh-Hai Nguyen et al, July 2019 (12 pages) and Modeling the computer memory based on the ferromagnet/superconductor mul-

tilayers by Serhii E. Shafraniuk, Ivan P. Nevirkovets and Oleg A. Mukhanov, July 2019 (27 pages). 

https://www.nitrd.gov/pubs/nsa/sta.pdf
https://www.nature.com/articles/s41467-022-29990-2
https://www.nature.com/articles/s41586-022-04504-8
https://www.nitrd.gov/pubs/nsa/sta.pdf
https://arxiv.org/abs/1907.00942
https://arxiv.org/abs/1907.06069
https://arxiv.org/abs/1907.06069
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Figure 604: various superconducting electronic projects launched about 20 years ago with processors on the left and cryo-RAM on 
the right, reminding us how long these projects can last or have their ups and downs. These projects became the C3 IARPA project 

that lasted until 2022. Source: NSA Superconducting Technology Assessment, 2005 (257 pages), pages 28 and 53. 

The IARPA agency has taken over with the Cryogenic Computing Complexity (C3) project 

launched in 2014. It involved IBM, Northrop Grumman (Quentin Herr, who works at IMEC in Bel-

gium since May 2021), Raytheon and Hypres and was due to end in 20182423 (Figure 606). 

It ended in 2022. A total of $700M was spent in R&D there given the project was considered to be 

strategic. Some of the showstoppers there were the lack of EDA tools (electronic design automation) 

adapted to superconducting circuits and of scalable cryogenic cabling (leading to the Supercables 

project). There are solutions with signals frequency upconvert to optical wavelengths with VCSEL 

chips, but these are consuming a lot of energy. 

This project was part of the National Strategic Computing Initiative (NSCI) launched in 2015 by 

the White House, which focused on the development of supercomputers. It is difficult to find out what 

this project has achieved (Figure 605). 

         
Figure 605: superconducting approach and gate delay. Source: TBD. 

 

2423 See Superconducting Computing and the IARPA C3 Program by Scott Holmes, 2016 (57 slides). All the presentations of the C3 

conference are here. 

https://www.nitrd.gov/pubs/nsa/sta.pdf
https://beyondcmos.ornl.gov/2016/documents/Session%203_talk1-Holmes.pdf
https://beyondcmos.ornl.gov/2016/agenda.html
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In the USA, the DISCoVER (Design & Integration of Superconductive Computation for Ventures 

beyond Exascale Realization) expedition is working on a “SuperSoCC” SFQ-based niobium chip 

(superconductive system of cryogenic computing cores) operating at 4.2K. The project is led by Mas-

soud Pedram, Timothy Pinkston and Murali Annavaram from USC. They are working on on-chip 

memory design and interface between room electronics and cryo-electronics. The team touts a poten-

tial energy gain of /100 vs classical computing or 10x speed improvement with the same energy con-

sumption. With a relatively modest funding of $15M coming from the NSF, the project also involves 

Auburn University, Cornell University, Northeastern University, Northwestern University, University 

of Rochester and Yokohama National University in Japan. 

Outside the USA, the Japanese Superconducting Computing Program's ambition in 2004 was to 

create a processor running at 100 GHz generating 100 GLOPS in SFQ, supplemented by 200 TB of 

DRAM running at 77K to generate a 1.6 PFLOPS system comprising 16,384 processors (Figure 607). 

    
Figure 606: the left table comparing different types of superconducting components comes from Superconducting Computing by 

Pascal Febvre, CNRS, 2018 (56 slides). The right slide comes from Superconducting Computing and the IARPA C3 Program by Scott 
Holmes, 2016 (57 slides). 

All this with a cryostat consuming 12 MW and generating a thermal power of 18 kW at 4.2K. It has 

not yet seen the light of day about 17 years later2424. Meanwhile, the IBM Summit supercomputer 

using traditional processors and GPUs generates 200 petaFLOPS consuming 13 MW, so why bother? 

    

Figure 607: the left slide comes from Superconducting Computing and the IARPA C3 Program by Scott Holmes, 2016 (57 slides) and 
the right schema comes from Superconducting Computing by Pascal Febvre, CNRS, 2018 (56 slides). 

 

2424 They managed to create the CORE1α in 2003 at 4,999 JJ (Josephson junctions) running at 15 GHz, the CORE1β in 2006 at 10.955 

JJ running at 25 GHz, the CORE1γ with 22,302 JJ also at 25 GHz, the CORE100 in 2015 at 3073 JJ and 100 GHz, the COREe2 in 

2017 at 10,655 JJ and 50 GHz with an integrated memory. See Impact of Recent Advancement in Cryogenic Circuit Technology by 

Akira Fujimaki and Masamitsu Tanaka, 2017 (37 slides). This continued in 2019 with an 8-bit multiplier containing 20,251 JJ running 

at 48 GHz and consuming 5.6 mW. Source: 29.3 A 48GHz 5.6mW Gate-Level-Pipelined Multiplier Using Single-Flux Quantum Logic 

by Ikki Nagaoka et al, 2019. 

https://kau.org.ua/images/conf/MQT_2018/Febvre_MQT18.pdf
https://beyondcmos.ornl.gov/2016/documents/Session%203_talk1-Holmes.pdf
https://beyondcmos.ornl.gov/2016/documents/Session%203_talk1-Holmes.pdf
https://kau.org.ua/images/conf/MQT_2018/Febvre_MQT18.pdf
https://www.semanticscholar.org/paper/Impact-of-Recent-Advancement-in-Cryogenic-Circuit-Fujimaki-Tanaka/5dedbb191117f04d779f31262ed2cfda5508abad
https://ieeexplore.ieee.org/document/8662351
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China announced in 2018 a $145M plan to build a superconducting computer by 2022. They had 

then created a chip with 10,000 Josephson junctions. Not sure they are ready for this milestone. Rus-

sia also has ambitions in this field2425. 

In France, the laboratory CMNE (Micro Nano Electronic Components) of the IMEP-LaHC (Micro-

electronics, Electromagnetism, Photonics, Microwave) of the UGA (Grenoble) was working in this 

area, under the responsibility of Pascal Febvre who is based in Chambéry. 

In Korea, researchers from Seoul National University have proposed another path, creating comput-

ers with CryoMOSFET chips operating at a relatively hot temperature of 77K, reducing cooling costs. 

Its benefits are less impressive than superconducting computing with an improvement of only 41% 

in single thread performance for the same power budget or a power reduction of 38% for the same 

performance, all of this including of course the cooling power budget2426. 

One lone warrior in that space is Quentin Herr, a former engineer of Northrop Grumman who now 

works at IMEC in Florida. He and his wife Anna Herr and his team at IMEC are working on super-

conducting electronics in many areas. He is expecting superconducting HPCs to reduce power drain 

by 100 compared to classical HPCs2427. He is working on improving superconducting components 

density with multilayers chips2428, on creating Josephson based memories2429 2430, on synchronous 

and asynchronous data communication2431 2432 and on amplifiers2433. 

In the end, this branch of the superconducting computer industry is for the moment still immature. It 

has suffered from the uninterrupted advance of Moore's Law in the last few years and the difficulties 

of its practical implementation. It is not impossible that synergies will develop between quantum 

computing and this somewhat neglected branch. They can help each other, as can be seen with super-

conducting circuits for driving superconducting qubits or silicon. As we know, quantum computing 

will perhaps indirectly revive this sector2434! 

 

2425 See The Outlook for Superconducting Computers by R Colin Johnson, 2018. 

2426 See CryoCore: A Fast and Dense Processor Architecture for Cryogenic Computing by Ilkwon Byun et al, 2020 (14 pages). 

2427 See Superconducting Digital Computing: Promise-Progress-Prospects by Quentin Herr and Anna Herr, IMEC, November 2021 (24 

slides). 

2428 See Scaling NbTiN-based ac-powered Josephson digital to 400M devices/cm2 by Anna Herr, Quentin Herr et al, IMEC, March-

April 2023 (7 pages). 

2429 See Superconducting Pulse Conserving Logic and Josephson-SRAM by Quentin Herr, Trent Josephsen and Anna Herr, IMEC, 

March 2023 (6 pages). 

2430 See Experimental demonstration of a Josephson magnetic memory cell with a programmable π-junction by I. M. Dayton, Quentin 

Herr et al, November 2017-February 2018 (5 pages). 

2431 See Isochronous Data Link Across a Superconducting Nb Flex Cable with 5 femtojoules per Bit by Haitao Dai, Anna Herr, Quentin 

Herr et al, September-October 2021 (7 pages). 

2432  See Synchronous Chip-to-Chip Communication with a Multi-Chip Resonator Clock Distribution Network by Jonathan Egan, 

Quentin Herr, Anna Herr et al, September 2021-July 2022 (8 pages). 

2433 See True Differential Superconducting On-Chip Output Amplifier by Jonathan Egan, Andrew Brownfield and Quentin Herr, April 

2021 (5 pages). 

2434 At last, see this good review paper Beyond Moore’s technologies: operation principles of a superconductor alternative by Igor I. 

Soloviev et al, Russia, 2017 (22 pages). It mentions the potential of a two orders of magnitude gain in energy efficiency with super-

conducting based supercomputers, cryogenics included. On top of the various variations of SFQ, RQL and SQUID superconducting 

circuits, the review also covers cryogenic memory. One of the limitations of superconducting circuits is their low potential miniaturi-

zation. Josephson junctions density seems limited to 2.5 million junctions per cm2. To be compared with billions of CMOS transistors 

with 5nm/7nm nodes! 

https://cacm.acm.org/news/232327-the-outlook-for-superconducting-computers/fulltext
https://www.semanticscholar.org/paper/CryoCore%3A-A-Fast-and-Dense-Processor-Architecture-Byun-Min/53b708999d8163cb4e344896a0de01b38d924458
https://www.semi.org/sites/semi.org/files/2021-11/03%20Quentin%20Herr%20IMEC.pdf
https://arxiv.org/abs/2303.16792
https://arxiv.org/abs/2303.16801
https://arxiv.org/abs/1711.01681
https://arxiv.org/abs/2109.01808
https://arxiv.org/abs/2109.00560
https://arxiv.org/abs/2104.07372
https://arxiv.org/abs/1706.09124
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Probabilistic computing 

Probabilistic processors are another variation of exotic processors. They use probabilistic p-bits that 

can fluctuate rapidly between 0 and 1 with a low transition energy level. They are supposed to allow 

the resolution of so-called "quantum" problems without relying on quantum mechanisms. p-bits can 

be realized with nanomagnets, with regular transistors2435, with photonic devices2436 and with the 

weird membrane computing field2437. 

Various applications are promoted such as the creation of neural networks called BSN (Binary Sto-

chastic Neuron), restricted Boltzmann Machines (RBM)2438 and the resolution of optimization prob-

lems like those treated by quantum annealing and gate-based quantum computing. The accelerations 

obtained are not qualified as exponential. It may be just polynomial, which is still interesting. 

Work in this direction is quite recent and comes from the MIT, UCSB, 

Cornell University, Purdue University in Indiana 2439  and from 

Tohoku University in Japan2440 . HawAI.tech (France), a Grenoble-

based startup, is positioned on the same niche and targets applications in 

the field of AI in embedded systems using data from various sensors2441.  

Their roadmap should lead to the creation of a complete probabilistic computer by 2024. 

One original application of probabilistic computing is the simulation of quantum algorithms with 

mapping each qubit on 8 probabilistic bits, but it doesn’t describe how it is handling entangled 

states2442. 

Optical computing 

Many research laboratories and startups are working on the creation of analog optical processors that 

are not based on photon qubits2443. Some are creating classical optical neural networks, others are 

adapted to convolutional neural networks or spiking neurons, the latter being closest to the way the 

human brain works2444 2445. Others are even proposing to handle vector/matrix manipulation and solve 

NP complete problems with Ising models, beyond the coherent Ising model machines I briefly 

 

2435 See an explanation of p-bits in Waiting for Quantum Computing? Try Probabilistic Computing by Kerem Camsari and Supriyo 

Datta, IEEE Spectrum, March 2021, then Integer factorization using stochastic magnetic tunnel junctions by William A. Borders et al, 

2019, p-Bits for Probabilistic Spin Logic by Kerem Y. Camsari, 2019 (11 pages), Stochastic for Invertible Logic by Brian Sutton et al, 

2017 (19 pages) and Probabilistic computing with p-bits by Jan Kaiser and Supriyo Datta, October 2021 (8 pages). 

2436 See MIT Makes Probability-Based Computing a Bit Brighter The p-bit harnesses photonic randomness to explore a new computing 

frontier by Margo Andreson, IEEE Spectrum, July 2023, which refers to Biasing the quantum vacuum to control macroscopic proba-

bility distributions by Charles Roques-Carmes et al, MIT and Harvard University, Science, July 2023 (9 pages). 

2437 See A quick introduction to membrane computing by Gheorghe Paun, The Journal of Logic and Algebraic Programming, May 2010 

(4 pages). 

2438 See Machine Learning Quantum Systems with Magnetic p-bits by Shuvro Chowdhury et al UCSB, October 2023 (3 pages). 

2439 See From Charge to Spin and Spin to Charge: Stochastic Magnets for Probabilistic Switching by Kerem Y. Camsari et al, February 

2020 and Hardware Design for Autonomous Bayesian Networks by Rafatul Faria et al, 2020 (10 pages). 

2440 See Demonstrating the world's fastest spintronics p-bit by Tohoku University, March 2021 and Waiting for Quantum Computing? 

Try Probabilistic Computing by Kerem Camsari and Supriyo Datta, 2021. 

2441 See Bayes from Cell to Chip by Pierre Bessière, 2018 (33 slides). 

2442 See Simulation of quantum algorithms using classical probabilistic bits and circuits by D. D. Yavuz and A. Yadav, University of 

Wisconsin, July 2023 (61 pages). 

2443 See the review paper Analogue Photonics Computing for Information Processing, Inference and Optimisation by Nikita Stroev and 

Natalia G. Berloff, Weizmann Institute of Science and University of Cambridge, January 2023 (117 pages). 

2444 See Analog optical computing  for artificial intelligence by Jiamin Wu et al, Engineering, 2021 (9 pages). 

2445 See The role of all-optical neural networks by Matuszewski Michał et al, June 2023 (13 pages). 

https://spectrum.ieee.org/computing/hardware/waiting-for-quantum-computing-try-probabilistic-computing
https://www.nature.com/articles/s41586-019-1557-9
https://arxiv.org/pdf/1809.04028.pdf
https://arxiv.org/pdf/1610.00377.pdf
https://arxiv.org/abs/2108.09836
https://spectrum.ieee.org/probabilistic-computing
https://spectrum.ieee.org/probabilistic-computing
https://www.science.org/doi/10.1126/science.adh4920
https://www.science.org/doi/10.1126/science.adh4920
https://core.ac.uk/download/pdf/82793546.pdf
https://arxiv.org/abs/2310.06679
https://ieeexplore.ieee.org/document/8995804/authors#authors
https://arxiv.org/pdf/2003.01767.pdf
https://phys.org/news/2021-03-world-fastest-spintronics-p-bit.html
https://spectrum.ieee.org/computing/hardware/waiting-for-quantum-computing-try-probabilistic-computing
https://spectrum.ieee.org/computing/hardware/waiting-for-quantum-computing-try-probabilistic-computing
http://old.association-aristote.fr/lib/exe/fetch.php/iabayes_vonneumann.pdf
https://arxiv.org/abs/2307.14452
https://arxiv.org/abs/2301.11760
https://www.sciencedirect.com/science/article/pii/S2095809921003349
https://arxiv.org/abs/2306.06632
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discussed in the part dedicated to photon qubits. These solutions’ potential advantage is computing 

speed as well as power efficiency. 

I will try here to correctly segment this broad field2446. 

SLMs and Fourier lenses systems which program linear operations and summation by collecting 

light power encoded signal. They are sending an image generated with a DMD, DLP or SLM chip 

illuminated by a laser and sent on various structures such as random matrices or various metamaterials. 

They are often based on the principle of the Optical Fourier Transform which allows to decompose a 

2D image into spatial frequencies, itself represented in 2D. This transform is an image that contains 

key points representing shapes and repetitions in the analyzed images. This can be leveraged to build 

convolution layers in convolutional neural networks. These serve to detect the presence of shapes in 

an image, the shapes being represented by filters. The Fourier transform helps to automatically iden-

tify these key shapes in the image. 

These systems capture the result with a CMOS sensor, usually with a very high resolution, much 

higher than that of the DLP or DMD chip used upstream. The diffraction thus carries out a projection 

in a space of larger dimension than the original image. All this is supported by serious mathemat-

ics2447 . 

These different solutions are in their infancy. They could accelerate certain calculations for training 

complex neural networks. These accelerations seem to be rather polynomial and not exponential as 

quantum computing is supposed to generate. Except that they do not seem to be handicapped by noise 

issues as qubits are. 

 

Lighton.io (2016, France, $3.7M) started with selling an optical coprocessor 

to accelerate neural networks training on large volumes of training data, such 

as with convolutional networks. 

In their first system, a laser emitted a 

beam that is magnified with some lenses 

to illuminate a parametrized DLP micro-

mirror chip. The generated image then 

traversed a static random matrix playing 

the role of a scattering medium with fo-

cusing lenses L1 and L2 before and after 

the filter as illustrated in Figure 608. A 

monochrome CMOS imaging sensor 

then analyzed the resulting image 2448 . 

The sensor captured the interferences 

generated by the set and some mathe-

matical computing interprets the result. 

This process enabled a reduction of a 

complex data set dimensionality. 

 
Figure 608: the LightOn optical accelerator architecture. Source: Random 

Projections through multiple optical scattering: Approximating kernels at the 
speed of light, 2015 (6 pages). 

Everything was driven by Python libraries developed with TensorFlow. The targeted applications are 

first and foremost genomics and Internet of Things solutions. Since 2020, LightOn also worked on 

creating a photonic processor named QORE using reconfigurable linear optical networks to 

 

2446 See The physics of optical computing by Peter L. McMahon, Cornell University, July 2023 (31 pages). 

2447 See An optical Fourier transform coprocessor with direct phase determination by Alexander Macfaden et al, 2017 (8 pages) and 

Performing optical logic operations by a diffractive neural network by Chao Qian et al, 2020 (7 pages). 

2448 The process is described in Random Projections through multiple optical scattering: Approximating kernels at the speed of light, 

2015 (6 pages). 

https://arxiv.org/abs/1510.06664
https://arxiv.org/abs/1510.06664
https://arxiv.org/abs/1510.06664
https://arxiv.org/abs/2308.00088
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5651838/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7154031/
https://arxiv.org/abs/1510.06664
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implement optical quantum information processing using multimode fiber with the programmable 

wavefront shaping of a SLM (spatial light modulator). It can have up to 8 laser inputs and 38 outputs, 

with fidelities >93% and losses <6.5dB. The device fits in a standard 19” server rack2449. The com-

puting advantage brought by this platform is not obvious. However, its creators indicate that it could 

create high-dimensional entanglement from few single photon states, so these large photonic cluster 

states that are the Holy Grail of MBQC. The QORE project was funded as part of the H2020 OPTO-

logic project (Figure 609). 

In the end, the company pivoted and is now a software company working on classical LLMs (large 

language models) and all these fancy optical processors were abandoned. 

 
Figure 609: schematic of the Light QORE quantum processor. Source: A high-fidelity and large-scale reconfigurable photonic 

processor for NISQ applications by A. Cavaillès, Igor Caron, Sylvain Gigan et al, May 2022 (5 pages) with legends by Olivier Ezratty. 

 

Optalysys (2013, UK, $5.2M) is a spin-out of the University of Cambridge 

created by Nick New, Robert Todd and Ananta Palani. Their FT:X 2000 system 

is structured around the realization of optical fast Fourier transforms based on 

diffraction2450 (Figure 610). 

    
Figure 610: Optalysys process and apparatus. Source: Optalysys. 

They were involved in various projects, one in genetics to do genome sequence alignment, GENESYS, 

carried out with the Earlham Institute. The other project dealt with weather forecasting for the Eu-

ropean center ECMWF and a third one for plasma and fluid dynamics simulation, for DARPA. 

 

2449 See A high-fidelity and large-scale reconfigurable photonic processor for NISQ applications by A. Cavaillès, Igor Caron, Sylvain 

Gigan et al, May 2022 (5 pages). 

2450See Optalysys - Revolutionary Optical Processing for HPC, September 2017 (23 mn). 
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https://arxiv.org/abs/2205.01704
https://arxiv.org/abs/2205.01704
https://arxiv.org/abs/2205.01704
https://www.youtube.com/watch?v=CUvUJ5LnwfY
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They also did run a convolutional network in 2018 on a MNIST base with 60,000 letters for training 

and 10,000 for testing. Its success rate was only 70%. 

On-chip optical circuits can rely on wavelength multiplexing or beamsplitter meshes. 

A collaborative effort in photonic chips development is run by the PhotonDelta Foundation (the 

Netherlands, 1.1B€ including 470M€ from the Dutch government), a public and private European 

Integrated Photonics Ecosystem fund that supports photonic chip ventures, in collaboration with the 

MIT. They invested in 177 projects. The program launched in 2022 is supposed to last 6 years. IMEC, 

LioniX and Bright Photonics are among the industry partners of this fund which gathers 26 companies, 

11 technology partners and 12 R&D partners. 

 

Salience Labs (2021, UK, $11.5M) is a startup cofounded by Vaysh Kewada 

(CEO) and Johannes Feldmann (CTO) and spun out of Oxford and the Univer-

sity of Münster in Germany. 

It develops a hybrid photonic-electronic silicon chip dedicated to AI applications. Other research par-

ticipants are the Universities of Pittsburgh (USA) and Exeter (UK), EPFL and IBM Research Zurich. 

It implements fast tensor processing running at 100 GHz. It implements sort-of in-memory photonic 

computing implementing optical frequency combs coupled with a classical SRAM (Static Random 

Access Memory)2451. They could also use phase-change materials developed by Oxford University 

instead of SRAM2452. 

 

Lightelligence (2017, USA, $36M) develops PACE, another photonic proces-

sor that is supposed to be 100 times faster than a Nvidia RTX 3080 GPU. It is 

designed to solve Ising models problems like D-Wave quantum annealers and 

Fujitsu digital CMOS-based annealers. 

Their chip uses 12,000 thermal phase shifters and Mach-Zehnder interferometers (MZI) and runs at 

1 GHz2453. It implements parallel photonic recurrent network2454. Now, how does it scale is yet to be 

shown. 

 

The Copac project funded as part of a H2020 project is creating an optical 

processor that could evaluate all the variables of a logical function in parallel. 

It is based on a quantum dots-based architecture that can be excited simultaneously on several fre-

quencies by wideband lasers. The results are read by 2D spectroscopy of quantum dots. The machine 

would operate at room temperature. The process mixes classical computation (for the evaluation of 

functions) and quantum methods (to do it simultaneously on several sets of variables) (Figure 611). 

 

2451 It is documented in Parallel convolution processing using an integrated photonic tensor core by J. Feldmann et al, Nature, January 

2021 (35 pages). 

2452 Oxford University researchers designed a light-based silicon photonic chip with hybridized-active-dielectric (HAD) nanowires 

enabling light polarization-selective tunability. They demonstrated the use of polarization as a parameter to selectively modulate the 

conductance of individual nanowires within a Ge2Sb2Te5 (GST for germanium-antimony-tellurium, a phase changing material also 

used in RW optical discs and phase-change memories) and silicon multi-nanowire system. See Polarization-selective reconfigurability 

in hybridized-active-dielectric nanowires by June Sang Lee and al, Science Advances, June 2022 (8 pages). 

2453 See Deep Learning with Coherent Nanophotonic Circuits by Yichen Shen et al, October 2016 (8 pages) and Accelerating recurrent 

Ising machines in photonic integrated circuits by Mihika Prabhu et al, Optica, April 2020 (8 pages). It seems the system can parametrize 

an Ising model only with coupling graph nodes with the equivalent of a longitudinal field, but not with setting longitudinal interactions 

at the graph node level like with D-Wave quantum annealers. 

2454 The system implements hybrid photonic/classical computing with the photonic part performing a unitary matrix product of a state-

preparation rotation matrix R, the desired unitary (U or U†), and one of two homodyne detection matrices (h1 or h2). Phase-intensity 

reconstruction, a diagonal matrix multiplication, Gaussian noise addition, and a nonlinear threshold unit are performed classically. 

https://arxiv.org/ftp/arxiv/papers/2002/2002.00281.pdf
https://www.science.org/doi/10.1126/sciadv.abn9459
https://www.science.org/doi/10.1126/sciadv.abn9459
https://arxiv.org/abs/1610.02365
https://opg.optica.org/optica/fulltext.cfm?uri=optica-7-5-551&id=431845
https://opg.optica.org/optica/fulltext.cfm?uri=optica-7-5-551&id=431845
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The project is conducted with the Universities of Liège (Françoise Remacle), Hebrew University of 

Jerusalem (Raphael Levine), University of Padua, the CNR Institute for Physical and Chemical Pro-

cesses of Bari, the company KiloLambda (2001, Israel) which manufactures the quantum dots and 

ProBayes (France), a subsidiary of La Poste which produces the compiler of the solution (Emmanuel 

Mazer and David Herrera-Marti, who now works at CEA-LIST)2455. The great uncertainty in this 

project, as is often the case, concerns its scalability. It depends on the superposition of optical fre-

quencies. The project documentation does not describe well the application domains of the possible 

in terms of complexity classes of addressable problems. 

 
Figure 611: the optical technology behind the European Copac project. 

Laser networks are complex lasers (degenerate cavity lasers, multimode fiber amplifiers, large-ap-

erture VCSELs) with many spatial degrees of freedom and controllable nonlinear interactions. These 

systems can be used for reservoir computing (RC) or for matrices computing. 

 

Luminous Computing (2018, USA, $115M) aims to create a high-perfor-

mance optical component that would replace 3000 Google TPUs! It would ex-

ploit multicolor lasers and light guides. According to the publications of their 

CTO, Mitchell Nahmias, it seems that they use optical spike neurons2456. They 

can perform calculations very quickly, including in classical CMOS. 

 

LightSolver (2019, Israel) is a startup founded by Ruti Ben Shlomi (CEO) that 

develops a quantum-inspired computing solution using optically coupled la-

sers. It solves Max-2-SAT and 3-Regular 3-XORSAT combinational optimiza-

tion problems. 

 

2455 See Coherent Optical Parallel Computing, 2017. The European project is funded until 2021. See more details in Coherent Optical 

Parallel Computing Project Summary. 

2456 See Progress in neuromorphic photonics by Thomas Ferreira de Lima, Mitchell Nahmias et al, 2017 (23 pages). 

https://cordis.europa.eu/project/id/766563
http://www.copac.ulg.ac.be/about_us.php
http://www.copac.ulg.ac.be/about_us.php
https://www.researchgate.net/publication/314858078_Progress_in_neuromorphic_photonics
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Neural network optical circuits which implement computing using wave mixers as shown in Figure 

612. These optical neural networks can implement inferences as well as backpropagation training 

tasks depending on their architecture. In the case of large models, it could bring some significant 

energetic advantage compared to classical CMOS based inferences2457. 

 
Figure 612: Source: Large-Scale Optical Neural Networks Based on Photoelectric Multiplication by Ryan Hamerly, Dirk Englund et al, 

MIT, PRX, 2018 (12 pages). Added in 2023. 

Optical parametric oscillators (OPO) can be used to solve Ising models, like with the DOPO-based 

simulator and coherent Ising machines (CIM) (Figure 613). 

 
Figure 613: an OPO based optical computing system. Source: A fully-programmable 100-spin coherent Ising machine with all-to-all 

connections by Peter L. McMahon et al, Science, 2016 (9 pages). Added in 2023. 

 

2457 See Optical Transformers by Maxwell G. Anderson, Shi-Yuan Ma, Tianyu Wang, Logan G. Wright, Peter L. McMahon, Cornell 

University, February 2023 (27 pages). 

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.9.021032
https://nlo.stanford.edu/system/files/mcmahon2016.pdf
https://nlo.stanford.edu/system/files/mcmahon2016.pdf
https://arxiv.org/abs/2302.10360
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Reservoir computing is a specific category of recurrent neural networks used to process time series 

(in language processing, finance, energy, robotics)2458 2459. Their particularity is to use neuron weights 

and links between neurons randomly fixed in the reservoirs, all with nonlinear activation functions 

for these links. The hundreds of neurons in a reservoir are fed by input data stored in the reservoirs. 

The activation functions nonlinearity makes this memory evanescent. 

 
Figure 614: Source: Scalable reservoir computing on coherent linear photonic processor by Mitsumasa Nakajima, Kenji Tanaka and 

Toshikazu Hashimoto, Nature Communications Physics, February 2021 (12 pages). Added in 2023. 

 

2458 The concept of reservoir computing dates back to 2007. See Toward optical signal processing using Photonic Reservoir Computing 

by Kristof Vandoorne et al, 2008 (11 pages). It is also described in Novel frontier of photonics for data processing - Photonic accelerator 

by Ken-ichi Kitayama, 2019 (25 pages) as well as in this beautiful presentation Introduction to Reservoir Computing by Helmut Hauser 

(282 slides). The notion is different from the one of reservoir engineering. 

2459 See Advances in photonic reservoir computing by Guy Van der Sande et al, 2017 (16 pages) which provides an excellent focus on 

optronics based reservoir computing 

https://www.nature.com/articles/s42005-021-00519-1.pdf
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-16-15-11182
https://aip.scitation.org/doi/pdf/10.1063/1.5108912
https://www.ifi.uzh.ch/dam/jcr:00000000-2826-155d-0000-0000225e9316/Formale_Methoden_UZH_Nov_2013.pdf
https://digital.csic.es/bitstream/10261/173719/1/Nanophotonics%20Advances%20in%20photonic%20reservoir%20computing.pdf
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The training parameters of these networks are located in the weights of the neurons that connect the 

reservoirs to the output data. Reservoir computing can be implemented with photonics as shown in 

Figure 614. There are other implementations with memristors2460, five types of optical reservoir com-

puting and even quantum versions, for quantum reservoir computing2461! 

Chemical computing 

Chemical computing is yet another form of unconventional computing. The underlying physical phe-

nomenon was discovered in 1951 by a Russian chemist, Boris Belousov, with a self-reversible chem-

ical reaction alternating the color of solution mixing salts and acids. It would enable the creation of 

chemical logic gates. It was thought initially that it broke the second law of thermodynamics (a bit 

like time crystals…). It was found later that it was not the case and that some form of logic gate could 

be implemented using this phenomenon and a chemical oscillator that is akin to chemical concentra-

tion waves blocking or amplifying each other depending on their setting. One benefit is a low energy 

consumption2462. 

Research in the domain started to generate some experimental results in 1989 and onwards, particu-

larly in the UK, at EMPA in Switzerland, Stanford, Harvard and the University of Washington. But 

the benefits of this architecture are not obvious, noticeably due to its relatively slow speed. The most 

recent work came in 2020 from the University of Glasgow who used 3D-printed programmable chem-

ical processor with a 5 by 5 array of cells filled with a switchable oscillating chemical and magnetic 

stirrers to control their oscillations and compute binary logic gates to perform pattern recognition2463. 

It can control 2.9 × 1017 chemical states. 

The array is programmed by setting chemical relations between these chemical cells. It can implement 

a chemical autoencoder used for pattern recognition. Now, more comparisons have to be made with 

classical computing to see how it scales2464! 

 

2460 See Memristors and Beyond: Recent Advances in Analog Computing by Nick Skuda, 2019 (12 slides). 

2461 See Universal quantum reservoir computing by Sanjib Ghosh et al, from Singapore, 2020 (23 pages) as well as Integrated Nano-

photonic Structures for Optical Computing by Laurent Larger et al, 2019 (50 slides). See Experimental photonic quantum memristor 

by Michele Spagnolo et al, Nature Photonics, March 2022 (7 pages) which describes a way to implement quantum memristors and 

quantum reservoir computing. As explained in Quantum memristor: A memory-dependent computational unit Quantum memristor 

bridges conflicting quantum requirements in single device by Chris Lee, ArsTechnica, April 2022, a quantum memristor is a memristor 

that will change its properties based on the qubit traversing it, in the case of photons. And at last, see Quantum reservoir neural network 

implementation on a Josephson mixer by Julien Dudas, Erwan Plouet, Alice Mizrahi, Julie Grollier and Danijela Marković, September 

2022 (7 pages) which proposes to use a large number of densely connected neurons by using parametrically coupled quantum oscillators 

instead of physically coupled qubits. 

2462 See Chemical Computing, the Future of Artificial Intelligence by Javier Yanes, January 2019. 

2463 See A programmable chemical computer with memory and pattern recognition by Juan Manuel Parrilla-Gutierrez, Lee Cronin et 

al, Nature Communications, March 2022 (8 pages). 

2464 See the video The First Programmable Turing Complete Chemical Computer with Lee Cronin from the University of Glasgow 

(1h11mn). 

http://web.eecs.utk.edu/courses/fall2019/cosc594uc/presentations/Skuda-present.pdf
https://arxiv.org/abs/2003.09569
https://fdocuments.net/document/integrated-nanophotonic-structures-for-optical-computing-conceptual-viewpoint-from.html?page=1
https://fdocuments.net/document/integrated-nanophotonic-structures-for-optical-computing-conceptual-viewpoint-from.html?page=1
https://www.nature.com/articles/s41566-022-00973-5
https://arstechnica.com/science/2022/04/quantum-memristor-a-memory-dependent-computational-unit/
https://arstechnica.com/science/2022/04/quantum-memristor-a-memory-dependent-computational-unit/
https://arxiv.org/abs/2209.03221
https://arxiv.org/abs/2209.03221
https://www.bbvaopenmind.com/en/technology/artificial-intelligence/chemical-computing-the-future-of-artificial-intelligence/
https://www.nature.com/articles/s41467-020-15190-3
https://www.youtube.com/watch?v=ecdBDAfzHBM
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Quantum unconventional computing key takeaways 

▪ Various non-conventional computing technologies may compete with classical and quantum computing or even 

bring some help, like reversible and superconducting technologies that may be useful to create cryogenic electron-

ics enabling the creation of scalable quantum computers. These technologies are so diverse and with different 

underlying science that they would deserve a lot of time and energy to be properly evaluated and benchmarked by 

both physicists and computer science specialists. None of these technologies have been proven to solve NP prob-

lems efficiently… in a scalable way. 

▪ Digital annealing computing is mostly proposed by Japanese companies like Fujitsu and Hitachi, using classical 

CMOS chipsets. These solutions are supposed to solve intractable problems faster than classical-classical comput-

ers, but their scalability remains questionable. 

▪ Reversible and adiabatic computation has been researched for a long time and has not yet turned into commercial 

products. It could probably be more interesting to create energy saving solutions more than faster solutions with 

some potential use case in quantum computing enabling technologies. 

▪ Superconducting computing is an interesting area of research to create more energy efficient supercomputers, de-

spite the cooling cost that, hopefully is not as expensive as with superconducting qubits quantum computers. There 

are synergies between this research area and superconducting logic electronics that could be used to control super-

conducting and quantum dots spin qubits at low temperatures. 

▪ Probabilistic and optical computing are interesting research areas. These solutions may be competitive to solve 

specific problems. 

▪ Optical processors are mainly used in the deep learning space, to accelerate the training and inferences in some 

layers of convolutional networks. Some variants can solve combinatorial problems. 

▪ Chemical computing is one of the many other areas in unconventional computing that may be interesting but have 

probably various scaling limitations. Other unconventional computing like DNA computing and other variations 

are not studied here, particularly since they are not deemed to solve untractable problems. 
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Quantum telecommunications and 
cryptography 

Quantum telecommunications cover a wide spectrum of use cases including quantum communica-

tions between quantum sensors, quantum computers and quantum key distribution used in cryptog-

raphy (Figure 615). Some but not all of these technologies are based on using photon entanglement 

and quantum teleportation as resources. The field started to develop experimentally and industrially 

with quantum cryptography. It is already being deployed experimentally or at large scales like in 

China, while quantum telecommunications associated with quantum computers is still in its infancy. 

Interest in quantum cryptography (using various quantum effects like measurement randomness 

and/or entanglement as resources to generate identical secured encryption keys between two commu-

nication endpoints) as well as in post-quantum cryptography (classical cryptography using techniques 

that are resilient to attacks by quantum computers) were triggered by the creation of Shor's algorithm 

in 1994. It theoretically enables integers factoring on a quantum computer in reasonable times, pro-

vided large scale quantum computers are available. This algorithm has been destabilizing computer 

security specialists since the advent of the first programmable quantum processors in the early 2000s 

and related scale-up promises and forecasts. It would make it possible to break the codes of many 

public key cryptography systems that are commonly used on the Internet. It is still highly hypothetical 

because quantum computers capable of executing Shor’s algorithms for RSA-2048 keys and requiring 

millions of high-fidelity qubits are really far in the distant future at best. 

Once they are aware of the threat, however, governments, counterintelligence, intelligence and sen-

sitive industries become seriously concerned or at least interested. The threat of quantum computing 

on cybersecurity even touches critical parts of the Bitcoin and Blockchain signatures and some proof 

of work protocols. Even though the threat is quite remote, the readiness inertia to counter this potential 

quantum threat means, for some, that it is necessary to launch it now. 

Even before Shor's phantom menace materializes, the cyber security industry started to prepare coun-

termeasures. The markets affected first will be the IT and telecommunications industry in general, 

which will have to update many software and hardware offerings, financial institutions, the energy 

sector, healthcare, and government utilities and the military. 

In this part, we will describe: 

• The basic principles of classical cryptography, in particular public key cryptography, with the 

example of RSA public keys. 

• The nature of the threat coming from integer factoring and other quantum algorithms and the 

cryptographic solutions involved. 

• Quantum random number generators which have become an indispensable complement to 

classical cryptographic solutions and also quantum cryptography as well. 

• Quantum Key Distribution based systems that secure the physical part of communications for 

the safe distribution of random symmetric keys. 

• Post-Quantum Cryptography that is used to distribute public encryption keys using classical 

computation that are resilient to codebreaking done by quantum computers. 

• Quantum telecommunications applications, outside of those related to cryptography, and in par-

ticular for the creation of distributed quantum computing systems. 
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• Quantum Physical Unclonable Functions which are sitting in between QRNG, embedded sys-

tems and cryptography. 

• Vendors in these sectors around the world, in a market that already includes many players and in 

particular many startups. 

Encryption and cryptography involve mathematical concepts that are not always obvious. I’ll share 

with you here what I have been able to understand about it and make it as accessible as possible. 

 
Figure 615: the various types of technologies covered in this part and their relationship. (cc) Olivier Ezratty, 2023. See the review 

paper Towards Quantum-Native Communication Systems: New Developments, Trends, and Challenges by Xiaolin Zhou et al, 
November 2023 (52 pages). 

Public key cryptography 

Cryptology is the science of secrets. It allows the transmission of sensitive information between a 

transmitter and a receiver in a secure manner. Cryptology includes cryptography, which secures trans-

mitted and stored information, and cryptanalysis, which seeks to decrypt it by attack, or code breaking. 
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In the case of asymmetric public-key cryptography, encryption uses only public keys and decryption 

uses both public and private keys. Code-breaking exploits only the public keys, while trying to deduce 

the private keys through intensive computing. 

Cryptography secures transmitted information in several ways: 

• Confidentiality: only the recipient can retrieve the unencrypted version of the transmitted infor-

mation. 

• Integrity: the information has not been modified during its transmission. 

• Authentication: the sender and receiver are who they claim to be. 

• Non-repudiation: the issuer cannot deny having transmitted the encrypted information. 

• Access control: only persons authorized by the issuer and the recipient can access unencrypted 

information. 

Before computer telecommunications, confidentiality was ensured by the knowledge of a common 

secret between transmitters and receivers, the encryption and decryption codes, which could be the 

position of the wheels of a German Enigma machine during the World War II. This worked in closed 

environments such as for military communications or between embassies and their home countries. 

With Internet communications, this modus operandi is inapplicable for consumer applications and for 

business relationships in general. Hence public key cryptography systems, such as RSA, which ena-

bled most open Internet data exchanges. There are still highly protected systems using private and 

symmetrical keys, mainly used in government related applications (army, security, intelligence) as 

well as in various other cases (some file transfers, email encryption, server/client exchanges, in smart 

cards and associated payment terminals). 

Asymmetric (public-key) cryptography is also exploited for pre-establishing common encryption 

keys between users of private-key systems, for managing the integrity of communications, and for 

authentication as in the TLS Internet protocol. Sensitive information is then encrypted with these keys 

and a symmetrical AES-type algorithm. AES is used to encrypt communications in WhatsApp, Mes-

senger and Telegram. These applications often also use asymmetric cryptography for authentication, 

key exchange, and communication integrity management. Asymmetric cryptography is very flexible 

while symmetric cryptography is more computationally efficient. In many cases, symmetric cryptog-

raphy systems coexist with asymmetric (public key) cryptography systems. As a result, when you 

communicate securely over the Internet, different complimentary security protocols are activated. 

With public key systems, different keys are used for encryption and decryption of the information 

transmitted, so that it is very difficult (if not sometimes impossible) to guess the private decryption 

key from the public encryption key. The message receiver sends its public key to the sender, who in 

turn uses it to encrypt the message. The receiver uses the private key that was kept to decrypt the 

received message. As explained in Figure 616, the private key is never transmitted. This is also called 

a PKI, for "Public Key Infrastructure". 

The RSA cryptography system is the most widely used system for protecting public key information 

transmissions over the Internet. It was created in 1978 by Ron Rivest (1947, American), Adi Shamir 

(1952, Israeli) and Leonard Adleman (1945, American). 

You don't necessarily need to understand the following that explains how keys are constructed. It 

starts by determining p and q, two large random prime numbers, with a "good" random number gen-

erator. We will see later that quantum physics can be used to create real random numbers. We calculate 

N = pq which is a very large integer. A good RSA key requires to have N stored on at least 2048 bits 

knowing that the NSA recommends 3,072 bits keys for critical applications. 
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We then evaluate e, a prime number by exploiting O(N) which equals the number of prime integers 

between 1 and N relative to N, and which, as p and q are prime, equals (p-1)(q-1). d is a large integer 

which is co-prime of O(N) and is chosen according to: ed = 1 mod (O(N)). At the end, we get a public 

key that includes the integers N and e, and a private key that includes d. 

 
Figure 616: description of the RSA key generation process. (cc) Olivier Ezratty, 2022-2023. 

All of this is based on the theory of numbers and uses Fermat's little theorem and Euler's theorem 

which make it possible to create two distinct keys that are the inverse of each other. 

With that, anyone can encrypt a message using the public key and this message is decipherable only 

by the person who has the private key that splits the public key into primitives. 

A hacker could decrypt the information sent by intercepting e (the end of the public key) and factoring 

N, the other end of the public key, into the integers p and q, and then rebuilding the private key d 

from it. 

In the symmetric key realm, you’ll find encryption systems using protocols like AES with usual keys 

of 256 bits, that have been in use since 2001. These keys are shared by two parties in a channel and 

time that can be different from the encrypted data transmission. 

The best symmetric key system is called the “one time pad” with key size equaling the size of the 

encrypted data. It means that the key can be very large depending on the data size. But this is the best 

secure system. It, however, requires the ability to create a random and totally unpredictable key. 

Quantum cryptanalysis threats 

Assessing cryptanalysis threats for any deployed cryptography solution has always been critical. Clas-

sical cryptanalysis is one of the threats on the security of government, public services, businesses and 

consumers digital assets, on top of viruses, phishing, other social engineering tricks and various phys-

ical attacks. The looming threat of quantum computers adds to this already busy mix. 

The diagram below in Figure 617 points out the main encryption algorithms vulnerable or not to 

known quantum algorithms2465. 

 

2465 Seen in IDQ: Quantum-Safe Security relevance for Central Banks, 2018 (27 slides) and slightly supplemented by some captions. 
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https://www.itu.int/en/ITU-T/Workshops-and-Seminars/20180718/Documents/O_Pfeiffer.pdf
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Broadly speaking, common public key encryption systems are vulnerable. Only post-quantum cryp-

tography systems are supposed to be resilient. But things are moving fast and some SIDH, lattice and 

multivariate keys are now classically broken! 

 
Figure 617: what key generation services are quantum safe or not. Source: NIST. 

One reason to worry is that today's sensitive communications can be stored for a long time by private 

or state hackers, and exploited much later, when quantum computers are up to the task. This attack is 

nicknamed Store Now, Decrypt Later (SNDL). Some present day information may have some value 

later, whether it is financial transactions, private communications, healthcare records, trade secrets, 

diplomatic, military and various other state secrets. Forward secrecy, a feature used to protect the 

transport layer like SSL used with HTTPS with separate keys for each session, is not enough against 

quantum computing-based attacks. Quantum computing is thus a Damocles sword whose fall is dif-

ficult to predict and rather distant in time by at least a very long decade. Beyond that time, it is almost 

impossible to make educated predictions. 

Shor's phantom menace 

Peter Shor's 1994 integer factoring algorithm sparked interest in quantum computing when there was 

even no single working qubit around that was controllable by quantum gate. Shor’s algorithm enables 

theoretically to factor integers in a reasonable time that is proportional to their logarithm. It is thus a 

factorization in a linear time as a function of the number of key bits. This could be detrimental to all 

public key-based cryptography2466. 

When and if the needed quantum hardware work, Shor's algorithm applied to large RSA public key 

breaking could have quite a negative impact on most Internet security since being integrated in the 

TLS and SSL protocols that protect websites and file transfers via HTTPS and FTP, in the IPSEC 

protocol that protects IP V4 in the IKE sub-protocol, in the SSH protocol for machines remote access 

and in the PGP protocol that is sometimes used to encrypt emails. RSA and derivatives are also used 

in many HSM (Hardware Security Modules) such as in cars ECUs (Electronic Central Units)2467. 

 

2466 See this presentation which describes in great detail how Shor's algorithm works: On Shor's algorithms, the various derivatives, 

their implementation and their applications by Martin Ekerå, 2019 (135 slides). 

2467 See Post-Quantum Secure Architectures for Automotive Hardware Secure Modules by Wen Wang and Marc Stöttinger, 2020 (7 

pages). 

threatened 
by quantum 
algorithms

https://www.chalmers.se/en/centres/wacqt/graduate%20school/aqa/Documents/ekera-chalmers-2019.pdf
https://www.chalmers.se/en/centres/wacqt/graduate%20school/aqa/Documents/ekera-chalmers-2019.pdf
https://eprint.iacr.org/2020/026.pdf
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The threat also deals with software electronic signatures and therefore their automatic updates, 

VPNs used for remote access to protect corporate networks, email security with S/MIME, various 

online payment systems, as well as ECDH, ECDSA and 3-DES elliptic curve cryptography. The 

Signal protocol used in WhatsApp would also be in the spotlight. So, a lot of Internet security is more 

or less in the line of sight. 

ECC (Elliptic Curve Cryptography) is the first algorithm with elliptic 

curves, created in 1985 by Neal Koblitz and Victor Miller (Figure 618). 

The most common variants today are ECDH (Elliptic-curve Diffie-

Hellman) and ECDSA (Elliptic Curve Digital Signature Algorithm, 

launched in 2005). 

These variants were deployed from 2005 and more widely only from 

2015, so 30 years after the creation of the first ECC! Incidentally, the 

elliptic curves allowed Andrew Wiles to demonstrate the Fermat’s last 

theorem in 1992, which has nothing to do with cryptography2468. 

 

Figure 618: an elliptic curve. 

One of the interests of elliptic curve-based codes is to use shorter public keys than with RSA encryp-

tion. But these elliptic curves are also theoretically breakable with quantum computing with a rea-

sonable time because of our friend Peter Shor and the resolution of the discrete logarithm problem 

(DLP) 2469. Moreover, an ECDSA backdoor was revealed by Edward Snowden in 2013, housed by 

the NSA in its Dual EC DRBG random number generator and not in the elliptic curve itself. It was 

then recommended by NIST in 2014 and NSA in 2015 for the transmission of sensitive infor-

mation2470. 

Grover, Dlog and Simon threats 

Symmetric cryptography systems are not affected by Shor's algorithm. These include the Data En-

cryption Standard (DES) which uses keys of 64 bits or more and is outdated, replaced by the Ad-

vanced Encryption Standard (AES) which has been a US government standard since 2002, with 

private keys ranging from 128 to 256 bits. 

To date, the best quantum breaking algorithms for symmetric AES keys would take more than the 

age of the Universe (13.8 billion years) to run on 128-bit keys. With AES-256 bits, we are therefore 

in peace, and it is the recommended key length to be quantum resistant! They are based on mecha-

nisms that are quite different from the mathematical problem-solving of public key ciphers2471. 

Keys are shared upstream of the exchanges and are generally themselves encrypted with the asym-

metric Diffie-Hellman algorithm. But this Diffie-Hellman encryption is based on elliptic curves, 

which is breakable by Shor’s algorithm. The problem lies then with the vulnerability of the majority 

of encryption systems using asymmetric keys which are used to share symmetric keys. 

A hash function converts data of arbitrary size such as a file to a number of fixed size. This makes it 

possible to do quick searches to compare files. For example, it can be used to check that a file has not 

been altered during transmission. 

 

2468 As in Elliptic curves cryptography and factorization (86 slides). 

2469 As documented in Shor's discrete logarithm quantum algorithm for elliptic curves by John Proos and Christof Zalka, 2003 (34 

pages). The discrete log problem consists in finding an integer k verifying ak = b modulo p, a, b and p being known integers. This 

allows to break the elliptic and Diffie-Hellman curve keys. 

2470 See Ben Schwennesen's Elliptic Curve Cryptography and Government Backdoors, 2016 (20 pages). 

2471 See Hacking Cryptographic Protocols with Advanced Variational Quantum Attacks by Borja Aizpurua, Roman Orus et al, Multi-

verse, November 2023 (12 pages) is an algorithm proposal to break S-AES, a simplified version of AES as well as Blowfish, another 

symmetric key protocol. But it does not describe the resources needs to break some AES-256 key. 

https://www.fi.muni.cz/usr/gruska/crypto11/crypto_08.pdf
https://arxiv.org/pdf/quant-ph/0301141.pdf
https://services.math.duke.edu/~bray/Courses/89s-MOU/2016/Papers/BAS_Paper3_EllipticCurveCryptography.pdf
https://arxiv.org/abs/2311.02986
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SHA algorithms (Secure Hash Algorithms) are standard hash functions that consist in replacing data 

of arbitrary size by a unique key size. The SHA-1 hash algorithm is resistant to Shor's algorithm, but 

it has been broken by other methods and is therefore considered outdated. It is the SHA-3 which is 

the most up-to-date and since 2015. The SHA algorithm could be broken by Grover's search algorithm, 

but with many logical qubits, at least 6,000 logical qubits for common keys2472 . 

This represents an order of magnitude 

close to the qubit requirements for 

breaking RSA keys with Shor’s algo-

rithm. For example, a hash key or fin-

gerprint can be used to verify the in-

tegrity of content such as software or 

simply a password. The problem is to 

resist collisions, i.e., methods to find 

or create an object whose fingerprint 

would be the one you have, which is 

quite different from finding the origi-

nal object (like an image) from its fin-

gerprint, which is rather difficult. 

 

Figure 619: the staggering level of quantum resources required to beak SHA-256 
symmetric keys with Grover’s algorithm. Source: Estimating the cost of generic 

quantum pre-image attacks on SHA-2 and SHA-3, 2016 (21 pages). 

The number of qubits needed to break keys depends on the size of the key. SHA-1 and SHA-2 have 

small key sizes that can be recovered in a reasonable time with Grover's quantum search algorithm, 

but this is not the case for SHA-3 which exploits larger keys (Figure 619). This is the same logic as 

for AES. 

Shor’s Dlog (discrete log) algorithm threatens Digital Signature Algorithms, Diffie-Hellman key ex-

changes and El-Gamal encryption. And Simon’s algorithm can also break Even-Mansour ciphers that 

are used in some disk encryption solutions, although with a lot of caveats, the attacker needing to 

encrypt a superposition of inputs all with the same keys2473. All in all, Shor is not the only quantum 

threat to cybersecurity (Figure 620)! 

 
Figure 620: Shor’s algorithm is not the only quantum algorithm that could threaten existing cybersecurity using symmetric and 

asymmetric cryptography. (cc) Olivier Ezratty, 2021-2023. 

 

2472 Based on Estimating the cost of generic quantum pre-image attacks on SHA-2 and SHA-3, 2016 (21 pages). 

2473 See Breaking Symmetric Cryptosystems Using Quantum Algorithms by Gaëtan Leurent with Marc Kaplan, Anthony Leverrier and 

María Naya-Plasencia, 2016 (58 slides). 
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https://arxiv.org/pdf/1603.09383.pdf
https://arxiv.org/pdf/1603.09383.pdf
https://arxiv.org/pdf/1603.09383.pdf
https://who.paris.inria.fr/Gaetan.Leurent/files/Qsym_FOQUS.pdf
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Blockchain and Cryptocurrencies vulnerabilities 

What about Bitcoin, other crypto-currencies and the Blockchain? The answer is summarized in Fi-

gure 621 with a good inventory of the cryptosystems used by use as a starting point2474. 

Otherwise, experts have opposite views on the quantum risk, from let’s forget it2475, to it will come 

sooner than expected2476. 

Basically, the Blockchain is 

based on a patchwork of crypto-

graphic algorithms including 

AES, RSA and SHA-3. It uses a 

hash algorithm to ensure the in-

tegrity of the chain of trust, and a 

digital signature to authenticate 

new transactions that are incre-

mentally added to the Block-

chain. Bitcoin uses a SHA-256 

crypto hash, which is quantum 

resistant, and a signature that ex-

ploits ECDSA elliptic curves, 

which is not. In a similar manner, 

Ethereum uses a quantum re-

sistant SHA-3 hash and a vulner-

able ECDSA signature. 

 

Figure 621: algorithms used in cryptos and smart ledgers. Source: The Quantum 
Countdown Quantum Computing and The Future of Smart Ledger Encryption by Long 

Finance, 2018 (60 pages). 

However, an Eth2 upgrade to Ethereum published in 2021 has replaced ECDSA based signatures by 

Lamport Q-R signatures which are quantum safe, with the inconvenience of being very large (over 

200 times bigger than an ECDSA signature). 

A recent review paper lists Bitcoin, Ethereum, Litecoin, Monero and ZCash as highly vulnerable to 

Shor’s algorithm and all these, except Monero, to be moderately vulnerable to Grover search2477. 

All in all, quantum computing will not allow to alter the Blockchain, nor the proof of work used by 

Bitcoin which relies on the repeated use of quantum-resistant hash. The vulnerability of the Block-

chain lies in the signature that relies on the ECDSA elliptic curve algorithm which can be broken with 

Shor’s algorithm. This would make it possible to impersonate someone else in a transaction involving 

a Blockchain or Bitcoins. That’s still a whole lot of potential troubles! For example, if a Bitcoin 

transaction was intercepted to retrieve the sender's ECDSA signature, it could be exploited to transfer 

Bitcoins from that sender's wallet. 

What is the “size” of the quantum computer that would break the ECDSA signature of the Bitcoin? 

The required number of qubits depends on the desired computing time. It would be 317 million phys-

ical qubits to break the key in one hour using a surface code, a code cycle time of 1 μs (IBM’s cycle 

is right now at about 1 ms) and qubit fidelities 99.9% (IBM reached it with 27 qubits in 2021). In one 

day, the requirement is lower, at 13 million physical qubits. 

 

2474 The answer is well documented in The Quantum Countdown Quantum Computing and The Future of Smart Ledger Encryption by 

Long Finance, 2018 (60 pages). 

2475 See Here’s Why Quantum Computing Will Not Break Cryptocurrencies by Roger Huang, December 2020. 

2476 See Q-Day Is Coming Sooner Than We Think by Arthur Herman, Forbes, June 2021. It mentions a crack of a RSA 2048-bit 

encryption key in 10 seconds with 4,099 stable qubits without mentioning the source of this performance. I have searched it and didn’t 

found the source reference of these 10 seconds mentioned in various places. The only detail is it would require a perfect quantum 

computer executing one million operations per second. 

2477 See Vulnerability of blockchain technologies to quantum attacks by Joseph J.Kearney et al, 2021 (10 pages). 

http://www.longfinance.net/DF/Quantum_Countdown.pdf
http://www.longfinance.net/DF/Quantum_Countdown.pdf
http://www.longfinance.net/DF/Quantum_Countdown.pdf
https://www.forbes.com/sites/rogerhuang/2020/12/21/heres-why-quantum-computing-will-not-break-cryptocurrencies/
https://www.forbes.com/sites/arthurherman/2021/06/07/q-day-is-coming-sooner-than-we-think/
https://www.sciencedirect.com/science/article/pii/S2590005621000138
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Whatever, as we have seen in studying the scalability of various quantum computing architecture and 

their enabling technologies, it is clear we are very far from seeing this threat to materialize2478. And 

like some like to assert, it does not matter since the Bitcoin may not outlast the current NISQ era! 

Workarounds can obviously be created until a quantum threat to transaction integrity is confirmed. 

This can be done by encrypting the signatures used by the blockchains with a PQC system, as we will 

see later2479. 

It is also possible to encrypt the data circulating in a Blockchain with a quantum computationally 

resistant algorithm such as AES-256, with the disadvantage that it is symmetrical and therefore re-

quires keys to be exchanged beforehand. However, there are already some workarounds. 

A protocol using a longer validation time for Bitcoin transactions would allow to bypass the use of 

integer factoring to break the Bitcoin electronic signature algorithm, ECDSA2480.But this would only 

amplify a key flaw of Bitcoin as a currency: a lengthening of transaction times that are already far 

from real time! Bitcoin mining is potentially vulnerable by Grover’s algorithm although its real prac-

tical speedup on a LSQC (large scale quantum computer) is questionable. Researchers are proposing 

some changes in the rules (and timing) applied by miners to mitigate this threat2481. 

We can also mention the open source Blockchain project resisting quantum attacks, Quantum Re-

sistant Ledger. It is based on the XMSS (Extended Merkle Signature Scheme) electronic signature 

protocol2482. There is also a risk of attack at the mining level, with Grover's algorithm. 

But here again, solutions 

are available 2483  2484 .The 

Long Finance document 

from which this table is ex-

tracted summarizes all 

these risks on Smart Ledg-

ers by separating the trans-

actions that are relatively 

protected and those that 

rely on vulnerable elec-

tronic signatures that are 

not vulnerable to hacking 

of the SSL and TLS proto-

cols2485 2486 (Figure 622). 

 

Figure 622: potential long term quantum threats on cryptos. Source: The Quantum Countdown 
Quantum Computing and The Future of Smart Ledger Encryption by Long Finance, 2018 (60 pages). 

 

2478 See The impact of hardware specifications on reaching quantum advantage in the fault tolerant regime by Mark Webber et al, 

September 2021 (16 pages). 

2479 See Blockchained Post-Quantum Signatures by Chalkias Browny Hearnz, 2018 (8 pages). 

2480 It is documented in Committing to Quantum Resistance A Slow Defence for Bitcoin against a Fast Quantum Computing Attack, 

2018 (18 pages). 

2481 See On the insecurity of quantum Bitcoin mining by Or Sattath, February 2019 (22 pages). 

2482 See also Blockchained Post-Quantum Signatures by Chalkias Browny Hearnz, 2018 (8 pages). 

2483 See On the insecurity of quantum Bitcoin mining by Or Sattath, February 2019 (22 pages). 

2484 See the excellent review paper Navigating the Quantum Computing Threat Landscape for Blockchains: A Comprehensive Survey 

by Hassan Khodaiemehr, Khadijeh Bagheri and Chen Feng, September 2023 (62 pages). 

2485 See also The quantum threat to payment systems by Michele Mosca of the University of Waterloo, 2017 (52 minutes). Mosca is 

one of the world references in the quantum cryptography field. 

2486 See also The Quantum Countdown Quantum Computing And The Future Of Smart Ledger Encryption, Long Finance, February 

2018 (62 pages) 

https://theqrl.org/
https://theqrl.org/
http://www.longfinance.net/DF/Quantum_Countdown.pdf
http://www.longfinance.net/DF/Quantum_Countdown.pdf
https://avs.scitation.org/doi/10.1116/5.0073075
https://eprint.iacr.org/2018/658.pdf
https://eprint.iacr.org/2018/213.pdf
https://arxiv.org/abs/1804.08118
https://eprint.iacr.org/2018/658.pdf
https://arxiv.org/pdf/1804.08118.pdf
https://www.techrxiv.org/doi/full/10.36227/techrxiv.24136440.v1
https://www.youtube.com/watch?v=3SkVJsGyUWc&t=5s
https://www.longfinance.net/media/documents/Quantum_Countdown.pdf
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This section on threats would not be complete without mentioning the disagreements between cyber-

security specialists. Some are rather conservative and consider that one should not touch too much of 

what works well. They think Shor's threat is exaggerated. Others, such as the NIST and NSA in the 

US, are more alarmist and believe that the most critical cryptographic systems should be updated as 

soon as possible2487. And we also have arguments between the compared advantages of QKD and 

PQC, the two systems that can protect cybersecurity from quantum computing long-term threats2488. 

Threat assessments 

Since I have been tracking this field, I have observed that the cybersecurity threat coming from quan-

tum computers has been overestimated. 

One past example shown in Figure 623 came from 

the European standardization organization 

ETSI2489, based on very optimistic predictions on 

QPUs capabilities to exploit Shor's algorithm. If 

that prediction was exact, as of 2023, RSA 2048 

keys would already be broken by quantum comput-

ers! 

The orange part of the graph should be shifted into 

the future by at least 10 to 20 years. 

The cyberthreat is usually exaggerated by cyberse-

curity specialists who are not aware of the various 

difficulties of creating scalable quantum comput-

ers. And they also have stuff to sell, with the myr-

iad of diagnostic tools and services, on top of the 

new post-quantum cryptography solutions, as they 

are being standardized by NIST and others. 

 

Figure 623: how Shor’s risk is usually overestimated with a past 
example. Source: Quantum Safe Cryptography and Security, 

2015 (64 pages). 

Many predictions are entirely wrong whether they talk about a “quantum apocalypse2490”, an equiv-

alent of a “nuclear threat”2491 or when some folks predicted in 2020 that the Bitcoin security would 

be broken by 20222492. They were confusing physical and logical qubits requirements among other 

mistakes! The same mistake was reiterated a year and a half later with a cybersecurity poll2493. The 

main issue with these polls is that they are asking a question to cybersecurity specialists and other 

commentators who have no clue about the scalability challenges of quantum computing2494. 

 

2487 Analysts are amplifying the fear, as in Executive's Guide to Quantum Computing and Quantum-secure Cybersecurity from Hudson 

Institute, a US conservative think tank, March 2019 (24 pages), Preparing Enterprises for the Quantum Computing Cybersecurity 

Threats by CSA, May 2019 or Global Risk Report 2020 from the World Economic Forum. 

2488 See Quantum crypto-economics: Blockchain prediction markets for the evolution of quantum technology by Peter P. Rohde et al, 

February 2021 (12 pages) that modelize different scenarios depending on the reality of the quantum threat. 

2489 See Quantum Safe Cryptography and Security, 2015 (64 pages). 

2490 See What is the quantum apocalypse and should we be scared? by Frank Gardner, BBC, January 2022. 

2491 See ‘Nuclear Threat to Cybersecurity’ — Post-Quantum Cybersecurity Rapidly Gains Attention of U.S. Congress, Administration 

by Matt Swayne, The Quantum Insider, July 2022. 

2492 See Quantum computers could crack Bitcoin by 2022 by Robert Stevens, May 2020. 

2493  See Cybersecurity Experts Say Quantum, Advanced Technology Will Break Standard Encryption Within Two Years by Matt 

Swayne, The Quantum Insider, December 2021. 

2494 One good example is this paper Quantum Computing Threatens to Collapse the Grid by Alexander Boulden, December 2021 that 

forecasts doomsday for grid management due to quantum computing threat on cybersecurity. The chart from Statistica/CBinsights is 

both false and outdated, showing three qubit systems that never worked: Intel 49 superconducting qubits, Google’s Bristlecone 72 

qubits (it ended up being 53 functional qubits with Sycamore in 2019) and Rigetti’s 128 qubits that were announced in 2018 and never 

released. They are up to 80 qubits as of 2022. 

https://www.etsi.org/images/files/ETSIWhitePapers/QuantumSafeWhitepaper.pdf
https://s3.amazonaws.com/media.hudson.org/Executive%27s%20Guide%20to%20Quantum%20WEB%20FINAL.pdf
https://cloudsecurityalliance.org/artifacts/preparing-enterprises-for-the-quantum-computing-cybersecurity-threats/
https://cloudsecurityalliance.org/artifacts/preparing-enterprises-for-the-quantum-computing-cybersecurity-threats/
https://www.weforum.org/reports/the-global-risks-report-2020
https://arxiv.org/abs/2102.00659
https://www.etsi.org/images/files/ETSIWhitePapers/QuantumSafeWhitepaper.pdf
https://www.bbc.com/news/technology-60144498
https://thequantuminsider.com/2022/07/25/nuclear-threat-to-cybersecurity-post-quantum-cybersecurity-rapidly-gains-attention-of-u-s-congress-administration/
https://decrypt.co/28560/quantum-computers-could-crack-bitcoins-encryption-by-2022
https://thequantuminsider.com/2021/12/11/cybersecurity-experts-say-quantum-advanced-technology-will-break-standard-encryption-within-two-years/
https://www.wealthdaily.com/articles/quantum-computing-threatens-to-collapse-the-grid/100788
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And that’s true as well for a former NSA director2495! 

A report produced late 2022 by the X9 Financial Industry Standards organization created the notion 

of Cryptographically Relevant Quantum Computer (CRQC) and tried to estimate when the threat will 

materialize2496. It mentioned a RSA security risk countdown ending by 2030, established by the Cloud 

Security Alliance (CSA). Hopefully, the report is well documented, particularly when describing ex-

isting and PQC related cryptographic solutions. 

A Financial Times 2023 demonstration of how a quantum computer works and how it could break an 

RSA key contained lots of visuals and simplifications2497. Peter Shor gave his best guess as to when 

this might happen: “between 20 and 40 years,” but he does not rule out the possibility that the physics 

challenges will prove too hard, and we will never build workable quantum computers. 

Only a few analysts think that the quantum threat is overestimated2498. It is the result of a mix of an 

unbalanced knowledge of the actual quantum threat between quantum information and cybersecurity 

specialists. On top of that, cybersecurity vendors have a natural interest to increase the threat percep-

tion, in order to sell PQC-based upgraded security solutions2499. There’s a nice potential market to 

address with $5.5B to $10B by 20302500 2501. So, if quantum computers were able to scale to a point 

to break today’s asymmetric cryptography, it would indeed create a quantum apocalypse. The ques-

tion is whether it is realistic or not. There is a bigger risk to kill all electronic devices with solar flares 

than asymmetric cryptography with a large scale quantum computer. 

The fear is also fueled by governments’ paranoia and the global fight between the USA and China for 

quantum technology dominance. On top of that, a lot of myths abound about the NSA and its capa-

bilities, up to many folks thinking that this organization already owns an RSA-breaker QPU in its 

datacenters. While you can never efficiently prove that something does not exist, a good understand-

ing of the scalability challenges with quantum computing makes serious people think this thing is just 

a bad nightmare. But if the cost of getting protected against this potential threat is reasonable, then it 

makes sense to implement PQC solutions. 

Mosca’s inequality 

Michele Mosca created an inequality that explains the time risk. It is expressed in the form D+T>Gc, 

where D is the length of time during which today's data circulating in encrypted form must be secured, 

T, the time needed to make my transition from its encryption systems to solutions resistant to quantum 

computing, and Gc, the time it will take to develop quantum computers capable of breaking the public 

keys of current encryption systems. You specify D. You can plan for T according to your information 

systems and available commercial solutions and standards. How about Gc? You must evaluate it with 

your gut feeling because current estimates span from 5-10 years to... never! For example, some re-

searchers from the UK and USA tried in 2020 to predict when a FTQC would show up2502. 

 

2495 See Podcast with Adm. Mike Rogers - former NDA director by Yuval Boger, March 2022. 

2496 See New X9 Report Demystifies Quantum Computing Risks, BusinessWire, December 2022 which points to Quantum Computing 

Risks to the Financial Services Industry, X9, 2022 (122 pages). 

2497 See Quantum computing could break the internet. This is how, by Sam Learner, John Thornhill, Sam Joiner and Irene de la Torre 

Arenas, Financial Times, May 2023. 

2498 See Quantum Cryptanalysis: Hype and Reality by Chris Jay Hoofnagle and Simson Garfinkel, February 2022 think that the quan-

tum cybersecurity threat is overestimated. 

2499 See The race to save the Internet from quantum hackers by Davide Castelvecchi, Nature, February 2022. 

2500 See IQT Research Forecasts Revenues from Post Quantum Cryptography to Reach $6.7 Billion by 2032, July 2023. 

2501 See The Quantum Insider Report Forecasts Quantum Security Market Worth $10 Billion by 2030, February 2022. 

2502 See Forecasting timelines of quantum computing by Jaime Sevilla and C. Jess Riedel, December 2020 (23 pages). 

https://cloudsecurityalliance.org/research/topics/quantum-safe-security/
https://cloudsecurityalliance.org/research/topics/quantum-safe-security/
https://www.classiq.io/insights/podcast-with-mike-rogers-former-director-of-the-national-security-agency
https://www.businesswire.com/news/home/20221201005339/en/New-X9-Report-Demystifies-Quantum-Computing-Risks
https://x9.org/quantum-computing/
https://x9.org/quantum-computing/
https://ig.ft.com/quantum-computing/
https://www.lawfareblog.com/quantum-cryptanalysis-hype-and-reality
https://www.nature.com/articles/d41586-022-00339-5
https://www.prnewswire.com/news-releases/iqt-research-forecasts-revenues-from-post-quantum-cryptography-to-reach-6-7-billion-by-2032--301884634.html
https://thequantuminsider.com/2022/02/02/the-quantum-insider-report-forecasts-quantum-security-market-worth-10-billion-by-2030/
https://arxiv.org/abs/2009.05045
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With a sort of logistic regression, their model predicted that proof-of-concept fault-tolerant quantum 

computers will be developed between 2026 and 2033 with 90% confidence with the median in early 

2030, and that RSA-2048 Shor attacks will become feasible between 2039 and 2058 with a 90% 

confidence and median in 2050. Making predictions with such a method for a 30-year timeframe 

seems preposterous. 

Michele Mosca and Marco Piani from evolutionQ publish a report every year collecting the opinion 

of about 40 renowned respondent experts on the potential advent of a quantum threat to public-key 

cryptography. The 2022 edition showcases similar results as in the previous editions, as shown in 

Figure 624. My take is that the best prediction one should make is: “we don’t know”! And when you 

are paranoid, it easily becomes “who knows?”. 

 
Figure 624: evolutionQ‘s yearly report on the quantum cyber risk as estimated by specialists from various disciplines and the way 
their opinion changed over that last four surveys. Source: 2022 Quantum Threat Timeline Report - Global Risk Institute, 2022 (67 

pages). 

As an illustration, a US report from 2004 prepared with the best scientists of this period planned by 

the year 2012 to see the implementation of a concatenated quantum error-correcting code and to ob-

tain 50 physical qubits2503. These qubits came by 2019 and we don’t have yet a sufficient number of 

qubits to implement concatenated codes. In 2012, the surface code was invented that is more efficient 

and has been experimented only at a very low scale by Google and Quantinuum. 

Quantum cryptanalysis resource estimates 

Quantum cryptanalysis is about code breaking. The usual landmark quantum break is dealing with an 

RSA 2048-bit key. Many resource estimates have been done accordingly. 

To date, prime number factoring requires a traditional machine power that grows with the square root 

of the number to be factorized. The official classical RSA key factoring record was 768 bits in 2010, 

795 bits in 2019 and 829 bits in February 20202504 (see Figure 625). Even if this doesn’t consider 

undisclosed NSA records, it provides an idea of the problem scale. 

 

2503 See A Quantum Information Science and Technology Roadmap Part 1: Quantum Computation, 2004 (268 pages). 

2504 This factorization of an RSA-250 digits (829 bits) and the previous RSA-240 digits (795 bits) was achieved by an international 

team led by French researchers from Inria: Fabrice Boudot (Université de Limoges), Pierrick Gaudry (CNRS), Aurore Guillevic, Em-

manuel Thomé and Paul Zimmermann (Inria) and Nadia Heninger (University of California). Computation used 2,700 core-years, of 

Intel Xeon Gold 6130 CPUs running at 2.1 GHz. See The State of the Art in Integer Factoring and Breaking Public-Key Cryptography 

by Fabrice Boudot, Pierrick Gaudry, Aurore Guillevic, Nadia Heninger, Emmanuel Thomé and Paul Zimmermann, June 2022 (9 pages) 

and Factoring RSA-240 and computing discrete logarithms in a 240-digit prime field with the same software and hardware by Fabrice 

Boudot, Pierrick Gaudry, Aurore Guillevic, Nadia Heninger, Emmanuel Thomé and Paul Zimmermann, Inria, March 2021 (87 slides). 

https://globalriskinstitute.org/publication/2022-quantum-threat-timeline-report/
https://qist.lanl.gov/pdfs/qc_roadmap.pdf
https://hal.archives-ouvertes.fr/hal-03691141
https://members.loria.fr/AGuillevic/files/talks/21-GDR-IM.pdf
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We are far from having a classi-

cal computer breaking an RSA 

2048-bit code given the problem 

size is exponential with the size 

of the RSA key. As of 2023, the 

largest number ever factored on 

a gate-based quantum computer 

with Shor’s algorithm is 35 

(7x5), with an IBM QPU2505. It 

followed a 2002 premiere with 

factoring 15 on an NMR qubit 

QPU from IBM2506. The largest 

Shor algorithm factoring is actu-

ally larger, with 

549,755,813,701 = 712,321 × 

771,781, but achieved on a Shor 

emulation done with classical 

GPUs in 20232507. 

 

Figure 625: evolution of record classical factorization of RSA keys. Source: Prime 
Factorization by Tristan Sharp and Fabio Traversa, DISA TEM, August 2023 (35 slides). 

Using a hybrid Variational Quantum Factoring algorithm itself based on a QAOA algorithm, Zapata 

Computing factored the number 1,099,551,473,989 (=1,048,589 multiplied by 1,048,601) with 5 

IBM superconducting qubits in 2021 (which could be emulated on your smartwatch)2508. 

Meanwhile, the largest number factored on a D-Wave 2000Q annealer was achieved in 2019 was 

376,389 using a block multiplication table method 2509. Then, in 2023, a South Korea team factorized 

102,454,763 and 1,000,070,001,221 on a D-Wave annealer2510. It however doesn’t seem to scale well. 

They used only 26 logical qubits while D-Wave Advantage has over 300 of them. A 762-bit RSA key 

close to the 2010 record would require a D-Wave annealer computer with 5.5 billion qubits, far from 

the existing 5,000 qubits2511. A D-Wave annealer with 5,893 qubits could do the job if all qubits could 

be arbitrarily coupled to the other, which is not possible due to the way these 2D chips are currently 

designed. Also, we should not discount threats coming from quantum machine learning algorithms2512. 

In 2019, Google’s Craig Gidney published a reference algorithm and QPU architecture blueprint us-

ing surface codes that would break an RSA 2048-bit key in 8 hours with 22 million physical qubits 

 

2505 See An Experimental Study of Shor's Factoring Algorithm on IBM Q by Mirko Amico, Zain H. Saleem and Muir Kumph, 2019 

(10 pages). 

2506 See Experimental realization of Shor's quantum factoring algorithm using nuclear magnetic resonance by Lieven M. K. Vander-

sypen et al, Nature, 2002 (18 pages). 

2507 See Large-scale simulation of Shor's quantum factoring algorithm by Dennis Willsch, Madita Willsch, Fengping Jin, Hans De 

Raedt and Kristel Michielsen, August 2023 (31 pages). 

2508 See Analyzing the performance of variational quantum factoring on a superconducting quantum processor by Amir H. Karamlou 

et al, npj, Zapata Computing October 2021 (6 pages). 

2509 See Breaking RSA Security With A Low Noise D-Wave 2000Q Quantum Annealer: Computational Times, Limitations And Pro-

spects by Riccardo Mengoni et al, Cineca and ENI, 2019 (8 pages). 

2510 See HUBO and QUBO models for Prime factorization by Kyungtaek Jun, January 2023 (11 pages). 

2511 According to High-fidelity adiabatic quantum computation using the intrinsic Hamiltonian of a spin system: Application to the 

experimental factorization of 291311 by Nike Dattani, Xinhua Peng and Jiangfeng Du, June 2017 (6 pages). 

2512 See Capgemini and Fraunhofer IAIS lead study in quantum machine learning for it security commissioned by the German Federal 

Office for Information Security, November 2021. 

https://arxiv.org/abs/1903.00768
https://www.nature.com/articles/414883a
https://arxiv.org/abs/2308.05047
https://www.nature.com/articles/s41534-021-00478-z
https://arxiv.org/abs/2005.02268
https://arxiv.org/abs/2005.02268
https://arxiv.org/abs/2301.06738
https://arxiv.org/abs/1706.08061
https://arxiv.org/abs/1706.08061
https://www-capgemini-com.cdn.ampproject.org/c/s/www.capgemini.com/news/capgemini-and-fraunhofer-iais-lead-study-in-quantum-machine-learning-for-it-security-commissioned-by-the-german-federal-office-for-information-security/amp/
https://www-capgemini-com.cdn.ampproject.org/c/s/www.capgemini.com/news/capgemini-and-fraunhofer-iais-lead-study-in-quantum-machine-learning-for-it-security-commissioned-by-the-german-federal-office-for-information-security/amp/
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having an error rate of 0.1%2513. Four years later, this blueprint is still a reference. When it was pub-

lished, it was a key progress compared to the billion qubits that were needed in previous instances of 

Shor’s algorithm. 

On paper, breaking a 2048-bit RSA key requires a number of logical qubits that is at least equal to 

twice the size of the key used +2, so 4098 qubits. Depending on the technologies used, this number 

should be multiplied by 30 to 10,000s to obtain the related number of physical qubits. This scalability 

is one of the greatest challenges for building viable quantum computers as we’ve seen in other parts 

of this book. 

Moreover, as we have seen in the section on Shor's algorithm, the quantum Fourier transform under-

lying it uses phase-controlled R-quantum gates whose implementation is far from obvious. Indeed, 

when the phase rotation has an angle of (1/2,048)×2π, the controlled rotation of the phase can be 

inferior to the error rate of a one or two-qubit quantum gate. We must therefore bet on the ability of 

error correction codes to handle this. Some researchers argue that may not be possible to run Shor 

algorithm with noisy qubits to implement these precise rotation gates, even in a FTQC regime2514. 

Various recent resources estimates have refined these numbers. A French team estimated that 349,133 

cat qubits could break an RSA 2048 key with Shor’s algorithm in 4 days and 126,133 qubits for a 

256-bit elliptic curve key2515. As of 2023, 4 cat-qubits had been assembled and not yet fully charac-

terized by vendors like Alice&Bob. In June 2023, a PsiQuantum engineer estimated that breaking a 

similar 256-bit elliptic curve key would require about 6 million photonic qubits and ‘only’ 50 million 

Toffoli gates2516. 

Late 2022, Classiq estimated that 354,562 physical qubits could be enough to factorize an RSA 2048 

key2517. They used the default Azure Resource Estimator settings which assumes qubits have 99.9% 

error rates for single, two qubit and T gates as well as with readout, which is highly optimistic. It uses 

a surface code of distance 13 and logical qubit error rate of 5.1*10-9. Still, the result is not far from 

Alice&Bob’s above estimate. 

Fujitsu published in 2023 an estimate of its own on the resources needed to factorize an RSA 2048 

key using its 39-qubit classical quantum emulator2518. They ended up with 10,000 logical qubits and 

104 days of computing. They used their Fugaku supercomputer to factorize N = 253 in 463 seconds 

instead of 16 hours thanks to some optimization in their emulator. This could be done instantaneously 

using brute force on any classical computer! 

Even better, a 2021 paper by Nicolas Sangouard et Elie Gouzien stated that theoretically, an RSA-

2048 key could be broken by only 13,436 physical qubits in 177 days provided it could exploit a 40 

million modes quantum memory2519. 

 

2513 See How to factor 2048 bit RSA integers in 8 hours using 20 million noisy qubits by Craig Gidney and Martin Ekerå, 2019 (25 

pages). 

2514 See Shor's Algorithm Does Not Factor Large Integers in the Presence of Noise by Jin-Yi Cai, University of Wisconsin-Madison, 

June 2023 (21 pages). 

2515 See Performance Analysis of a Repetition Cat Code Architecture: Computing 256-bit Elliptic Curve Logarithm in 9 Hours with 

126 133 Cat Qubits by Élie Gouzien, Diego Ruiz, Francois-Marie Le Régent, Jérémie Guillaud, and Nicolas Sangouard, PRL, July 

2023. And the corresponding arXiv, Computing 256-bit Elliptic Curve Logarithm in 9 Hours with 126133 Cat Qubits, February 2023 

(39 pages). 

2516 See How to compute a 256-bit elliptic curve private key with only 50 million Toffoli gates by Daniel Litinski, PsiQuantum, June 

2023 (19 pages). 

2517 See Making academic quantum algorithms automatically executable, Classiq, December 2022. 

2518 See Fujitsu quantum simulator assesses vulnerability of RSA cryptosystem to potential quantum computer cryptography threat, 

Fujitsu, January 2023. 

2519 See Factoring 2048-bit RSA Integers in 177 Days with 13436 Qubits and a Multimode Memory by Nicolas Sangouard and Élie 

Gouzien, September 2021 (20 pages). 

https://arxiv.org/abs/1905.09749
https://arxiv.org/abs/2306.10072
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.040602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.040602
https://arxiv.org/abs/2302.06639
https://arxiv.org/abs/2306.08585
https://www.classiq.io/insights/making-academic-quantum-algorithms-automatically-executable
https://www.fujitsu.com/global/about/resources/news/press-releases/2023/0123-01.html
https://arxiv.org/abs/2103.06159
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This sort of memory would be simpler to build than tens of millions of computing qubits, but it is still 

a huge challenge to create it. 

Other proposals abound beyond FTQC architectures. For example, ParityQC (Austria) is proposing 

to use its reversible parity gates architecture. But breaking an RSA2048 key would require about 14 

million qubits, not much less than the 23 million qubits from Craig Gidney’s 2019 algorithm2520. 

Some US researchers are proposing a variational algorithm to factorize integers. It could factorize 

143 as 11×13 and 323 as 19×17 but lacks any resource estimations at scale for breaking a 2048-bit 

RSA key2521. So, forget it! 

In December 2022, a China team of 25 researchers made the news with a so-called NISQ algorithm 

that could break an RSA 2048-bit key with only 372 physical qubits, using a hybrid lattice-based 

scheme based on the classical Schnorr factoring algorithm, accelerated by a QAOA quantum part2522. 

It was demonstrated factoring a 48-bit key with only 10 superconducting qubits. It looked like the 

crypto-Armageddon was already there and drove its good share of visibility. Many experts including 

Peter Shor and Scott Aaronson expressed doubts that it could be achieved practically2523 2524. Reasons 

abound: the Schnorr algorithm is not necessarily competitive with classical and quantum NFS (Num-

ber Field Sieve) approaches to factorize integers2525 2526, the paper didn’t provide any indication of 

the required computing time and it looked it was actually in the million years range, the quantum 

QAOA algorithm is known to have bad scalability in a NISQ regime, and on top of that, the algorithm 

needs 1,139 to 1,490 gate cycles, requiring qubit fidelities in the 5-nines range minimum, thus man-

dating some quantum error correction and significant physical qubit overhead in the thousands, thus 

invalidating their 372 qubits sizing claim. A Google team proved in July 2023 that the proposed al-

gorithm cannot scale beyond a key of 70 bits, even with perfect qubits, with using a classical quantum 

emulator2527. An IonQ team found in August 2023 that lattice-based factoring does not scale success-

fully to larger numbers, whatever the role of a quantum computer in the setup2528. A team in Russia 

also proved that the classical part of the algorithm does not scale well2529. Another one also expressed 

doubts on the scalability of another optimized QAOA method2530. Case closed, for the moment! 

A team from Kipu Quantum (German) upped the ante in January 2023 with proposing a lightly 

documented variation of the Schnorr/QAOA hybrid algorithm that would be adapted to their DAQC 

 

2520 See Scalable set of reversible parity gates for integer factorization by Martin Lanthaler, Benjamin E. Niehoff and Wolfgang Lechner, 

ParityQC, Nature Communications Physics, May 2023 (8 pages). 

2521 See Shallow Depth Factoring Based on Quantum Feasibility Labeling and Variational Quantum Search by Imran Khan Tutul et al, 

Alfred University (USA), May 2023 (9 pages). 

2522 See Factoring integers with sublinear resources on a superconducting quantum processor by Bao Yan et al, December 2022 (32 

pages). 

2523 See Chinese researchers claim success in breaking encryption using quantum computers by Richard Waters, Financial Times, De-

cember 2022. 

2524 See Cargo Cult Quantum Factoring by Scott Aaronson, January 2023. 

2525 See A low-resource quantum factoring algorithm by Daniel J. Bernstein, Jean-François Biasse and Michele Mosca, 2017 (17 pages) 

which requires 𝑂(𝑛2/3) logical qubits, n being the number of bits in the RSA key to factorize. 

2526 See On speeding up factoring with quantum SAT solvers by Michele Mosca, João Marcos Vensi Basso and Sebastian R. Verschoor, 

Nature Scientific Reports, September 2020 (11 pages). 

2527 See A comment on "Factoring integers with sublinear resources on a superconducting quantum processor" by Tanuj Khattar and 

Nour Yosri, Google, July 2023 (6 pages). Schnorr algorithm doesn’t scale. 

2528 See Quantum and Classical Combinatorial Optimizations Applied to Lattice-Based Factorization by Willie Aboumrad et al, IonQ, 

August 2023 (23 pages). 

2529 See Pitfalls of the sublinear QAOA-based factorization algorithm by S.V. Grebnev et al, March-Septembre 2023 (19 pages). 

2530 See Integer Factorization through Func-QAOA by Mostafa Atallah et al, September 2023 (25 pages). 

https://www.nature.com/articles/s42005-023-01191-3
https://arxiv.org/abs/2305.19542
https://arxiv.org/abs/2212.12372
https://archive.ph/susf8
https://scottaaronson.blog/?p=6957
https://cr.yp.to/papers/grovernfs-20170419.pdf
https://www.nature.com/articles/s41598-020-71654-y
https://arxiv.org/abs/2307.09651
https://arxiv.org/abs/2308.07804
https://arxiv.org/abs/2303.04656
https://arxiv.org/abs/2309.15162
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(digital analog quantum computing) architecture. They tested it at a small scale with a 48-bit key with 

10 Quantinuum qubits but its potential scale is also in question2531. 

Another China team proposed in April 2023 to turn Shor’s integer factoring algorithm into a hybrid 

classical/quantum version with distributing its period finding part over several QPUs2532. They would 

implement non-local quantum gates thanks to some qubit teleportation in parallel for a number of 

qubits equivalent to the size of the RSA key to factorize which is not yet available, at least, determin-

istically. In a way, it is about moving the goal post elsewhere. In August 2023, an algorithm proposed 

by Oled Regev traded a better computing time with some classical parallelization and post-processing 

and a larger number of logical qubits2533. It does not increase the quantum computing threat on cy-

bersecurity. 

In 2023, a US-India research team was able to factorize tetra and penta prime integers on an IBM 

QPU2534. Nice! Tetra and penta prime integers are integers with 4 and 5 prime integers factors, which 

are easier to find than integers with only two prime factors like in RSA keys. On top of that, the 

performance was achieved with 3 and 4 qubits of a 7-qubit IBM QPU. Which means that there is no 

quantum advantage at all, since these qubits can be perfectly emulated on a Raspberry Pi, or even a 

microcomputer from the late 1970s! 

At last, let’s mention that, in 2021, Terra Quantum (Switzerland) announced that AES encryption 

was threatened by quantum algorithms running on some D-Wave annealer of the future2535. It seemed 

to be a dubious claim2536 2537.  

As usual, this kind of sensational paper generates some FUD (fear, uncertainty, and doubt) and lev-

erages the famous Brandolini's law according to which the resources needed to counter an invalid 

claim are at least one order of magnitude larger than the ones used to broadcast the claim. With that 

said, you can probably sleep very well and keep worrying about other cybersecurity vulnerabilities! 

Quantum Random Numbers Generators 

Quantum, post-quantum and traditional cryptographic systems are all fed by random number gener-

ators. They have been around for ages. Random numbers are also used in a large set of applications 

beyond classical cryptographic protocols. 

It includes gaming and casinos to draw lottery winning numbers, playing card shuffling, and various 

bets-related numbers, statistical analysis like the ones using Monte Carlo simulations in the finance 

sector, selecting random samples from large data sets like with machine learning, various scientific 

simulations and testing (like the Wheeler which-way or delay-choice experiment we already de-

scribed page 114), and smart networks simulations. 

In all these use cases, the main concern is to create truly random numbers. Namely sequences of 0s 

and 1s without repetitions of any sequence and a balanced proportion of 0 and 1, as in the decimals 

of π. 

 

2531 See Digitized-counterdiabatic quantum factorization by Narendra N. Hegade and Enrique Solano, January 2023 (3 pages). 

2532 See Distributed Quantum-classical Hybrid Shor's Algorithm by Ligang Xiao et al, Sun Yat-sen University and QuDoor Technolo-

gies, April 2023 (15 pages). 

2533 See An Efficient Quantum Factoring Algorithm by Oded Regev, New York University, August 2023 (12 pages). 

2534 See Factorization of large tetra and penta prime numbers on IBM quantum processor by Ritu Dhaulakhandi et al, April 2023 (12 

pages). 

2535 See Swiss firm Terra Quantum uncovers vulnerabilities that imperil encryption by Ryan Gallagher, Bloomberg, February 2021. 

2536 See Does Terra Quantum AG break AES and Hash Algorithms?, Crypto Stackexchange, 2021. 

2537 See Quantum Security Analysis of AES by Xavier Bonnetain et al, Sorbonne Université and Inria, 2019 (39 pages). 

https://arxiv.org/abs/2301.11005
https://arxiv.org/abs/2304.12100
https://arxiv.org/abs/2308.06572
https://arxiv.org/abs/2304.04999
https://www.business-standard.com/article/technology/swiss-firm-terra-quantum-uncovers-vulnerabilities-that-imperils-encryption-121020800131_1.html
https://crypto.stackexchange.com/questions/88059/does-terra-quantum-ag-break-aes-and-hash-algorithms
https://eprint.iacr.org/2019/272.pdf


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum Random Numbers Generators - 718 

These number generation processes must also be non-deterministic, not reproducible and with no 

correlations, meaning that series of randomly generated numbers must be statistically independent. 

We could indeed generate good random numbers but if they were similar in time, it wouldn’t be 

satisfactory at all. 

Unfortunately, most used random number generators are pseudo-random and happen to be determin-

istic. These are branded PRNGs (Pseudo-Random Number Generators). 

Some mathematical formula deterministically produces a series of numbers, and some randomness is 

introduced by using as seed parameters some highly variable elements such as time with a millisecond 

precision, GPS coordinates, thermal noise or other contextual information. It still generates determin-

istic sequences of numbers with some repeat period, although passing regular randomness tests suc-

cessfully. 

Most PRNG systems now use a randomness extractor merging the output of a random entropy source 

and a short random seed. Despite these initialization variables and various tricks of the trade, common 

random number generators still create some periods within their generated numbers2538. Still, it may 

be useful to use deterministic RNGs in some cases where reproducibility is mandatory. Also, PRNGs 

have the advantage to be fast2539 (Figure 626). To avoid determinism, we must use a truly random 

physical process for the generation of numbers, aka TRNGs (True Random Number Generators), 

based on some chaotic physical phenomenon. One common technique consists in measuring the ther-

mal noise of an electronic component or the atmospheric electromagnetic noise2540. 

Thermal noise TRNGs are implemented in most microprocessors like those from Intel since 2013 

and from AMD since 2015 but with various identified weaknesses2541. It can for example rely on 

voltage randomness in resistive materials (Johnson’s effect), Zener noise in diodes or, more com-

monly, on some amplified free-running oscillator. 

So here come QRNGs (Quantum Random Number Generators), a subclass of TRNGs. They rely on 

quantum physics laws and one that is particularly important: Born’s probability rule, based on Schrö-

dinger’s wave equation. It replaces a generic chaotic system by a non-deterministic measurement of 

a physical property of some quantum objects, usually individual photons. In quantum physics, a quan-

tum object’s properties measurement is intrinsically random, at least, as far as we know2542. 

Quantum is the kingdom of randomness2543! But this randomness is not a guarantee to obtain truly 

nondeterministic random numbers. There are weaknesses in all these systems, particularly with their 

classical or semi-classical components like the beam splitters or photon detectors it is using, or with 

the software part handling the so-called randomness extraction. 

 

2538 However, there are still other solutions for generating non-quantum random numbers that need to be equally random, although this 

is still questionable. See for example Scientists Develop 'Absolutely Unbreakable' Encryption Chip Using Chaos Theory by Davey 

Winder, 2019. 

2539 See Quantum Random-Number Generators: Practical Considerations and Use Cases Report by Marco Piani, Michele Mosca and 

Brian Neill, evolutionQ, January 2021 (38 pages). This is the best document I found that explains the various subtleties of QRNGs, 

particularly about the device dependent and device-independent species. 

2540 Atmospheric noise is used by the service random.org operated by Randomness and Integrity Services Ltd (1998, Ireland). 

2541 Since 2013, Intel processors have been using the RDRAND function that is part of their 32 and 64 bits instruction set, returning a 

random number generated by an on-chip thermal noise based entropy source. AMD provides support for this instruction set since June 

2015. 

2542 See the review paper A Comprehensive Review of Quantum Random Number Generators: Concepts, Classification and the Origin 

of Randomness by Vaisakh Mannalath et al, March 2022-December 2023 (38 pages) and Quantum Random Number Generators : 

Benchmarking and Challenges by David Cirauqui et al, June 2022 (15 pages). 

2543 See Can Free Will Emerge from Determinism in Quantum Theory? by Gilles Brassard and Paul Raymond-Robichaud, 2012 (22 

pages). Even this is however arguable. See for example Quantum randomness is chimeric by Karl Svozil, April 2021 (16 pages) which 

comes back on the eternal debate of quantum measurement and its related randomness. 

https://www.forbes.com/sites/daveywinder/2019/12/20/scientists-develop-absolutely-unbreakable-encryption-chip-using-chaos-theory/#67954ad115ba 
https://www.evolutionq.com/qrng-report-2021.html
https://www.random.org/
https://arxiv.org/abs/2203.00261
https://arxiv.org/abs/2203.00261
https://arxiv.org/abs/2206.05328
https://arxiv.org/abs/2206.05328
https://arxiv.org/abs/1204.2128
https://arxiv.org/pdf/2102.13500.pdf
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Its consequence is an intense competition between QRNG vendors. They all claim to generate “truly” 

random numbers contrarily to their QRNG competitors. 

Many differentiation features are also important: the random numbers generation rate (in bits/seconds, 

some applications may be very demanding), the time it takes to warm up and stabilize the system 

(some QRNGs are slow to warm-up and may require hours to stabilize), is it device independent 

(impacts randomness quality but also RNG rates; but no such commercial systems are available yet), 

certifiability (some are black-boxes that are really difficult to audit, others are said to be self-certified) 

and other standard characteristics that may be important depending on the use case (weight, size, 

price and power drain). 

At last, vendor trust is a key criterion, particularly when you discover that some Switzerland cyber-

security products contained backdoors created on behalf of the CIA2544. It also explains why, whatever 

the technology used, western countries may not and probably should not rely on Chinese or Russian 

TRNG/QRNG vendors. It is now up to you to understand how these systems are benchmarkable and 

benchmarked to figure out whether such and such QRNG is safe or not. Many different QRNG tech-

niques have been created to date. The most commonplace are those using photons, with components 

that are now easy to miniaturize, even in a smartphone. 

 

Figure 626: taxonomy of random numbers generators. Source: Quantum Random-Number Generators: Practical Considerations 
and Use Cases Report by Marco Piani, Michele Mosca and Brian Neill, evolutionQ, January 2021 (38 pages). 

Photons counting aka photon-number resolving is the most common method, based on the measure-

ment of single photons emitted individually in series, passing through a regular balanced beam splitter 

and analyzed by two detectors2545. The series of generated 0s and 1s are theoretically random. Quan-

tum physics mathematical formalism and experiments say so! 

 

2544 See The intelligence coup of the century’ - For decades, the CIA read the encrypted communications of allies and adversaries by 

Greg Miller, Washington Post, February 2020. It deals with the Crypto AG company created in 1952 and dissolved in 2018. 

2545 See Quantum Random Number Generators by Miguel Herrero-Collantes, 2016 (54 pages). This setting is frequently referred to as 

a welcher-weg experiment, or “which way” experiment. 

https://www.evolutionq.com/qrng-report-2021.html
https://www.evolutionq.com/qrng-report-2021.html
https://www.washingtonpost.com/graphics/2020/world/national-security/cia-crypto-encryption-machines-espionage/
https://arxiv.org/abs/1604.03304
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Figure 627: IDQ quantum number generators. Source: IDQ. 

Each detected photon creates at most only one bit, but not all photons are detected. The detection 

speed is limited by the photon detectors bandwidth and their saturation level. This QRNG technique 

was pioneered by IDQ (Switzerland) in 2001 (Figure 627). 

One of its shortcomings is the used light source that can’t necessarily be certified. In some products, 

there’s also some warm-up time before real random numbers can be generated. Some solutions can 

certify the numbers generation randomness in such situation, like using a first beam splitter and de-

tector before photons are separated by a polarizing beam splitter2546. 

Nowadays, photon counting is (seemingly) done without a polarizing beam splitter. The light source 

is some LED diode, lighting a small CMOS image sensor, and generating “shot noise”. That’s what 

IDQ is now selling with its miniaturized Quantis chip. It is adapted to mass market use cases, in 

smartphones, laptops and cars. Such QRNG first appeared in a consumer product in 2020 in a version 

of the Samsung Galaxy A71 5G smartphone called Galaxy A Quantum, marketed by SK Telecom 

only in Korea. It probably won't change much in terms of user security, but it can make a lasting 

impression. In June 2023, the Samsung Galaxy Quantum 4 was released with the latest 

2.5mm×2.5mm IDQ QRNG chipset. 

In April 2021, Samsung announced a new version of this smartphone, the Galaxy Quantum2, adapted 

to 5G and with similar QRNG features using an IDQ Quantis chip2547. The same chip is found in a 

Vsmart Aris 5G smartphone, coming from Vietnam! In February 2023, IDQ launched a new revision 

of its QRNG chip, the IDQ250C3 which, surprisingly, is a little larger than the former IDQ250C2, 

with a size of 3x3x0.8 mm. 

Q→NU, CryptaLabs and Qrypt are also commercializing such type of QRNGs. 

Photon arrival time aka “time bin qubits” is about evaluating the arrival time of successive single 

photons in a simpler setting coupling a photon source like a LED or a laser and a photon counter to a 

high-resolution counter, down to a couple nanoseconds2548. 

 

2546 See Using the unpredictable nature of quantum mechanics to generate truly random numbers by Bob Yirka, 2021 that refers to 

Certified Quantum Random Numbers from Untrusted Light by David Drahi, December 2020 (32 pages). Its RNG output is 8.05 Gb/s. 

2547 The QRNG chipset is a square of 2.5mm creating random codes by capturing noise from an LED and a CMOS sensor. 

2548 See Photon arrival time quantum random number generation by Michael A. Wayne et al, 2009 (7 pages) which describes the 

principles of this random numbers generation methods. 
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https://phys.org/news/2021-01-unpredictable-nature-quantum-mechanics-random.html
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.041048
https://www.researchgate.net/publication/258359257_Photon_arrival_time_quantum_random_number_generation
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Practically, randomness comes from evaluating the variation of this arrival time compared with the 

decaying exponential waiting-time distribution2549.The system can also use a photon counting setting 

with a regular beam splitter and two photon detectors coupled each with a counter2550. It has low 

latency and is quickly up to speed. Qnu Labs, PicoQuant and QuTools are providers of such QRNGs. 

A variation of this technique recently developed uses a LED light illuminating a matrix of SPADs 

(single photon avalanche detectors) on a CMOS circuit, with a RNG capacity of 400 Mbit/s2551. 

Spontaneous emission uses amplified spontaneous emission, detection and digitization of optically 

filtered amplified spontaneous emission noise from a light source such as superluminescent diode 

(SLD)2552. It can even support entangled photons generation2553 and device independence2554. 

Phase noise and phase diffusion (PD-QRNG2555) are variations of spontaneous emission QRNGs. It 

uses a photons counting method variation proposed in 20092556. Implementations can use a VCSEL 

laser (single mode vertical cavity surface emitting laser) that is associated with a phase noise meas-

urement using a delay self-homodyne method2557. The photons from the laser are traversing a beam 

splitter. Among its benefits are a very high-bit rate, of potentially several tens of Gbits/s of random 

bits. 

The technique is used by vendors like 

Quside, Quantum eMotion and Kets. One 

way goes to the next beam splitter, and the 

other traverses a delay line, and is then 

merged back with the main line. An APD 

(avalanche photodetector), then counts the 

exiting photons and its signal is converted 

from analog to digital with an ADC 2558 

(Figure 628). 

 

Figure 628: Source: Truly Random Number Generation Based on 
Measurement of Phase Noise of Laser by Hong Guo et al, Peking University, 

January 2010 (4 pages). 

 

2549 See Quantum random number generation using an on-chip nanowire plasmonic waveguide by C. Strydom et al, June 2023 (10 

pages). 

2550 See First high-speed quantum-safe randomness generation with realistic devices, NTT, February 2021, which refers to A simple 

low-latency real-time certifiable quantum random number generator by Yanbao Zhang et al, 2021 (8 pages). 

2551 See A High Speed Integrated Quantum Random Number Generator with on-Chip Real-Time Randomness Extraction by Francesco 

Regazzoni et al, February 2021 (9 pages). 

2552 See Quantum Random Number Generator Based on LED by Mohammadreza Moeini et al, Iran, May 2023 (7 pages). 

2553 See Generation of quantum-certified random numbers using on-chip path-entangled single photons from an LED by Nicolò Leone 

et al, March 2023 (23 pages). 

2554 See Quantum random number generation based on a perovskite light emitting diode by Joakim Argillander et al, December  2022 

(9 pages). 

2555 See Quantum entropy source on an InP photonic integrated circuit for random number generation by Carlos Abellan et al, Optica, 

2016 (7 pages) and Real-time interferometric quantum random number generation on chip by Thomas Roger et al, Journal of Optical 

Society, 2019 (7 pages). 

2556 In Experimental demonstration of a high speed quantum random number generation scheme based on measuring phase noise of a 

single mode laser by Bing Qi, Yue-Meng Chi, Hoi-Kwong Lo and Li Qian, 2009 (7 pages). 

2557 VCSEL. See Gain-switched vcsel as a quantum entropy source: the problem of quantum and classical noise by Roman Shakhovoy 

and E.I. Maksimova, January 2023 (5 pages). 

2558 See Truly Random Number Generation Based on Measurement of Phase Noise of Laser by Hong Guo et al, Peking University, 

January 2010 (4 pages). 
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Quantum vacuum fluctuations uses a balanced homo-

dyne measurement of vacuum fluctuations of the electro-

magnetic field contained in the radio-frequency side-

bands of a single-mode (usually 780 nm) laser diode2559 

(Figure 629). Two diodes compute the difference of the 

signals coming from the two exits of a polarizing beam 

splitter and the resulting signal is amplified and digitized, 

to be processed by a randomness extractor. Such a QRNG 

system is implemented in a web site run by ANU (Aus-

tralian National University) with the qStream QRNG 

from Quintessence Labs, which generates keys at a 

>3.5Gbps rate2560 . A record of 100 Gbps rate was ob-

tained by a European team in 20222561. 

 

Figure 629: quantum vacuum fluctuation QRNG. Source: 
Random numbers from vacuum fluctuations by Yicheng 

Shi et al, 2016 (5 pages) 

Variations have been proposed like device-independent sources2562 and controlling “biased” quantum 

randomness2563. 

Radioactive decay was one of the first developed QRNG technologies, based on the random timing 

of decay of radioactive atoms, detected with a Geiger counter. It has limited bit rates and is not widely 

used, on top of not being very practical to implement given it is based on radioactive materials. There 

is however a vendor in that space, EYL. 

Other various techniques are mentioned but seemingly not widely used: laser chaos that creates a 

time-delayed optical feedback via a reflector, Raman scattering, attenuated pulse and Optical Par-

ametric Oscillators (OPO) and as proposed in 2022, skyrmions-based QRNGs2564. 

Another technique consists in merging in a single platform several QRNG methods. That’s what a 

Chinese team released in July 2021 on an Alibaba Cloud server, mixing four types of QRNGs: single-

photon detection, photon-counting detection, phase-fluctuations, and vacuum-fluctuations2565. Three 

of these QRNG sources were off-the-shelf (Quantis-PCIe-16M from ID Quantique, QRG-100E from 

QuantumCTek and QRN-16 from MPD). 

Device Independence deals with the difference between randomness and privacy. An SDI (source 

device independent) QRNGs ensures private randomness, where the created random numbers can’t 

be known by any adversary. With SDI QRNGs, the randomness source is assumed to be untrusted but 

the measurement devices are trusted. It is more secured than a trusted device or device dependent 

QRNG where the device is well characterized and trusted. Device independence must also deal with 

 

2559 A homodyne measurement consists in extracting information encoded as modulation of the phase and/or frequency of an oscillating 

signal. In the mentioned case, it’s the phase. See an example in Random numbers from vacuum fluctuations by Yicheng Shi et al, 2016 

(5 pages) and in A homodyne detector integrated onto a photonic chip for measuring quantum states and generating random numbers 

by Francesco Raffaelli et al, University of Bristol, Quantum Science and Technology, February 2018 (10 pages). 

2560 See https://qrng.anu.edu.au/ and Real time demonstration of high bitrate quantum random number generation with coherent laser 

light, by T. Symul et al, 2021 (4 pages) and Maximization of Extractable Randomness in a Quantum Random-Number Generator by 

J. Y. Haw, 2015 (13 pages). The operations are linked to the offer of QuintessenceLabs. 

2561 See 100-Gbit/s Integrated Quantum Random Number Generator Based on Vacuum Fluctuations by Cédric Bruynsteen et al, Ghent 

University, DTU, Politecnico & Università di Bari, PRX Quantum, March 2023 (11 pages). 

2562 See Realization of a source-device-independent quantum random number generator secured by nonlocal dispersion cancellation by 

Jining Zhang et al, 2023 (10 pages). 

2563 See Biasing the quantum vacuum to control macroscopic probability distributions by Charles Roques-Carmes et al, MIT, Science, 

July 2023 (9 pages). 

2564 See Single skyrmion true random number generator using local dynamics and interaction between skyrmions by Kang Wang et al, 

Nature Communications, February 2022 (8 pages). 

2565 See Quantum random number cloud platform by Leilei Huang, Hongyi Zhou, Kai Feng and Chongjin Xie, Nature, July 2021. 

https://arxiv.org/pdf/1602.08249.pdf
https://arxiv.org/pdf/1602.08249.pdf
https://iopscience.iop.org/article/10.1088/2058-9565/aaa38f
https://qrng.anu.edu.au/d
https://arxiv.org/abs/1107.4438
https://arxiv.org/abs/1107.4438
https://arxiv.org/abs/1411.4512
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.4.010330
https://www.spiedigitallibrary.org/journals/advanced-photonics/volume-5/issue-03/036003/Realization-of-a-source-device-independent-quantum-random-number-generator/10.1117/1.AP.5.3.036003.full?SSO=1
https://www.science.org/doi/10.1126/science.adh4920
https://www.nature.com/articles/s41467-022-28334-4.pdf
https://www.nature.com/articles/s41534-021-00442-x
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detector attacks in the QRNG2566. These have a high bit rate in the Gbits/s range while SDI QRNGs 

have a much lower bit rate, in the kbits/s range due to a more complicated setup. SDI QRNG can rely 

on entanglement and nonlocality or be based on quantum computation (this is a variation of the qubit 

measurement technique mentioned above). SDI QRNG enables real-time estimate of the output en-

tropy which can quantify and certify the QRNG randomness without possessing a detailed knowledge 

of the entropy source device. The device independence certification comes with loophole free viola-

tion of Bell’s inequalities2567. 

A record rate of 17 GBits/s key generation with a SDI-QRNG was obtained in 2018 in an Italian 

lab2568. It was also experimented in a highly integrated photonic circuits, using a self-tested random-

ness expansion protocol with multi-dimensional encoding2569. 

There are also MDI-QRNGs, where the source is trusted, and the measurement device is untrusted. It 

is for example used with time-bin QRNGs with a testing mode used to create a 4-quantum states (|0⟩, 
|1⟩, |+⟩ and |−⟩) tomography2570. 

Qubits measurement is a more generic way of generating quantum randomness than photon count-

ing after traversing a polarizing beam splitter. It uses gates-based quantum processing units applied 

to one or several qubits and creating superposition. The simplest is a single Hadamard gate, but it is 

not sufficient to create enough randomness. The common practice is to create entangled states, or Bell 

states, which is done combining Hadamard and CNOT gates2571. 

The useful states are those where there is some correlation or anticorrelation between the qubits from 

a Bell pair, showing that they were random. Quantinuum is providing such a solution, named Quan-

tum Origin, running on superconducting qubits in the cloud, in partnership with IBM and also running 

on Quantinuum trapped ions qubits. And they are not alone supporting IBM QPUs2572 2573. Quandela 

is also proposing such a solution with its Entropy offering using a 2-photon qubit processor with 

certified device-independence randomness2574. 

There are variations of QRNG exploiting computing qubits that are based on quantum walks2575, 

randomized benchmarks2576 and even quantum annealers2577. 

 

2566 See Source-independent quantum random number generator against detector blinding attacks by Wen-Bo Liu et al, April 2022 (14 

pages). 

2567 See Experimental Certification of Quantum Transmission via Bell's Theorem by Simon Neves, Damian Markham, Eleni Diamanti 

et al, April 2023 (34 pages). 

2568 See Source-device-independent heterodyne-based quantum random number generator at 17 Gbps by Marco Avesani et al, 2018 (7 

pages). It uses a POVM measurement of continuous variable observables. 

2569 See Multidimensional quantum entanglement with large-scale integrated optics by J. Wang et al, Science, 2018 (24 pages). 

2570 See Experimental measurement-device-independent quantum random number generation by You-Qi Nie et al, China, 2016 (16 

pages). 

2571 See Quantum random number generators with entanglement for public randomness testing by Janusz E. Jacak et al, 2020 (9 pages) 

and Reference Standard RS-EITCI-QSG-EQRNG-PROTOCOLS-STD-VER-1.0, EITCI, 2019 (21 pages). 

2572 See A Programmable True Random Number Generator Using Commercial Quantum Computers by Aviraj Sinha et al, Southern 

Methodist University, April 2023 (15 pages). 

2573 See Practical Quantum Computing with QuantumPath: 3-qubit random number generator, José Luis Hevia and Alonso Martin-

Toledano, aQuantum, November 2022. 

2574 See Certified randomness in tight space by Andreas Fyrillas, Boris Bourdoncle, Aristide Lemaître, Isabelle Sagnes, Niccolo So-

maschi, Nadia Belabas, Shane Mansfield et al, Quandela, C2N and University of Bristol, January 2023 (23 pages). 

2575 See Quantum Walk Random Number Generation: Memory-based Models by Minu J. Bae, University of Connecticut, July 2022 

(12 pages). 

2576 See Certified Randomness from Quantum Supremacy by Scott Aaronson and Shih-Han Hung, March 2023 (84 pages). 

2577 See Analysis of a Programmable Quantum Annealer as a Random Number Generator by Elijah Pelofske, Los Alamos National 

Laboratory, July-December 2023 (9 pages). 

https://arxiv.org/abs/2204.12156
https://arxiv.org/abs/2304.09605
https://www.nature.com/articles/s41467-018-07585-0
https://arxiv.org/abs/1803.04449
https://arxiv.org/abs/1612.02114
https://www.nature.com/articles/s41598-019-56706-2
https://eitci.org/sites/default/files/pdf/RS-EITCI-QSG-EQRNG-PROTOCOLS-STD-V10.pdf
https://arxiv.org/abs/2304.03830
https://www.quantumpath.es/2022/11/16/practical-quantum-computing-with-quantumpath-3-qubit-random-number-generator/
https://arxiv.org/abs/2301.03536
https://arxiv.org/abs/2207.08973
https://arxiv.org/abs/2303.01625
https://arxiv.org/abs/2307.02573
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Quality. Quantum random number generators are not equal. The source may be a true RNG but other 

components may contain weaknesses and be hacked in some circumstances: the photon source2578, 

the photon measurement system which could deviate or be defective, and at last randomness extractor 

various other weaknesses2579. Also, it can be difficult to distinguish classical hardware noise from the 

quantum randomness coming from the QRNG in evaluation tests. 

Evaluation. Random series of numbers must be incompressible. This algorithmic randomness can be 

tested with Borel normality. An infinite sequence of binary numbers is random if every binary string 

of length n appearing in the sequence has a frequency of 2−n. 

There are various tests of algorithmic randomness like the NIST SP 800-22 1A Test2580. It contains 

15 tests, but other tests suites exist that complement the NIST set, totaling 40 tests2581 (Figure 630). 

 
Figure 630: the NIST test suite for QRNG. Source: Random Number Generators: An Evaluation and Comparison of Random.org and 

Some Commonly Used Generators by Charmaine Kenny, April 2005 (107 pages). 

Recent TRNG/QRNG benchmarking tools use machine learning techniques and a convolutional net-

work to detect patterns in the generated numbers2582. 

 

2578 See for example QRNG: Out-of-Band Electromagnetic Injection Attack on a Quantum Random Number Generator by P.R. Smith 

et al, January 2021 (12 pages). 

2579 See Improved Real-time Post-Processing for quantum Random Number Generators by Qian Li et al, CAS, January 2023 (11 pages). 

2580 See A Statistical Test Suite for Random and Pseudorandom Number Generators for Cryptographic Applications by Andrew Rukhin 

et al, NIST, 2010 (131 pages). Then, Experimentally probing the algorithmic randomness and incomputability of quantum randomness 

by Alastair Abbott, Cristian Calude and al, UGA/Institut Néel France and University of Auckland, 2018 (17 pages) and Recommenda-

tions and illustrations for the evaluation of photonic random number generators by Joseph D. Hart et al, 2017 (29 pages). 

2581 See Random Number Generators: An Evaluation and Comparison of Random.org and Some Commonly Used Generators by Char-

maine Kenny, April 2005 (107 pages). 

2582 See Machine Learning Cryptanalysis of a Quantum Random Number Generator by Nhan Duy Truong et al, 2019 (13 pages) and 

Benchmarking a Quantum Random Number Generator  with Machine Learning, 2020 (26 slides). 

Test Defect detected Property

Frequency (monobit) Too many zeroes or ones Equally likely (global)

Frequency (block) Too many zeroes or ones Equally likely (local)

Runs test Oscillation of zeroes and ones too fast or too slow Sequential dependence (locally)

Longest run of ones in a block Oscillation of zeroes and ones too fast or too slow Sequential dependence (globally)

Binary matrix rank Deviation from expected rank distribution Linear dependence

Discrete fourier transform (spectral) Repetitive patterns Periodic dependence

Non-overlapping template matching Irregular occurences of a prespecified template Periodic dependence and equally likely

Overlapping template matching Irregular occurences of a prespecified template Periodic dependence and equally likely

Maurer's universal statistical Sequence is incompressible Dependence and equally likely

Linear complexity Linear feedback shift register (LFSR) too short Dependence

Serial Non-uniformity in the joint distribution for m-length 
sequences

Equally likely

Approximate entropy Non-uniformity in the joint distribution for m-length 
sequences

Equally likely

Cumulative sums (cusum) Too many zeroes or ones at either an early or late 
stage in the sequence

Sequential dependence

Random excursions Deviation from the distribution of the number of visits of 
a random walk to a certain state

Sequential dependence

Random excursions variants Deviation from the distribution of the number of visits 
(across many random walks) to a certain state

Sequential dependence

https://www.random.org/analysis/Analysis2005.pdf
https://www.random.org/analysis/Analysis2005.pdf
https://journals.aps.org/prapplied/pdf/10.1103/PhysRevApplied.15.044044
https://arxiv.org/abs/2301.08621
https://nvlpubs.nist.gov/nistpubs/Legacy/SP/nistspecialpublication800-22r1a.pdf
https://arxiv.org/abs/1806.08762
https://arxiv.org/pdf/1612.04415.pdf
https://arxiv.org/pdf/1612.04415.pdf
https://www.random.org/analysis/Analysis2005.pdf
https://arxiv.org/abs/1905.02342
https://2020.qcrypt.net/slides/QCrypt2020TalkSlides066.pptx
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However, while these tests may detect weaknesses in QRNG randomness, it won’t ensure real non-

determinism. Other tests are required, like loophole free Bell tests, already mentioned. 

QKD or PQC? We’ll describe these two cryptography solutions later on. Which one will make use 

of QRNGs? Post-quantum cryptography requires large classical random keys, so QRNGs will be very 

useful, particularly those who have a large throughput. Quantum Key Distribution (QKD) needs ran-

domness to select its active basis choice for each and every detected pair of photons like their polar-

ization angle. So again, a good and fast QRNG will be mandatory. This QRNG functionality can 

however be embedded in some specific QKD systems with relying on the randomness of the time 

between photons detection in the SPCMs (Single Photon Counting Modules)2583. But QRNGs have a 

much broader addressable market: classical cryptography and all the businesses in need of random 

numbers like casinos, online gaming and lotteries. 

 
Figure 631: a map of QRNG vendors. (cc) Olivier Ezratty, 2022. 

Let’s now look at the QRNG industry vendor’s landscape (Figure 631). As said before, this technique 

has been mastered for a long time by ID Quantique (IDQ), a company cofounded by Nicolas Gisin, 

which belongs to SK Telecom since 2018. Other players abound like CryptoMathic, Crypta Labs, 

Quside, InfiniQuant, Kets, PicoQuant and Quantropi2584. Axion Technologies (2017, Canada) 

also created a random number generator competing with the Swiss IDQ. 

 

Alea Quantum Technologies (2023, Denmark) provides a simplified vacuum 

based QRNG solution using an arbitrary transmissivity beam splitter (η<1) and 

replacing one of the photodiodes by a beam dump, allowing a compact imple-

mentation. The entropy source uses a VCSEL laser source, a single photode-

tector and a photodiode. 

 
CryptoMathic (1986, Denmark) develops quantum random key generators 

and various keys generation systems. 

 

EYL (2015, USA, $900K) sells radioactive isotopes-based entropy chips of 

3mmx3mm and QRNG chips. They form factor is a USB key. 

 

2583 This is described in Practical random number generation protocol for entanglement-based quantum key distribution by G. B. Xavier 

et al, 2008 (10 pages). 

2584 These companies are described in the quantum telecommunication and cryptography vendors section since they provide some PQC 

or QKD solution on top of QRNGs. 

photons 
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https://arxiv.org/ftp/arxiv/papers/0810/0810.0483.pdf
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PicoQuant (1996, Germany) is a Berlin-based SME specialized in photonics 

and which markets photon counters (SPADs) and diode lasers. But they are 

here because they also offer a photon arrival time QRNG, the PQRNG 150, 

with a throughput of 150 Mbits/s. It is much less miniaturized than the random 

number generator component from IDQ that is integrated in Samsung's Galaxy 

5G announced in May 20202585. 

 

Qrypt (2018, USA) develops cryptographic solutions using a high speed 

QRNG powered by multiple entropy sources exclusively licensed from Oak 

Ridge National Lab and other labs. It will support NIST PQC standards when 

selected. Qrypt invested in Quside (Spain), which is developing high quality 

and high speed QRNGs. 

 

Qnu Labs (2016, India, $11.5M) sells its Tropos Quantum Random Number 

Generation, which allows the creation of random numbers of any size and quite 

quickly, at a rate of up to 1.5 random Mbits/s, or even several tens of Gbits/s. 

It also sells a QKD solution, Armos and a quantum secure platform for key 

management, Hodos. They were helped by the Intel startup program. 

 

Quside (2017, Spain, 10.1M€) proposes a QRNG using phase diffusion, with 

a 400 Mbits/s key generation rate. It is a spin-off of ICFO, the Institute of 

Photonics of Barcelona with a staff of 30 as of January 2023. Quside QRNGs 

were used in many of the 2015 loophole-free Bell test experiments thanks to 

their high key rate. Their latest offering is the miniaturized QN 100 Quantum 

Entropy Source built with CMOS manufacturing techniques. 

 

Quantum Dice (2019, UK, £2M) is a spin-off from the University of Oxford 

selling a “true” “self-certified” and fast QRNG device. It uses a patented DISC 

protocol ensuring that randomness comes only from the quantum process and 

is protected from external influences. 

Their October 2021 £2M investment round was led by French venture capital fund Elaia Partners. 

They also got a £1M non-dilutive grant from the Quantum Accelerator Group led by IP Group, in 

partnership with Innovate UK as part of the UK national quantum plan. 

 
Quantropi (2018, Canada) is a company created in Ottawa by James Nguyen 

(CEO) and Randy Kuang (Chief Scientist). 

It was initially created to distribute a software generator of “lightweight ultra-high-entropy” random 

encryption keys. It then evolved into selling a complicated cybersecurity offering mixing custom-

made PQC, a specific scheme for quantum key distribution solution, all that packaged in a gibberish 

marketing lingua mixing classical and quantum crypto2586. 

Their QiSpace end-to-end quantum security SaaS platform contains a lot of stuff: 

• MASQ, their asymmetric encryption offering, with a PQC for key exchange and digital signature 

containing a MPPK for Multivariate Polynomial Public Key, but they also have a Quantum Per-

mutation Pad aka QPP. These things are supposed to support NIST PQC finalists and Quantropi’s 

own PQC. 

 

2585 They contribute to research projects in QKD infrastructures like in Ultrafast quantum key distribution using fully parallelized 

quantum channels by Robin Terhaar et al, July 2022 (13 pages). 

2586 This leads to some extreme marketing claims as seen on Startup: Only Quantum Cryptography Can Save The $100 Trillion Global 

Digital Economy by John Koetsier in Forbes, March 2021. 

https://arxiv.org/abs/2207.07345
https://arxiv.org/abs/2207.07345
https://www.forbes.com/sites/johnkoetsier/2021/03/07/startup-only-quantum-cryptography-can-save-the-100-trillion-global-digital-economy
https://www.forbes.com/sites/johnkoetsier/2021/03/07/startup-only-quantum-cryptography-can-save-the-100-trillion-global-digital-economy
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• QEEP, their symmetric encryption offering, providing “quantum-secure symmetric encryption 

that’s up to 18 times faster than AES-256”. 

• SEQUR, their “quantum entropy as a service” (QEaaS) offering which contains some form of 

QRNG, branded QiSpace SEQUR NGen pseudo-QRNG (so, it is not a real QRNG) and their 

SEQUR SynQK, a sort of QKD that is supposed to deliver 5 simultaneous Quantum-key streams 

over distances ranging from 4,000 to 15,000 km at 130 to 190 megabits per second. What’s quan-

tum in-here? Their “coherent-based Two-Field Quantum Key Distribution (CTF-QKD)”, a signal 

modulation scheme using coherent optical communications hardware and infrastructure2587. 

 

ComScire (1994, USA) is the developer of several random number generators 

including PureQuantum QRNG, which creates 4 to 128 million bits per second. 

Is it really quantum? Not really sure! 

Its entropy source seems to be coming from CMOS shot noise, using an Altera FPGA2588. The com-

pany also markets QNGmeter 3.6, a software tool testing the randomness and nondeterministic nature 

of generated numbers. 

Terra Quantum (Switzerland) also provides a photonic based QRNG generated 1.2 Mb/s of random 

bits. 

Quantum Key Distribution 

Quantum cryptography is based on "quantum key distribution" which consists in allowing the ex-

change of symmetrical encryption keys, by optical means (optical fiber, air link or satellite optical 

link) using a system to protect its transmission against intrusions 2589. 

QKD protocols have the particularity of allowing the detection of any intrusion in the transmission 

chain and to indicate that someone has tried to read its contents or if, disturbances have occurred, "on 

the line"2590. 

QKD principles 

One early version was the BB84 protocol invented by Charles Bennett and Gilles Brassard in 1979 

and published in 1984 2591. They are even the creators in 1982 of the expression "quantum cryptog-

raphy"2592. This protocol is about sending photon-based information with four types of rectilinear/di-

agonal polarizations, aka non-orthogonal states: 0°, 45°, 90° and 135°. Alice and Bob exchange 

through a classical channel their polarization basis, used for encoding by Alice and for measurement 

by Bob, after the photons have been sent to make sure Bob keeps only the relevant bits where his 

random measurement was done in the same as the polarization basis used by Alice. 

The qubits read by an intruder would modify the key, by projecting their polarization at 0° or 90°, or 

45°/135° depending on the case and randomly. Any reading intrusion would be detected by Alice and 

 

2587 It seems documented in Quantum Public Key Distribution using Randomized Glauber States by Randy Kuang and Nicolas Betten-

burg et al, 2020 (7 pages). 

2588 Its functioning is described in Entropy Analysis and System Design for Quantum Random Number Generators in CMOS Integrated 

Circuits by Scott A Wilber, 2013 (28 pages). 

2589 See the review paper Quantum Key Distribution Secured Optical Networks: A Survey by Purva Sharma et al, September 2021 (35 

pages) which contains a very good description of the various QKD technologies and protocols, their challenges and the way they are 

addressed and The Evolution of Quantum Key Distribution Networks: On the Road to the Qinternet by Yuan Cao, IEEE, 2021 (59 

pages). 

2590 See the review paper Advances in Quantum Cryptography by Stefano Pirandola et al, 2019 (118 pages). 

2591 In Quantum cryptography : public key distribution and coin tossing, 1984 (5 pages). 

2592 Here is a general overview of QKD and PQC: The Impact of Quantum Computing on Present Cryptography, March 2018 (10 

pages). 

https://www.researchgate.net/publication/344637859_Quantum_Public_Key_Distribution_using_Randomized_Glauber_States
https://comscire.com/files/whitepaper/Pure_Quantum_White_Paper.pdf
https://comscire.com/files/whitepaper/Pure_Quantum_White_Paper.pdf
https://ieeexplore.ieee.org/document/9520678
https://eprints.soton.ac.uk/454194/1/COMST_00444_2021_final_manuscript.pdf
https://arxiv.org/pdf/1906.01645.pdf
https://researcher.watson.ibm.com/researcher/files/us-bennetc/BB84highest.pdf
https://arxiv.org/abs/1804.00200
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Bob during their classical communication because of the inevitable disturbances it would cause (Fig-

ure 632). This is also named the “monogamy of entanglement”2593. If the protocol detects an intruder, 

it can take this into account and block the communication of sensitive information because the en-

coding key has been captured and, maybe, chose another quantum channel. And there are solutions 

to avoid a denial of service in such a case2594. This type of QKD is called a prepare-and-measure 

QKD. 

 
Figure 632: general principle of quantum key distribution. Source: TBD. 

Artur Ekert then created the E91 protocol in 1991 with using quantum entanglement and nonlocality, 

avoiding the explicit transmission of photon information that is used in BB84 and that could be inter-

cepted by an intruder 2595. 

With E91, Alice and Bob share the photons created from entangled pairs. They can then share a ran-

domly generated key with a sequential measurement of these photons. Like with BB84, this meas-

urement must be done in a random orthogonal polarization basis that has to be shared afterwards 

between Alice and Bob. They will retain the randomly generated bits when their polarization was 

synchronized, creating a “sifted key”. If an eavesdropper Eve intercepted the entangled photons, their 

projections would be different. To make sure there was no eavesdropper, Alice and Bob compute a 

Bell test statistic which must yield ideally a so-called Bell parameter |𝑆| = 2√2, called Tsirelson 

bound, otherwise, there was an eavesdropper. 

One key difference between BB84 and E91 is the origin of randomness in the shared keys. With BB84, 

it must be generated by Alice with a random number generator, preferably a TRNG (true random 

numbers generator) and not a PRNG (pseudo-random numbers generator) as described in the earlier 

section on QRNGs, page 717. With E91, it comes directly from the randomness of the entangled 

photon pairs readouts. All in all, E91 consolidates a quantum communication protocol and a quantum 

random number generator. 

QKD protocols have since made their way. They are at the origin of the creation of the whole field of 

quantum cryptography, which has now left the exclusive realm of research and experimentation to 

enter actual deployments like in China, even though there are still problems remaining to be fixed 

such as the creation of safe repeaters, to replace the commonplace unsafe trusted nodes (even in 

 

2593 See Quantum Advantage in Cryptography by Renato Renner and Ramona Wolf, ETH Zurich, June 2022-January 2023 (31 pages). 

2594 See for example A quantum key distribution protocol for rapid denial of service detection by Alasdair Price et al, from the University 

of Bristol, in EPJ Quantum Technology, 2020 (20 pages). 

2595 And published in the article Quantum Cryptography Based on Bell's Theorem (3 pages). Artur Ekert has been a member of Atos 

Scientific Council since 2016, along with Alain Aspect, Daniel Esteve, Serge Haroche, Cédric Villani and David DiVincenzo. 

1) Alice and Bob share photons created 
from entangled pairs.

2) They measure these photons properties 
on a random basis.

3) Alice and Bob exchange the used basis 
on a classical channel.

4) Alice and Bob keep the bits with 
matching basis. It creates a « sifted 
key ».

5) They check the statistics of measured 
bits, checking there was no intruder.

6) The generated key is used to cipher the 
transmitted content.1) 2)    3)     4)     5)

6) 

https://arxiv.org/abs/2206.04078
https://epjquantumtechnology.springeropen.com/articles/10.1140/epjqt/s40507-020-00084-6
http://cqi.inf.usi.ch/qic/91_Ekert.pdf
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China) where the key bits are turned into classical data at each and every node station, given you need 

to have one of these about every 80 km. 

QKD was expanded with CV-QKD (continuous 

variable) which modulates both the phase and the 

amplitude of the transmitted optical signal. It no-

tably allows multiplexing several communica-

tions on the same optical fiber and to exploit the 

existing infrastructures of telecom operators. 

Philippe Grangier was one of its designers, 

along with Frédéric Grosshans from CNRS-

LIP6, in 20022596 . CV-QKD complements dis-

crete variables QKD (DV-QKD) as are called the 

previously mentioned QKD protocols, based on 

the properties of single photons, which require 

some cooling on the single-photon detector side. 

 

Figure 633: DV and CV in QKD. Source: TBD. 

Figure 633 and Figure 634 make a rough compar-

ison between DV-QKD and CV-QKD. Nowa-

days, CV-QKD seems preferred for telecom fiber 

deployments2597 . Figure 636 describes a typical 

optical architecture for the implementation of a 

CV-QKD protocol based on BB84, without en-

tanglement given CV-QKD can also be imple-

mented with entanglement-based protocols. It 

uses a simple photon source in the telecom wave-

length band around 1,550 nm followed by ampli-

tude and phase modulators. On the Bob side, a 

homodyne detector will demodulate the signal. 

 
Figure 634: comparison between DV-QKD and CV-QKD protocols. 
Source: The Evolution of Quantum Key Distribution Networks: On 

the Road to the Qinternet by Yuan Cao, IEEE, 2021 (59 pages). 

The integration of a QKD in 

conventional telecommuni-

cation optical fibers is typi-

cally done using three meth-

ods: by frequency multi-

plexing (WDM), for in-

stance with a QKD signal 

on 1,310 nm and data sent 

on 1,550 nm, by time shar-

ing (TDM) or by using a 

dedicated fiber embedded in 

a sheath (SDM)2598 . China 

has a very good experience 

in that domain 2599  (Figure 

635). 

 

Figure 635: co-fiber experiment in China Telecom laboratory distributing quantum keys over 
telecom fiber lines. Source: QKD Application: Coexistence QKD Network and Optical Networking 

the same optical fiber network by JiDong Xu, ZTE, June 2019 (15 slides). 

 

2596 Their QKD protocol is baptized accordingly GG02. 

2597 See a CV-QKD implementation in Experimental demonstration of Continuous-Variable Quantum Key Distribution with a silicon 

photonics integrated receiver by Yoann Piétri, Philippe Grangier, Amine Rhouni, Eleni Diamanti et al, November 2023 (11 pages). 

2598 A sheath is an outer protective layer that surrounds and shields the core and cladding of an optical fiber. 

2599 See Quantum Encrypted Signals on Multiuser Optical Fiber Networks Simulation Analysis of Next Generation Services and Tech-

nologies by Rameez Asif, 2017 (6 pages) and Quantum experiments explore power of light for communications, computing by Eliza-

beth Rosenthal, January 2020. 

https://eprints.soton.ac.uk/454194/1/COMST_00444_2021_final_manuscript.pdf
https://eprints.soton.ac.uk/454194/1/COMST_00444_2021_final_manuscript.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Jidong_Xu_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Jidong_Xu_Presentation.pdf
https://arxiv.org/abs/2311.03978
https://arxiv.org/abs/2311.03978
https://www.napier.ac.uk/~/media/worktribe/output-1016860/quantum-encrypted-signals-on-multiuser-optical-fiber-networks-simulation-analysis-of-next.pdf
https://www.napier.ac.uk/~/media/worktribe/output-1016860/quantum-encrypted-signals-on-multiuser-optical-fiber-networks-simulation-analysis-of-next.pdf
https://phys.org/news/2020-01-quantum-explore-power.html
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Figure 636: an example of CV-QKD implementation of the BB84 protocol. Source: The SECOQC quantum key distribution network in 
Vienna by M. Peev, C. Pacher, Romain Alleaume, C. Barreiro, J. Bouda, W. Boxleitner, Thierry Debuisschert, Eleni Diamanti, et al, 

2009 (39 pages). 

With entanglement-based CV-QKD protocols, the initial entanglement done before sending the two 

bits in the qubits avoids violating the Holevo theorem, already mentioned several times, according to 

which a set of qubits cannot carry more information than its equivalent number of classical bits. On 

the other hand, the information encrypted with the transmitted key is usually sent over a traditional 

channel2600 2601. It is still often encrypted using SSL, which protects the relationship between your 

browser and the websites you visit and supports the secured https protocol. 

 
Figure 637: a description of the data and key transmission with QKD applicable to both prepare-and-measure and entanglement 

based QKD. source: How to Quantum-Secure Optical Networks? by Helmut Griesser, ADVA Optical Networking  SE, 2016 (31 slides). 

 

2600 Classical information can take a very different path. For example, a quantum key can be transmitted by satellite and data can be 

transmitted terrestrially over fiber optics. 

2601 See the review paper Continuous-variable quantum key distribution system: A review and perspective by Yichen Zhang et al, 

October 2023 (53 pages). 

https://hal-iogs.archives-ouvertes.fr/hal-00559693/document
https://hal-iogs.archives-ouvertes.fr/hal-00559693/document
https://archive.franceix.net/static/ag16/presentations/3-How_to_Quantum-Secure_Optical_Networks.pdf
https://arxiv.org/abs/2310.04831


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum Key Distribution - 731 

In practice, keys transmission using a QKD is using a complex system of "key distillation" that man-

ages the communication imperfections with classical error correction codes (which have nothing to 

do with the quantum error correction codes seen at the qubit level elsewhere in this document, page 

240), an amplification of confidentiality and an authentication system using private keys already 

shared by the correspondents, making it possible to avoid so-called man-in-the-middle attacks by 

hackers pretending to be one of the interlocutors (Figure 638). 

Error correction codes and the rest of 

the protocol generate on-line losses 

of about 80% of the quantum key 

communication2602 . Implementing a 

QKD combines a quantum random 

key generator such as those from 

IDQ, an authenticated classical chan-

nel to exchange QKD basis infor-

mation and a QKD channel to share 

random keys, which can generally be 

transported on a dark fiber from a 

B2B telecom operator. 

 
Figure 638: the three components of quantum secure communication with a 

symmetric cryptography, key management and a QKD. Source: Development and 
evaluation of QKD-based secure communication in China by Wen-yu Zhao, June 2019 

(15 slides). 

The useful data is encrypted with the 

QKD generated key with classical en-

cryption protocols like AES2603  and 

transmitted over a traditional chan-

nel, which may also be a classical op-

tical fiber or other physical commu-

nication media, even cellular commu-

nications (see Figure 637). 

This is well documented by ETSI2604. 

On arrival, a quantum key receiver 

and the system for decrypting the sig-

nal arriving via the traditional chan-

nel is used (Figure 639). 

 

Figure 639: Source: Quantum Key Distribution (QKD) Components and Internal 
Interfaces from ETSI, 2018 (47 pages). 

The secret keys throughput is an important issue and is currently at its maximum in Mbits/s vs. the 

Tbits/s of the operators' optical links2605. Many optimizations must be implemented to make QKD 

practical, first with closing the many discovered security loopholes, many being linked to the post-

selection of Bell tests2606. 

 

2602 According to the excellent overview Quantum Key Distribution Protocols and Applications by Sheila Cobourne, University of 

London, 2011 (95 pages). 

2603 One-time pads encryption techniques can also be used with QKD. It consists in creating a key that is as large as the content to be 

encrypted. This technique makes the content uncrackable with brute force. 

2604 In Quantum Key Distribution (QKD) Components and Internal Interfaces from ETSI, 2018 (47 pages) which describes the different 

QKD techniques available to date. It also describes very well the photon sources used in QKDs as well as the associated quantitative 

and qualitative parameters. 

2605 See Experimental Demonstration of High-Rate Discrete-Modulated Continuous-Variable Quantum Key Distribution System by 

Yan Pan et al, March 2022 (5 pages) which describes a record of high-speed CV-QKD distribution over distances of 5 to 50 km with 

keys generations ranging from 288 Mbits/s to 7.6 Mbits/s. A record key rate of 1 Gbits/s with a source of entangled photons in the 

1,550 nm telecom wavelengths was obtained in 2022 by an Austrian team but the practical key rate would be much lower in practical 

use cases due to fiber attenuation over long distances. See Experimental entanglement generation for quantum key distribution beyond 

1 Gbit/s by Sebastian Philipp Neumann et al, September 2022 (11 pages). 

2606 See 'Frequency-modulated' pulsed Bell setup avoids post-selection by Mónica Agüero, July 2023 (4 pages). 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Wenyu_Zhao_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Wenyu_Zhao_Presentation.pdf
https://www.etsi.org/deliver/etsi_gr/QKD/001_099/003/02.01.01_60/gr_QKD003v020101p.pdf
https://www.etsi.org/deliver/etsi_gr/QKD/001_099/003/02.01.01_60/gr_QKD003v020101p.pdf
https://www.ma.rhul.ac.uk/static/techrep/2011/RHUL-MA-2011-05.pdf
https://www.etsi.org/deliver/etsi_gr/QKD/001_099/003/02.01.01_60/gr_QKD003v020101p.pdf
https://arxiv.org/abs/2203.08470
https://arxiv.org/pdf/2107.07756.pdf
https://arxiv.org/pdf/2107.07756.pdf
https://arxiv.org/abs/2307.03203
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Other improvements can be achieved with implementing clock synchronization without an additional 

dedicated channel and develop protocols to increase raw key rates2607. The quantum keys transfer rate 

can be much lower than the physical data rate available. There are fundamental bounds on how many 

secret keys can be generated over a noisy quantum channel. A 2023 record was broken by a team in 

China, with secret keys generated at 115.8 Mb/s over a 10 km standard optical fiber, and distributed 

keys over up to 328 km of ultralow-loss fiber for more than 50 hours. The precedent record secret 

key rate was of 10 Mb/s over 10 km standard optical fiber2608. 

The QKD quantum channels and classical data can be conveyed on the same fiber. It was experi-

mented in 2023 by Orange and Toshiba Europe over 50 km using a 1,310 nm fiber for the co-propa-

gation of a QKD quantum channel and classical signals using 60-channel WDM (wavelength division 

multiplexing) at 100 Gb/s2609. 

There are also other fundamental questions about the overall architecture and topology of QKD net-

works, most of the time working in “point to point” and relying on so-called trusted nodes, which can 

be considered as “classical” repeaters 2610. Proposals abound to create large multi-point networks and 

routing protocols2611 and on entanglement distribution optimization2612. 

There are a few other varieties of QKD protocols beyond the DV-QKD and CV-QKD as shown in 

Figure 640 with DIQKD, a more secure Device-Independent QKD that prevents side-channel attacks 

on hardware2613 2614 and the less safe MDI-QKD for “measurement-device-independent” QKD2615. 

Quantum Conference Key Agreement (QCKA) is an extension of QKD protocols to enable the 

generation of quantum secret keys among several users. The protocol can make use of N-dimension 

entangled GHZ states share across the parties or work with continuous variable photons2616. There is 

even an MDI-QCKA variant using post-selected GHZ states2617. 

 

2607 See for example Operational real field entangled quantum key distribution over 50 km by Yoann Pelet, Sébastien Tanzilli et al, July 

2022 (7 pages). 

2608 See High-rate quantum key distribution exceeding 110 Mb/s by Wei Li et al, Nature Photonics, July 2023 (27 pages). 

2609 See Co-propagation of 6 Tb/s (60*100Gb/s) DWDM & QKD channels with ~17 dBm aggregated WDM power over 50 km standard 

single mode fiber by P. Gavignet et al, Orange and Toshiba, May 2023 (3 pages). 

2610 See an example of trusted node deployment with Trusted Node QKD at an Electrical Utility by Philip G. Evans et al, March 2021 

(10 pages). 

2611 See A Quantum Internet Architecture by Rodney Van Meter et al, December 2021 (17 pages), Cost and Routing of Continuous 

Variable Quantum Networks by Federico Centrone, Frederic Grosshans and Valentina Parigi, April 2022 (20 pages), A quantum router 

architecture for high-fidelity entanglement flows in quantum networks by Yuan Lee, Eric Bersin, Axel Dahlberg, Stephanie Wehner 

and Dirk Englund, npj, June 2022 (8 pages) and An Efficient Routing Protocol for Quantum Key Distribution Networks by Jia-Meng 

Yao et al, April 2022 (27 pages). 

2612 See 40-user fully connected entanglement-based quantum key distribution network without trusted node by Xu Liu et al, January 

2022 (15 pages) and Genuinely Multipartite Entanglement vias Quantum Communication by Ming-Xing Luo et al, April 2022 (9 pages). 

2613 See the international review paper Advances in device-independent quantum key distribution by Víctor Zapatero et al, August 2022 

(15 pages). 

2614 See Experimental quantum key distribution certified by Bell's theorem by D. P. Nadlinger, Nicolas Sangouard et al, Nature, 2022 

6 pages).  

2615 See Measurement-device-independent quantum key distribution by Hoi-Kwong Lo, Marcos Curty and Bing Qi, 2011 (7 pages) and 

this good overview of QKD and its technical challenges in Practical challenges in quantum cryptography by Eleni Diamanti et al, 2016 

(25 pages). 

2616 See Quantum Conference Key Agreement: A Review by Gláucia Murta, Federico Grasselli, Hermann Kampermann and Dagmar 

Bruß, Heinrich-Heine-Universität Düsseldorf, Advanced Quantum Technologies, September 2020 (13 pages). 

2617 See Breaking universal limitations on quantum conference key agreement without quantum memory by Chen-Long Li et al, Nature 

Communications Physics, May 2023 (7 pages). 

https://arxiv.org/abs/2207.14707
https://arxiv.org/abs/2307.02364
https://arxiv.org/abs/2305.13742
https://arxiv.org/abs/2305.13742
https://arxiv.org/abs/2103.09877
https://arxiv.org/abs/2112.07092
https://arxiv.org/abs/2108.08176
https://arxiv.org/abs/2108.08176
https://www.nature.com/articles/s41534-022-00582-8
https://www.nature.com/articles/s41534-022-00582-8
https://arxiv.org/abs/2204.13918
https://photonix.springeropen.com/articles/10.1186/s43074-022-00048-2
https://arxiv.org/abs/2204.09279
https://arxiv.org/abs/2208.12842
https://www.nature.com/articles/s41586-022-04941-5.epdf?sharing_token=EGgzK6U5Guh-strd6oJLDtRgN0jAjWel9jnR3ZoTv0MLohr-mvjWyM9hBKIhhszNtzcJS-VpUqQ_OLsSDVDccb54rDprgm9NjBNu5BkdJCwoL7RWRpCb7UzxorseyPqrKuUyUxaSw6ALBw0s4KASc7wWENm2D7Ai4IkF9UwdYddR-A9x64dysU5M_PqtPGI7BlUXd6NzPUJqPBsBmcgkQCe1rBqh0SXF48Zee7IU8oQ%3D&tracking_referrer=physicsworld.com%20
https://arxiv.org/abs/1109.1473
https://arxiv.org/abs/1606.05853
https://onlinelibrary.wiley.com/doi/full/10.1002/qute.202000025
https://www.nature.com/articles/s42005-023-01238-5
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Figure 640: a map of QKD protocols between DV and CV ones. I don’t cover them all in this book. Sources: Source: The Evolution of 
Quantum Key Distribution Networks: On the Road to the Qinternet by Yuan Cao, IEEE, 2021 (59 pages) and VSCW19-QKD-part1. 

https://quantum-uniqorn.eu/wp-content/uploads/2019/06/VSCW19-QKD-part.pdf . 

QKD experiments and deployments 

Besides China which has deployed an operational intercity QKD network, QKD deployments in other 

parts of the world are essentially experimental. Many breakthrough experiments have been conducted 

both in the open air and with optical fibers, particularly in Europe (Figure 641). These mostly deal 

with BB84-type QKD, and yet much on entanglement based QKD and quantum communications. 

Open-air QKD demonstrations started in 1996 in the USA on a 75 m distance, then on 144 km to 

connect the islands of La Palma and Tenerife in the Canary Islands and conducted by Austrians in 

2007 and 20102618, in 2019 in urban areas in Italy with a distance of 145 m2619, in India in 2022 over 

300 m2620 and in Austria in 2023 over a distance of 10 km2621. While these experiments used optical 

photons, other approaches are investigated like using mm and THz electromagnetic waves, which 

would require photon sources and detectors operating at 4K, which is not very practical on a large 

scale2622. Open air QKD distribution has its own challenges due to various atmospheric perturba-

tions2623. 

An experiment took place in Vienna in 2008 as part of the European SECOQC (SEcure COmmuni-

cation based on Quantum Cryptography) project launched in 2004, involving some 40 research la-

boratories and vendors, using a "mesh" architecture and a CV-QKD optical link 2624. 

This went on in Switzerland with IDQ with local banks. In 2007 they also set up an election vote 

counting system based on a QKD. 

 

2618 See Second Generation QKD System over Commercial Fibers by Laszlo Bacsardi et al, 2016 (5 pages) et Feasibility of 300 km 

Quantum Key Distribution with Entangled States by Thomas Scheidl et al, 2010 (14 pages). 

2619 See Full daylight quantum-key-distribution at 1550 nm enabled by integrated silicon photonics by Matteo Schiavon et al, July 2019 

(7 pages). QKD key transmission over the 145m air link took place at 1,550 nm in the infrared band that is commonly used in fiber 

optic transmissions and therefore compatible with many existing telecommunication equipment. They used a silicon chipset doing all 

the work with an error rate of only 0.5% and a data rate of 30 kbits/s. Their QCosOne ("Quantum Communication for Space-One") 

used telescopes with 120 and 315 mm optics for transmission and reception. It worked during daytime, but there were still problems 

in case of turbulence and depending on the time of day and the side effects coming from the sun. Performance was better in the evening. 

They used triple photon encoding: temporal, spatial and spectral. 

2620 See Indian Scientists Demonstrate Wireless Quantum Key Distribution Over 300 Meters by Matt Swayne, The Quantum Insider, 

February 2022. 

2621 See Distribution of genuine high-dimensional entanglement over 10.2 km of noisy metropolitan atmosphere by Lukas Bulla et al, 

Austria, January 2023 (6 pages). 

2622 See Millimetre-waves to Terahertz SISO and MIMO Continuous Variable Quantum Key Distribution by Mingqi Zhang et al, Jan-

uary 2023 (9 pages). 

2623 See A Review on Practical Challenges of Aerial Quantum Communication by Umang Dubey et al, September 2023 (21 pages). 

2624 See The SECOQC quantum key distribution network in Vienna by Romain Alléaume, Eleni Diamanti et al, 2016 (39 pages). 

https://eprints.soton.ac.uk/454194/1/COMST_00444_2021_final_manuscript.pdf
https://eprints.soton.ac.uk/454194/1/COMST_00444_2021_final_manuscript.pdf
https://quantum-uniqorn.eu/wp-content/uploads/2019/06/VSCW19-QKD-part.pdf
https://www.researchgate.net/publication/312288086_Second_generation_QKD_system_over_commercial_fibers
https://arxiv.org/pdf/1007.4645.pdf
https://arxiv.org/pdf/1007.4645.pdf
https://arxiv.org/abs/1907.10039
https://thequantuminsider.com/2022/02/03/indian-scientists-demonstrate-wireless-quantum-key-distribution-over-300-meters/
https://arxiv.org/abs/2301.05724
https://arxiv.org/abs/2301.04723
https://arxiv.org/abs/2309.13417
https://hal-iogs.archives-ouvertes.fr/hal-00559693/document


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum Key Distribution - 734 

UK deployed in 2018 its UK Quantum Communications hub between Bristol, London, Cambridge 

and Ipswich2625. 

In France, Orange announced in May 2019 the launch of tests of a QKD protected communication 

with the University Côte d'Azur (UCA) which provides the solution via the InPhyNi laboratory. It 

connects the Valrose and Inria campuses in Sophia Antipolis with an access point on the Plaine du 

Var IMREDD campus in Nice, using dark fibers provided by the telecom operator2626. The test net-

work was operational in September 2021. Orange is studying the reliability of trusted optical network 

nodes in such a configuration. The operator is also looking to combine QKD solutions to protect 

physical links and PQC solutions that could be used as a method of encrypting data transmitted in 

association with a QKD. 

Denmark’s DTU launched a CV-QKD trial with Danske Bank in 20222627 and another one between 

NBI and DTU2628. 

Ireland announced in 2022 the creation of a Quantum Communications Infrastructure network, co-

founded by the EU as part of the EuroQCI project, with a total investment of $10M. The project is 

run by 6 local universities along with HEAnet and ESB Telecoms. 

 

Figure 641: a map of QKD test deployments throughout Europe. (cc) Olivier Ezratty, 2022-2023. 

Greece’s Space Hellas and the University of Athens launched in 2022 a pilot QKD deployment after 

having started an OpenQKD project in 2019 with Datacom. 

Cyprus announced in 2022 its deployment of a QKD network with a EuroQCI EU funding of 7.5M€ 

as part of the CYQCI project. 

 

2625 Seen in IDQ: Quantum-Safe Security relevance for Central Banks, 2018 (27 slides). The network was extended in Cambridge in 

2019 as seen in Cambridge quantum network by J. F. Dynes et al, 2019 (8 pages). 

2626 See Experimenting quantum key exchange over the Côte d’Azur, Orange, December 2019. And for Orange's QKD projects in 

general: Orange and quantum technologies for secure data exchange, June 2020. 

2627 See First quantum-safe data transfer in the Nordic region by Anne Kirsten Frederiksen, February 2022. 

2628 See Quantum Key Distribution using Deterministic Single-Photon Sources over a Field-Installed Fibre Link by Mujtaba Zahidy et 

al, January-April 2023 (9 pages). 
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Poland launched a QKD network using trusted nodes with 380 km of connections with the help of 

IDQ2629. 

 
The European consortium OpenQKD is experimenting a terrestrial QKD net-

work. 

It prepares the ground for the launch of the EuroQCI network which would be an operational imple-

mentation of a terrestrial and satellite European QKD network2630. 

This involves in particular France, Germany, Austria, Italy, Spain, the Netherlands, Greece, Switzer-

land and Poland and vendors like Thales Alenia Space (satellite communication), Orange and Mel-

lanox (a subsidiary of Nvidia). From a practical point of view, it is about deploying a large interoper-

able experimental QKD network on a European scale, exploited by applications in various fields 

(healthcare, energy grids, transportation, finance, government, education, and the likes). The consor-

tium also intends to influence QKD standardization. And as far as possible, it is also about contrib-

uting to the development of a European industry offering in QKD and associated technologies. There 

is at last a deployment of QKD across Italy, Slovenia and Croatia2631. In France, the test area will be 

the Paris region and its major research laboratories with the Institut d'Optique, Telecom Paris, LIP6 

in Jussieu and Nokia labs in Villarceau. The project has received €15M in European funding from 

Horizon 2020, independently of Quantum Flagship. Thales announced in December 2021 that it was 

participating to the QSAFE consortium with Deutsche Telekom, Telefonica and the AIT (Austrian 

Institute for Technologies) to create a European quantum telecommunication infrastructure as part of 

EuroQCI, with both terrestrial and satellite links. 

USA’s first experiments were conducted in Boston by DARPA between 2004 and 2007. A QKD 

network piloted by Battelle was tested in Ohio in 20132632. Tests were also conducted in 2015 at MIT, 

linking two sites 43 km apart. It became the Boston-Area Quantum Network (BARQNET) linking 

the MIT Lincoln Laboratory, MIT, and Harvard University2633. A commercial deployment of QKD 

on an unused 800 km fiber optic network connecting Boston to Washington DC is also being deployed 

by Quantum Xchange and Zayo, to connect Wall Street finance businesses with their back-offices 

in New Jersey. It uses some trusted node technology2634. An 85 km facility was also deployed in 

Chicago in 20192635. In July 2020, the Department of Energy announced the expansion of the QKD 

network to link all of its research laboratory sites2636. In 2022, it connected the DoE Argonne and 

Fermi labs and enabled fast network synchronization of quantum and classical signals coexisting on 

the same optical fiber over a distance of 59 km2637. In 2023, the Stony Brook University was awarded 

a $6.5M grant from the Long Island Investment Fund to build a Quantum Internet Test Bed. 

 

2629 See A new 380 km-long intercity QKD infrastructure in Poland, IDQ, September 2022. 

2630 See Nine more countries join initiative to explore quantum communication for Europe, December 2019 and Quantum communi-

cations infrastructure architecture: theoretical background, network structure and technologies. A review of recent studies from a Eu-

ropean public infrastructure perspective by Adam M. Lewis and Petra F. Scudo, January 2022 (40 pages). 

2631 See Deploying an inter-European quantum network by Domenico Ribezzo et al, March 2022 (8 pages). 

2632 See Battelle Installs First Commercial Quantum Key Distribution Protected Network in U.S., 2013. 

2633 See Development of a Boston-area 50-km fiber quantum network testbed by Eric Bersin et al, July 2023 (11 pages). 

2634 See New plans aim to deploy the first US quantum network from Boston to Washington, DC, October 2018. 

2635 See Argonne and UChicago scientists take important step in developing national quantum internet by Louise Lerner, February 2020. 

2636 See Department of Energy (DOE) Unveils Blueprint for a U.S. Quantum Internet by Doug Finke, July 2020. 

2637 See Quantum Network Between Two National Labs Achieves Record Synch by Matt Swayne, June 2022 and Picosecond Synchro-

nization of Photon Pairs through a Fiber Link between Fermilab and Argonne National Laboratories by Keshav Kapoor et al, August 

2022 (7 pages). 

https://www.idquantique.com/a-new-380-km-long-intercity-qkd-infrastructure-in-poland/
https://ec.europa.eu/digital-single-market/en/news/nine-more-countries-join-initiative-explore-quantum-communication-europe
https://arxiv.org/abs/2110.06762
https://arxiv.org/abs/2110.06762
https://arxiv.org/abs/2110.06762
https://arxiv.org/abs/2203.11359
https://www.battelle.org/newsroom/press-releases/press-releases-detail/battelle-installs-first-commercial-quantum-key-distribution-protected-network-in-u.s
https://arxiv.org/abs/2307.15696
https://techcrunch.com/2018/10/25/new-plans-aim-to-deploy-the-first-u-s-quantum-network-from-boston-to-washington-dc
https://www.anl.gov/article/argonne-and-uchicago-scientists-take-important-step-in-developing-national-quantum-internet
https://quantumcomputingreport.com/department-of-energy-doe-unveils-blueprint-for-a-u-s-quantum-internet/
https://thequantuminsider.com/2022/06/28/quantum-network-between-two-national-labs-achieves-record-synch/
https://arxiv.org/abs/2208.01789
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Canada launched in November 2020 its Canada Quantum Network through a partnership between 

Xanadu, the Creative Destruction Lab and the startups service company MaRS around Toronto. An-

other similar testbed project was launched in Quebec in October 2023, around Sherbrooke. 

India’s Defence Research and Development Organisation (DRDO) with IIT Delhi demonstrated a 

QKD for a distance of 100 km in 2022. The country launched its first operational QKD network in 

2023 between two sites in Delhi. 

Japan’s, Toshiba announced in September 2018 that a QKD solution co-developed with the Tohoku 

Medical Megabank Organization (ToMMo) at Tohoku University had achieved a QKD throughput of 

more than 10 Mbps during one month. 

Singapore’s Quantum Engineering Program (QEP, 2018) from the National University of Singapore 

(NUS) launched the National Quantum-Safe Network (NQSN) which is starting classical and quan-

tum network trials supporting both QKD and PQC. 

They plan to have 10 fiber nodes. This is done in 

partnership with Amazon Web Services and Tha-

les. One of the challenges in deploying QKD is 

the miniaturization of its components. Whereas 

initially a complete rack of hardware was needed 

for quantum key transmitting/receiving stations, 

the goal is to fit everything in a photonics com-

ponent a few mm long. This is what NTU re-

searchers in Singapore did in 2019 to manage a 

CV-QKD supporting existing telecom operators' 

fiber infrastructures2638. But this miniaturization 

concerns here only the photonics part (Figure 

642). These photonic circuits must be completed 

by classical electronic components. 

 

Figure 642: Source: Researchers create quantum chip 1,000 times 
smaller than current setups, PhysOrg, October 2019 

The development of such integrated photonics components will also be supported in the framework 

of European Horizon Europe projects that follows Europe 2020 projects over the 2021-2027 period. 

A point-to-point 3 km QKD testbed was deployed in 2023 with the help of AWS, Horizon Quantum 

Computing and Fortinet, with a VPN tunnel using both a QKD and AWS Edge Compute hardware2639. 

Korea has an ongoing project with 800 km of QKD implementing any to any connection, also with 

the help of IDQ. 

China stands out since 2016 with impressive QKD experiments and deployments. The country in-

vests heavily in QKD with a now classical multi-pronged strategy: to protect its sensitive communi-

cations against any attacker and to develop an industry in a promising emerging technology field. A 

first deployment was carried out in 2012 in the Hefei area to link various Chinese government enti-

ties2640. It was then expanded with an installation of a QKD-secured fiber optic link between Shanghai 

and Beijing, covering 2,000 km. The line installed between 2013 and 2016 was deployed by a local 

startup, QuantumCTek. The network relies on 32 transponders with secured physical access2641. In-

deed, the signal attenuation was then too strong beyond about 50 km on one optical fiber. 

 

2638 See Researchers create quantum chip 1,000 times smaller than current setups, PhysOrg, October 2019 which references An inte-

grated silicon photonic chip platform for continuous-variable quantum key distribution by G. Zhang et al, December 2019 (5 pages). 

2639 See Implementing a quantum-secured network in a metropolitan area by Juan Moreno and Cyrus Proctor, AWS, March 2023. 

2640 See Unhackable Chinese Communication Network Launches Soon by Rechelle Ann Fuertes, 2017. 

2641 Source: Security assessment and key management in a quantum key distribution network by Xiongfeng Ma, June 2019 (21 slides). 

https://phys.org/news/2019-10-quantum-chip-smaller-current-setups.html
https://phys.org/news/2019-10-quantum-chip-smaller-current-setups.html
https://phys.org/news/2019-10-quantum-chip-smaller-current-setups.html
https://nocweba.ntu.edu.sg/laq_mems/journal%20papers/2019/An%20integrated%20silicon%20photonic%20chip%20platform%20for%20continuous-variable%20quantum%20key%20distribution.pdf
https://nocweba.ntu.edu.sg/laq_mems/journal%20papers/2019/An%20integrated%20silicon%20photonic%20chip%20platform%20for%20continuous-variable%20quantum%20key%20distribution.pdf
https://aws.amazon.com/fr/blogs/quantum-computing/implementing-a-quantum-secured-network-in-a-metropolitan-area/
https://web.archive.org/web/20190701145210/https:/edgy.app/unhackable-chinese-communication-network-soon
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Xiongfeng_Ma_Presentation.pdf
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The entities using this line are government agencies, including various financial sector regulatory 

agencies and banks. The country also plans to protect its energy grid infrastructure with this net-

work2642. 

China then launched in 2017 a 

deployment of an additional 

33,000 km of the National 

Quantum Secure Communi-

cation Backbone Network, to 

be completed by 2025 (Figure 

643). It had started with the cre-

ation of a Hefei-Wuhan link2643. 

Hefei is the city where Jian-Wei 

Pan's main quantum technolo-

gies laboratory is located2644. It 

seems this deployment was 

stalled and turned into several 

metropolitan QKD networks 

connected together with QKD 

satellite links. 

 

Figure 643: China’s QKD 33K km planned backbone as of 2019, which was replace since then 
by metropolitan networks connected with satellite links. 

Still, as of 2023, 10,000 km of QKD lines had been deployed in total. In September 2023, a team led 

by Jian-Wei Pan reported the deployment of a three-node entanglement-based QKD setup at a city 

scale in Hefei using quantum nodes with atomic quantum memories2645.  

China Telecom announced in 2023 an investment of $438M in quantum communications research 

and development2646. 

In France, the civil cybersecurity agency ANSSI published an information note in May 2020 in which 

it expressed certain reserves about the QKD2647. It highlighted the fact that it does not address a com-

mon problem, cannot guarantee perfect inviolability, and requires dedicated optical infrastructures. 

Instead, it recommends focusing on PQC. This followed a memo of equivalent content from their 

British NCSC counterparts published in April 20202648. A similar publication from the NSA was re-

leased in October 20202649. 

It was renewed in 2021 and 2022. Scientists from ETH Zurich published a documented rebuttal to 

these objections in 20232650, followed by another one from Terra Quantum2651. 

 

2642 See Application In Power Industry Promotes the Development of Quantum Cryptography Technology by Yonghe Guo, June 2019 

(13 slides). 

2643 See Towards large-scale quantum key distribution network and its applications by Hao Qin, 2019 (17 slides). 

2644 The extended BB84 based QKD network is documented in Implementation of a 46-node quantum metropolitan area network by 

Teng-Yun Chen et al, September 2021 (14 pages). It describes the intra-metropolitan network infrastructure deployed in Hefei, with 46 

nodes. 

2645 See A multinode quantum network over a metropolitan area by Jian-Long Liu, Jian-Wei Pan et al, September 2023 (21 pages). 

2646 See China Telecom establishes quantum technology group by Casey Hall, Reuters, May 2023. 

2647 See L'avenir des communications sécurisées passe-t-il par la distribution quantique de clés? by ANSSI, May 2020 (6 pages). 

2648 See Quantum Security Technologies, NCSC, March 2020 (4 pages) and a detailed response in Quantum safe cryptography - the 

big picture - Fact Based Insight by David Shaw, 2020. 

2649 See NSA Cybersecurity Perspectives on Quantum Key Distribution and Quantum Cryptography, NSA, 2020. 

2650 See The debate over QKD: A rebuttal to the NSA's objections by Renato Renner and Ramona Wolf, ETH Zurich, July 2023 (14 

pages). 

2651 See Applicability of QKD: TerraQuantum view on the NSA's scepticism by D. Sych et al, Terra Quantum, August 2023 (4 pages). 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Yonghe_Guo_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Hao_Qin_Presentation.pdf
https://arxiv.org/pdf/2109.04736.pdf
https://arxiv.org/abs/2309.00221
https://www.reuters.com/technology/china-telecom-establishes-quantum-technology-group-2023-05-31/
https://www.ssi.gouv.fr/agence/publication/lavenir-des-communications-securisees-passe-t-il-par-la-distribution-quantique-de-cles/
https://www.ncsc.gov.uk/whitepaper/quantum-security-technologies
https://www.factbasedinsight.com/quantum-safe-cryptography-the-big-picture
https://www.factbasedinsight.com/quantum-safe-cryptography-the-big-picture
https://www.nsa.gov/Press-Room/News-Highlights/Article/Article/2394053/nsa-cybersecurity-perspectives-on-quantum-key-distribution-and-quantum-cryptogr/
https://arxiv.org/abs/2307.15116
https://arxiv.org/abs/2308.07082
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The bulk of the answers is: “work in progress”, particularly as QKD related hardware is being shrunk-

wrapped and commoditized. Also, it would make sense to deploy quantum networks implementing 

entanglement resources, which are the only ones enabling a broad scope of use cases including con-

necting quantum networks, quantum computers and quantum sensors. 

QKD by satellite, UAVs and underwater 

Satellite quantum communication is another way to distribute quantum keys that makes sense over 

long distance. These keys can be created across two locations while the encrypted data may be trans-

ported in more classical terrestrial, or satellite means. This would be theoretically simpler than using 

QKD distribution over large fiber networks full of (so far, non-existent) quantum repeaters. 

One advantage is that the photon loss is much lower with satellites than with fibers. Indeed, with 

satellites, photon losses coming from the atmospheric absorption and scattering occurs only in the 

lower 10 km of the atmosphere, with about a 3 dB loss on a clear day. 

Still, the atmospheric refractive index inho-

mogeneity modifies the direction of the prop-

agating beam and larger-scale turbulence 

causes beam deflection, while small-scale 

turbulence induces beam broadening 2652 . 

Turbulences have a larger impact for photon 

emission from Earth, particularly on the 

quality of entanglement2653 2654 (Figure 644). 

The rest of the distance is in near vacuum, 

with nearly no absorption and decoherence 

and the loss caused by beam diffraction is ap-

proximately proportional to the square of dis-

tance whereas the losses in fiber are mainly 

due to the absorption and scattering of the fi-

ber medium, which is proportional to the ex-

ponent of the distance. It means that for long 

communicating distances of several hundred 

km, satellite-ground channels have an ad-

vantage over fiber-based channels in terms of 

channel losses2655. 

 
Figure 644: how photon losses compare between fiber and freespace 

channel using satellite. Source: Micius quantum experiments in space by 
Chao-Yang Lu, Yuan Cao, Cheng-Zhi Peng and Jian-Wei Pan, August 2022 

(53 pages). 

However, free to air channels are vulnerable to attacks like various forms of denials of service (DoS) 

that mandate their own countermeasures2656. 

China has been a pilot country in satellite QKD distribution, having launched two QKD satellites. 

Micius-1 launched in 2016 is also named Mozi for a western/Chinese pronunciation (Figure 645). 

Jinan-1 was launched in 2022. Micius-1 was used for running several different experiments: a satel-

lite-to-ground decoy-state QKD with kHz keyrates over up to 1,200 km and satellite-replayed 

 

2652 See Satellite-based Quantum Key Distribution over Atmospheric Channels: Reviews and Research Challenges by Hong-fu Chou 

et al, University of Luxembourg, July 2023 (6 pages). 

2653  See Satellite-based entanglement distribution and quantum teleportation with continuous variables by Tasio Gonzalez-Raya, 

Stefano Pirandola and Mikel Sanz, March 2023 (16 pages). 

2654 See Phase Correction using Deep Learning for Satellite-to-Ground CV-QKD by Nathan K. Long et al, UNSW, May 2023 (6 pages). 

2655 This paragraph is largely inspired from the excellent and well detailed review paper Micius quantum experiments in space by Chao-

Yang Lu, Yuan Cao, Cheng-Zhi Peng and Jian-Wei Pan, August 2022 (53 pages). 

2656  See Quantum Communication Countermeasures by Michal Krelina, Czech Technical University in Prague, October 2023 (24 

pages). 

https://arxiv.org/abs/2208.10236
https://arxiv.org/abs/2308.00011
https://arxiv.org/abs/2303.17224
https://arxiv.org/abs/2305.18737
https://arxiv.org/abs/2208.10236
https://arxiv.org/abs/2310.08728
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intercontinental key exchange, a satellite-based entanglement distribution to two Earth locations sep-

arated by 1205 km and a ground-to-satellite qubit teleportation as part of the QUESS project (Quan-

tum Experiments at Space Scale)2657. The satellite weighs 640 kg and consumes 560W. 

A 2018 experiment was about creating a videoconference between China and Austria using a quantum 

key sent every minute2658. Why with Austria? Because Jian-Wei Pan did his PhD thesis in Austria 

under the supervision of Anton Zeilinger, who piloted the European part of the experiment. 

China is planning to launch a cloud of satellites in low orbit by 2030 dedicated to sending quantum 

keys by repeating this process2659. If they are banking on QKD for symmetric key management, it 

seems that China is also investing in post-quantum cryptography but in a quieter way. 

    
Figure 645: QKD satellite from China. 

Micius-1 experiments could handle 5.9 million pairs of entangled photons per second, but due to error 

corrections, only one useful photon pair was exploitable per second2660. 

As a result, Chinese scientists are studying scheduling approaches to load balance key distribution 

over time2661. Also, it works only at night! 

At the beginning of 2020, China announced that it had miniaturized its ground receiving station for 

quantum key communication with the Micius satellite from 10 tons to 80 kg. The key bitrate was 

reduced, from 40Kbits/s to 4-10Kbits/s. The experiment took place on the Earth side in Jinan and 

 

2657 See respectively Satellite-to-ground quantum key distribution by Sheng-Kai Liao, Jian-Wei Pan et al, Nature, August 2017 (18 

pages), Satellite-Relayed Intercontinental Quantum Network by Sheng-Kai Liao, Jian-Wei Pan et al, PRL, 2018 (10 pages), Satellite-

to-ground entanglement-based quantum key distribution by Juan Yin, Jian-Wei Pan et al, PRL, 2017 and Ground-to satellite quantum 

teleportation by Ji-Gang Ren, Jian-Wei Pan et al, Nature, 2017 (16 pages). The principle was first described in 1993 in Teleporting an 

Unknown Quantum State via Dual Classical and EPR Channels by Charles Bennett, Gilles Brassard (from Montreal), Claude Crépeau, 

Richard Jozsa, Asher Peres and William Wootters. See also Quantum Communication at 7,600km and Beyond by Chao-Yang Lu and 

Cheng-Zhi Peng, Jian-Wei Pan, November 2018. 

2658 See Real-world intercontinental quantum communications enabled by the Micius satellite, USTC, PhysOrg, January 2018. Exper-

iments or equivalent experiences have been launched by European teams. See Quantum Photonics Technologies for Space, October 

2018 (22 pages) and Nanobob CubeSat mission, 2018 (31 pages). This is also being done in the UK, where an experimental Cubesat 

micro-satellite project is planned to cover the country. See QUARC: Quantum Research Cubesat - A Constellation for Quantum Com-

munication by Luca Mazzarella et al, 2020 (27 pages). 

2659 See some details on the satellite QKD deployment architecture in Approaches to scheduling satellite-based quantum key distribu-

tion for the quantum network by Xingyu Wang et al, 2021 (11 pages). 

2660 See A step closer to secure global communication by Eleni Diamanti, Nature, June 2020, which describes the practical conditions 

and limitations of these satellite key transmission experiments. And in particular the most recent one described in Entanglement-based 

secure quantum cryptography over 1,120 kilometers by Juan Yin et al, Nature, June 2020. The actual key bitrate was 0.12 bits per 

second! 

2661 See Approaches to scheduling satellite-based quantum key distribution for the quantum network by Xingyu Wang et al, 2021 (11 

pages). 
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.200501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.200501
https://arxiv.org/abs/1707.00934
https://arxiv.org/abs/1707.00934
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid=22A4B4CCBE1FDD5F914D28EC564A59D8?doi=10.1.1.46.9405&rep=rep1&type=pdf
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https://qtspacebern.sciencesconf.org/data/pages/book_of_abstracts_qtspacebern.pdf
https://hal.inria.fr/hal-01929079/document
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https://arxiv.org/ftp/arxiv/papers/2106/2106.00987.pdf
https://arxiv.org/ftp/arxiv/papers/2106/2106.00987.pdf
https://www.nature.com/articles/d41586-020-01779-7
https://www.nature.com/articles/s41586-020-2401-y
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Shanghai, so it seems at sea level2662 . The Bank of China would already secure transactions by send-

ing keys via the Micius/Mozi Beijing satellite and remote provinces. 

In June 2019, Chinese researchers announced that they had demonstrated the use of optical QKD 

aerial links established within a network of 35 kg octocopter UAVs spaced 200 m apart during a 40-

minute flight at an altitude of 100 m2663. 

The payload handling quantum communication weighed 11.8 kg. It can still be miniaturized, since 

the Chinese are aiming to integrate it into mass-market UAVs. 

China was also proud to announce in 2021 that they had created the world's first integrated quantum 

communication network, combining 700 terrestrial optical fibers with two ground-to-satellite links, 

achieving quantum key distribution over 4,600 km2664. China researchers also developed a portable 

ground satellite QKD station of only 100 kg2665. 

China announced yet another premiere in August 2022, with transmitting QKD keys from its Tian-

gong-2 space lab to four ground stations who are also connected to Micius which is positioned in a 

higher orbit, thanks to using Tiangong-2 as a repeater2666. 

At last, China launched Jinan-1, a new 100 kg low-earth orbit (LEO) QKD satellite in July 2022. 

But China is not alone there. 

In Europe, there are also satellite QKD plans and architecture proposals2667. The EU is planning the 

launch of a 6B€ satellite program announced in February 2022 with QKD support, to be deployed by 

2028. A project run by a 20-company consortium led by SES (Astra) and the European Space Agency 

with the support of the EU will launch in 2024 its EAGLE-1 QKD low-earth orbit satellite-based 

system that will last three years to enable BB84 QKD use cases2668. It will use a Tesat QKD satellite 

payload. TeQuants is an EU supported research project led by Thales Alenia Space that is about build-

ing a quantum network supporting entanglement and its applications, as part of EuroQCI (Figure 646). 

On the science front, Eleni Diamanti’s LIP6 team in France is working on using adaptive optics to 

improve key sharing with satellite2669. Her team is also working with InPhyNi and Thales on satellite 

QKD architecture designs and simulations2670 2671. 

Singapore and its universities and startups are working on CubeSat based tiny QKD distribution 

satellites2672. 

 

2662 See China has developed the world's first mobile quantum satellite station by Donna Lu, January 2020. 

2663 See Drone-based all-weather entanglement distribution by Hua-Ying Liu et al, May 2019 (16 pages) and World's First "Quantum 

Drone" for Impenetrable Air-to-Ground Data Links Takes Off by Charles Q. Choi, IEEE Spectrum. 

2664 See Chinese Scientists Report World's First Integrated Quantum Communication Network by Matt Swayne, 2021. 

2665 See Portable ground stations for space-to-ground quantum key distribution by Ji-Gang Ren, Jian-Wei Pan and al, May 2022 (9 

pages). 

2666 See Space–ground QKD network based on a compact payload and medium-inclination orbit by Yang Li et al, Optica, August 2022 

(6 pages). 

2667 See Satellite-based Quantum Information Networks: Use cases, Architecture, and Roadmap by Laurent de Forges de Parny, Eleni 

Diamanti, Sébastien Tanzilli et al, February 2022 (21 pages). 

2668 See EAGLE-1: Advancing Europe's Leadership in Quantum Communications, SES, 2022.. 

2669 See Analysis of satellite-to-ground quantum key distribution with adaptive optics by Valentina Marulanda Acosta, Eleni Diamanti 

et al, November 2021 (17 pages). 

2670 See Satellite-based quantum information networks: use cases, architecture, and roadmap by Laurent de Forges de Parny, Eleni 

Diamanti, Sébastien Tanzilli, Mathias Van Den Bossche et al, Nature Communications Physics, January 2023 (17 pages). 

2671 See Connecting Quantum Cities: Simulation of a Satellite-Based Quantum Network by Raja Yehia, Matteo Schiavon, Valentina 

Marulanda Acosta, Tim Coopmans, Iordanis Kerenidis, David Elkouss and Eleni Diamanti, July 2023 (24 pages). 

2672 See A CubeSat platform for space based quantum key distribution by Srihari Sivasankaran et al, April 2022 (6 pages). 
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Canada launched a plan to build a quantum communication satellite network in 2021, which makes 

sense with regards to the country size2673. This QEYSSat (Quantum Encryption and Science Satellite) 

project plans a satellite launch in 2025-2026 with a mission of one year extendable for one additional 

year. It is run by the Institute for Quantum Computing (University of Waterloo) with the industry help 

from Honeywell. It seems to be about a first generation QKD distribution, with no entanglement being 

mentioned in the project description. 

 
Figure 646: examples of ground station and satellite laser equipment for satellite based quantum communication. 

Source: Mynaric, Tesat and Simera Sense. Added in 2023. 

UK’s Quantum Communications Hub is running its In Orbit Demonstration (IOD) mission to demon-

strate QKD from space starting in 2024 with a satellite payload supporting new quantum signal trans-

mission and quantum receivers in its Hub Optical Ground Station (OGS). It will rely on ISISPACE 

Group (the Netherlands) for satellite systems and services. 

NASA’s SEAQUE (Space Entanglement and Annealing QUantum Experiment) is a small experiment 

being launched in the ISS to test photon entanglement distribution in space, particularly to assess self-

healing solutions against radiation damages. The project has contributions from the USA, Canada and 

Singapore. The experiment designed by AdvR (2019, USA) is to be docked outside the ISS in the 

“Bishop airlock” that is by Nanoracks, a private in-space services company2674. 

QKD distribution was even tested in zero-G flights to see the impact of gravity changes, with positive 

results2675. 

After space, how about distributing QKD underwater, I mean “free to water”? It’s not a joke. It is 

being investigated in Turkey and China2676! The first simulations deal with 10 to 40 m distances. It is 

far from being sufficient to enable communications with submarines, particularly of the nuclear breed. 

 

2673 See QEYSSat 2.0 -- White Paper on Satellite-based Quantum Communication Missions in Canada by Thomas Jennewein et al, 

University of Waterloo, University of Calgary and Institut National d’Optique, June 2023 (108 pages). 

2674 See NASA is launching a new quantum entanglement experiment in space by Charlotte hu, March 2022. 

2675 See Photonic entanglement during a zero-g flight by Julius Bittermann et al, March 2023 (19 pages). 

2676 See On the Optimization of Underwater Quantum Key Distribution Systems with Time-Gated SPADs by Amir Hossein Fahim 

Raouf and Murat Uysal, Ozyegin University in Istanbul, June 2022 (6 pages) and Practical underwater quantum key distribution based 

on decoy-state BB84 protocol, by Shanchuan Dong et al, March 2022 (10 pages). 
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Another option is to use underwater fibers, which is both more and less practical, as tested in 2023 

between Italy and Malta over 100 km 2677 and between the UK and Ireland over 224 km2678. 

And beyond Earth, some are even devising how some extraterrestrial civilization could communicate 

with us with entangled photons. I am just wondering how these photon sources could be detected out 

of the noise coming from distant stars, even using all the technologies around to detect exoplanets 

(transit methods, spectrography, etc.)2679. 

QKD photon sources and detectors 

We’ve already covered photon sources for quantum computing and seen some of their requirements 

like the creation of deterministic and indistinguishable photons, on top of the even harder challenge 

to create large clusters of entangled photons. 

The stakes with photons generation for QKD are slightly different. What is required are steady 

streams of individual photons, preferably generated in the telecom wavelengths between 1,200 nm 

and 1,550 nm. Entanglement based QKD also requires the generation of entangled pairs of photons. 

Finally, these sources should be lightweight and easy to integrate in telecom infrastructures. Prefera-

bly, they shouldn’t be power hungry and not require cryogeny, thus a preference for ambient temper-

ature solid-state solutions. 

The breath of technologies used or investigated for photon generation is amazing. Let’s mention a 

few of these recent advances: 

• Silicon with carbon atoms defects creating optical 

wavelength photons at 1,279 nm2680 (Figure 647). 

• Vanadium defects in silicon-carbide operating be-

tween 100mK and 3K with the benefit from a rela-

tive long stability2681. 

 

Figure 647: a G center and its two carbon atoms. 

• Silicon-nitride MRR (microring resonator) that can generate 8 pairs of heralded entangled pho-

tons directly in the telecom wavelengths around 1,550 nm 2682. Microring resonators are tiny op-

tical waveguides looped back onto themselves in circle or spiral, usually implemented in silicon 

semiconductors. They enable interference phenomena, the creation of delay lines, and the likes2683. 

 

2677 See Quantum Key Distribution over 100 km underwater optical fiber assisted by a Fast-Gated Single-Photon Detector by Domenico 

Ribezzo et al, March 2023 (6 pages). 

2678 See Quantum communications feasibility tests over a UK-Ireland 224-km undersea link by Ben Amies-King et al, October 2023 

(11 pages). 

2679 See Viability of quantum communication across interstellar distances by Arjun Berera and Jaime Calderón-Figueroa, June 2022 

(18 pages), a fancy topic that was covered everywhere like in Mathematical calculations show that quantum communication across 

interstellar space should be possible by Bob Yirka, Phys.org, July 2022. 

2680 See Single G centers in silicon fabricated by co-implantation with carbon and proton by Yoann Baron, Anais Dréau et al, April 

2022 (5 pages). The electronically active G center is a complex of two substitutional carbon atoms and an interstitial silicon atom. See 

also the review paper on silicon defects A bright future for silicon in quantum technologies by Mario Khoury and Marco Abbarchi, 

2022 (12 pages). Another intrinsic silicon defect resulting from irradiation of Si crystals is also studied, aka the W-center. See  Detection 

of single W-centers in silicon by Yoann Baron, Jean-Michel Gérard, Vincent Jacques, Isabelle Robert-Philip, Anais Dréau et al, April 

2022 (10 pages). See also Wafer-scale nanofabrication of telecom single-photon emitters in silicon by M. Hollenbach et al, April 2022 

(20 pages) that covers the controllable fabrication of single G and W centers in silicon wafers using focused ion beams (FIB) with a 

probability exceeding 50%. 

2681 See Vanadium in Silicon Carbide: Telecom-ready spin centres with long relaxation lifetimes and hyperfine-resolved optical transi-

tions by T. Astner et al, June 2022 (9 pages). 

2682 See High-quality multi-wavelength quantum light sources on silicon nitride micro-ring chip by Yun-Ru Fan et al, September 2022 

(13 pages). Works with silicon chipsets and at ambient temperature. Creates 8 pairs of frequency multiplexed heralded entangled pho-

tons. 

2683 See the review paper Silicon microring resonators by Wim Bogaerts et al, Laser & Photonics Review, 2012 (27 pages). 
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https://arxiv.org/abs/2206.06240
https://arxiv.org/abs/2209.11417
https://www.photonics.intec.ugent.be/download/pub_3105.pdf
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• NV center-based sources, like the ones studied by AWS and Element Six2684. 

• GaAs quantum-dot single photon sources with high-source brightness ensuring high-speed 

quantum communication2685 2686. A record of 175 km distance was broken in 2022 using GaAs/In-

GaAs quantum dots and a finite key rate of 13 kbps over 100 km2687. 

• AlGaAs sources with spontaneous parametric down-conversion (SPDC) enable the creation of 

polarization and/or frequency entangled sources of photons at telecom wavelengths2688 2689 2690. 

• InAs quantum dots embedded in GaAs with a conversion to telecom wavelength at 1,550 nm 

generating indistinguishable photons2691 2692. 

• Si-based SPDC to create pairs of entangled photons2693. 

• Rare-earth doped fibers with potential room temperature operations2694. 

• CV-QKD squeezed states preparation with off-the-shelf telecom equipment2695. 

• Photon based qudits using larger dimension frequency bin entanglement 2696 2697. In mid-2019, 

other Chinese researchers experimented the teleportation of qutrits, allowing a transmission of 

more information per photons2698. This could be used to increase the rate of QKD key transmis-

sion. 

Then, we have photon detectors and counters. They use various techniques depending on the QKD 

protocol used (entangled-based or not, etc.). SPD (single-photon detectors) are used after the photons 

traverse a polarization filter with several variants: 

 

2684 See Perfect imperfections: how AWS is innovating on diamond materials for quantum communication with Element Six by Bart 

Machielse and Daniel Riedel, AWS, April 2023. 

2685 See Enhancing quantum cryptography with quantum dot single-photon sources by Mathieu Bozzio et al, April 2022 (37 pages). 

2686 See Quantum-dot single-photon sources for the quantum Internet by Chao-Yang Lu and Jian-Wei Pan, December 2021 (7 pages). 

2687 See Single-emitter quantum key distribution over 175 km of fiber with optimised finite key rates by Christopher L. Morrison et al, 

September 2022 (9 pages). 

2688 See On-chip generation of hybrid polarization-frequency entangled biphoton states by S. Francesconi, Sara Ducci, Perola Milman 

et al, MPQ and C2N, July 2022 (10 pages). 

2689 See Broadband biphoton generation and polarization splitting in a monolithic AlGaAs chip by Félicien Appas, Sara Ducci et al, 

August 2022 (16 pages). 

2690 See Spectrally multimode squeezed states generation at telecom wavelengths by Victor Roman-Rodriguez, David Fainsin, Guil-

herme L. Zanin, Nicolas Treps, Eleni Diamanti and Valentina Parigi, June 2023 (11 pages). 

2691 See A Pure and indistinguishable single-photon source at telecommunication wavelength by Beatrice Da Lio et al, NBI, January 

2022 (7 pages). 

2692 See On-demand Generation of Indistinguishable Photons in the Telecom C-Band using Quantum Dot Devices by Daniel A. Vajner 

et al, University of Berlin, DTU and Wrocław University of Science and Technology, June 2023 (5 pages). 

2693 See Near perfect two-photon interference out a down-converter on a silicon  photonic chip by Romain Dalidet, Sébastien Tanzilli, 

Camille-Sophie Brès et al, InPhyNi at Nice in France, EPFL and Ligentec. February 2022 (8 pages). 

2694 See Room-temperature addressing of single rare-earth atoms in optical fiber by Mikio Takezawa et al, PRA, October 2023 (12 

pages). 

2695 See Plug-&-play generation of non-Gaussian states of light at a telecom wavelength by Mohamed Faouzi Melalkia, Sébastien 

Tanzilli, Virginia D’Auria et al, May 2022 (6 pages). 

2696 See A reconfigurable silicon photonics chip for the generation of frequency bin entangled qudits by Massimo Borghi et al, CEA-

Leti and Italian labs, January 2023 (15 pages). 

2697 See Spin–orbit microlaser emitting in a four-dimensional Hilbert space by Zhifeng Zhang et al, Penn University, Nature, November 

2022 (no open access). 

2698 See Qutrits experiments are a first in quantum teleportation by Daniel Garisto in Scientific American, August 2019, which refers 

to Experimental multi-level quantum teleportation by Xiao-Min Hu et al, April 2019 (12 pages) and Quantum teleportation in high 

dimensions by Yi-Han Luo, June 2019 (23 pages). 

https://aws.amazon.com/fr/blogs/quantum-computing/perfect-imperfections-how-aws-is-innovating-on-diamond-materials-for-quantum-communication-with-element-six/
https://arxiv.org/abs/2204.11734
https://www.nature.com/articles/s41565-021-01033-9
https://arxiv.org/abs/2209.03394
https://arxiv.org/abs/2207.10943
https://arxiv.org/abs/2208.14108
https://arxiv.org/abs/2306.07267
https://arxiv.org/abs/2201.02465
https://arxiv.org/abs/2306.08668
https://arxiv.org/abs/2202.04316
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.044038
https://arxiv.org/abs/2205.15687
https://arxiv.org/abs/2301.08475
https://www.nature.com/articles/s41586-022-05339-z
https://www.scientificamerican.com/article/qutrit-experiments-are-a-first-in-quantum-teleportation/
https://arxiv.org/pdf/1904.12249.pdf
https://arxiv.org/ftp/arxiv/papers/1906/1906.09697.pdf
https://arxiv.org/ftp/arxiv/papers/1906/1906.09697.pdf
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• APD, avalanche photodiodes and SPAD, single photon avalanche photodiode which can detect 

single photons. 

• SNSPD, superconducting nanowire single-photon detectors, requiring <4K cooling2699 2700 2701. 

• VLPC (visible light photon counter) which are silicon based. 

Researchers and industry vendor are creating integrated solutions fitting in silicon and GaAs photonic 

circuits with DV or CV photon source, receiver and amplifiers2702. 

QKD nodes and repeaters 

The range of QKD transmission over fiber has improved with only 30 cm in 1989 (IBM with Charles 

Bennett), 1,100 m at the University of Geneva in 1993, then 23 km in 1995 with the BB84 protocol, 

all via fiber optics. 

China researchers created a 404 km QKD fiber 

connection without a repeater in 20162703, then ex-

tended this record in 2020 to 509 km of transmis-

sion without repeater2704 and to 511 km using the 

TF-QKD protocol (aka twin-field QKD)2705 2706. 

The technique was improved in 2020 by a mix of 

British and American researchers to reach 600 

km2707. 

The record was broken in 2022 with 833 km as 

shown in Figure 648 2708. In Austria, an entangle-

ment distribution was achieved over 248 km in 

20222709. At these large distances, the error rates 

are so high that it becomes impractical. The key 

rates are very low, getting under 10-7 for distances 

larger than 400 km. 

 

Figure 648: relationship of QKD keyrates and distance without 
repeaters. Source: See Twin-Field Quantum Key Distribution over 
511 km Optical Fiber Linking two Distant Metropolitans by Jiu-

Peng Chen, Jian-Wei Pan et al, January 2021 (32 pages). 

 

2699 See an example with Heterogeneously integrated, superconducting silicon-photonic platform for measurement-device-independent 

quantum key distribution by Xiaodong Zheng et al, October 2021 (8 pages). 

2700 See High-speed detection of 1550 nm single photons with superconducting nanowire detectors by Ioana Craiciu et al, JPL and 

Caltech, October 2022 (12 pages). 

2701 See GHz detection rates and dynamic photon-number resolution with superconducting nanowire arrays by Giovanni V. Resta et al, 

IDQ and University of Geneva, March-June 2023 (28 pages). 

2702 See Continuous-Variable Quantum Key Distribution at 10 GBaud using an Integrated Photonic-Electronic Receiver by Adnan A.E. 

Hajomer et al, May 2023 (7 pages) with a small system board operating at 10 GBaud, generating secret key rates at over 0.7 Gb/s over 

a distance of 5 km, and 0.3 Gb/s over 10 km. 

2703 Documented in Measurement device independent quantum key distribution over 404 km optical fiber, 2016 (15 pages). 

2704 Seer Study achieves a new record fiber QKD transmission distance of over 509 km by Ingrid Fadelli, March 2020. 

2705 See Twin-Field Quantum Key Distribution over 511 km Optical Fiber Linking two Distant Metropolitans by Jiu-Peng Chen, Jian-

Wei Pan et al, January 2021 (32 pages). 

2706 See Twin-field quantum key distribution without phase locking by Wei Li, Jian-Wei Pan et al, December 2022 (31 pages) which 

improved the experiment without using phase locking, the synchronization of the phase of optical signals between the sender and 

receiver. 

2707 See 600-km repeater-like quantum communications with dual-band stabilization by Mirko Pittalugal et al, 2020 (14 pages). 

2708 See Twin-field quantum key distribution over 830-km fibre by Shuang Wang et al, Nature, January 2022 with a 140 dB loss! 

2709 See Continuous entanglement distribution over a transnational 248 km fibre link by Sebastian Philipp Neumann et al, March 2022 

(23 pages). 

https://arxiv.org/pdf/2102.00433.pdf
https://arxiv.org/pdf/2102.00433.pdf
https://www.spiedigitallibrary.org/journals/advanced-photonics/volume-3/issue-05/055002/Heterogeneously-integrated-superconducting-silicon-photonic-platform-for-measurement-device-independent/10.1117/1.AP.3.5.055002.full?SSO=1
https://www.spiedigitallibrary.org/journals/advanced-photonics/volume-3/issue-05/055002/Heterogeneously-integrated-superconducting-silicon-photonic-platform-for-measurement-device-independent/10.1117/1.AP.3.5.055002.full?SSO=1
https://arxiv.org/abs/2210.11644
https://arxiv.org/abs/2303.17401
https://arxiv.org/abs/2305.19642
https://arxiv.org/abs/1606.06821
https://phys.org/news/2020-03-fiber-qkd-transmission-distance-km.html
https://arxiv.org/pdf/2102.00433.pdf
https://arxiv.org/abs/2212.04311
https://arxiv.org/pdf/2012.15099.pdf
https://www.nature.com/articles/s41566-021-00928-2
https://arxiv.org/abs/2203.12417
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There is even an upper bound for these key rates, −log2(1−η) with η being the transmissivity of the 

lossy quantum channel, whatever the protocol2710. China again broke this record in 2023 with reach-

ing a distance of 1,002 km also using TF-QKD, with a very low key rate of 0.0034 bps2711. These 

records are nice, but their key rate is not practically acceptable. 

Quantum channels used for QKD are subject to noise and leaks. Transmitting a useful photon requires 

several trials and its number grows exponentially with distance. And when the photon arrives at its 

destination, its state fidelity also decreases exponentially with distance. As a result, for large distances, 

we need nodes and/or repeaters. 

They must guarantee a good key rate and fidelity and be tolerant to errors. They are essential for 

distributing quantum keys over long distances, beyond 80 km2712. QKD networks also use classical 

optical switches using frequency multiplexing. It enables the routing of QKD signals from one emitter 

to different receivers, but once at a time. They also use SDN (software defined network) to dynami-

cally configure the networks and their nodes, particularly trusted nodes. 

There are three main kinds of nodes and repeaters: 

Trusted node relays where keys must be revealed classically in the intermediate stations, thus the 

need for it to be in “trusted” locations. These nodes are mostly used with the BB84 protocol but can 

also work with entanglement based QKDs. They can be implemented to create an arbitrary distance 

QKD connection. This is the dominant solution. It is used in the 2,000 km Beijing-Shanghai QKD 

line and in the various EU OpenQKD projects. 

Untrusted node relays are safer than trusted node relays work but work only with the family of 

entanglement-based QKD protocols like MDI-QKD and for relatively short distance. It avoids secu-

rity loopholes at the measurement side and allows the relay to be controlled by an eavesdropper with-

out endangering the security of the shared keys. Complex networks can contain both trusted and 

untrusted nodes depending on their location and physical safety. 

Quantum repeaters which are safer than trusted node repeaters2713. They use entanglement swapping 

techniques which keep the key sharing link quantum from end-to-end between Alice and Bob. They 

do not implement any measurement or cloning but, instead, quantum states purification which con-

sists in keeping trusted entangled pairs selected out of many imperfect pairs. They must usually be 

equipped with some form of quantum memory to propagate the state of the photons to be transmitted 

through entanglement swapping2714. These quantum memories are still unproven and a field of fun-

damental research. These are different kinds of quantum memories than the ones that needed for 

quantum computing and that we covered in the quantum memory part starting page 278. These quan-

tum memories for quantum repeaters need a single qubit per link. 

It can be implemented with many tools, the following list being essentially a topic bibliography: 

 

2710 See Fundamental Limits of Repeaterless Quantum Communications by Stefano Pirandola et al, 2017 (61 pages). 

2711 See Experimental Twin-Field Quantum Key Distribution Over 1000 km Fiber Distance by Yang Liu, Jian-Wei Pan et al, PRL, May 

2023 (47 pages). 

2712 Knowing that the record distance for quantum telecommunication without repeaters is 509 km as we have already seen. See also 

Viewpoint: Record Distance for Quantum Cryptography by Marco Lucamarini, Toshiba & Cambridge, November 2018 and Recent 

progress on Measurement-Device-Independent (MDI) Quantum Key Distribution (QKD) by Marco Lucamarini, 2018 (71 slides). 

2713 See the review paper Quantum repeaters: From quantum networks to the quantum internet by Koji Azuma, Sophia E. Economou, 

Liang Jiang, Paul Hilaire et al, December 2022 (68 pages). 

2714 See Quantum Nodes for Quantum Repeaters by Hugues de Riedmatten, ICFO, January 2021 (60 slides). 

https://arxiv.org/pdf/1510.08863.pdf
https://arxiv.org/abs/2303.15795
https://physics.aps.org/articles/v11/111
http://2018.qcrypt.net/wp-content/uploads/2018/slides/Wednesday/01.Marco%20Lucamarini.pdf
http://2018.qcrypt.net/wp-content/uploads/2018/slides/Wednesday/01.Marco%20Lucamarini.pdf
https://arxiv.org/abs/2212.10820
https://quantumscienceseminar.com/videos/qss31-hugues_deriedmatten-presentation.pdf


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum Key Distribution - 746 

• Rare earth doped crystals using ytterbium2715, europium2716 2717, erbium2718 2719, yttrium2720 and 

praseodymium2721 2722 2723. 

• Cold atoms single atoms 2724 2725, atomic vapors or ensembles 2726 2727. 

• SiC silicon vacancies2728. 

• SiV2729 2730 2731, nitrogen2732 2733 vacancies in diamond, which can also be arranged in arrays2734. 

• Optomechanical memories, as proposed by NBI in Denmark, using optomechanical induced 

transparency2735. 

 

2715 See Remote distribution of non-classical correlations over 1250 modes between a telecom photon and a 171Yb3+ Y2SiO5 crystal by 

Moritz Businger et al, Université de Genève, Chimie ParisTech and Sorbonne Université, May 2022 (8 pages) that uses ytterbium and 

yttrium. 

2716 See Storage of photonic time-bin qubits for up to 20 ms in a rare-earth doped crystal by Antonio Ortu, Adrian Holzäpfel, Jean 

Etesse and Mikael Afzelius, npj, March 2022 (7 pages) describes a 20 ms quantum memory using crystals doped with europium, 

operating near 0K,  

2717 See On-demand Integrated Quantum Memory for Polarization Qubits by Tian-Xiang Zhu et al, January 2022 (20 pages) with 

europium and yttrium. 

2718 See Indistinguishable telecom band photons from a single Er ion in the solid state by Salim Ourari et al, Nature, August 2023 (20 

pages) which is using erbium and telecom wavelength. 

2719 See Quantum storage of entangled photons at telecom wavelengths in a crystal by Ming-Hao Jiang et al, Nature Communications, 

November 2023 (8 pages). 

2720 See On-demand storage of photonic qubits at telecom wavelengths by Duan-Cheng Liu et al, January 2022 (11 pages) which uses 

erbium-yttrium crystals. 

2721 See Storage and analysis of light-matter entanglement in a fiber-integrated system by Jelena v. Rakonjac et al, Science Advances, 

July 2022 (6 pages) with praseodymium and yttrium. 

2722 See Multiplexed storage and real-time manipulation based on a multiple-degree-of-freedom quantum memory, by Tian-Shu Yang 

et al, China CAS, 2018 (9 pages) using praseodymium. 

2723 See Efficient cavity-assisted storage of photonic qubits in a solid-state quantum memory by Stefano Duranti et al, IFCO and ICREA, 

July 2023 (7 pages). 

2724 See Entangling single atoms over 33 km telecom fibre by Tim van Leent et al, Nature, July 2022 (16 pages). 

2725 See Highly efficient storage of 25-dimensional photonic qudit in a cold-atom-based quantum memory by Ming-Xin Dong et al, 

January 2023 (14 pages). 

2726 See the review paper Broadband Quantum Memory in Atomic Ensembles by Kai Shinbrough et al, January 2023 (49 pages). 

2727 See Single-Photon Storage in a Ground-State Vapor Cell Quantum Memory by Gianni Buser et al, PRX Quantum, June 2022 (10 

pages). 

2728 See Scalable quantum memory nodes using nuclear spins in Silicon Carbide by Shravan Kumar Parthasarathy et al, February 2023 

(15 pages). 

2729 See A Quantum Repeater Platform based on Single SiV- Centers in Diamond with Cavity-Assisted, All-Optical Spin Access and 

Fast Coherent Driving by Gregor Bayer et al, October 2022 (8 pages). 

2730 See Telecom networking with a diamond quantum memory by Eric Bersin et al, MIT, Harvard, Stanford University, AWS, July 

2023 (17 pages). 

2731 See Efficient Photonic Integration of Diamond Color Centers and Thin-Film Lithium Niobate by Daniel Riedel, Jelena Vučković 

et al, June 2023 (21 pages). 

2732 See Proposal for room-temperature quantum repeaters with nitrogen-vacancy centers and optomechanics by Jia-Wei Ji et al, Uni-

versity of Calgary, March 2022 (20 pages). 

2733 See A fully packaged multi-channel cryogenic quantum memory module by David J. Starling et al, February 2023 (10 pages) which 

deals with the cryogenic module of a NV center circuit. 

2734 See Electric-Field Programmable Spin Arrays for Scalable Quantum Repeaters by Hanfeng Wang et al, April 2022 (12 pages). 

2735 See A Long-lived and Efficient Optomechanical Memory for Light by Mads Bjerregaard Kristensen et al, NBI, August 2023 (10 

pages). 

https://arxiv.org/abs/2205.01481
https://www.nature.com/articles/s41534-022-00541-3
https://arxiv.org/abs/2201.03691
https://www.nature.com/articles/s41586-023-06281-4
https://www.nature.com/articles/s41467-023-42741-1.pdf
https://arxiv.org/abs/2201.03692
https://www.science.org/doi/10.1126/sciadv.abn3919
https://arxiv.org/pdf/1808.01565.pdf
https://arxiv.org/abs/2307.03509
https://www.nature.com/articles/s41586-022-04764-4
https://arxiv.org/abs/2301.00999
https://arxiv.org/abs/2301.08772
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.020349
https://arxiv.org/abs/2302.01065
https://arxiv.org/abs/2210.16157
https://arxiv.org/abs/2210.16157
https://arxiv.org/abs/2307.08619
https://arxiv.org/abs/2306.15207
https://arxiv.org/abs/2203.06611
https://arxiv.org/abs/2302.12919
https://arxiv.org/abs/2204.07051
https://arxiv.org/abs/2308.05206
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• Trapped ions with the benefit of directly using telecom wavelengths 2736 2737 2738 2739 and some-

times using two sorts of ions2740. 

• All-photonic quantum processes (APQR) using a photonic graph state and Shor error correction 

code 2741. 

• Fiber optics delay lines used as memory given the challenge is to limit their losses2742 2743. 

These repeaters technologies are still at basic research stage and with some limitations2744. 

The DLCZ protocol created by Harvard, Austria and China scientists in 2001 made it possible to 

improve entanglement sharing on lossy communication channels and has been continuously im-

proved since then2745. It is based on using clouds of identical atoms instead of individual atoms, beam 

splitters and single-photon detectors with moderate efficiencies with a communication efficiency that 

scales polynomially with distance. 

In July 2019, Chinese researchers announced that they succeeded using a photonic repeater technol-

ogy based on 12-photon interferometers without any quantum memory, encoding a qubit in a cluster 

state and using error correction in repeaters 2746. 

Securing QKD 

In 2000, Peter Shor and John Preskill published a theoretical proof that BB84 is a secure protocol2747. 

But QKD is not the solution-that-fixes-all-problems. It can still be subject to jamming, denial of ser-

vices and various attacks which we cover later. Its safety also depends on the security of both ends of 

telecommunication like with any other solution. 

 

2736 See the thesis A memory-based quantum network node with a trapped ion in an optical fibre cavity by Pascal Kobel, 2021 (222 

pages). It uses ytterbium ions which have coherence time exceeding the second range and transitions in the microwave band. 

2737 See Telecom-Wavelength Quantum Repeater Node Based on a Trapped-Ion Processor by Victor Krutyanskiy, Marco Canteri, Mar-

tin Meraner, James Bate, Vojtech Krcmarsky, Josef Schupp, Nicolas Sangouard and Ben P. Lanyon, PRL, October 2022-May 2023 (32 

pages). 

2738 See Robust Quantum Memory in a Trapped-Ion Quantum Network Node by P. Drmota et al, University of Oxford, October 2022 

(9 pages). 

2739 See Telecom Quantum Photonic Interface for a 40Ca+ Single-Ion Quantum Memory by Elena Arenskötter et al, November 2022 

(16 pages). 

2740 See Robust Quantum Memory in a Trapped-Ion Quantum Network Node by P. Drmota et al, Oxford University, October 2022-

April 2023 (10 pages). 

2741 See Loss-tolerant all-photonic quantum repeater with generalized Shor code by Rui Zhang et al, March 2022 (8 pages). 

2742 See A fiber-integrated quantum memory for telecom light by K. A. G. Bonsma-Fisher et al, University of Ottawa, March 2023 (8 

pages). 

2743 See Fiber Loop Quantum Buffer for Photonic Qubits by Kim Fook Lee et al, Northwestern University, September 2023 (14 pages). 

2744 See Tutorial on quantum repeaters by Rodney Van Meter and Tracy Northup, 2019 (178 slides), Overcoming the rate-distance limit 

of quantum key distribution without quantum repeaters, 2018 (5 pages), An Information-Theoretic Framework for Quantum Repeaters 

by Roberto Ferrara, 2018 (144 pages) and Quantum Internet Protocol Stack: a Comprehensive Survey by Jessica Illiano et al, February 

2022 (25 pages) which explains how entanglement is used as a resource in quantum Internet and how it is handled in quantum repeaters. 

Quantum repeaters, namely, devices implementing the physical process called entanglement swapping and perform a BSM (Bell state 

measurement). It then covers higher level quantum Internet protocols proposals. 

2745 See Long-distance quantum communication with atomic ensembles and linear optics by Lu-Ming Duan, Mikhail Lukin, Juan Ig-

nacio Cirac and Peter Zoller, Nature, May 2001 (11 pages). 

2746 See Scientists Firstly Realize All-photonic Quantum Repeater, July 2019 and Experimental quantum repeater without quantum 

memory by Zheng-Da Li et al, 2019 (12 pages). 

2747 See Simple Proof of Security of the BB84 Quantum Key Distribution Protocol by Peter W. Shor, and John Preskill, March-May 

2000 (5 pages). 

https://bonndoc.ulb.uni-bonn.de/xmlui/handle/20.500.11811/9873
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.213601
https://arxiv.org/abs/2210.11447
https://arxiv.org/abs/2211.08841
https://arxiv.org/abs/2210.11447
https://arxiv.org/abs/2203.07979
https://arxiv.org/abs/2303.12794
https://arxiv.org/abs/2309.07987
https://datatracker.ietf.org/meeting/104/materials/slides-104-qirg-sessa-tutorial-on-quantum-repeaters-pdf-00
https://arxiv.org/abs/1811.06826
https://arxiv.org/abs/1811.06826
http://web.math.ku.dk/noter/filer/phd18rf.pdf
https://arxiv.org/abs/2202.10894
https://arxiv.org/abs/quant-ph/0105105
http://english.cas.cn/newsroom/research_news/phys/201907/t20190719_213263.shtml
https://arxiv.org/pdf/1908.05351.pdf
https://arxiv.org/pdf/1908.05351.pdf
https://arxiv.org/abs/quant-ph/0003004


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum Key Distribution - 748 

Securing a chain depends on its weakest links and here it is the transmitters and receivers before they 

even exchange via a QKD. Furthermore, QKDs are not a panacea because they depend on a point-to-

point link and not on a routing technique that allows several paths to be used. This could lead to a 

form of denial of service by blocking the used physical communication, but rerouting techniques are 

investigated2748. 

The table in Figure 649 lists a whole bunch of vulnerabilities in the QKD, many of which having 

since been removed 2749. Other weaknesses sit in the potential defects of the random number genera-

tors used in the QKD protocols to send the measurement basis. However, this can be fixed2750. All the 

side-channel attacks from the table in Figure 649 and others using RF detection on QKD hardware 

can be typically fixed with various countermeasures2751 2752. 

 
Figure 649: QKD sources of vulnerabilities. The source is quite old and many of these weaknesses have been fixed since then. Also, 

entanglement based QKD are way more secured with enabling device independence security. 
Source: QKD Measurement Devices Independent by Joshua Slater, 2014 (83 slides). 

Entanglement based QKD is by design more secure than BB84-based QKD. It brings device inde-

pendence which means you can trust a system without the need to control all its elements. It is verified 

with loophole free Bell tests. Work is very active in the area2753. 

 

2748 On QKD vulnerabilities and methods to avoid them, see QKD Measurement Devices Independent by Joshua Slater, 2014 (83 

slides). 

2749 See Certification of cryptographic tools by Vadim Makarov from Quantum Hacking Lab in Moscow, 2019 (15 slides). 

2750 See Randomness determines practical security of BB84 quantum key distribution by Hong-Wei Li et al, Nature Scientific Reports, 

2015 (8 pages). 

2751 See Side-channel-secure quantum key distribution by Cong Jiang et al, May 2023 (10 pages). 

2752 See Deep-Learning-Based Radio-Frequency Side-Channel Attack on Quantum Key Distribution by Adomas Baliuka et al, Octover 

2023 (14 pages). 

2753 See Cryptographic Security Concerns on Timestamp Sharing via Public Channel in Quantum Key Distribution Systems by Melis 

Pahali et al, March 2022 (6 pages) and Improved Finite-Key Security Analysis of Quantum Key Distribution Against Trojan-Horse 

Attacks by Alvaro Navarrete and Marcos Curty, February 2022 (18 pages). 

http://web.archive.org/web/20151023201435/http:/2014.qcrypt.net/wp-content/uploads/Slater.pdf
http://web.archive.org/web/20151023201435/http:/2014.qcrypt.net/wp-content/uploads/Slater.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Makarov.pdf
https://www.nature.com/articles/srep16200
https://arxiv.org/abs/2305.08148
https://arxiv.org/abs/2310.13738
https://arxiv.org/abs/2203.03250
https://arxiv.org/abs/2202.06630
https://arxiv.org/abs/2202.06630
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Cryptography is fascinating for the speed at which security devices can be broken by researchers 

before they are deployed en masse. Thus, QKDs would be vulnerable due to an implementation vul-

nerability associated with Bell's theorem that can be handled with better quality detectors2754. It's a 

never-ending race! 

QKD and Blockchain 

QKD could be used to secure a Blockchain. This is obviously delicate to deploy end-to-end on a large 

scale. Indeed, Blockchain users don't have a satellite link in the mountains or a secured fiber on hand, 

even when they are mobile. But so be it. 

This is the proposal of Evgeny Kiktenko of the Russian Quantum Center in Moscow2755 and Del 

Rajan and Matt Visser of Victoria University of Wellington in New Zealand2756.Why exactly is not 

all data transmitted protected in the same way as the QKD? It seems at least to be limited by the low 

bitrate of existing QKDs. 

Still, JPMorgan Chase, Toshiba and Ciena are piloting a QKD network of 100 km mixed fibers (han-

dling both QKD and classical data distribution) to secure “mission critical Blockchain application”2757. 

If it is so critical and requires a proprietary network, why does it need a Blockchain in the first place? 

Other theoretical architectures have been proposed in various places like India that would rely on 

quantum computing to improve Blockchain security2758 2759 2760. There are even proposals for a sort 

of quantum Bitcoin and smart contracts coming from Israel2761. 

Also, quantum computing could be potentially used to mine Bitcoin with the proof of work method 

although its resources estimate is not clear2762. When you mix a complicated system with a couple 

others that are as complicated, it doesn’t make it simpler to grasp. 

QKD over 5G 

You may hear about plans to deploy QKD security in 5G networks. Of course, it doesn’t deal with 

the radio portion of 5G and with your smartphone, but only about securing the backbone landline 

fiber networks of telecom operators2763. 

 

2754 It is documented by Jonathan Jogenfors in Breaking the Unbreakable Exploiting Loopholes in Bell's Theorem to Hack Quantum 

Cryptography, 2017 (254 pages). 

2755 Documented in First Quantum-Secured Blockchain Technology Tested in Moscow, June 2017. 

2756 In Quantum Blockchain using entanglement in time, 2018 (5 pages). 

2757 See JPMorgan Chase, Toshiba and Ciena Build the First Quantum Key Distribution Network Used to Secure Mission-Critical 

Blockchain Application, February 2022. See also DV-QKD Coexistence With 1.6 Tbps Classical Channels Over Hollow Core Fibre by 

Obada Alia et al, March 2022 (7 pages) which documents the coexistence of QKD and classical communication on the same fiber. 

2758 See Quantum blockchain using weighted hypergraph states by Shreya Banerjee et al, Physical Review Research, 2020 (7 pages). 

2759  See Quantum Blockchain based on Dimensional Lifting Generalized Gram-Schmidt Procedure by Kumar Nilesh and P. K. 

Panigrahi, January 2022 (16 pages). 

2760 See The Next Generation of Blockchain: Quantum Blockchain Networks by Manan Narang from OneQuantum, March 2022, which 

confuses “quantum computing” and “quantum cryptography” and PQC to secure Blockchains. 

2761 See Quantum Prudent Contracts with Applications to Bitcoin by Or Sattath, April 2022 (49 pages). 

2762 See Quantum advantage on proof of work by Dan A Bard, Joseph J Kearney, and Carlos A Perez-Delgado, 2022. Which casts a 

quantum mining superiority over classical mining by 2045, using a very simplistic Moore’s law applied to quantum computing. 

2763 See Quantum Key Distribution for 5G Networks: A Review, State of Art and Future Directions by Mohd Hirzi Adnan, Zuriati 

Ahmad Zukarnain and Nur Ziadah Harun, 2022 (28 pages). 

https://liu.diva-portal.org/smash/get/diva2:1150887/FULLTEXT02.pdf
https://liu.diva-portal.org/smash/get/diva2:1150887/FULLTEXT02.pdf
https://www.technologyreview.com/s/608041/first-quantum-secured-blockchain-technology-tested-in-moscow
https://arxiv.org/pdf/1804.05979.pdf
https://www.jpmorganchase.com/news-stories/jpmc-toshiba-ciena-build-first-quantum-key-distribution-network
https://www.jpmorganchase.com/news-stories/jpmc-toshiba-ciena-build-first-quantum-key-distribution-network
https://arxiv.org/abs/2203.14621
https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.2.013322
https://arxiv.org/abs/2110.02763
https://www.linkedin.com/pulse/next-generation-blockchain-quantum-networks-manan-narang
https://arxiv.org/abs/2204.12806
https://www.sciencedirect.com/science/article/pii/S2590005622000650
https://www.researchgate.net/publication/358864672_Quantum_Key_Distribution_for_5G_Networks_A_Review_State_of_Art_and_Future_Directions
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Market and standards 

What about the size of the QKD market? Inside Quantum Technology (a UK analyst company) 

made an estimate with a first $1B dollars reached in 2024, then an exponential growth leading to $7B 

in 20282764 (Figure 650). 

These are simplistic exponential growth curves, as usual. We’ll see. One key market driver would be 

the adoption of QKD by cloud and data center operators2765. 

China is very active in defining a set of QKD standards2766. The ITU is also working on QKD stand-

ards2767. Europe is represented in the standardization work carried out at ISO, IEEE, ETSI and CEN-

CENELEC, the European Committee for Standardization in Electronics and Electrotechnology. 

 
Figure 650: Inside Quantum Technology’s QKD market assessment as done in 2019. Source: The Future of the Quantum Internet A 

Commercialization Perspective by Lawrence Gasman, June 2019 (11 slides). 

Post-quantum cryptography 

The physical protection of symmetric key transmission is not easily applicable in a generalized way, 

if only because it requires some optical link (direct free to air or by optical fiber) between transmitters 

and receivers. This, for example, does not work with radio links like with smartphones. 

So, cybersecurity also requires the creation of cryptography systems capable of resisting the onslaught 

of quantum computers whether coming from Shor’s or Grover’s algorithms. Breaking encrypted mes-

sages - without private keys - should be an NP-Complete or NP-Hard problem to withstand future 

quantum assaults. 

Post-Quantum Cryptography (PQC) complements Quantum Key Distribution (QKD) for this respect. 

It is certainly easier to deploy on a large scale because it is independent from the telecommunications 

infrastructures. It is made to resist to CRQC (Cryptanalytically-Relevant Quantum Computer) attacks. 

 

2764 See The Future of the Quantum Internet A Commercialization Perspective by Lawrence Gasman, Inside Quantum Technology, 

June 2019 (11 slides) and The Future of the Quantum Internet A Commercialization Perspective by Lawrence Gasman from Inside 

Quantum Technology, June 2019 (11 slides). Seen in ITU Workshop on Quantum Information Technology for Networks. 

2765 See Quantum key distribution for data center security -- a feasibility study by Nitin Jain et al, DTU and KPMG, July 2023 (23 

pages). 

2766 See Introduction of Quantum secured Communication Standardization in CCSA by Zhangchao Ma, June 2019 (16 slides) and An 

overview of current quantum information technology (QIT) standardization by Wei Qi, June 2019 (13 slides). 

2767 See ITU-T Focus Group on Quantum Information Technology for Networks (FG-QIT4N), 2019. 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Lawrence_Gasman_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Lawrence_Gasman_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Lawrence_Gasman_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Lawrence_Gasman_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Pages/programme.aspx
https://arxiv.org/abs/2307.13098
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Presentation_Zhangchao%20Ma%20v1.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/S6AP1-Wei%20Qi_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/S6AP1-Wei%20Qi_Presentation.pdf
https://www.itu.int/en/ITU-T/focusgroups/qit4n/Pages/default.aspx
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However, it can be combined by sending PQC public keys over physical QKD links or with using 

some PQC for authenticating the classical link used for the exchange of the photon measurement 

basis2768. Different PQC systems differ in many parameters and have different trade-offs between 

signature size, processing speed for encryption and decryption, and public key size (Figure 655). 

Let’s look at the PQC timeline2769: 

• 1978: the first algorithm resistant to quantum computers is created by Robert McEliece (details 

below) even before Richard Feynman even mentioned the idea of creating quantum computers 

and the creation of both Shor and Grover’s algorithms! 

• 2003: the term "post quantum cryptography" (PQC) is created by Daniel Bernstein2770. 

• 2006: the first international PQCrypto workshop is held in Belgium to study ways to circumvent 

quantum computer attacks at a time when you can barely assemble two qubits. The program con-

sists in finding successors to the quantum-resistant public key cryptography algorithms RSA and 

ECC2771. The 12-person program committee includes among others Louis Goubin from the Uni-

versity of Versailles and Phong Nguyen and Christopher Wolf from the ENS. From this first edi-

tion, four of the five pillars of the PQC are established with the code-based crypto, lattice codes, 

hash Lamport signature and multivariate cryptography. The isogenies will arrive later. Two French 

researchers propose two of these four tracks: Nicolas Sendrier, from Inria, with "Post-quantum 

code-based cryptography" and Jacques Stern from ENS with "Post-quantum multivariate-quad-

ratic public key schemes" 2772. These workshops have since been held every one to two years 

around the world. The 2013 edition took place in Limoges, France. 

• 2012: the NIST (National Institute for Standards & Technologies) launches its first projects and 

a team on PQC. 

• 2014: the European Union launches a Horizon 2020 call for projects on PQC. At the same time, 

ETSI, the European Telecoms Standardization Body, also launches its working group on PQC. 

• 2015: NIST organizes its first PQC workshop. ETSI published a reference document on QC2773. 

The NSA woke up and declared that the transition to PQC would become a priority2774. The NSA 

is playing two roles each time: it wants to protect itself and the sensitive communications of the 

U.S. government with good encryption systems but at the same time maintain the ability to break 

the codes of standard commercial communications and those from other countries. This relies on 

the brute force of giant supercomputers and a highly asymmetrical technical resources. In 2015, 

the European project PQCrypto coordinated by Tanja Lange is launched2775. 

• 2016: NIST publishes QCP Progress Report (15 pages) and an associated standardization roadmap. 

 

2768 See Experimental authentication of quantum key distribution with post-quantum cryptography by Liu-Jun Wang et al, May 2021 

(7 pages). 

2769 I extracted a piece of it from Quantum cryptanalysis - the catastrophe we know and don't know by Tanja Lange, a researcher from 

the Netherlands, 2017 (33 slides). 

2770 Daniel Bernstein is the author with Johannes Buchmann and Erik Dahmen of the impressive book Post-Quantum Cryptography, 

2009 (254 pages) which describes well the challenges of PQC. 

2771 The proceedings are in PQCrypto 2006 International Workshop on Post-Quantum Cryptography, May 2006 (254 pages). 

2772 Source: Quantum Computing and Cryptography Today by Travis L. Swaim, University of Maryland University College (22 pages). 

2773 See Quantum Safe Cryptography and Security (64 pages). 

2774 See Commercial national security algorithm suite and quantum computing FAQ IAD (11 pages). 

2775 It is documented in Post-Quantum Cryptography for Long-Term Security (10 pages). 

http://web.archive.org/web/20210305031738/http:/pqcrypto2013.xlim.fr/
https://nvlpubs.nist.gov/nistpubs/ir/2016/NIST.IR.8105.pdf
https://www.nature.com/articles/s41534-021-00400-7
https://hyperelliptic.org/tanja/vortraege/catacrypt.pdf
https://www.researchgate.net/profile/Nicolas_Sendrier/publication/226115302_Code-Based_Cryptography/links/540d62d50cf2df04e7549388/Code-Based-Cryptography.pdf
https://postquantum.cr.yp.to/pqcrypto2006record.pdf
http://essic.umd.edu/joom2/index.php/faculty-and-staff?layout=user&user_id=171&dir=JSROOT%2Ftswaim1&download_file=JSROOT%2Ftswaim1%2FQuantum+Computing+and+Cryptography+Today.pdf
https://www.etsi.org/images/files/ETSIWhitePapers/QuantumSafeWhitepaper.pdf
https://cryptome.org/2016/01/CNSA-Suite-and-Quantum-Computing-FAQ.pdf
https://pqcrypto.eu.org/docs/initial-recommendations.pdf
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• 2017: marks the end of the PQC standardization proposal submissions to NIST. By the end of 

2017, 69 applicants are accepted out of 82, mainly with Euclidean networks (lattice codes) and 

error correction codes (code based PQC). In the same year, the 8th PQCrypto workshop was held 

in Utrecht, the Netherlands. These candidates had to meet increasing security levels labelled SL1, 

SL3 and SL5 which corresponds to key size thresholds. These key sizes are between 30 bytes and 

5 KB depending on the PKI/signature and the security level. 

• 2019: 26 candidates are selected by NIST 

in February to move to the second stage, 

including 17 candidates for public key en-

cryption solutions and 9 for signatures2776. 

These include three projects involving 

Worldline, which until 2019 was part of 

the Atos Group. For its part, Inria (France) 

was involved in 7 of the 26 selected pro-

jects (Figure 651). 

 

Figure 651: NIST PQC selection in 2019. 

• 2020: results of the third round of NIST candidate selection in July, which kept 15 out of the 26 

candidates from the previous round2777. This selection includes 7 teams that were finalists for this 

stage and 8 teams that propose lower quality solutions that need to be further evaluated (aka “al-

ternate candidates”). See their list in the tables below2778. It must be noted that the NIST challenge 

embedded some constraints on intellectual property. Strictly said, NIST doesn’t object to the con-

testants having some patents related to their submitted protocols. But they favor royalty-free ones 

and IP licensing without compensation, under reasonable terms (RAND) and conditions that are 

demonstrably free of unfair discrimination. While this could certainly accelerate their adoptions, 

this may indirectly favor large cybersecurity vendors who already have an existing customer base. 

• In Figure 652 and Figure 653 are the participants countries, research teams and vendor organiza-

tions per project. It shows in green the solutions that were later selected in July 2022. In red are 

the two solutions that were found to be defective in 2022. 

• 2022: in January, the Biden administration published a Memorandum and Executive Order 14028 

asking all Federal administration to prepare a PQC deployment plan in 20222779. It even required 

the deployment of PQC solutions for stored and transiting data. 

• 2022: in July, NIST published a first final list of 4 validated PQC standards, 1 for a PKI and 3 for 

a digital signature2780. These are in green in the tables in Figure 652 and Figure 653. In the PQC 

standardized signatures, Falcon is recommended for those applications requiring smaller signa-

tures than the ones generated by CRYSTALS-Dilithium. SPHINCS+ signatures are based on a 

different scheme, although more complex to implement. They still plan to standardize other PQC 

signatures. Just before this choice was published, after some delay, one of the 2020 finalist signa-

tures PQC, Rainbow, was broken by IBM Zurich researchers at the first security level SL1 

 

2776 See NIST Post-Quantum Cryptography - A Hardware Evaluation Study, 2019 (16 pages), Status Report on the First Round of the 

NIST Post-Quantum Cryptography Standardization Process, 2019 (27 pages) and Recent Developments in Post Quantum Cryptography 

by Tsuyoshi Takagi, November 2018 (38 slides). 

2777 See PQC Standardization Process: Third Round Candidate Announcement, July 2020. 

2778 The Bit-flipping Key Encapsulation (BIKE) was codeveloped by Intel. It’s a public key based encryption. Decoding can be done 

with 1.3 million operations at 110 MHz on an Intel Arria 10 FPGA in 12 ms. 

2779 See Memorandum on Improving the Cybersecurity of National Security, Department of Defense, and Intelligence Community 

Systems, January 2022. 

2780 See NIST Announces First Four Quantum-Resistant Cryptographic Algorithms, NIST, July 2022. 
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FrodoKEM
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HQC
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SIKE
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https://eprint.iacr.org/2019/047.pdf
https://nvlpubs.nist.gov/nistpubs/ir/2019/NIST.IR.8240.pdf
https://nvlpubs.nist.gov/nistpubs/ir/2019/NIST.IR.8240.pdf
http://cy2sec.comm.eng.osaka-u.ac.jp/miyaji-lab/event/ECC2018/slide/Takagi_presentation_final.pdf
https://csrc.nist.gov/News/2020/pqc-third-round-candidate-announcement
https://www.whitehouse.gov/briefing-room/presidential-actions/2022/01/19/memorandum-on-improving-the-cybersecurity-of-national-security-department-of-defense-and-intelligence-community-systems/
https://www.whitehouse.gov/briefing-room/presidential-actions/2022/01/19/memorandum-on-improving-the-cybersecurity-of-national-security-department-of-defense-and-intelligence-community-systems/
https://www.nist.gov/news-events/news/2022/07/nist-announces-first-four-quantum-resistant-cryptographic-algorithms
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corresponding to small sized keys and, not surprisingly, not selected2781. In August 2022, the SIKE 

PKI was also seemingly broken by researchers from Belgium2782. 

 
Figure 652: NISQ finalists selection in 2020. In green, the 2022 selection. In red, broken PQC. (cc) Olivier Ezratty, 2022. 

 
Figure 653: NISQ alternate candidates’ selection in 2020. In green, the 2022 selection. In red, broken PQC. (cc) Olivier Ezratty, 2022. 

In July 2022, the NIST NCCoE (National Cybersecurity Center of Excellence), was tasked to 

work with Federal agencies and industry vendors to speed up the transition to PQC. The vendors 

 

2781 See NIST PQC Finalists Update: It’s Over For The Rainbow by Edlyn Teske. March 2022. 

2782 See Post-quantum encryption contender is taken out by single-core PC and 1 hour by Dan Goodin, ArsTechnica, August 2022, 

referring to An efficient key recovery attack on SIDH (preliminary version) by Wouter Castryck and Thomas Decru, August 2022 (15 

pages). And some good explanations in “Quantum-Safe” Crypto Hacked by 10-Year-Old PC by Charles Q. Cho, August 2022. 
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https://spectrum.ieee.org/quantum-safe-encryption-hacked
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are AWS, Cisco, Crypto4A Technologies, Cryptosense, InfoSec Global, ISARA Corporation, Mi-

crosoft, Samsung SDS, SandboxAQ, Thales and VMware. These players will provide deployment 

recommendations and their own software and services solutions. Simultaneously, the CISA (Cy-

bersecurity and Infrastructure Security Agency), a US federal agency within the DHS (Depart-

ment of Homeland Security) announced the creation of a PQC initiative to assist other federal 

agencies in the deployment of PQCs. Not surprisingly, many PQC and other security vendors are 

already providing NIST compliant solutions! They provide some encapsulation mechanisms for 

third-party and/or open source PQCs in their cybersecurity management tools. 

In September 2022, the NSA released its Commercial National Security Algorithm Suite 2.0 

(CNSA 2.0) Cybersecurity Advisory (CSA) recommending the deployment of PQC solutions for 

NSS, to notify organizations of future quantum resistant (QR) algorithms requirements for Na-

tional Security Systems (NSS), the Federal networks distributing classified information. CNSA 

2.0 mandates the use of CRYSTALS-Kyber and CRYSTALS-Dilithium for key creation and dig-

ital signatures2783. 

• 2023: new vulnerabilities were discovered for PQCs. It deals with code based McEliece cryp-

tosystems2784 , lattice-based cryptography potential attacks by coherent Ising machines2785  and 

side channel attack on CRYSTAL Dilithium and CRYSTAL Kyber which requires some access 

to the hardware2786. These various papers have not yet worried the PQC community as far as 

observed. In August 2023, NIST published draft standards for 3 of the 4 candidates selected in 

July 2022 (22 pages). 

• 2025: NIST's target date for finalizing PQC standards (Figure 654). Deployments of these stand-

ards would begin with the rapid deployment of commercial solutions supporting these standards. 

Fast, for the simple reason that the candidates are often in the standardization consortia. Some of 

them are already testing their solutions. 

 
Figure 654: NISQ PQC standardization planning as of 2019. 

Source: Introduction to post-quantum cryptography and learning with errors, Douglas Stebila, 2018 (106 slides). 

 

2783 See Announcing the Commercial National Security Algorithm Suite 2.0, NSA, September 2022 (10 pages). 

2784 See A new approach based on quadratic forms to attack the McEliece cryptosystem by Alain Couvreur, Rocco Mora and Jean-

Pierre Tillich, June 2023 (61 pages). 

2785 See Quantum algorithmic solutions to the shortest vector problem on simulated coherent Ising machines by Edmund Dable-Heath 

et al, April 2023 (15 pages). 

2786 See Exploiting Intermediate Value Leakage in Dilithium: A Template-Based Approach by Alexandre Berzati et al, Thales, January-

July 2023 (23 pages) and Breaking a Fifth-Order Masked Implementation of CRYSTALS-Kyber by Copy-Paste by Elena Dubrova, 

Kalle Ngo and Joel Gärtner, Royal Institute of Technology, Sweden, March 2023 (22 pages). 

https://summerschool-croatia.cs.ru.nl/2018/slides/Introduction%20to%20post-quantum%20cryptography%20and%20learning%20with%20errors.pdf
https://media.defense.gov/2022/Sep/07/2003071834/-1/-1/0/CSA_CNSA_2.0_ALGORITHMS_.PDF
https://arxiv.org/abs/2306.10294
https://arxiv.org/abs/2304.04075
https://eprint.iacr.org/2023/050
https://eprint.iacr.org/2022/1713
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There are five distinct categories of PQC standards, as follows. I will not be able to technically de-

scribe them all except for the first category2787. In the last part of this section on cryptography, we 

will mention the case of some startups that are positioned in this market. 

 
Figure 655: Comparison of key size of various encryption schemes. Source: Quantum Safe Cryptography and Security; An 

introduction, benefits, enablers and challenges, ETSI, 2015 (64 pages). 

Established companies are not left out. IBM announced in August 2019 a system for archiving infor-

mation on magnetic bank that integrates post-quantum cryptography2788 (Figure 656). They use en-

cryption based on Euclidean networks. As it is usually long-term storage, it is necessary to keep the 

decryption software for the same length of time to avoid ending up with a pile of data that cannot be 

reused. IBM is also involved in the three consortia that responded to the NIST call for proposals. 

Kudelski Security (Switzerland) is also interested in PQC. 

In September 2023 was created the PQC Coalition with Microsoft, IBM Quantum, MITRE, 

PQShield, SandboxAQ and the University of Waterloo with the goal to fasten the standardization, 

and improve the adoption of PQC in commercial and open source technologies. 

 
Figure 656: IBM’s stance on cybersecurity. They bet on the right horse given their slides in 2019 presented 3 of the 4 2022 NIST 

finalists! Source: IBM. 

 

2787 See in particular A Guide to Post-Quantum Cryptography by Ben Perez, October 2018. 

2788 See IBM's quantum-resistant magnetic tape storage is not actually snake oil by Kevin Coldewey in TechCrunch, August 2019. 

https://www.etsi.org/images/files/ETSIWhitePapers/QuantumSafeWhitepaper.pdf
https://www.etsi.org/images/files/ETSIWhitePapers/QuantumSafeWhitepaper.pdf
https://blog.trailofbits.com/2018/10/22/a-guide-to-post-quantum-cryptography/
https://techcrunch.com/2019/08/26/ibms-quantum-resistant-magnetic-tape-storage-is-not-actually-snake-oil/


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Post-quantum cryptography - 756 

Code-based cryptography 

This cryptographic system invented in 1978 by Robert McEliece, long before Shor’s algorithm, has 

since resisted all cryptanalysis attacks, either classical or designed with quantum algorithms. It is the 

oldest of the PQC codes which was even a PQC before its time. The method consists in multiplying 

the data to be encrypted, represented as binary vectors (of length k), by a public and static matrix with 

more columns than rows (k x n), aka a "binary Goppa code" (Figure 657). 

This multiplication generates a vector larger than the original vector (with n bits). We then add a 

binary vector which adds random errors to the result but of constant value (vector z in schema with a 

given number of 1s). It is described as a "uniformly random word of weight t". It is a series of random 

bits containing a fixed number "t" of 1s called a Hamming weight. The public key sent by the receiver 

to the transmitter is the matrix Ĝ and this number of errors t. 

The three matrices having created Ĝ constitute the private key. This matrix Ĝ is the multiplication of 

three matrices called SGP for "non Singular", "generator matrix / Goppa code" and "Permutation 

matrix". The message decoding uses inverses of matrix S, P and G. This is explained in this diagram. 

The G matrix is by designed crafted to remove the "t" errors introduced in the encryption phase. 

 

Figure 657: how a code-based PQC key generation works. It is all about mixing and matching many non-square matrices. (cc) 
Olivier Ezratty, from various sources. 2021. 

This system generates public keys one hundred times larger than with RSA, of the order of 80 KB. It 

generates new vulnerabilities if you reduce their size. 

The advantage of the PQC category is its good encryption and decryption speed. It can even be ac-

celerated by using a dedicated FPGA chip2789. 

 

2789 As seen in Code-Based Cryptography for FPGAs by Ruben Niederhagen, 2018 (73 slides). 
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Breaking this kind of encryption is an NP-Hard problem that is currently inaccessible to quantum 

computing, even though to resist quantum computing it would still require a fairly large key of at 

least 1 MB2790. 

Lattice-based cryptography or Euclidean networks 

The technique was proposed in 1996 by Miklos Ajtai, a researcher at IBM, and implemented in a 

public key system in 2005 by Oded Regev with its LWE (Learning With Errors) system and improved 

since then by many researchers. 

The associated literature is inaccessible for non-specialists. It is not easy to understand how this en-

cryption method works despite the elegance of the diagrams that present the notion of Euclidean 

network like the one in Figure 6582791. Basically, it is a matrix of dots that allows to locate points 

according to their coordinates according to a mark of different vectors between the public and private 

keys. 

An error is added to the coordi-

nates generated with the public 

key vector. Only the coordinate 

vectors of the private key can be 

used to retrieve the coordinate of 

the encrypted value. Initially, it 

suffered from performance prob-

lems, but effective solutions ap-

peared such as NTRU, created in 

1998 by Jeffrey Hoffstein, Jill Pi-

pher and Joseph Silverman. The 

method advantage is to use small 

public keys. Its decryption is an 

NP-complete problem inaccessi-

ble to quantum computing. On 

the other hand, it is a method pro-

tected by many patents, so it is 

proprietary and potentially ex-

pensive2792. 

 

Figure 658: Euclidean network key generation. Source: Practical Post-Quantum 
Cryptography by Ruben Niederhagen and Michael Waidner, 2017 (31 pages). 

The PQC New Hope solution (CECPQ1) which was tested in 2016 for a few months by Google in 

Chrome and is based on Ring-LWE is in this class of methods. Since 2019, they have moved to 

CECPQ2 which includes a variant of the HRSS key exchange system that is among the bidders in the 

NIST competition and the selected in the last wave in the NTRU project2793. 

In France, a team from the IRISA-EMSEC laboratory is developing a cryptographic solution based 

on these Lattice base systems, also named Euclidean networks. 

 

2790 The resistance of this method to attacks is documented in Code-Based Cryptography by Tanja Lange, 2016 (38 slides). For more 

information, see also Code Based Cryptography by Alain Couvreur, 2018 (122 slides) and Some Notes on Code-Based Cryptography, 

a thesis by Carl Löndahl, 2014 (192 pages). 

2791 See Practical Post-Quantum Cryptography by Ruben Niederhagen and Michael Waidner, 2017 (31 pages). 

2792 For more information, see the thesis Lattice-based cryptography: a practical implementation by Michael Rose, 2011 (103 pages), 

Lattice-based Cryptography by Daniele Micciancio and Oded Regev, 2008 (33 pages) and the slightly more pedagogical but still in-

comprehensible Overview of Lattice based Cryptography from Geometric by Leo Ducas, 2017 (53 slides). 

2793 See Experimenting with Post-Quantum Cryptography by Matt Braithwaite, July 2016 and then Google starts CECPQ2, a new 

postquantum key exchange for TLS, January 2019. 

https://fr.wikipedia.org/wiki/NTRUEncrypt
https://www.sit.fraunhofer.de/fileadmin/dokumente/studien_und_technical_reports/Practical.PostQuantum.Cryptography_WP_FraunhoferSIT.pdf?_=1503992279
https://www.sit.fraunhofer.de/fileadmin/dokumente/studien_und_technical_reports/Practical.PostQuantum.Cryptography_WP_FraunhoferSIT.pdf?_=1503992279
https://pqcrypto2016.jp/data/Lange-20160223.pdf
https://postscryptum.lip6.fr/couvreur.pdf
http://portal.research.lu.se/ws/files/6280818/4934007.pdf
http://portal.research.lu.se/ws/files/6280818/4934007.pdf
https://www.sit.fraunhofer.de/fileadmin/dokumente/studien_und_technical_reports/Practical.PostQuantum.Cryptography_WP_FraunhoferSIT.pdf?_=1503992279
https://ro.uow.edu.au/cgi/viewcontent.cgi?article=4377&context=theses
https://cims.nyu.edu/~regev/papers/pqc.pdf
https://www.maths.ox.ac.uk/system/files/attachments/Overview%20of%20Lattice-Based%20Cryptography.pdf
https://security.googleblog.com/2016/07/experimenting-with-post-quantum.html
https://www.feistyduck.com/bulletproof-tls-newsletter/issue_48_google_starts_cecpq2
https://www.feistyduck.com/bulletproof-tls-newsletter/issue_48_google_starts_cecpq2
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Damien Stehlé is another specialist of the domain, doing research at ENS Lyon. He participated to 

the creation of CRYSTALS-Kyber, a finalist in 2020 and 2022 of NIST’s PQC competition. 

Isogeny-based cryptography 

This variant of elliptic curves is even less easy to grasp than all the above. It is a "morphism of super-

imposed group and finite kernel between two elliptic curves". Piece of cake! The system was proposed 

in 2006 by Alexander Rostovtsev and Anton Stolbunov and then broken by quantum cryptoanalysis 

by Andrew Childs, David Jao and Vladimir Soukharev. This led David Jao and Luca De Feo (Inria) 

to propose in 2011 the use of "super-singular" curves to correct this flaw2794. 

This cryptography is used in Supersingular isogeny Diffie–Hellman key exchange (SIDH). 

Software publisher Cloudflare has released an open source security solution based on isogenies, 

CIRCL (Cloudflare Interoperable Reusable Cryptographic Library). It is published on GitHub. Their 

SIKE key encapsulation solution has been submitted to NIST. 

In January 2019, they were among the 17 finalist candidates for public key encryption or key creation 

solutions2795. In 2022, it was broken using a single computer for one hour to 21 hours depending on 

the key size (from SIKEp434 to SIKEp751). 

Hash-based signatures 

This post-quantum cryptog-

raphy other method also pre-

dates the very notion of 

quantum computer imag-

ined by Richard Feynman in 

1982. It is based on the work 

of Leslie Lamport of the 

SRI in 1979 and her single-

use hash-based "signatures". 

The method was then im-

proved by using hash trees 

also called Merkle trees to 

sign several messages (Fig-

ure 659). It is based on pub-

lic keys of reduced size, 

down to 1 kbits. 

 
Figure 659: source: Merkle Tree, Wikipedia. 

This method is mainly used for electronic signature2796. 

Multivariate polynomial cryptography 

This last group of methods is reminiscent of error correction codes. The public key is a multiplication 

of several matrices, two of which are linear and one quadratic (with squared values), the three separate 

 

2794 More on this with 20 years of isogeny-based cryptography by Luca De Feo, 2017 (84 slides), An introduction to supersingular 

isogeny-based cryptography by Craig Costello (Microsoft Research), 2017 (78 slides), Isogeny Graphs in Cryptography by Luca De 

Feo, 2018 (73 slides) and An introduction to isogeny-based crypto by Chloe Martindale, 2017 (78 slides). 

2795 See Cloudflare wants to protect the internet from quantum computing, June 2019 and Introducing CIRCL: An Advanced Crypto-

graphic Library, June 2019. 

2796 If you are well versed in mathematics and cryptography, see Hash-based Signatures: An Outline for a New Standard (12 pages), 

Design and implementation of a post-quantum hash-based cryptographic signature scheme by Guillaume Endignoux, 2017 (102 pages) 

and SPHINCS: practical stateless hash-based signatures, 2015 (30 pages). 

https://en.wikipedia.org/wiki/Merkle_tree
http://defeo.lu/docet/assets/slides/2017-11-14-ecc.pdf
https://ecc2017.cs.ru.nl/slides/ecc2017school-costello.pdf
https://ecc2017.cs.ru.nl/slides/ecc2017school-costello.pdf
http://defeo.lu/docet/assets/slides/2018-05-31-gdr-securite.pdf
https://2017.pqcrypto.org/school/slides/Isogeny_based_crypto.pdf
https://www.engadget.com/2019/06/21/cloudflare-quantum-encryption/
https://blog.cloudflare.com/introducing-circl/#disqus_thread
https://blog.cloudflare.com/introducing-circl/#disqus_thread
https://csrc.nist.gov/csrc/media/events/workshop-on-cybersecurity-in-a-post-quantum-world/documents/papers/session5-hulsing-paper.pdf
https://gendignoux.com/assets/pdf/2017-07-master-thesis-endignoux-report.pdf
https://sphincs.cr.yp.to/sphincs-20150202.pdf
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matrices constituting the private key used to reconstruct the encrypted message. As a result, the keys 

are extremely large (Figure 660). 

Code breaking these keys is an NP-Hard problem, out of reach of quantum computing. The method 

dates from 2009 and was obviously then declined in several variants. The public keys are quite large, 

up to 130 KB (with the HFEBoost variant) 2797. This encryption method is also rather used for elec-

tronic signatures. 

The Rainbow PQC signature selected by NIST in 2020 as a finalist and broken in March 2022 was in 

that category. 

 
Figure 660: multivariate polynomial cryptography. Source: (cc) Olivier Ezratty, reconstructed from other sources. 

We could imagine that QKD (physical protection of key distribution) could be combined with PQC 

(logical protection of encryption against quantum computer decryption). Actually, not really. QKD is 

rather dedicated to symmetric keys that assume protection of physical communication between cor-

respondents, whereas PQC relies on public keys that do not need to be protected by QKD because 

their interception (without QKD) would already be useless to hackers. 

However, QKD for key exchange can be combined with PQC for authentication and data encryption. 

QKD requires authentication, which can be provided upstream by PQC. On the other hand, QKD can 

be redundant with PQC used for key exchange2798. 

PQC and blockchains 

PQC quantum resistant keys and signatures can be used to protect the whereabouts of blockchains 

and cryptocurrencies. Many proposals exist and quantum resistant blockchains have already been 

launched2799. 

 

2797 Note the contribution of Jacques Stern from the ENS "Post-quantum multivariate-quadratic public key schemes" at PQCRYPTO 

2006. 

2798 To learn more about PQC, see in particular Post-quantum cryptography - dealing with the fallout of physics success by Daniel 

Bernstein and Tanja Lange, 2017 (20 pages). 

2799 See From Portfolio Optimization to Quantum Blockchain and Security: A Systematic Review of Quantum Computing in Finance 

by Abha Naik et al, June 2023 (64 pages). 
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Such a proposal was made in 2023 by LACChain, Quantinuum and Tecnologico de Monterrey. LAC-

Chain is a blockchain infrastructure from the Innovation Lab of the South America Inter-American 

Development Bank IDB Lab that is built using an Ethereum client Hyperledger Besu2800. The PQC 

layer is added on top of the existing blockchain, including Ethereum. It is using Falcon-512 public 

keys to generate X.509 certificates, Falcon being one of the five PQC selected by NIST in July 2022. 

It will use the Quantinuum Quantum Origin centralized entropy source that runs on quantum com-

puters. 

 

BTQ Technologies (2021, Taiwan, Canada) is a startup created by Olivier 

Roussy Newton (CEO) that proposes to secure blockchains with PQC. 

Their product line contains PQScale (an efficient quantum resistant blockchain scaling technique 

based on Falcon signatures) and Kenting, with specialized hardware for zero-knowledge provers. The 

company has also patented a method at the USPTO to “secure transmission of confidential infor-

mation between entities using private cryptographic keys generated from a random vector shared 

between the entities”. The company is also proposing to use coarse-grained boson sampling, or CGBS, 

to implement a proof-of-work scheme for blockchain consensus2801. The hardware still has to be de-

veloped or selected! 

In October 2023, they established a partnership with ITRI in Taiwan for the creation of a security 

chip using their QCIM (Quantum Computation in Memory) technology for managing key generation 

and computing using Crystal-Kyber that is being standardized by NIST. 

 

ChainMaker (China), aka Chang’an Chain, launched in 2021 a 96 core chip 

that supported 100,000 transactions per second (TPS) in parallel for signature 

verification and smart contracts processing. 

They now support 240 million transactions per second with a 1,000 server cluster. In 2023, they added 

a PQC to their open sourced Blockchain solution, that was codeveloped with Tsinghua University, 

Beihang University, Tencent and Baidu. 

PQC energy consumption 

The broad deployment of PQC solutions across the board will cover various platforms including your 

regular laptops and smartphones, on top of server and cloud infrastructures. Given the larger related 

keys that are more complicated to create and reassemble, we could expect that PQC will have its own 

additional energetic footprint. It indeed seems that high-security levels digital signatures like Falcon 

PQC costs 65x more than classical signatures generation. On laptop, the energy uptick goes from x37 

to x472802. The energy uptick is about the same with elliptic curve PQC2803. Comparisons of energetic 

footprint have also be done for FPGAs implementing various breeds of PQCs2804. 

Should we worry about this? It depends on the usage frequency of these PQC to generate keys. They 

depend on the use case but we can suspect that a relatively small share of usage time on consumer 

devices is dedicated to keys generation. 

 

2800 See Quantum-resistance in blockchain networks by Marcos Allende et al, Nature Scientific Reports, April 2023 (23 pages). 

2801 See Proof-of-work consensus by quantum sampling by Deepesh Singh, Peter P. Rohde, Gavin K. Brennen et al, May 2023 (21 

pages). 

2802 See Mobile Energy Requirements of the Upcoming NIST Post-Quantum Cryptography Standards by Markku-Juhani O. Saarinen, 

PQShield, April 2020 (8 pages). 

2803 See Energy Efficiency Analysis of Elliptic Curve Based Cryptosystems by Tanushree Banerjee; M. Anwar Hasan et al, IEEE, 2018. 

2804 See FPGA Energy Consumption of Post-Quantum Cryptography by Luke Beckwith, Jens-Peter Kaps and Kris Gaj, Georges Mason 

University, 2022 (10 pages). 

https://www.nature.com/articles/s41598-023-32701-6
https://arxiv.org/abs/2305.19865
https://arxiv.org/abs/1912.00916
https://ieeexplore.ieee.org/document/8456097
https://csrc.nist.gov/csrc/media/Events/2022/fourth-pqc-standardization-conference/documents/papers/fpga-energy-consumption-of-pqc-pqc2022.pdf
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Quantum computing cryptography 

Quantum cryptography usually refers to the creation of shared symmetric cryptography keys using 

Quantum Key Distribution (QKD). But a narrow emerging field can play a similar role with using 

quantum computers to generate cryptographic keys. 

Proposals to use quantum computers have been made to generate AES-128 keys in 2018 and quantum 

one-time pads as early as in 2000. The more recent Quantum Permutation Pad (QPP) has been exper-

imented on IBM QPUs to provide 256 bits of entropy2805. 

Quantum homomorphic cryptography 

Homomorphic cryptography consists in encrypting data that can then pass through a conventional 

processing in encrypted mode and give an encrypted result that will be decipherable at the end of the 

processing. 

In machine learning and deep learning, this mode of encryption makes it possible to distribute training 

and inference processing of learning machine models in the cloud without the hacking of the trans-

mitted data revealing the data content that feeds the model or inferences. 

The disadvantage of this method is that it does not work with all learning machine models and is very 

expensive in terms of machine time for data encryption and decryption as well as computation. 

Quantum homomorphic encryption is a similar approach for encoding data that will feed a quantum 

computer in the cloud and then decode the result of the processing. It could help distribute variational 

algorithms over the cloud2806 2807. 

It is also one of the tools for implementing so-called "blind computing" in the cloud, where servers 

cannot understand and interpret the data they process. 

Various algorithms for encrypting quantum gate control programs have been proposed but are not yet 

commonly used2808. Some of the keys can be quantum-transmitted like a QKD. This is one of the 

conditions to be sure that the server part cannot interpret the processing it performs2809. 

Quantum telecommunications 

QKD-based quantum cryptography is just one application of quantum telecommunications2810. Quan-

tum telecommunications and quantum networks are about using entanglement resources in various 

use cases. 

Distributed quantum computing, following the example of classical distributed computing archi-

tectures that exist on the Internet, in data centers and within supercomputers. Connecting quantum 

computers is not an easy task. It is not about inputs/outputs or memory and storage sharing like with 

classical scale-out architectures. It should indeed be possible to convert the qubit state of these 

 

2805 See Quantum Encryption of superposition states with Quantum Permutation Pad in IBM Quantum Computers by Maria Perepe-

chaenko and Randy Kuang, Quantropi, January 2023 (28 pages). 

2806 See Eberhard limit for photon-counting Bell tests and its utility in quantum key distribution by Thomas McDermott et al, November 

2022 (13 pages). 

2807 See Delegated variational quantum algorithms based on quantum homomorphic encryption by Qin Li et al, January 2023 (13 pages). 

2808 See Classical Homomorphic Encryption for Quantum Circuits by Urmila Mahadev, 2018 (7 pages), Quantum Fully Homomorphic 

Encryption With Verification, 2017 (30 pages and slides, 28 slides), Quantum Homomorphic Encryption: A Survey, 2017 (11 pages) et 

Quantum homomorphic encryption for circuits of low T-gate complexity by Anne Broadbent et Stacey Jeffery, 2015 (35 pages). 

2809 As indicated in On the implausibility of classical client blind quantum computing by Scott Aaronson, Elham Kashefi et al, 2017 

(43 pages). 

2810 See the excellent Quantum internet: A vision for the road ahead by Stephanie Wehner et al, October 2018 (11 pages). 

https://arxiv.org/abs/2301.10832
https://arxiv.org/abs/2211.15033
https://arxiv.org/abs/2301.10433
http://ieee-focs.org/FOCS-2018-Papers/pdfs/59f332.pdf
https://arxiv.org/pdf/1708.09156.pdf
https://arxiv.org/pdf/1708.09156.pdf
https://qutech.nl/wp-content/uploads/2018/02/m10-Florian-Speelman-monday-speelman.pdf
https://fangsong.info/teaching/s17_4510_qc/proj_HLL_QHE.pdf
https://eprint.iacr.org/2015/551.pdf
https://www.researchgate.net/publication/316538667_On_the_implausibility_of_classical_client_blind_quantum_computing
https://science.sciencemag.org/content/362/6412/eaam9288
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machines into quantum states of photons - usually in the infrared range at 1,550 nm - for optical 

transmission. Apart from the photon-based systems case, qubits are most often stored in electrons 

spins or atoms energy states. Hence the numerous efforts to convert these qubits states into transmis-

sible photons, which themselves are not sent from one point to the other but establishing a durable 

entangled connection between the distance devices and their qubits2811. About the relationship with 

inter-QPU connectivity and data-transfer speed? Could these connections enable faster data-transfer 

than classical data links? Well, yes and no. Quantum telecommunications are not about transmitting 

information faster than light2812. If it is about transmitting classical data, an inter-QPU or quantum 

telecom link won’t even make things faster. Inter-QPU connectivity is mainly about creating a (much) 

larger QPU than the separate QPUs. The main resources are entanglement and gate teleportation2813. 

When you have two interconnected QPUs of N qubit each, the Hilbert space managed by the inter-

connected QPUs has a size of 22N complex numbers whereas the isolated QPUs handle only 

2*2N=2N+1 complex numbers. 

But in the end, when reading out the qubits in these isolated or consolidated QPUs, you don’t capture 

more than 2N classical bits. Teleportation may be useful to teleport at a very fast rate an entangled 

state from one location to another or to create two qubit gates across distant QPUs using the gate 

teleportation technique2814. Let’s say that while the data is quantum, interconnect and teleportation 

can bring some speedup advantage. This could be the case when connecting quantum sensors and 

quantum computers. 

Still, some researchers are studying distributed quantum computing architectures that are not based 

on cfreating a large virtual QPU but rely more on partitioning QPU tasks2815. 

Blind and verifiable delegated computing is a variation of the distributed quantum computing sce-

nario. It involves a small quantum computer that would delegate some tasks to a larger one in a se-

cured manner2816. This the concept of "blind computing" associated to the BFK protocol created in 

2009 by Anne Broadbent, Joe Fitzsimons and Elham Kashefi2817. The principle consists in preparing 

computation in a quantum way at the starting point and sending it by a quantum link by teleportation 

to the remote quantum computer. It is a bit the quantum equivalent of the homomorphic encryption 

used in distributed machine learning2818 2819. 

 

2811 See Distributed Quantum Computing: A path to large scale quantum computing by Stephen DiAdamo, August 2021. 

2812 Let’s remind at least two key explanations: first, entanglement and nonlocality is about having a correlation between two distant 

quantum objects values when measured sequentially, but this value is random by essence. You can’t set one quantum value at one end 

(Alice) and then measure it at the other location (Bob’s). You just decide to measure random values at both end that happen to be 

correlated. On a more practical reason, the teleportation algorithm that can send a qubit state to another location with using entangle-

ment needs two classical communications links. So, we’re stuck with the speed of light. See No, We Still Can't Use Quantum Entan-

glement To Communicate Faster Than Light by Ethan Siegel, February 2020. 

2813 See S-QGPU: Shared Quantum Gate Processing Unit for Distributed Quantum Computing by Shengwang Du et al, September 

2023 (8 pages) which makes a proposal to mutualize gate teleportation resources. 

2814 See Near-Term Distributed Quantum Computation using Mean-Field Corrections and Auxiliary Qubits by Abigail McClain Gomez 

et al, Nvidia and Harvard, September 2023 (44 pages). 

2815 See Towards Distributed Quantum Computing by Qubit and Gate Graph Partitioning Techniques by Marc Grau Davis, Joaquin 

Chung, Dirk Englund and Rajkumar Kettimuthu, MIT, Doe Argonne and Brookhaven Labs, October 2023 (7 pages). 

2816 See Equivalence in delegated quantum computing by Fabian Wiesner, Jens Eisert and Anna Pappa, June 2022 (43 pages). 

2817 See Universal blind quantum computation by Anne Broadbent, Joseph Fitzsimons and Elham Kashefi, 2008 (20 pages) and the 

associated presentation (25 slides), Blind quantum computing can always be made verifiable by Tomoyuki Morimae, 2018 (5 pages), 

Experimental Blind Quantum Computing for a Classical Client, 2017 (5 pages) and Blind Quantum Computation by Charles Herder 

(5 pages). 

2818 See Applying the Quantum Error-correcting Codes for Fault-tolerant Blind Quantum Computation by Qiang Zhao and John C.S. 

Lui, January 2023 (13 pages). 

2819 See Verifiable blind quantum computing with trapped ions and single photons by P. Drmota, Elham Kashefi et al, May 2023 (15 

pages). 

https://medium.com/@stephen.diadamo/distributed-quantum-computing-1c5d38a34c50
https://www.forbes.com/sites/startswithabang/2020/01/02/no-we-still-cant-use-quantum-entanglement-to-communicate-faster-than-light/
https://www.forbes.com/sites/startswithabang/2020/01/02/no-we-still-cant-use-quantum-entanglement-to-communicate-faster-than-light/
https://arxiv.org/abs/2309.08736
https://arxiv.org/abs/2309.05693
https://arxiv.org/abs/2310.03942
https://arxiv.org/abs/2206.07469
https://arxiv.org/abs/0807.4154
https://www.lri.fr/quantum/jiq08/pdfs/ElhamKashefi.pdf
https://arxiv.org/pdf/1803.06624.pdf
https://arxiv.org/pdf/1707.00400.pdf
https://www.scottaaronson.com/showcase2/report/charles-herder.pdf
https://arxiv.org/abs/2301.01960
https://arxiv.org/abs/2305.02936
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Quantum electronic signatures authenticating classic messages. They are transferable to third par-

ties, non-repudiable and non-forgeable. 

Quantum computing cryptography to generate symmetric keys including quantum permutation 

pads. 

Distributed quantum sensing which could be useful when it makes sense to consolidate quantum 

states from various quantum sensors to improve their precision2820, like with telescopes interferometry, 

and to protect their content2821. It could also add the connection between quantum computers and 

sensors with quantum data coming out of sensors being directly used as a vector state by a quantum 

computer, enabling faster data loading than with going through some costly classical data loading. 

Clock synchronization which has been tested in the early 2000s and is useful for telecommunication 

networks and GPS operations2822. 

Anonymous data transmissions, allowing two nodes in a quantum network to communicate with 

each other without one node being able to identify the other node and also without the other nodes 

not involved in the protocol being able to identify the sender and the recipient. The communications 

leave no trace and are therefore not auditable. This replaces traditional anonymization proxies. It can 

be used as a basis for distributed processing, coupling this with classical or quantum data encryption. 

It is a means of ensuring the anonymization of the transmission of data such as survey or health data. 

Quantum Secure Direct Communication (QSDC) which is a keyless quantum communication ap-

proach where secure information is directly sent from Alice to Bob without using QKD protocols and 

data encryption/decryption cycles, first proposed in 20022823 2824. It could operate with discrete and 

continuous variables optical quantum communications and not necessarily require classical commu-

nication channels like with QKD2825. Data is sent as quantum states prepared by Alice with various 

properties of photons (polarization or others), sent through an optical fiber or free space quantum 

channel, and received and measured by Bob. Like with QKD, any eavesdropping attempts by an Eve 

would disturb the transmitted quantum states and would be detected by Bob. 

Quantum money that applies a concept of Stephen Wiesner (1942-2021, Israeli) from 1970, and 

improved in 1983. It is based on tokens of verifiable integrity that can only be used once2826. 

Quantum pseudotelepathy, a quantum entanglement conceptual use case where different users per-

form entangled particles measurements in a coordinated way, which yield correlated results which 

look like telepathic communication between them but are not 2827  2828 . Thought experiments of 

 

2820 See one example of quantum sensors interconnect proposal in An elementary quantum network of entangled optical atomic clocks 

by B. C. Nichol et al,  Nature, November 2021-September 2022. 

2821 See one example with Distributed quantum sensing with optical lattices by Jose Carlos Pelayo, Karol Gietka and Thomas Busch, 

Okinawa Institute of Science and Technology Graduate University, August 2022 (7 pages). 

2822 See Distant clock synchronization using entangled photon pairs by Alejandra Valencia et al, 2004 (10 pages). 

2823 See Secure communication with a publicly known key by Almut Beige et al, November 2001-May 2002 (14 pages). 

2824 See Two-step quantum direct communication protocol using the Einstein-Podolsky-Rosen pair block by Fu-Guo Deng, Gui Lu 

Long, and Xiao-Shu Liu, 2003, PRA (8 pages). 

2825 See Practical quantum secure direct communication with squeezed states by Iris Paparelle et al, June 2023 (18 pages). 

2826 A recent proposal of quantum money co-authored by Peter Shor is in Publicly verifiable quantum money from random lattices by 

Andrey Boris Khesin, Jonathan Z. Lu and Peter Shor, July 2022 (15 pages). It’s still highly theoretical. 

2827 See The cost of exactly simulating quantum entanglement with classical communication by Gilles Brassard, Richer Cleve and 

Alain Tapp, 1999 (9 pages). 

2828 See Quantum Pseudo-Telepathy by Gilles Brassard, Anne Broadbent and Alain Tapp, 2004 (31 pages). 

https://www.nature.com/articles/s41586-022-05088-z
https://arxiv.org/abs/2111.10336
https://arxiv.org/abs/2208.05128
https://arxiv.org/abs/quant-ph/0407204
https://arxiv.org/abs/quant-ph/0111106
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.68.042317
https://arxiv.org/abs/2306.14322
https://arxiv.org/pdf/2207.13135.pdf
https://arxiv.org/abs/quant-ph/9901035
https://arxiv.org/abs/quant-ph/0407221
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pseudotelepathy are implemented with guessing games like the nonlocal version of Mermin-Peres 

magic square game, with Alice and Bob cooperatively filling in a 3×3 magic square2829. 

Temporal entanglement, that can be created between different quantum states in quantum networks 

that have distinct time intervals. It is a feature of quantum networks using memory-based repeaters 

and entanglement swapping where the future state of the system depends on its current and past states, 

due to the delays of entanglement distribution2830. 

Quantum position verification protocols use QKD is used to use a geographical location as a cre-

dential to implement various cryptographic protocols2831. 

Detecting Extra-Terrestrial life. Well, sort of. That’s the plan from SETI who wants to analyze 

“quantum communications” coming from exoplanets, which would bear some differentiated signa-

ture. One can wonder how such communications could be sorted out from the planet’s star random 

photon streams, but who knows2832. 

In that section, we will first look at the various ways to interconnect quantum computers at the phys-

ical level. So far, there are three known approaches to connect quantum computers: microwaves, 

photons and shuttling electrons or ions. In that space, there’s a clear difference in photon-based solu-

tions which could scale at a large level, leveraging fiber optics telecommunication infrastructures and 

other options (microwave, shuttling electrons of ions) which are by design “on premise” and won’t 

rely on telecommunications infrastructures2833. 

Then, we’ll look at quantum Internet and telecommunications architectures on a global basis and 

some related software aspects. 

Microwaves interconnect 

This type of QPUs interconnect is adapted to qubits that are driven by microwaves, so in order of 

priority, superconducting, silicon spin and to some extent trapped ions and cold atoms qubits. So far, 

it has been investigated mostly with superconducting qubits. This technology is adapted to relatively 

short range connectivity, on a same-site basis, and could have a high efficiency. 

Superconducting qubits belong to the field of circuit quantum electrodynamics (cQED) and are driven 

by microwave pulses. Microwaves are used for qubit readout, so we know how to convert the state 

of a qubit into microwaves, which are in the 4-8 GHz range. These microwaves can also be used to 

establish short distance entanglement between pairs of qubits of different QPUs. 

The first way to implement this is to connect qubit chips next to the other in chiplets. This was tested 

by NIST and is planned to be adopted by IBM2834. In 2023, a joint China and USA team tested a short 

range connection between five superconducting qubit chips using low-loss aluminum cables with 

relatively good fidelities (as shown in Figure 661)2835. 

 

2829 See Experimental Demonstration of Quantum Pseudotelepathy by Jia-Min Xu et al, August 2022 (11 pages). 

2830 See Fundamental Limitations on Communication over a Quantum Network by Junjing Xing et al, June 2023 (78 pages). 

2831 See Single-qubit loss-tolerant quantum position verification protocol secure against entangled attackers by Llorenç Escolà-Farràs 

et al, December 2022 (33 pages). 

2832 See We could detect alien civilizations through their interstellar quantum communication by Matt Williams, April 2021 referring 

to Searching for interstellar quantum communications by Michael Hippke, April 2021 (14 pages). 

2833 See Development of Quantum InterConnects for Next-Generation Information Technologies by David Awschalom, Sophia E. Econ-

omou, Dirk Englund, Liang Jiang, Mikhail D. Lukin, Christopher Monroe, Jelena Vučković, Ronald Walsworth et al, 2019 (31 pages) 

which positions well different QPU interconnect technologies. 

2834 See Modeling Short-Range Microwave Networks to Scale Superconducting Quantum Computation by Nicholas LaRacuente et al, 

NIST, January 2022-January 2023 (23 pages). 

2835 See Low-loss interconnects for modular superconducting quantum processors by Jingjing Niu et al, February 2023 (28 pages). 

https://arxiv.org/abs/2206.12042
https://arxiv.org/abs/2306.04983
https://arxiv.org/abs/2212.03674
https://phys.org/news/2021-04-alien-civilizations-interstellar-quantum.html
https://arxiv.org/abs/2104.06446
https://arxiv.org/abs/1912.06642
https://arxiv.org/abs/2201.08825
https://arxiv.org/abs/2302.02751
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Longer distance connections are also tested. It was first realized by an international team led by the 

University of Chicago in 2020 with two nodes of three superconducting qubits, each arranged as an 

entangled GHZ state. They managed this entanglement with microwaves over a distance of one meter 

on a cryogenic niobium-titanium coax cable. The entanglement transmission was done with a fidelity 

of 65% and 91% for a single qubit transmission2836. 

 
Figure 661: Source: Low-loss interconnects for modular superconducting quantum processors by Jingjing Niu et al, February 2023 

(28 pages). 

Later in 2020, an ETH Zurich and University of Sherbrooke team led by Andreas Wallraff connected 

several superconducting units using2837. The two processing units were separated by a 5-meter cryo-

genic link (pictured in Figure 662). A similar experiment with a Bell test was later done in 2022 over 

30 m2838. Similar distances were experimented by a team led by Technische Universität München 

VTT in 20232839. 

 

Figure 662 above and below, ETH Zurich 5-meter cryogenic 
microwave link. Source: Microwave Quantum Link between 

Superconducting Circuits Housed in Spatially Separated Cryogenic 
Systems by Paul Magnard, Alexandre Blais, Andreas Wallraff et al, 

PRL, December 2020 (13 pages). 

 

Figure 663: source: Experimental quantum teleportation of 
propagating microwaves by K. G. Fedorov et al, December 2021 (7 

pages). 

 

2836 See Deterministic multi-qubit entanglement in a quantum network by Youpeng Zhong, Audrey Bienfait (ENS Lyon), et al, Novem-

ber 2020 on arXiv and February 2021 in Nature (38 pages). 

2837 See Microwave Quantum Link between Superconducting Circuits Housed in Spatially Separated Cryogenic Systems by Paul Mag-

nard, Alexandre Blais, Andreas Wallraff et al, PRL, December 2020 (13 pages). Paul Magnard now works for Alice&Bob. 

2838 See Loophole-free Bell inequality violation with superconducting circuits by Simon Storz, Andreas Wallraff, Alexandre Blais et al, 

Nature, May 2023 (8 pages). 

2839 See Cryogenic microwave link for quantum local area networks by M. Renger et al, Technische Universität München, VTT, Oxford 

Instruments, Rohde & Schwartz, August 2023 (25 pages). 

https://arxiv.org/abs/2302.02751
https://arxiv.org/abs/2008.01642
https://arxiv.org/abs/2008.01642
https://arxiv.org/abs/2008.01642
https://www.science.org/doi/10.1126/sciadv.abk0891
https://www.science.org/doi/10.1126/sciadv.abk0891
https://arxiv.org/abs/2011.13108
https://arxiv.org/abs/2008.01642
https://www.nature.com/articles/s41586-023-05885-0
https://arxiv.org/abs/2308.12398
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A China team extended the record to 64 m, enabling deterministic quantum state teleportation and 

quantum gates across the link with 94.2±0.6% fidelity for EPR pairs2840. It is interesting but wouldn’t 

scale well with a large number of such connections. 

In an experiment published in 2021, a team from the TUM (Munich), RIKEN (Japan) and Aalto Uni-

versity (Finland) tested a microwave entangling connection of 45 cm between two superconducting 

qubits. They used two microwave parametric amplifiers (JPA) to create a pair of entangled and 

squeezed microwave photons2841 (schema in Figure 663). The resulting teleportation fidelity was 69%. 

Still not enough to be of practical use. 

Now, what is needed is way more sophisti-

cated. Connecting different qubit chips 

would require connecting at least one qubit 

of nearby chips to each other. This would cre-

ate a limited connectivity between the chips. 

The example using a simple hexagonal qubit 

topology typical of IBM’s superconducting 

chips would require the connections in red in 

Figure 664. But this is for 27 qubit chips, not 

thousand qubit chips2842! 

 

Figure 664: Source: Short-Range Microwave Networks to Scale 
Superconducting Quantum Computation by Nicholas LaRacuente et al, 

January 2022 (22 pages). 

That’s also what a team from the Universities of Pittsburgh and Illinois with ENS Paris proposed in 

2021, using a microwave router and a SWAP gate to connect several chips 2843 (Figure 665). 

Another way would be the creation of more complicated many-to-many connectivity. If you have for 

example two superconducting chips ala Google Sycamore with, let’s say, NxN qubits, you will first 

need to create N connections between the edge of the first chip and the edge of the nearby second 

chip. Then, with entanglement sharing, you will have to make sure you can create two-qubit gates 

with these nearby connected qubits2844. 

What gate would be mandatory to enable a real scale-out? At least SWAP gates2845 2846. 

 

2840 See Deterministic quantum teleportation between distant superconducting chips by Jiawei Qiu et al, February 2023 (33 pages). 

2841 See Experimental quantum teleportation of propagating microwaves by K. G. Fedorov et al, December 2021 (7 pages). 

2842 See Short-Range Microwave Networks to Scale Superconducting Quantum Computation by Nicholas LaRacuente et al, January 

2022 (22 pages). 

2843 See also A modular quantum computer based on a quantum state router by Chao Zhou, Matthieu Praquin et al, Universities of 

Pittsburgh and Illinois and ENS Paris, September 2021 (11 pages). With Praquin from ENS Paris. About linking transmon qubits with 

microwaves, starting with implementing SWAP gates between 4 single-qubit modules with relatively slow gates (750 ns). Quote: “For 

atomic scale qubits communicating using optical frequency states, it is infeasible to couple photons into a communication channel with 

very high efficiency. This loss of information precludes light from simply being transferred from module to module, instead one must 

herald instances in which transmission is successful”. This doesn’t bode well for photons interconnect. 

2844 See Quantum transfer of interacting qubits by Tony J. G. Apollaro et al, May 2022 (24 pages) which addresses this point of N 

qubits connectivity between nearby chipsets. 

2845 See A modular quantum computer based on a quantum state router by Chao Zhou et al, April 2022 (21 pages) with all-to-all 

couplings among four independent quantum modules of superconducting qubits. They handle full-iSWAP time of 760 ns and average 

inter-module gate fidelity of 97%. 

2846 and  Co-Designed Architectures for Modular Superconducting Quantum Computers by Evan McKinney et al, University of Pitts-

burgh, May 2022 (14 pages) which uses a superconducting nonlinear asymmetric inductive element (SNAIL) modulator and √𝑖𝑆𝑊𝐴𝑃 

gates. 

https://arxiv.org/abs/2201.08825
https://arxiv.org/abs/2201.08825
https://arxiv.org/abs/2302.08756
https://www.science.org/doi/10.1126/sciadv.abk0891
https://arxiv.org/abs/2201.08825
https://arxiv.org/abs/2109.06848
https://arxiv.org/abs/2205.01579
https://arxiv.org/abs/2109.06848
https://arxiv.org/abs/2205.04387
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You’d need to adopt a full stack approach, from the qubits, the QPUs interconnect and all related 

software concerns2847. 

 
Figure 665: Source: A modular quantum computer based on a quantum state router by Chao Zhou, Matthieu Praquin et al, 

Universities of Pittsburgh and Illinois and ENS Paris, September 2021 (11 pages). 

Various other superconducting qubit to other quantum states have been reported, like: 

• Photonic coupling between superconducting qubits within the chip2848. 

• Microwave photons and optical light photons conversion2849 or entanglement2850. 

• Opto-Electro-Mechanical Modulator (OEMM) for RF-to-optical coupling2851. 

• Coupling between cold atoms and a superconducting qubit resonator2852 2853. 

Microwaves-based interconnect is also investigated to create quantum link between electron spin-

based qubits2854. 

 

2847 See Will Quantum Computers Scale Without Inter-Chip Comms? A Structured Design Exploration to the Monolithic vs Distributed 

Architectures Quest by Santiago Rodrigo et al, 2020 (6 pages) which makes some fully-stack architecture proposals. See also Towards 

a distributed quantum computing ecosystem by Daniele Cuomo et al, University of Naples, Italy, March 2020 (6 pages). 

2848 See Dynamically Reconfigurable Photon Exchange in a Superconducting Quantum Processor by Brian Marinelli, Irfan Siddiqi et 

al, MIT Lincoln Lab, Berkeley, Anyon Computing and LBNL, March 2023 (22 pages). 

2849 See Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms by Sebastian Borówka et al, 

Nature Photonics, October 2023 (12 pages). 

2850 See Entangling microwaves with optical light by Rishabh Sahu et al, TU Wien, January 2023 (28 pages). 

2851 See Low Noise Opto-Electro-Mechanical Modulator for RF-to-Optical Transduction in Quantum Communications by Michele 

Bonaldi et al, July 2023 (14 pages). 

2852 See Continuous wideband microwave-to-optical converter based on room-temperature Rydberg atoms by Sebastian Borówka et al, 

February 2023 (11 pages). 

2853 See Quantum-enabled millimetre wave to optical transduction using neutral atoms by Aishwarya Kumar et al, Nature, March 2023 

(28 pages), arXiv. 

2854 See Resonant microwave-mediated interactions between distant electron spins by F. Borjans, Jason Petta et al, Nature, December 

2019 (6 pages) and Strong coupling between a photon and a hole spin in silicon by Cécile X. Yu, Simon Zihlmann, José C. Abadillo-

Uriel, Vincent P. Michal, Nils Rambal, Heimanu Niebojewski, Thomas Bedecarrats, Maud Vinet, Etienne Dumur, Michele Filippone, 

Benoit Bertrand, Silvano De Franceschi, Yann-Michel Niquet and Romain Maurand, June 2022 (6 pages). 

https://arxiv.org/abs/2109.06848
https://upcommons.upc.edu/bitstream/handle/2117/340433/DCIS2020.pdf
https://upcommons.upc.edu/bitstream/handle/2117/340433/DCIS2020.pdf
https://arxiv.org/abs/2002.11808
https://arxiv.org/abs/2002.11808
https://arxiv.org/abs/2303.03507
https://www.nature.com/articles/s41566-023-01295-w
https://arxiv.org/abs/2301.03315
https://arxiv.org/abs/2307.13049
https://arxiv.org/abs/2302.08380
https://www.nature.com/articles/s41586-023-05740-2
https://arxiv.org/abs/2207.10121
https://arxiv.org/pdf/1905.00776.pdf
https://arxiv.org/abs/2206.14082


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum telecommunications - 768 

In August 2021, AMD published a patent designed to handle a local 

scale-out capacity for quantum computers, with a teleportation-

based multi-SIMD architecture (shown in Figure 666). SIMD 

stands for “Single Instruction Multiple Data” and is heavily used in 

parallel classical hardware architectures like vector processors or 

tensor processors and GPUs. Here, teleportation would be used to 

handle coordination between several quantum processing units and 

reduce both the number of qubits and quantum gates needed to run 

an algorithm. Unfortunately, this patent doesn’t describe in any way 

a real quantum process, contains no physics, no mathematics, no 

compiling trick, no timing analysis and nothing about teleportation 

implementation and about any quantum algorithm parallelization. 

It also mentions a “global memory” like if creating qubits memory 

was some standard off-the-shelf technology. On top of that, none of 

the patent holders seem to have a quantum computing background 

and they never published any quantum-related paper visible on 

arXiv2855. 

 

Figure 666: AMD’s weird patent. 

This has the flavor of a PR-driven approach that only a few scientists can fact-check, if not of a patent-

troll. And it unfortunately worked2856! 

In June 2022, Huawei also published a patent in China numbered 

CN114613758A related to the production of quantum computing 

chips and their scale-out, shown in Figure 667. It describes M sub-

chips of N qubits2857. In the provided schematics, you can see four 

qubits subchips (20), four coupling structures (30) and a central one 

with no connectivity with the others that is the cavity mode sup-

pression structure of undetermined nature, shape and form (40). The 

asserted benefit from this architecture is resilience to manufactur-

ing defects more than a scale-in architecture. These have undeter-

mined internal structures and connections, nor any physical or ex-

perimental data attached. This wouldn’t pass any scientific paper 

peer-reviewing process! This also looks like a patent troll. 

 

Figure 667: Huawei also weird patent. 

Photonic interconnect 

The most generic way to interconnect QPU, particularly over arbitrary distance, would be with pho-

tons and fiber optics. It requires a couple things like creating deterministic or heralded sources of 

entangled photons connecting qubits, qubits-to-photon or microwave-to-photon quantum state con-

version2858  2859 , photons conversions to telecoms wavelengths using for example trapped ions or 

 

2855 See New AMD Patent Proposes Teleportation to Make Quantum Computing More Efficient by Francisco Pires, August 2021. 

2856 See for example AMD patent reveals revolutionary teleportation-based quantum computer by Bogdan Solca, Notebook Check, 

August 2021. 

2857 See Huawei publishes patents related to Quantum chips and Quantum computers by Amit, Huawei,  June 2022. 

2858 See Large-bandwidth Transduction Between an Optical Single Quantum Dot Molecule and a Superconducting Resonator by Yuta 

Tsuchimoto, Andreas Wallraff, Martin Kroner et al, PRX Quantum, 2022 (13 pages). 

2859 See Coherent control of a superconducting qubit using light by Hana K. Warner, Liang Jiang et al, Harvard, Rigetti, Hyperlight 

Corporation, Caltech, MIT and University of Chicago, October 2023 (23 pages). 

https://permalink.orbit.com/RenderStaticFirstPage?XPN=lJttJiA0GQ96yFN3tWLc95NXe7dphUsu7KxJINoFg8I%3D%26n%3D1&id=0&base=FAMPAT
https://www.tomshardware.com/news/amd-teleportation-quantum-computing-patent
https://www.notebookcheck.net/AMD-patent-reveals-revolutionary-teleportation-based-quantum-computer.557633.0.html
https://www.huaweiupdate.com/huawei-publishes-patents-related-to-quantum-chips-and-quantum-computers/
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.030336
https://arxiv.org/abs/2310.16155
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nonlinear crystals, aka QFC for Quantum Frequency Conversion 2860 2861 2862 and, most of the time, 

some form of quantum memory for synchronization purpose. 

It seems better adapted to either photon qubits (which don’t need any conversion) and qubits that are 

controlled by photons in the visible or near visible spectrum like cold atoms, trapped ions and NV 

centers2863. Other types of qubits require some conversion, usually between the microwave and visi-

ble/IR photo regimes to enable photon mediated remote entanglement2864. 

An experiment of distant entanglement between atoms in two neutral atoms QPUs was achieved2865. 

Trapped ions can also be interconnected with photons. It is the main scale-out plan for startups like 

IonQ2866 2867. A European team succeeded in interconnecting trapped ions with photons over a dis-

tance of 230 m in 20222868. Silicon qubits use the spin of one or two electrons. Spin-to-charge and 

charge-to-photon conversions can then be performed. 

At some point, as presented in Figure 668, interconnect architectures may someday mix various tech-

niques, with short-range interconnect techniques using microwaves and longer range techniques 

based on photons entanglement. 

Some photon-based interconnect experiments have also been done with silicon spin qubits2869. An-

other option to interconnect superconducting qubits is to entangle them first with NV centers spin 

qubits which themselves are then easier to interconnect with photons2870. Another one is to couple a 

SiV vacancies electron spin acting as a communication qubit to a 29Si nuclear spin acting as a memory 

qubit2871. 

Other researchers are looking for ways to encode quantum information differently in transmitted pho-

tons. Instead of using a classical polarization encoding, researchers from Caltech experimented quan-

tum teleportation of time-bin qubits (with “time of arrival” encoding) using a standard telecommuni-

cation wavelength of 1,536.5 nm with an average success superior to 90%2872. 

 

2860 See Low noise quantum frequency conversion of photons from a trapped barium ion to the telecom O-band by Uday Saha et al, 

University of Maryland, May 2023 (16 pages). 

2861 See Quantum frequency conversion of memory-compatible single photons from 606 nm to the telecom C-band by Nicolas Maring, 

Dario Lago-Rivera et al, IFCO, 2021 (7 pages). 

2862 See Low-noise quantum frequency conversion in a monolithic bulk ppKTP cavity by Felix Mann et al, April 2023 (7 pages) which 

is about converting NV center 637 nm photon to telecom wavelengths using a Periodically poled potassium titanyl phosphate (ppKTP) 

based on KTiOPO4, a nonlinear optical crystal. 

2863 In 2021, a team from Qutech and TU Delft connected three NV centers qubits quantumly in an entangled GHZ state, beyond the 

traditional two nodes existing experiments. See Realization of a multi-node quantum network of remote solid-state qubits by Matteo 

Pompil, Sophie Hermans, Stephanie Wehner et al, February 2021 (28 pages). 

2864 See Tutorial: Remote entanglement protocols for stationary qubits with photonic interfaces by Hans K.C. Beukers, Dirk Englund, 

Ronald Hanson et al, QuTech and MIT, October 2023 (27 pages). 

2865 See Quantum networks with neutral atom processing nodes by Jacob P. Covey et al, April 2023 (13 pages). 

2866 See Large Scale Modular Quantum Computer Architecture with Atomic Memory and Photonic Interconnects by Chris Monroe, 

July 2013 (16 pages). 

2867 See A high-fidelity quantum matter-link between ion-trap microchip modules by M. Akhtar et al, Nature, March 2022 (8 pages). 

2868 See Entanglement of trapped ion qubits separated by 230 meters by V. Krutyanskiy, Nicolas Sangouard, Tracy Northup, August 

2022 (22 pages) with a fidelity of 88% but a very low success rate of 4×10-5. 

2869 See for example First chip-to-chip quantum teleportation harnessing silicon photonic chip fabrication by the University of Bristol, 

December 2019 which refers to Chip-to-chip quantum teleportation and multi-photon entanglement in silicon by Daniel Llewellyn et 

al, 2019 (48 pages). And the exaggerated version in The first "quantum teleportation" between two computer chips by Valentin Cimino, 

December 2019. 

2870 See Anisotropic rare-earth spin ensemble strongly coupled to a superconducting resonator by S. Probst et al, 2021 (7 pages). 

2871 See Robust multi-qubit quantum network node with integrated error detection by Pieter-Jan Stas, Mikhail D. Lukin et al, Harvard, 

July 2022 (24 pages). 

2872 See Teleportation Systems Toward a Quantum Internet by Raju Valivarthi et al, Caltech, 2020 (16 pages). 

https://arxiv.org/abs/2305.01205
https://www.osapublishing.org/optica/fulltext.cfm?uri=optica-5-5-507&id=385903
https://arxiv.org/abs/2304.13459
https://arxiv.org/abs/2102.04471
https://arxiv.org/abs/2310.19878
https://arxiv.org/abs/2304.02088
https://arxiv.org/abs/1208.0391
https://www.nature.com/articles/s41467-022-35285-3
https://arxiv.org/abs/2208.14907
https://phys.org/news/2019-12-chip-to-chip-quantum-teleportation-harnessing-silicon.html
https://arxiv.org/abs/1911.07839
https://siecledigital.fr/2019/12/28/la-premiere-teleportation-quantique-entre-deux-puces-informatiques-a-eu-lieu/
https://arxiv.org/abs/1212.2856
https://arxiv.org/abs/2207.13128
https://journals.aps.org/prxquantum/pdf/10.1103/PRXQuantum.1.020317


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Quantum telecommunications - 770 

 

Figure 668: various interconnect architectures. (cc) Olivier Ezratty, 2022. 

At last, tests were done of various heterogenous conversions between DV (direct variable) and CV 

(continuous variable) qubits in an all-optical setup2873 and to implement a photon to atom SWAP 

gate2874. 

 

Given it is still the dominant architecture, superconducting to photons con-

nectivity is an intense field of research. In that case, microwaves are converted 

to another frequency range while keeping the quantum state. 

This conversion can be done with opto-electromechanical systems2875 2876. TU Delft researchers led 

by Simon Gröblacher experimentally achieved this in 2018, at 20 mK, close to superconducting qubits 

operating temperature2877 (Figure 669). 

This led to the creation of QPhoX (2021, the Netherlands, 12.5M€) by Simon Gröblacher, a startup 

seed funded by Quantonation. The research project turned into a “quantum modem for the quantum 

Internet”2878. Although QPhoX is a startup, it seems still operating in a field a fundamental and ex-

perimental research2879. In September 2022, the startup announced a partnership with IQM to scale-

out superconducting qubit quantum computers. The company had a staff of 20 as of January 2024. 

 

2873 See A quantum-bit encoding converter by Tom Darras, Julien Laurat et al, November 2022 (15 pages). 

2874 See Demonstration of deterministic SWAP gate between superconducting and frequency-encoded microwave-photon qubits by 

Kazuki Koshino et al, February 2023 (14 pages). 

2875 See also A quantum microwave-to-optical transducer by Thibaut Jacqmin of LKB, 2019 (17 slides) which describes opto-electro-

mechanical mechanisms for state conversion of superconducting qubits into transportable photons on optical fibers. 

2876 See Optomechanical quantum teleportation by Niccolò Fiaschi, Simon Gröblacher et al, April 2021-November 2022 (14 pages). 

2877 See New horizons for connecting future quantum computers into a quantum network, October 2019 which references Microwave-

to-optics conversion using a mechanical oscillator in its quantum ground state by Moritz Forsch et al, 2019 (11 pages). 

2878 See The widely anticipated quantum internet breakthrough is finally here by Maija Palmer, May 2021 and A perspective on hybrid 

quantum opto- and electromechanical systems by Yiwen Chua and Simon Gröblacher, 2020 (7 pages). Simon Gröblacher also created 

Nenso Solutions, a quantum technology consulting company. 

2879 See Optomechanical quantum teleportation by Niccolò Fiaschi, Simon Gröblacher et al, Nature, October 2021 (9 pages), Coherent 

feedback in optomechanical systems in the sideband-unresolved regime by Jingkun Guo and Simon Gröblacher, June 2022 (12 pages), 

An integrated microwave-to-optics interface for scalable quantum computing by Matthew J. Weaver, Simon Gröblacher, Robert Stock-

ill et al, QphoX, Nature Nanotechnology, October 2022-October 2023 (14 pages) and Ultra-low-noise Microwave to Optics Conversion 

in Gallium Phosphide by Robert Stockill, Simon Gröblacher et al, July 2021-November 2022 (14 pages). 
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Figure 669: Source: Microwave-to-optics conversion using a mechanical oscillator in its quantum ground state by Moritz 
Forsch et al, 2019 (11 pages). 

 

Next Generation Quantum (2019, USA) is CUNY university spin-off cre-

ated by Shaina Raklyar (CEO) and German Kolmakov (CTO) developing 

commercial quantum computing applications and a hardware and software 

solution interconnecting multiple quantum computers to create quantum com-

puter clusters. 

They plan to manage this connection with photons and to use cavity polaritons, photons dressed with 

charges in a semiconductor optical microcavity that are sensitive to electric fields. 

 

Welinq (2022, France, 5M€) is a startup created by Tom Darras (CEO), Jean 

Lautier-Gaud (COO), Julien Laurat and Eleni Diamanti (both scientific advi-

sors). 

It is a spin-off from two laboratories from Sorbonne Université: the Laboratoire Kastler Brossel and 

the Laboratoire d’Informatique de Sorbonne Université. 

They develop a unique full stack 

(hardware and software) quan-

tum link solution to interconnect 

quantum processors to enable the 

scale up of quantum computing. 

Their quantum links are based on 

world record cold atom quantum 

memories (Figure 670). They en-

able the efficient interconnexion 

of quantum processors to in-

crease their computational power 

and the implementation of 

world’s first quantum repeaters 

to enable secure access to quan-

tum computing at a distance.  

 

Figure 670: Source: Highly-efficient quantum memory for polarization qubits in a spatially-
multiplexed cold atomic ensemble by Pierre Vernaz-Gris, Julien Laurat et al, Nature 

Communications, 2018 (6 pages) 

Their first product, called QDrive, is a robust, compact, and transportable highly efficient quantum 

memory which will be deployed in quantum computing infrastructures to perform first proof of con-

cepts with providers of quantum computing. Their memory technology is based on an elongated 

quasi-2D magneto-optical trap of alkali atoms cooled at a temperature close to 20 µK. 

N EX T  

GEN ERA T IO N  

Q U A N T U M

https://arxiv.org/abs/1812.07588
https://www.nature.com/articles/s41467-017-02775-8
https://www.nature.com/articles/s41467-017-02775-8
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It enables the on-demand (i.e., the storage time is adjustable by the user) and efficient storage of 

photonic qubits and entangled states with a world record efficiency of 90%, qubit fidelity above 99% 

and a storage time of 15 µs2880. This is becoming a real commercial product. 

In September 2022, Welinq announced a partnership with ixBlue (now Exail) for the procurement of 

lasers adapted to their needs. 

In the quantum memory realm, researchers in China succeeded in 2019 to entangle two rubidium 

atom ensembles quantum memories via entangled photons at a distance of 50 km2881. But ensemble 

atoms are not perfect quantum objects for creating multi-qubit memories. 

Other efforts are undertaken to connect heterogeneous quantum networks with hybrid entanglement 

swapping between DV and CV photonic systems2882. More classically, qubits can be distantly con-

nected through a photonic link, as MPQ researchers in Germany did show in 20212883. 

 

memQ (2022, USA, $2M) is creating some solid-state quantum repeater and 

memory targeting quantum Internet use cases2884. The Chicago-based startup 

was seed funded by Quantonation, Exposition Ventures, and the George 

Schultz Innovation Fund. 

 

Bohr Quantum Technology (2022, USA) is a stealth startup working on a 

quantum interconnect system based on some Caltech and Fermilab research. It 

is supposed to enable quantum computing scale-out architectures with inter-

connecting QPUs and/or quantum memories. 

The company was created by Paul Dabbar (CEO, a former Under Secretary for Science of the DoE 

who oversaw DoE research labs during the whole Trump administration) and Conner Prochaska 

(Chief of Strategic Partnerships, also coming from the DoE). No CTO or Chief Scientist? Bad omen. 

Their LinkedIn profiles tout that the company “has developed and built the world’s first commercial 

ready quantum networking system”. 

 

Entangled Networks (2020, Canada) is a startup developing a set of protocols 

and software for multi-QPU environment (multi-qubit gates implementation 

across distributed QPUs, performance optimization). 

The hardware part requires optical quantum interconnect solutions including a high-resolution optical 

collection system and a low loss Bell state analyzer. The company was created by Aharon Brodutch 

(CEO) and Ilia Khait (CTO), two Israeli researchers established in Toronto. It was acquired by IonQ 

in January 2023. 

 

2880 See Highly-efficient quantum memory for polarization qubits in a spatially-multiplexed cold atomic ensemble by Pierre Vernaz-

Gris, Julien Laurat et al, Nature Communications, 2018 (6 pages) and Connecting heterogeneous quantum networks by hybrid entan-

glement swapping by G. Guccione, Tom Darras, Julien Laurat et al, April 2021 (15 pages) where they describe a higher-level intercon-

nect architecture based on their technology. 

2881 See New Record: Researchers have entangled quantum memory over 50 kilometers by Stéphanie Schmidt, February 2020. The 

feat comes from Hefei's Jian-Wei Pan laboratory in China. This refers to the article published in Nature: Entanglement of two quantum 

memories via fibers over dozens of kilometers by Jian-Wei Pan et al, February 2020 and previously on arXiv in March 2019: Entan-

glement of two quantum memories via metropolitan-scale fibers (19 pages). 

2882 See Quantum Networking Demonstrated for First Time par Dhananjay Khadilkar, November 2018, referencing Connecting heter-

ogeneous quantum networks by hybrid entanglement swapping by Giovanni Guccione, Tom Darras et al, May 2020 (7 pages). 

2883 See Quantum systems learn joint computing - MPQ researchers realize the first quantum-logic computer operation between two 

separate quantum modules in different laboratories, February 2021. 

2884 See A perspective on the pathway to a scalable quantum internet using rare-earth ions by Robert M. Pettit et al, MemQ, April 2023 

(31 pages). 

https://www.nature.com/articles/s41467-017-02775-8
https://arxiv.org/abs/2003.11041
https://arxiv.org/abs/2003.11041
https://trustmyscience.com/record-enchevetrement-memoire-quantique-50-kilometres/
https://www.nature.com/articles/s41586-020-1976-7
https://www.nature.com/articles/s41586-020-1976-7
https://arxiv.org/pdf/1903.11284.pdf
https://arxiv.org/pdf/1903.11284.pdf
https://www.scientificamerican.com/article/hybrid-quantum-networking-demonstrated-for-first-time/
https://advances.sciencemag.org/content/6/22/eaba4508
https://advances.sciencemag.org/content/6/22/eaba4508
https://www.mpq.mpg.de/6420133/02-quantum-systems-learn-joint-computing
https://www.mpq.mpg.de/6420133/02-quantum-systems-learn-joint-computing
https://arxiv.org/abs/2304.07272
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Electrons and ions shuttling 

Electrons shuttling is a technique envisioned to enable interconnection of silicon spin qubits2885. It 

would have a very short range. 

QUASAR is a semiconductor-based project using shuttling electrons with a QuBus (pictured next), 

a quantum bus to transport electrons and their quantum information over distances of 10 μm. The 

partners are Infineon, HQS, Fraunhofer (IAF, IPMS), Leibnitz Association (IHP, IKZ) and the Uni-

versities of Regensburg and Konstanz. The project will run until 2025 to create 25 coupled qubits. 

The resulting computer is to be deployed at JUNIQ. 

Jülich is also participating to the European 

Flagship QLSI project driven by CEA-Leti in 

France. QUASAR got 7.5M€ funding from 

BMBF. The resulting computer is to be de-

ployed at JUNIQ. Jülich is also participating 

to the European Flagship QLSI project driven 

by CEA-Leti in France. QUASAR got a 

7.5M€ funding from BMBF2886 (Figure 671). 

 
Figure 671: an electron shuttling waveguide. 

Source: Quanten-Shuttle zum Quantenprozessor “Made in Germany” 
gestartet, Jülich, February 2021. 

Ion shuttling is an interconnect technique that we already quickly described with IonQ and Quantin-

uum. 

 
Figure 672: source: Quantum Communication with itinerant surface acoustic wave phonons by E. Dumur, Audrey Bienfait, et al, 

University of Chicago and ENS Lyon, December 2021 (5 pages). 

At last, let’s mention another interconnect technique, that ties superconducting qubits together with 

phononic communication using surface acoustic waves with the advantage that it fits into a solid-state 

circuit2887 (Figure 672). 

 

2885 See Multicore Quantum Computing by Hamza Jnane, Simon Benjamin et al, Quantum Motion, January 2022 (24 pages) which 

deals with interconnecting silicon based QPUs with microwaves or electrons shuttling. 

2886 See Quanten-Shuttle zum Quantenprozessor “Made in Germany” gestartet, Jülich, February 2021. 

2887 See Quantum Communication with itinerant surface acoustic wave phonons by E. Dumur, Audrey Bienfait, et al, University of 

Chicago and ENS Lyon, December 2021 (5 pages). 

https://www.fz-juelich.de/de/aktuelles/news/pressemitteilungen/2021/2021-02-24-quasar
https://www.fz-juelich.de/de/aktuelles/news/pressemitteilungen/2021/2021-02-24-quasar
https://www.nature.com/articles/s41534-021-00511-1
https://arxiv.org/abs/2201.08861
https://www.fz-juelich.de/de/aktuelles/news/pressemitteilungen/2021/2021-02-24-quasar
https://www.nature.com/articles/s41534-021-00511-1
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Infrastructures and architecture 

Many key areas must make progress to enable the deployment of quantum telecommunications net-

works: protocols2888 2889, repeaters2890 2891, switches and routers2892 2893 2894, quantum memories2895, 

distributed quantum error correction schemes2896, compilers and other various methods and software 

tools to distribute processing over several QPUs2897 2898 2899 2900 2901 2902, and even distributed data-

bases2903, and at last benchmarking techniques2904. All these components bear their own complicated 

scientific and technological challenges2905 2906. 

Communications bandwidth is already a huge challenge! For example, teleportation rates are cur-

rently quite slow. A recent record obtained in China deals with a teleportation rate of 7.1 qubits per 

second2907. That is far from enabling massive usages. Entanglement resources allocations will become 

the equivalent of classical bandwidth allocation2908. 

 

2888 Let’s mention the Quantum Protocol Zoo initiative launched by LIP6 and VeriQloud which inventories about 56 quantum telecom-

munication and cryptography protocols. See Protocol Library. 

2889 See Benchmarking of Quantum Protocols by Chin-Te Liao, Elham Kashefi et al, July 2022 (16 pages). 

2890 See Adaptive bandwidth management for entanglement distribution in quantum networks by Navin B. Lingaraju et al, 2021 (5 

pages). 

2891 See Telecom-heralded entanglement between multimode solid-state quantum memories by Dario Lago-Rivera et al, Nature, IFCO, 

June 2021 (7 pages). 

2892 See Development of Quantum InterConnects (QuICs) for Next-Generation Information Technologies by David Awschalom et al, 

2019 (31 pages) and Quantum Switch for the Quantum Internet: Noiseless Communications Through Noisy Channels, 2020 (14 pages). 

2893 See Quantum Routing for Emerging Quantum Networks by Wenbo Shi and Robert Malaney, UNSW, November 2022 (6 pages). 

2894 See A Quantum Router Architecture for High-Fidelity Entanglement Flows in Quantum Networks by Yuan Lee, Dirk Englund et 

al, May 2020-October 2022 (16 pages). 

2895 See this general overview of quantum memories used in quantum networks: Optical Quantum Memory and its Applications in 

Quantum Communication Systems by Lijun Ma et al of NIST, 2020 (13 pages). The schema of this page on the Quantum Internet is 

derived from it. See also Towards real-world quantum networks: a review by Shi-Hai Wei et al, January 2022 (71 pages) that discusses 

the links between quantum computing resources and quantum memories. 

2896 See Quantum teleportation of physical qubits into logical code spaces by Yi-Han Luo, William J. Munro, Anton Zeilinger, Jian-

Wei Pan et al, July 2021 (5 pages). 

2897 See Optimized compiler for Distributed Quantum Computing by Daniele Cuomo et al, December 2021 (15 pages) and Distributed 

Shor's algorithm by Ligang Xiao, July 2022 (15 pages). 

2898 See Mapping quantum algorithms to multi-core quantum computing architectures by Anabel Ovide et al, March 2023 (5 pages). 

2899 See Mapping quantum circuits to modular architectures with QUBO by Medina Bandic et al, May 2023 (12 pages). 

2900 See A Modular Quantum Compilation Framework for Distributed Quantum Computing by Davide Ferrari et al, May 2023 (13 

pages). 

2901 See Software for Massively Parallel Quantum Computing by Thien Nguyen et al, Quantum Brilliance, November-December 2022 

(21 pages). 

2902 See D-NISQ: A reference model for Distributed Noisy Intermediate-Scale Quantum computers by Giovanni Acampora et al, Infor-

mation Fusion, January 2023. 

2903 See SupercheQ: Quantum Advantage for Distributed Databases by P. Gokhale et al, December 2022 (16 pages). 

2904 See Quantum Network Utility: A Framework for Benchmarking Quantum Networks by Yuan Lee, Dirk Englund et al, MIT, October 

2022 (23 pages). 

2905 See the review The Quantum Internet: A Hardware Review by Rohit K. Ramakrishnan et al, June 2022-June 2023 (38 pages). 

2906 See the review paper Entanglement-Assisted Quantum Networks: Mechanics, Enabling Technologies, Challenges, and Research 

Directions by Zhonghui Li et al, July 2023 (58 pages). 

2907 See Hertz-rate metropolitan quantum teleportation by Si Shen et al, Nature Light Science & Application, 2023 (9 pages). 

2908 See Elastic Entangled Pair and Qubit Resource Management in Quantum Cloud Computing by Rakpong Kaewpuang et al, July 

2023 (30 pages). 

https://wiki.veriqloud.fr/index.php?title=Protocol_Library
https://arxiv.org/abs/2111.02527
https://arxiv.org/abs/2010.10369
https://arxiv.org/abs/2101.05097
https://arxiv.org/ftp/arxiv/papers/1912/1912.06642.pdf
http://www.quantuminternet.it/files/pub/CalCac-19.pdf
https://arxiv.org/abs/2211.06069
https://arxiv.org/abs/2005.01852
https://nvlpubs.nist.gov/nistpubs/jres/125/jres.125.002.pdf
https://nvlpubs.nist.gov/nistpubs/jres/125/jres.125.002.pdf
https://arxiv.org/abs/2201.04802
https://www.pnas.org/doi/10.1073/pnas.2026250118
https://arxiv.org/pdf/2112.14139.pdf
https://arxiv.org/abs/2207.05976
https://arxiv.org/abs/2207.05976
https://arxiv.org/abs/2303.16125
https://arxiv.org/abs/2305.06687
https://arxiv.org/abs/2305.02969
https://arxiv.org/abs/2211.13355
https://www.sciencedirect.com/science/article/pii/S1566253522000951
https://arxiv.org/abs/2212.03850
https://arxiv.org/abs/2210.10752
https://arxiv.org/abs/2206.15376
https://arxiv.org/abs/2307.12490
https://arxiv.org/abs/2307.12490
https://www.nature.com/articles/s41377-023-01158-7
https://arxiv.org/abs/2307.13185
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From the architecture standpoint, we’ll probably see evolving schemes in a Russian dolls fashion, 

with point-to-point interconnection between parties, then, metropolitan level connectivity with evolv-

ing network layouts2909 , then, with longer distance connectivity, potentially using satellites, more 

global connectivity, creating what could be called a global quantum Internet. It will require that these 

systems not only enable easy point to point communications between different parties but also to 

make it interoperable width shared protocols, addressing2910 and naming standards. 

Resources will also have to be evaluated on how to build these networks, including assessing their 

potential cost and economical value2911. 

At last, in the ambitious DARPA QuANET (Quantum Augmented Network) project that was 

launched with a RFP in June 20232912, a 51-month project, DARPA is asking bidders to propose ar-

chitecture and technology solutions to merge entanglement distribution and regular fiber optics lines 

for various applications involving quantum sensors and quantum computers. The constraints are that 

no QKD should be proposed nor any repeaters. They want qNIC (quantum network cards) able to 

handle both classical and quantum communications. It looks like being a very low TRL project. 

Quantum Physical Unclonable Functions 

qPUF are not the most talked about quantum technologies. It is at the crossroads of quantum cryp-

tography, QRNGs, embedded systems and sensors. Generically, Physical Unclonable Functions 

(PUF) are systems containing a piece of classical hardware that contain some unique signature related 

to the random aspect of matter and physical disorder2913. This unique signature can’t be reproduced. 

It can also be dynamically generated and always be different2914. 

A PUF is implemented as a unique function and is hard to physically and logically clone. They operate 

on a challenge/response basis: a challenge is fed into the PUF, which generates a unique binary re-

sponse coming from the hardware module, which is based on its unique material imperfections. 

The physical imperfections used in PUF are manyfold: reflection of optical materials, random scat-

tering of light, ring oscillators, coating materials capacitance up to some random characteristics of 

electronic components like SRAM and DRAM memories. The most common PUFs are using silicon 

IC and their various defects and variations that are even greater as their integration nodes become 

smaller, now down to 5 nm. 

The generated binary strings are used as keys or identifiers in cryptography systems and as anti-

counterfeiting systems. These can also serve as generic true random number generators, either 

standalone or combined with other entropy sources. But these security systems are not perfect and 

 

2909 In the network layout domain, a team led by British and Austrian researchers established an any-to-any quantum communication 

link with 8 network nodes using dense wavelength division multiplexers (DWDM) and a single source of polarization-entangled photon 

pairs. See A trusted node–free eight-user metropolitan quantum communication network by Siddarth Koduru Joshi et al, September 

2020 (9 pages) and the subsequent work Flexible entanglement-distribution network with an AlGaAs chip for secure communications 

by Félicien Appas, Eleni Diamanti, Sara Ducci et al, NPJ Quantum Information, July 2021 (12 pages). 

2910 See Quantum Internet Addressing by Angela Sara Cacciapuoti et al, June 2023 (7 pages). 

2911 See Quantum City: simulation of a practical near-term metropolitan quantum network by Raja Yehia, Simon Neves, Eleni Diamanti 

and Iordanis Kerenidis, Sorbonne Université LIP6 and Université Paris Cité IRIF, November 2022 (28 pages) which contains a simu-

lation of a metropolitan quantum network including estimates for entanglement-based networking. The authors propose a star-type 

network topology using Qonnector nodes and Qlient endpoint nodes. The model estimates the impact of noise in key rates. It is using 

the open source NetSquid simulation tool that was developed at QuTech in the Netherlands. 

2912 See A Network Security Revolution Enhanced by Quantum Communication, Darpa, June 2023. “Quantum interconnects such as 

quantum repeaters, switches, and routers are not in scope for the program”. Good luck! 

2913 See Physical One-Way Functions by Papu Srinivasa Ravikanth, 2001 (154 pages) and Physically Unclonable Functions - a Study 

on the State of the Art and Future Research Directions by Roel Maes and Ingrid Verbauwhede, 2010 (36 pages). 

2914 See the review paper Comparison of Quantum PUF models by Vladlen Galetsky et al, TUM, August-November 2022 (6 pages). 

https://arxiv.org/abs/1907.08229
https://arxiv.org/pdf/2102.04835.pdf
https://arxiv.org/abs/2306.05982
https://arxiv.org/abs/2211.01190
https://www.darpa.mil/news-events/2023-06-13
http://cba.mit.edu/docs/theses/01.03.pappuphd.powf.pdf
https://www.esat.kuleuven.be/cosic/publications/article-1483.pdf
https://www.esat.kuleuven.be/cosic/publications/article-1483.pdf
https://arxiv.org/abs/2208.10599
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are prone to various attacks2915, done with various methods including machine learning, side attacks 

and even, potentially, quantum computing2916. 

qPUFs are quantum equivalents of PUF that are based on quantum states and their physical unclona-

bility. There’s even a variation with Quantum read-out of PUF (QR-PUF) which reads-out quantumly 

a non-quantum physical disorder in a physical device. These qPUFs are better than classical PUFs 

but their resistance to forgery depends on their detailed level of unforgeability, which can be “exis-

tential” and “selective”2917 2918. 

What is the physical form of qPUFs? It can be based on photonic features and polarized prepared 

devices and multiple scattering medium. 

 

Quantum Base (2014, UK, $1.1M) offers various quantum product authentication 

solutions such as the Q-ID Optical, an optically readable "atomic" fingerprint so-

lution that uses Physically Unclonable Functions (PUFs) in the form of physical 

tags that cannot be copied at the atomic scale level2919 (Figure 673). 

The tag exploits a thin 2D layer of graphene 

that contains unique irregularities at the 

atomic scale that cannot be cloned. These 

irregularities would be amplified by un-

specified quantum phenomena. Moreover, 

these tags can be dynamically activated and 

deactivated. 

The project stems from the work of Lancas-

ter University of Robert Young who is the 

co-founder of the startup. The whole is in-

tegrated in a home-made random number 

generator (Q-RAND) based on a semicon-

ductor diode, which can be integrated in a 

chip (video)2920. They also propose the Q-

ID Electronic, a unique identifier generator. 

 

Figure 673: a qPUF made with photon and a scattering media. Source: 
Using Quantum Confinement to Uniquely Identify Devices by Robert Young 

et al, 2015 (8 pages). 

 

2915 A side-channel attack collects information from a security system or influence its execution in an indirect manner, by collecting in 

a stealth way some data on hardware operations (quantity of data processed in a computer, heating, amount of gas in a car tank). Side-

channels may be power dissipation, operations timing, system temperature, acoustic, radio or optical emissions or a mix of these. 

2916 Samsung Galaxy S10 launched in 2019 contains an Exynos 9820 chipset with PUF technology, for crypto wallets, associated with 

Samsung Knox, a built-in storage hardware for security keys used with Blockchain services and cryptocurrencies like Ethereum. Ac-

cording to Samsung, the Exynos “PUF generates an unclonable key for data encryption by using the unique physical characteristics 

of each chip” but this characteristic is not specified. Looks like this PUF was replaced in some subsequent Samsung smartphones by a 

QRNG coming from IDQ. 

2917 See Quantum Physical Unclonable Functions: Possibilities and Impossibilities by Myrto Arapinis, Elham Kashefi et al, June 2021 

(32 pages) and A Unified Framework For Quantum Unforgeability by Mina Doosti, Mahshid Delavar, Elham Kashefi and Myrto 

Arapinis, March 2021 (47 pages), all from the University of Edinburgh and CNRS LIP6 Paris. 

2918 See also On the Connection Between Quantum Pseudorandomness and Quantum Hardware Assumptions by Mina Doosti, Elham 

Kashefi et al, March 2022 (33 pages) which deals with the conditions of unforgeability in relation to quantum pseudorandomness 

2919 This is documented in the USPTO patent US10148435B2 Quantum Physical Unclonable Function filed in 2015 (11 pages) and 

validated in 2018. It evokes a semiconductor component based on gallium arsenide, aluminum and antimony that generates a random 

spectral response that differs from one component to another. The process is described in Using Quantum Confinement to Uniquely 

Identify Devices by Robert Young et al, 2015 (8 pages). 

2920 The resonant-tunnelling diode (RTD) process is documented in Resonant-Tunnelling Diodes as PUF Building Blocks, by Ibrahim 

Ethem Bagci et al, 2018 (6 pages). 

https://www.youtube.com/watch?v=w_IhUB0x2Pk
https://quantumbase.com/wp-content/uploads/2018/07/1-Nature-Sci-Rep-1.pdf
https://arxiv.org/pdf/1910.02126.pdf
https://arxiv.org/pdf/2103.13994.pdf
https://arxiv.org/abs/2110.11724
https://patentimages.storage.googleapis.com/84/a0/eb/eab3f927d8b9d3/US10148435.pdf
https://quantumbase.com/wp-content/uploads/2018/07/1-Nature-Sci-Rep-1.pdf
https://quantumbase.com/wp-content/uploads/2018/07/1-Nature-Sci-Rep-1.pdf
https://www.researchgate.net/publication/330376579_Resonant-Tunnelling_Diodes_as_PUF_Building_Blocks/link/5c65a85692851c48a9d4c4d6/download
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Vendors 

Let's now review the startups in this vast sector of activity of quantum and post-quantum cryptography, 

trying to describe the nature of their offer and their differentiation when the information is publicly 

available (Figure 674, Figure 675)! I have only kept startups offering technology solutions and not 

integrated consulting and integration companies. Note that on the market size side, the market for 

quantum and post-quantum cryptography is modest for the moment. A 2017 report estimated it at 

$2.5B by 20222921. However, it is expected to gain momentum from this period onward, following 

the finalization of standardization by NIST and ETSI. 

In addition to startups, commercial offers in quantum and post-quantum cryptography are also pro-

posed or about to be proposed by various large IT players such as Battelle, Infineon, Raytheon, 

IBM2922, Eviden/Atos, Gemalto (part of Thales group), Cisco2923, Infineon2924, Microsoft2925, In-

tel2926, NEC, Huawei2927, KT and Samsung. 

Even Amazon announced in 2022 the creation of its own quantum networking center in Boston and 

a partnership with Harvard University2928. 

IBM created a set of PQC protocols and participated to the NIST PQC competition. They were final-

ists of round 3 of the NIST selection in July 2020 for both lattice-based CRYSTALS-KYBER (secure 

key encapsulation mechanism) and CRYSTALS-DILITHIUM (secure digital signature). These were 

developed in partnership with ENS Lyon (France), Ruhr-Universität Bochum and Radboud Uni-

versity (Germany). These PQC solutions are embedded in an IBM TS1160 tape drive system with a 

modified firmware in combination with symmetric AES-256 encryption. It enables secured long-term 

data storage. In November 2020, IBM also announced it would integrate these protocols in its cloud 

offering. 

Microsoft also works on PQC algorithms. It includes FrodoKEM and SIKE which are PQC based 

key exchanges protocols. Then, qTesla and Picnic, PQC based signatures protocols. 

Let’s also mention Toshiba’s ambitions in QKD deployments, announced in October 2020. They are 

deploying a QKD based network for NICT (National Institute of Information and Communications 

Technology) in Japan, on top of a similar deployment undertaken with BT and their Openreach net-

work in the UK in 2020 and demonstrations done with Verizon and Quantum Xchange. 

 

2921 See New CIR Report States Quantum Encryption Market To Reach $2.5 Billion Revenues By 2022: Mobile Systems Will Ulti-

mately Dominate, 2017. 

2922 See IBM’s Cryptography Bill of Materials to speed up quantum-safe assessment by Alessandro Curioni and Michael Osborne, IBM, 

December 2022. 

2923 Cisco’s Quantum Research is led by Alireza Shabani with three full time researchers. The company is even organizing a yearly 

event, Cisco Quantum Summit. 

2924 With its Optiga TPM SLB 9672, a hardware trusted module supporting AES and SHA2-384 encryptions that are quantum resistant. 

2925 See the Microsoft site that describes their activity in PQC. In December 2022, Microsoft acquired Lumenisity, a UK startup devel-

oping a hollow core fiber (HCF) that can be useful to transmit QKD signals and improve key rates. It was tested late 2021 by British 

Telecom. See also Distribution of telecom Time-Bin Entangled Photons through a 7.7 km Hollow-Core Fiber by Michael Antesberger 

et al, August 2023 (9 pages). 

2926 Intel participated to the creation of the BIKE PQC PKI that was preselected in 2020 by NIST but is not so far a finalist, per the 

2022 4 selected PQCs, including only one PKI. Intel PQC research is done at their Crypto Frontiers Research Center that was launched 

in 2021. This collaborative effort with Universities is plan to last only until 2024. See Intel Labs Establishes Crypto Frontiers Research 

Center, 2021. 

2927 See Continuous-Variable Quantum Key Distribution with Gaussian Modulation, the Theory of Practical Implementations, 2018 

(71 pages). The Huawei team working on the QKD is partly located in their research center in Dusseldorf. 

2928 See Announcing the AWS Center for Quantum Networking by Denis Sukachev and Mihir Bhaskar, June 2022 and Announcing a 

research alliance between AWS and Harvard University by Antia Lamas-Linares, Mihir Bhaskar, and Denis Sukachev, September 2022. 

https://cir-inc.com/news/new-cir-report-states-quantum-encryption-market-to-reach-2-5-billion-revenues-by-2022-mobile-systems-will-ultimately-dominate/
https://cir-inc.com/news/new-cir-report-states-quantum-encryption-market-to-reach-2-5-billion-revenues-by-2022-mobile-systems-will-ultimately-dominate/
https://research.ibm.com/blog/cryptographic-bill-of-materials
https://research.cisco.com/quantum
https://www.microsoft.com/en-us/research/project/post-quantum-cryptography/
https://arxiv.org/abs/2308.01337
https://www.intel.com/content/www/us/en/research/blogs/crypto-frontiers.html
https://www.intel.com/content/www/us/en/research/blogs/crypto-frontiers.html
https://arxiv.org/abs/1703.09278
https://aws.amazon.com/fr/blogs/quantum-computing/announcing-the-aws-center-for-quantum-networking/
https://aws.amazon.com/fr/blogs/quantum-computing/announcing-a-research-alliance-between-aws-and-harvard-university/
https://aws.amazon.com/fr/blogs/quantum-computing/announcing-a-research-alliance-between-aws-and-harvard-university/


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Vendors - 778 

Their hardware offer includes the “Multiplexed QKD system” which can transmit QKDs at a key rate 

of 40 kb/s over 70 km, and high-speed data on the same fiber. 

The “Long Distance QKD System” has similar features with a key rate of 300 kb/s and a range of up 

to 120 km but requiring two fibers. These BB84 solutions are manufactured in Cambridge, UK and 

fit in a 3U 19” rack format. They are also working to miniaturize their QKD appliances2929. 

 

Figure 674: the big map you were expecting on QKD vendors. (cc) Olivier Ezratty, 2023. 

 
Figure 675: and another one on PQC vendors. (cc) Olivier Ezratty, 2023. 

ABCMintFoundation (2017, Switzerland) created by Jin Liu and Jintai Ding is tasked with creating 

a quantum resistant Blockchain using a Rainbow Multivariable Polynomial Signature Scheme. It is a 

community driven open source project. It uses keys that can be as large as 1.7MB. 

 

2929 See A Hybrid Integrated Quantum Key Distribution Transceiver Chip by Joseph A. Dolphin et al, Tosbina, August 2023 (13 pages). 
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Abelian (2022, USA) is providing a Blockchain infrastructure enabling “gold 

2.0” that is based on a lattice PQC. 

It secures financial transactions in smart contracts and so-called DeFI (decentralized finance based 

on a Blockchain). It even deals with the Metaverse and Web3 applications. The company is organized 

as a foundation and its founders are anonymous2930. 

 

AegiQ (2019, UK, $4.3M) is developing quantum cryptography systems based 

on III-V single-photon source semiconductors. It was created by Max Sich 

(CEO), Scott Dufferwiel (CTO) and Andrii Iamshanov (CFO) as a spin-off of 

the University of Sheffield. They plan to equip telecommunication data centers 

for their fiber optical infrastructures upgrades to QKD. They are also building 

a satellite-based QKD offering. 

 

AgilePQ (2014, USA) provides a software platform for "post-quantum" secu-

rity of communication between connected objects and the cloud, such as 

drones. 

It includes AgilePQ C-code, a piece of software that runs on connected object microcontrollers and 

consumes little power, and AgilePQ DEFEND, an adaptive size-based key generation system. DE-

FEND generates codes that are harder to break than AES 256 and with 429 orders of magnitude 

difference. Specifically, we go from a key space of 10 to the power of 77 to 8*10 to the power of 506 

(factor of 256)2931 . The system that is patented seems to be a variant of linear random codes but with 

keys of reasonable size. It has been standardized at NIST and interfaces with SCADA (Supervisory 

control and data acquisition) control and supervision systems. The company is a Microsoft Azure 

partner. 

 

Agnostiq Inc (2018, Canada, $8.9M) is a Toronto startup created by Oktay 

Goktas coming out of the Creative Destruction Lab accelerator in Toronto. 

They offer Covalent Cloud, a Python-based workflow management tool to sub-

mit and scale jobs on hybrid quantum computers, cloud privacy and quantum 

obfuscation tools and pre-built applications in the finance sector for portfolio 

optimization and options pricing. It supports all classical AWS cloud services. 

 
American Binary or Ambit (2019, USA) sells PQC solutions to governments, 

enterprise customers and consumer products companies, including a VPN. 

 

Anametric (2017, USA, $1.9M), formerly bra-ket science, is a startup that 

wants to create information storage systems in qubits operating at room tem-

perature. It seems they are focused on quantum telecommunication systems. 

 

Alternatio (2016, Poland) develops a post-quantum cryptography IP core to 

be integrated in chips for the industry and connected objects. 

 

ArQit (2016, UK, $70M) is developing QuantumCloud, a cloud-distributed 

symmetric keys mixing keys generation in local agents. It was supposed to 

support key distribution via low earth orbit satellites and QKD. 

 

2930 See Abelian (ABEL) – A Quantum-Resistant Cryptocurrency Balancing Privacy and Accountability by Alice, Bob, Eve, and λ, 

February 2022 (140 pages). 

2931 See AgilePQ DEFEND Cryptographic Tests (11 pages). 

https://www.abelian.info/_files/ugd/367363_420fb39a696f40ddad44ca3ff0bb1c50.pdf
https://uploads-ssl.webflow.com/5a806f02c79427000133ee68/5a806f02c79427000133ef70_AgilePQ%20Cryptographic%20Strenght%20White%20Paper.pdf
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They claimed, through a patent, that they could implement terrestrial QKD without trusted nodes or 

repeaters, which was debunked by an international team of researchers2932. 

In May 2021, the company announced a funding round of $400M using an IPO through a special 

purpose acquisition company like IonQ, this time with Centricus Acquisition Corp. As a result, the 

company published in May 2022, a revenue of $12.3M for H2 2021 with an operating loss of $14.3M, 

with $5,3M in H1 2022, compared to a loss of $5.5M in H2 2020. They also published a “myth 

busting” presentation2933. In December 2022, they announced that they were abandoning the satellite 

QKD market. We can now consider that this company is selling some quantum safe software solution 

that is not relying per se on PQC. 

 

BLAKFX (2017, USA) develop quantum resistant software solutions around 

their Helix22 SDK that provides five layers of symmetric keys protections for 

end-user to end-user communications (AES1, TwoFish, AES2, ThreeFish, 

Snow3G). With sufficiently long keys, symmetric keys are quantum resistant. 

 
BraneCell Systems (2015, Cambridge Massachusetts and Dusseldorf, $1.8M) 

is a startup launched by Wassim Estephan and Christopher Papile. 

It started to develop a cold atom based QPU2934! They have filed a few patents, including USPTO 

patent 9607271, validated in March 2017. They however later pivoted on creating an atom-based 

repeater. 

 

CAS QuantumNet (2017, China, $230M) aka Guoke Quantum is a quantum 

key operation services company that offers its Q-NET BOX quantum security 

mobile private network communication equipment. It secures the backbone of 

LTE telecom networks with QKD. 

 

Ciena (1992, USA) is an equipment manufacturer in the field of optical tele-

communications. They integrate IDQ's offers in their solutions, and, their op-

tical random key generators. 

Although they do not yet have a structured QKD offering, they are very interested in standardizing it. 

In particular, they are participating in the Quantum Alliance Initiative launched in 2018 in the USA 

by the Hudson Institute, a conservative think tank, which is working towards this goal and creating 

proposed standards for QKD and QRNG (quantum random number generation). 

 

Craft Prospect (2017, UK) is a space engineering company that is providing 

satellite cubesat based QKD technology as part of the Amplified Quantum 

Key Distribution (AQKD) project funded by Innovate UK. 

 

2932 See Long-range QKD without trusted nodes is not possible with current technology by Bruno Huttner, Romain Alléaume, Philippe 

Grangier, Hugo Zbinden et al, npj, September 2022 (5 pages). 

2933 See Arqit Myth Busters by Arqit, 2022 (10 pages). I’d say OK with most myths, but not for their assessment of the quantum 

computing threat on classical security which, like all cybersecurity vendors, they tend to exaggerate. 

2934 Their communication is cryptic to say the least, as BraneCell Systems Presents Distributed Quantum Information Processing for 

Future Cities, April 2018 and a partnership announced with the US government service provider, AST, in July 2018 in AST and Bran-

eCell Announce Their Partnership to Improve Critical Government Functions Through the Power of Quantum Computing. They do not 

provide any technical or popularization information about their solution, qubits and error rates. They were also aiming for an ICO that 

would have been the first of its kind for a quantum computing startup. Their main goal was to create a secure communication system. 

They target the financial, energy, health, chemical and public sectors. A Quantum Theranos? At the very least, we have the right to 

doubt. 

https://www.nature.com/articles/s41534-022-00613-4
https://arqit-res.cloudinary.com/image/upload/v1651851821/WhitePapers/Arqit_Myth_Busters_2022_pkipdi.pdf
http://www.prweb.com/releases/2018/04/prweb15431742.htm
http://www.prweb.com/releases/2018/04/prweb15431742.htm
https://www.prnewswire.com/news-releases/ast-and-branecell-announce-their-partnership-to-improve-critical-government-functions-through-the-power-of-quantum-computing-300678795.html
https://www.prnewswire.com/news-releases/ast-and-branecell-announce-their-partnership-to-improve-critical-government-functions-through-the-power-of-quantum-computing-300678795.html


Understanding Quantum Technologies 2023 - Quantum telecommunications and cryptography / Vendors - 781 

 

Crypta Labs (2013, UK, $300K) develops post-quantum encryption solu-

tions adapted to connected objects. In particular, they propose quantum ran-

dom number generators labelled Quantum Optics Module (QOM) that can be 

integrated into a cell phone (such as IDQ) and also work in space. The QRNG 

uses a LED or laser light source and a camera sensor. They are working with 

the University of Bristol as well as with Blueshift Memory. 

 
Crypto4A Technologies (2016, Canada) offers an encryption solution based 

on a random number generation. 

It includes a 19-inch QAOS format appliance server for generating entropy random numbers (without 

specifying the technology used) and another that generates quantum safe PQC encryption, the 

QxEdge Hardware Security Module (HSM). The PQC generation module is called QASM (Quantum 

Assured Security Module), which duplicates the quantum development language of the same name. 

It is based on quantum safe hash-based signatures 

(HBS). These appliances are equipped with four 

Intel Core i7 chips, 16 GB of memory and 256 GB 

of SSD and run on a hardened version of Linux. 

They support algorithms certified by the NSA in 

the USA ("suite B") and future NIST PQC stand-

ards (Figure 676). 

 

 

Figure 676: CryptoAA QRNG based HSM products. 

 
CryptoExperts (2008, France) develops homomorphic encryption and post-

quantum cryptography, and also offers services based on these technologies. 

 

Cryptolab (2013, USA/Italy, $800K) is a startup created by Massimo Bertac-

cini (CEO), Alessandro Passerini and Tiziana Landi (software engineers) that 

develops cryptographic solutions supporting AES-256 bit to secure data, par-

ticularly medical data. 

They are testing a new solution that “allows transmitting a message directly via quantum channel” 

which may mean a lot of things like being a QSDC. They are also working on a way to unlock a 

device using brain waves signatures. 

 

CryptoNext Security (2019, France, 11M€) is a startup that develops a post-

quantum cryptography solution. They were founded by Ludovic Perret (CPO, 

ex Inria, who left the company in 2022) and Jean-Charles Faugères (CTO, ex 

LIP6 Sorbonne) with Florent Grosmaitre as CEO. 

Their software solution is developed in C language and assembler for performance reasons. It com-

bines multivariate polynomials and hashing. Their solution can be integrated into RSA/ECC schemes 

by hybridization. CryptoNext is also one of the French teams who submitted a PQC proposal to the 

NIST which has been selected as an alternative candidate in 2020’s round 2, GeMSS, which consol-

idates contributions from CryptoNext, Inria, Orange, University of Versailles and Sorbonne Univer-

sité. 

PQC standardization processors are used in practice by many organizations such as ISO, ITU (X509), 

IETF (TLS) and ETSI (algorithms). Their PQC should be integrated into R3's CORDA blockchain 

solution for banks. Note that China is also organizing a competition with a faster selection schedule 

than the NIST one. CryptoNext equips French special forces with their PQC, running on secure mo-

biles using Android. In 2023, they announced a technology partnership with Quandela which provides 

them their device-independent Entropy QRNG source, to feed their PQC solution. 
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Crypto Quantique (2016, UK, $8M) is a startup offering a cryptography so-

lution to secure communication with connected objects targeting various mar-

kets ranging from automotive to finance. It uses a chip that is installed in the 

object. It is a "quantum processor" in silicon technology that is used to generate 

a unique identification key for the object, which is tamper-proof and tamper-

proof. It probably exploits photonics with a random number generator similar 

to the Swiss IDQ technologies. 

Their technology is called Quantum Driven Physically Unclonable Function (QD-PUF) but they do 

not explain how it works or what encryption model is used2935. The founders are of Iranian, Italian 

and Greek origins, a beautiful patchwork. In July 2022, they announced that their platform was sup-

porting the only selected PKI by NIST the same month, CRYSTALs-Kyber. 

 

CyferAll (2021, France) is selling a messaging and communication platform 

embedding CRYSTALS-Dilithium and CRYSTALS-Kyber PQC end-to-end 

cryptography, working in memory. The offer contains D8Alock (for SaaS) and 

D8Ashield (to encrypt local mass storage). 

 

Cyph (2014, USA, $1M) sells PQC solutions. The company was created by 

Ryan Lester and Joshua Boehm, two engineers from SpaceX. Mars not inter-

esting anymore? 

 

Dencrypt (2013, Denmark) is a cybersecurity software provider protecting 

smartphone communications. They are working on creating PQC based solu-

tions in partnership with the Technical University of Denmark (DTU). 

 

evolutionQ (2015, Canada, $5.5M) is a startup that stands out especially for 

the pedigree of its creator, Michele Mosca, a specialist in post-quantum cryp-

tography known for his Mosca scale to assess the risk of quantum computing 

on classical cybersecurity. 

He is also the founder of the Institute for Quantum Computing at the University of Waterloo in Canada. 

The company provides what is known as "service equipped" to support companies in the adoption of 

post-quantum and quantum cryptography. It begins with a six-phase Quantum Risk Assessment prod-

uct2936. Is it really a product? It looks more like a methodology to be implemented with consultants. 

The rest is of the same cream with integration and training services to evolve the company's crypto-

graphic systems. 

In July 2022, SandboxAQ announced a strategic partnership with evolutionQ including some funding 

in a series A round. It will help complement SandboxAQ’s PQC offering with evolutionQ’s QKD 

software platform, BasejumpQDN. 

 

Flipscloud (2013, Taiwan) creates “quantum level” encryption software tar-

geting IoT, cloud services and the big data market. It seems it is using some 

unspecified PQC and AES 256 bits keys. Software runs on embedded systems 

using Arm cores and Imagination CPUs. 

 

fragmentiX (2018, Austria) offers a secure data storage management system 

that uses the technique of fragmentation and distribution of data on different 

physical media. All this is supplied in the form of appliances. 

 

2935 See Physically Unclonable Functions: a Study on the State of the Art and Future Research Directions by Roel Maes and Ingrid 

Verbauwhede (36 pages) and Quantum readout of Physical Unclonable Functions by B. Skoric (21 pages). 

2936 It is documented in A Methodology for Quantum Risk Assessment, published in 2017. 

https://www.esat.kuleuven.be/cosic/publications/article-1483.pdf
https://eprint.iacr.org/2009/369.pdf
https://evolutionq.com/quantum-safe-services/risk-assessment.html
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The distributed data is of course encrypted, but in a classical way. This is another way to create data 

protection that is resistant to Shor's algorithm. It is not the only company positioned in this niche. 

They combined their appliances with QKD equipment from IDQ and Toshiba that was available at 

AIT. The theoretical proposal comes from researchers of TU Darmstadt in Germany and it has already 

been implemented a couple of years ago in Tokyo. 

 

GoQuantum (2018, Chile) is willing to provide “a post-quantum secure data 

transmission solutions through quantum-based hardware and radio link layer 

encryption.”. Translation: it’s using PQC encryption algorithms with a pho-

tonic based QRNG for key generation. 

 

HaQien (2019, India) designs post-quantum cryptography (PQC) solutions. 

But it is not quite clear because they also seem to use a random number gen-

erator to create classical keys. 

 

HEaaN CryptoLab (2017, South-Korea) is specialized in the development 

of homomorphic encryption technology. 

They have their own PQC solution supporting NIST PQC finalists on top of supporting Korean’s 

RLizard key encapsulating mechanism to embed PQC in devices and HiMQ, a PQC NIST candidate 

that was not selected in the 2020 round. They helped LG U+ develop its own PQC for its optical 

transmission equipment. Their CSO Damien Stehlé, formerly from ENS Lyon, was a key contributor 

to the development of CRYSTALS-Dilithium and CRYSTALS-Kyber, two of the 4 finalists of the 

PQC NIST competition in July 2022. 

 

Hub Security (2017, Israel, $55M) sells quantum secure FPGA based Hard-

ware Security Module (HSM). These HSM modules contain QRNGs and sup-

port quantum-resistant algorithms acceleration in hardware (PQC). 

 

IDQ (ID Quantique) (2001, Switzerland, $74.6M) is one of the oldest compa-

nies in the sector, cofounded by Swiss researcher Nicolas Gisin, a specialist in 

photonics and quantum entanglement. In 2023, the company had more than 

120 employees. 

The company offers a complete range of random number generators and QKD management systems 

as well as a high-efficiency (>95%) superconducting nanowire single photon detector (SNSPDs) as 

well as single-photon avalanche detectors (SPADs). These photon detectors are controlled by the 

ID1000 Time Controller Series introduced in January 2022. 

Its Quantis random number generator, already described at the beginning of this section, is comple-

mented by Cerberis, a QKD solution to protect the generation of encryption keys in a 6U rack and 

Centauris, a range of encryption servers supporting 100 GBits/s optical links (Figure 677). 

This FPGA-based server currently supports ellip-

tic curve-based systems as well as AES-256, 

pending the standardization of PQC (post-quan-

tum-crypto) protocols. As of 2022, IDQ’s Cer-

beris XG (enterprise market) and XGR (research 

market, supporting OpenQKD) Series was the 

fourth generation of this product line in a 1U form 

factor for both ends supporting various network 

topologies (ring, hub and spoke, meshed). It sup-

ports a 1 GHz key generation rate and includes a 

QRNG system for photon basis readout selection. 

 

Figure 677: IDQ’s QKD offering. 

Centauris: QKD key preparation and encoding

Cerberis QKD Blade: quantum protection of public keys

Quantis: quantum random number generator
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IDQ's QKD offer is notably deployed in Korea to protect the 5G backbone of the operator SK Telecom. 

They are also partnering with Toshiba in Cambridge and in the OpenQKD project. 

IDQ has two expansion plans. One deals with getting involved in satellite QKD, with their participa-

tion to the Eagle-1 EU and ESA sponsored initiative, for which they will provide their QRNG solution. 

The other one deals with creating a set of products supporting entanglement distribution and the 

quantum Internet. They are working on a SNSPD (superconducting single photon detectors) using 14 

subpixels and nanowires arrays. It has a high system detection efficiency (SDE) of 90% in the telecom 

O-band2937. IDQ also integrates its QKD with PacketLight (Israel) fiber transport network. 

Since the beginning of 2018, the Korean group SKT Invest is the Corporate Venture branch of SK 

Telecom invested $65M in what was modestly presented as a partnership while it is actually a major-

ity 51% ownership. Deutsche Telekom is still an investor in the company. 

 

Keequant (2017-2020, Germany, $1.7M), formerly InfiniQuant, is a spin-off 

from the Max Planck Institute for the Science of Light with 14 employees as 

of November 2022. They develop CV-QKD solutions for telecom operators. 

They work on miniaturizing their QKD systems in miniaturized pluggable QKD+PQC hybrid boards 

costing less than 10K€. The startup is also working on a quantum random number generator. 

 

Icarus Quantum (2023, USA) is a startup created by Poolad Imany (CEO) 

that develops quantum dot based quantum light generators coming out of NIST 

research labs. They generate deterministic entangled photons, probably using 

a frequency comb. 

 

Infotecs (1991, Russia) is a cybersecurity specialist historically specialized in 

VPN creation. It has developed a PQC solution in 2016, with an awkward 

communication that could make it look like QKD2938. 

But they develop many QKD solutions. In 2018, they launched their "ViPNet Quantum Phone", using 

their ViPNet VPN (ViPNet Client and ViPNet Connect) and a hardware QKD solution developed at 

Moscow University. What they call a "phone" is in fact a PC with an external box with a fiber optic 

link connecting it to a QKD key server2939. 

 

ISARA (2015, Canada, $27M) develops post-quantum encryption software so-

lutions and PQC implementation consulting with "ISARA Radiate Security 

Solution Suite" which provides public keys and encryption algorithms. 

They are visibly based on hash trees and combine PQC (post-quantum crypto) and traditional PKI 

(public-key infrastructure)2940. One of their investors is the Quantum Valley Investments fund, man-

aged by Mike Lazaridis, co-founder of Blackberry RIM. He reinvested his Blackberry-related fortune 

in the development of the Canadian scientific and entrepreneurial ecosystem, particularly in quantum, 

where he has invested a total of $450M2941. 

 

KETS Quantum Security (2016, UK, £5.1M) develops a quantum random 

number generator (QRNG) and a QKD quantum key generator, all integrated 

in a single component miniaturized photonic and packaged in PCI cards. 

 

2937 See GHz detection rates and dynamic photon-number resolution with superconducting nanowire arrays by Giovanni V. Resta et al, 

University of Geneva and IDQ, March-June 2023 (28 pages). 

2938 See Infotecs At The Forefront Of Quantum Cryptography, 2017. 

2939 See Infotecs has presented its ViPNet Quantum Phone, January 2018. 

2940 This is documented in the white paper Enabling Quantum-Safe Migration with Crypto-Agile Certificates, 2018 (7 pages). 

2941 See The Co-Inventor of BlackBerry Is Building Canada’s Quantum Brain Trust, Blomberg, 2018. 

https://www.idquantique.com/id-quantique-sk-telecom-join-forces/
https://www.bloomberg.com/quote/0747512D:CN
https://arxiv.org/abs/2303.17401
https://infotecs.biz/press-center/press-releases/infotecs_at_the_forefront_of_quantum_cryptography.html
https://infotecs.us/press-center/press-releases/vipnet-quantum-phone.html
https://www.isara.com/downloads/whitepapers/ISARA_Corp_PKI_Migration_WhitePaper_FINAL.pdf
https://www.bloomberg.com/news/articles/2018-02-09/the-co-inventor-of-blackberry-is-building-canada-s-quantum-brain-trust
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All this is combined with a consulting activity for the deployment of the solutions. The company was 

founded by photonics researchers from the University of Bristol. They target the financial and public 

sector markets. They are prototyping UAVs with Airbus for QKD implementation in military or public 

security applications, with Airbus Defense. Their QKD chip can also equip Cubesat-type micro-sat-

ellites. 

 

Ki3 Photonics (Canada) is a spin-off of the National Institute of Scientific 

Research on energy, materials and telecommunications from Montreal created 

by Yoann Jestin (CEO) and Piotr Rozgtocki (CTO) 

It develops compact and energy efficient QKD hardware solutions to ease its deployment over stand-

ard telecommunications links with using signals multiplexing using frequency combs. 

Knot Communications / Artedys (France) wants to launch a network of satellites to operate some 

sort of quantum blockchain satellite phone. They plan to launch a satellite between 2024 and 2027. 

This looks a little farfetched. 

 

levelQuantum (2023, Italy) was created by Magdalena Stobińska (CEO), also 

a professor of quantum information at the University of Warsaw and Adam 

Buraczewski (CTO). 

The company creates a QKD operating over satellite connections using a new DI-QKD (device inde-

pendent, entanglement based) protocol protecting communication over long distance using twin-field 

light encoding and scaling, using SPDC based photon sources2942. It works on long distance in terres-

trial and satellite mode with good key rates of 103 to 104 bits/sec for satellite and 107 bits per second 

on ground communication2943. The company is focused on satellite QKD, having created a commu-

nication hub hooked to a small telescope. terminal. It works on daylight using infrared in the 600 nm 

to 800 nm range. They target all satellite orbits (LEO, MEO and GEO for low, middle, and geosta-

tionary). The satellite part is developed by Beyond Gravity (Switzerland) handling photon swapping 

without the need for some quantum memory2944 2945. 

 

LQUOM (2020, Japan, $3M) is creating and selling various MDI-QKD quan-

tum communication systems and quantum repeaters. It supports entanglement 

based BBM92 QKD on dual-bands telecom on a range of 50 km2946. 

 

LuxQuanta (2021, Spain) is a spin-off of ICFO led by Vanesa Diaz (CEO). It 

created NOVA LQ, a CV-QKD solution for distributing secure keys in metro-

politan networks using existing optical fiber links and supporting distances up 

to 40 km. It is available in AWS’s marketplace and integrated with AWS Elas-

tic Cloud Compute (EC2) instances hosted in AWS Edge devices. 

LuxQuanta also deployed a 30 km pilot project in Spain in 2022. In 2023, it got the support from the 

EU as part of the QUARTER consortium (Quantum Cryptography Technology for Europe), which 

was awarded a grant of 7M€ as part of the EuroQCI initiative. 

 

2942 See Quantum interference enables constant-time quantum information processing by Magdalena Stobińska et al, Science Advances, 

July 2019 (38 pages). 

2943 See Proposal for the distribution of multiphoton entanglement with optimal rate-distance scaling by Monika E. Mycroft, Thomas 

McDermott, Adam Buraczewski and Magdalena Stobińska, PRA, January 2023 (29 pages). 

2944 See Quantum-enhanced interferometry with large heralded photon-number states by G. S. Thekkadath et al, npj Quantum Infor-

mation, October 2020 (14 pages). 

2945 See Overcoming the rate–distance limit of quantum key distribution without quantum repeaters by M. Lucamarini et al, Nature, 

2018 (8 pages). 

2946 See Nonlinear improvement of measurement-device-independent quantum key distribution using multimode quantum memory by 

Yusuke Mizutani and Tomoyuki Horikiri, Yokohama National University and LQUOM, June 2023 (18 pages). 

https://www.science.org/doi/10.1126/sciadv.aau9674
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.107.012607
https://www.nature.com/articles/s41534-020-00320-y
https://www.nature.com/articles/s41586-018-0066-6
https://arxiv.org/abs/2306.10370
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MagiQ (1999, USA, $7.5M) is a startup that initially started in 2003 with the 

creation of a QKD system. For about ten years, this company seems to have 

repositioned itself in the US service and defense industry. They have devel-

oped the Agile Interference Mitigation System (AIMS), a system for reducing 

electromagnetic communication interference. 

 

MtPellerin (2018, Switzerland) is a startup specialized in the management of 

crypto assets via a dedicated mobile application ("Bridge Wallet"). They have 

created a quantum safe with IDQ, "The Quantum Vault", which is based on 

IDC's random number generator and QKD system. 

 

NodeQ (2021, UK) is a software and service company dedicated to the de-

ployment of quantum cryptography and telecommunications solutions. It was 

created by Stefano Pirandola and Samuel L. Braunstein. Stefano Pirandola pi-

oneered continuous variable quantum cryptography, routing strategies on 

quantum networks using arbitrary topology, quantum repeaters, entanglement 

distillation and quantum computing optimization. 

After working as a MIT researcher, he became a professor of quantum computing at the University 

of York (UK). Samuel L. Braunstein also worked on quantum teleportation with continuous variables 

and quantum teleportation networks. 

He also worked in quantum sensing and introduced the first bosonic model for universal quantum 

computing with Seth Lloyd in 19982947. Both created the hybrid quantum Internet concept, association 

direct and continuous variables2948. 

 

NuCrypt (2003, USA) develops optical technologies for quantum communi-

cations and metrology, including entangled photon sources, optical pulse gen-

erators, single photon detectors, polarization analyzers and associated soft-

ware. 

 

Nu Quantum (2018, UK, $12.8M) is a spin-off from the University of Cam-

bridge developing QKD optical links and satellite systems using proprietary 

single-photon components. They also created their own source of single pho-

tons and have some ambition to create a photon-based quantum computer and 

photonic QPU interconnect of their own. The startup is co-founded and di-

rected by Carmen Palacios-Berraquero. 

 

Origone (2014, UK) develops cryptography solutions based on D-Wave com-

puters. It targets the defense market as well as the railway industry. Their quan-

titative/post-quantum cryptography activity is an evolution of a traditional cy-

bersecurity business. 

 
Patero (2018, Germany) is a software PQC software and service vendor ad-

dressing the national security, critical infrastructures and supply chain markets. 

It is bound to protect customers after “Q Day”, the (elusive and very long term) moment when some 

quantum computer will break existing public-key based cryptography. It covers various parts of the 

IT stack: gateways, virtual cloud and edge computing. The company was cofounded by Henning 

Schiel who is their CTO. 

 

2947 See Quantum computation over continuous variables by Seth Lloyd and Samuel L. Braunstein, 1998 (9 pages). 

2948 See Physics: Unite to build a quantum Internet by Stefano Pirandola and Samuel L. Braunstein, Nature, 2016 (3 pages). 

https://arxiv.org/abs/quant-ph/9810082
https://www.nature.com/articles/532169a
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Post-Quantum or PQ Solutions (2009, UK, $10.4M) is a startup initially cre-

ated under the name SRD Wireless that created the secure PQ Chat messaging 

using the random linear codes invented by Robert McEliece. 

The company was renamed as Post-Quantum or PQ Solutions Limited in 2014, or PQ Group. They 

offer a line of security products integrating post-quantum crypto algorithms. One of the co-founders, 

Martin Tomlinson, has developed the Tomlinson-Harashima pre-encoding, which corrects interfer-

ence in telecommunication signals and various error correction codes. Their products also include PQ 

Guard, a post-quantum encryption system. Their CEO, Andersen Cheng is also the CEO of Nomidio 

(2020, UK), a provider of quantum-proof identity solutions, the Nomidio Private Identity Cloud. 

 

PQSecure Technologies (2017, USA) is a provider of isogeny-based PQC so-

lutions. It is a spin-off from the University of Florida Atlantic launched by 

Reza Azarderakhsh. Their SIKE algorithm is a finalist in the NIST PQC call 

for proposals. 

 

PQShield (2018, UK, $26.9M) is Oxford University spin-off that develops 

PQC solutions, including HSM (hardware security modules). 

They participate to several finalist teams in the PQC competition launched by NIST including the 

CRYSTALS-Kyber PKI and CRYSTALS-Dilithium’s signature that were selected in July 2022. They 

have developed a licensed SoC (system on chip) that integrates their in-house Euclidian networks 

based PQC. Bosch is one of their first customers. In May 2023, they announced a partnership with 

Tata Consultancy Services as well as with the side-channel attacks analysis and testing tools vendor 

eShard. 

 

Qaisec (2019, Bulgaria) develops cryptographic solutions targeting the AI, fi-

nance and telecommunications sectors. They seem to offer first a security audit 

service and then cryptography solutions that use quantum random number gen-

erators for keys. They are also creating a PQC-based blockchain. 

 

QANPlatform (2019, Estonia) was cofounded by Johann Polecsak (CTO) and 

is providing a quantum-proof Blockchain relying on a Lattice-based PQC 

(CRYSTALS-Dilithium) implemented in the RUST programming language. 

 

QuantLR (2018, Israel) is the developer of an affordable QKD solution that 

is supposed to reduce the cost of QKD deployment by 90%. In February 2023, 

it was launched as LoQomo 1, with a 2U appliance form factor. 

The startup was cofounded by Hagai Eisenberg, a professor at Hebrew University of Jerusalem. When 

looking at a recent paper he coauthored2949, you get an idea of what they may be doing. It consists in 

using a high-dimensional QKD architecture that can work on existing binary QKD hardware on dis-

tances of up to 40 km, thanks to using some time-bin encoding programmed on a FPGA component. 

They also partner with a telecom equipment manufacturer, PacketLight Networks (2000, $18M), 

also based in Israel, which provides optical fiber WDM (wavelength-division multiplexing) equip-

ment. They also tested their solution with Medone, an Israeli datacenter service provider. In a sense, 

the startup’s go-to-market is original, relying on Israeli local players when many Israeli startups usu-

ally directly go and reach international players and partners, particularly in the USA. 

 

2949 See Fast and Simple One-Way High-Dimensional Quantum Key Distribution by Kfir Sulimany, Hagai Eisenberg, Michael Ben-Or 

et al, May 2021 (7 pages). 

https://arxiv.org/abs/2105.04733
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Qabacus (2019, USA) is developing quantum computing and cryptography 

technologies and a complete cyber-security software stack. 

 

Qasky (2016, China, $7.6M) aka Wentian Quantum commercializes research 

coming out of the Chinese Academy of Sciences. Funding comes from Wuhu 

Construction and Investment Ltd and the China University of Science and 

Technology. 

They offer solutions for post-quantum crypto, QKD and photonics components. Their name is derived 

from CAS Key laboratory, CAS = China Academy of Sciences. 

 

Q-Bird (2022, the Netherlands) is a spin-out of QuTech created by Remon 

Berrevoets (Research), Ingrid Romijn (Business Development), Joshua Slater 

(CTO) and Joël Abrahams (Software). It develops a QKD solution for the 

quantum Internet supporting multipoint-to-multipoint connectivity. Their first 

customer is the Port of Rotterdam. 

 

QCi (Quantum Computing Inc) which develops photonic quantum computing 

solutions, is also in the PQC business. It got an exclusive right on various se-

curity related patents from Steven Institute of Technology to implement QKD 

distribution. 

 

QEYnet (2016, Canada, $7M) is developing a QKD quantum cryptography 

satellite network. Funding for the startup comes from the Canadian govern-

ment. 

 

QNu Labs (2016, India, $5.3M) develops QKD-based solutions. They also 

offer their own quantum random number generator and are also working on 

the creation of a QKD solution operating on Li-Fi, W-Fi that uses the frequen-

cies of visible light. 

 

Qrate Quantum Communications (2015, Russia) sells QRate Key Distribu-

tor, a BB84 protocol-based QKD quantum key distribution solution in a 4U 

rack with a range of up to 100 km2950. 

They also market a single-photon avalanche diode detector (SPAD) operating at 1,550 nm and a 

quantum random number generator (QRNG). 

QSpace Technologies (2017, Russia, $1M) is a developer of QKD satellites that is building a Cu-

beSat with a QKD system transmitter, to be launch in 2023. It is a spin-off from the Russian Quantum 

Center, itself coming out of QRate in 2021. 

 

QTI (2020, Italy) is a startup cofounded by Tommaso Occhipinti (CEO). It 

engineers, develops, and produces reconfigurable QKD hardware solutions, 

the Quell-X family products supporting BB84 keys operating in the microwave 

C-band and in the optical O-band. It supports 2 kBits/s key rate. 

 

Qtlabs (2013, Austria) is a company providing ground stations for satellite 

QKD distribution, the Optical Ground Station 400 and 800 as well as prepare 

and satellite measure and entanglement based photon sources. 

 

2950 See Preparing a commercial quantum key distribution system for certification against implementation loopholes by Vadim Makarov 

et al, Russian Quantum Center, University of Waterloo, Qrate et al, October 2023 (33 pages) about the way this prepare-and-measure 

QKD can be certified. 

https://arxiv.org/abs/2310.20107
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QuantiCor Security (2017, Germany) develops PQC solutions, particularly 

for Blockchain applications and connected objects, via offerings with Quan-

tum-Multisign and Quantum IDEncrypt. 

That they are supposed to be cheaper than traditional PKIs. They come from TU Darmstadt and target 

the healthcare market in particular. 

 

Quantum Blockchains (2018, Poland) wants to create a quantum resilient 

blockchain based on QKD. That’s an interesting long-term bet given the infra-

structure required to make it happen at a large scale. 

 

Quantum Bridge (2019, Canada, $600K) is a startup created by Mattia Mon-

tagna (CEO) and Hoi-Kwong Lo (CTO) that provides a proprietary symmetric 

key distribution solution labelled DSKE (Distribution of symmetric key ex-

change) based on QKD. The offer contains Quantum Bridge KME, Security 

Hub, Black Phone (a mobile application that uses pre-shared symmetric keys) 

and a Client SDK. 

 

Quantum Collective (2021, the Netherlands) is a European company created 

by Fabien Bouhier, Sebastien Le Goff and Floris Drupsteen that provides post-

quantum security solutions. They name this “Quantum Security Solutions” but 

it’s classical quantum-resilient security covering PKI, VPN and eMail security. 

 

QuantumCTek (2009, China) is a provider of end-to-end quantum cryptog-

raphy solutions: QKD, QKD repeaters, optical routers. The company is a spin-

off of Hefei National Laboratory for Physical Science at Micro-scale (HFNL) 

and the University of Science and Technology of China (USTC). 

It lived or lives with many other names: Anhui Quantum Communication Technology, National Shield 

Quantum, Guodun Quantum, Anhui GuoDun quantum Cloud Data Technology, Xinjiang GuoDun 

Quantum Information Technology, on top of its holding subsidiary Shandong Guoxun quantum core 

technology Co. The company was created by Peng Chengzhi and Zhao Yong with the help from Jian-

Wei Pan. 

They are behind the creation in 2014 of the "Quantum-Safe Security Working Group" with ID Quan-

tique and Battelle, which promotes PQC. As we saw above, they have deployed the 2000 km QKD-

protected link between Shanghai and Beijing. They ran an IPO (Initial Public Offering) in China in 

July 2020. They also develop their homegrown QRNG solution that seem to fit into a SIM card. 

 

Quantum Impenetrable (2018, UK) is a Scottish startup that develops a se-

curity module (HSM) using a quantum random number generator and resistant 

to quantum key-breaking algorithms. 

 

Quantum Xchange (2016, USA, $23.5M) distributes Phio Trusted Xchange, 

a key distribution system supporting both PQC and QKD. 

They partner with the telecom infrastructure operator Zayo Group, from which they operate their dark 

fibers and use ID Quantique's QKD solutions. They began by deploying a 1,000-kilometer QKD net-

work from Boston to Washington via New York and New Jersey2951. Since 2021, they also partner 

with Cisco for the support of the Cisco Secure Key Integration Protocol implemented in enterprise 

 

2951 See Quantum Xchange Breaks Final Barriers to Make Quantum Key Distribution (QKD) Commercially Viable with the Launch of 

Phio TX, September 2019. 

https://www.prnewswire.com/news-releases/quantum-xchange-breaks-final-barriers-to-make-quantum-key-distribution-qkd-commercially-viable-with-the-launch-of-phio-tx-300913499.html
https://www.prnewswire.com/news-releases/quantum-xchange-breaks-final-barriers-to-make-quantum-key-distribution-qkd-commercially-viable-with-the-launch-of-phio-tx-300913499.html
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routers, for the non-quantum part of their hybrid key distribution architecture. In 2022, they an-

nounced a partnership with Thales for the delivery of security keys with Thales High Speed Encryp-

tors (HSEs) that supports QRNGs, QKDs and PQCs2952. 

 

Quantum eMotion (2007, Canada), formerly Quantum Numbers Corp, devel-

ops a cryptographic system based on a quantum random number generator 

(branded QNG2) and targets in particular mobile uses. It mainly communicates 

on the filing of an associated patent (Figure 678). 

Let’s hope it won’t be a patent troller! The company seems to be li-

censing its technology to electronic component designers. It exploits 

research work from the Department of Physics at the University of 

Sherbrooke in Quebec. One of the patents relates to the generation of 

random numbers based on the random noise generated by some elec-

tron tunneling effect through a potential barrier2953. The QRNG speed 

reaches 1 Gbits/s and fits in USB key form factor. The company is 

listed on the Canadian Venture Exchange (CVE). The company expect 

to release a Blockchain using their QRNG in 2023. 

 

Figure 678: a patented QNRG. 

 

Quantum Trilogy (2016, USA) created a secure communications solution 

based on applications (including for mail and voice communication) protected 

by an unspecified encryption, a QRNG to create real entropy in generated keys 

and servers that are protected at some level by a QKD. 

 

QuBalt (2015, Germany) is a startup established between Germany and Latvia 

that develops solutions for post-quantum cryptography (PQC) and quantum 

algorithms. 

 

Qubit Reset (2018, USA) develops quantum repeaters for QKD arrays. The 

company was founded by two Argentinians based in Miami. It is not listed in 

the Crunchbase and does not seem to have raised any funds, which seems to 

be a bad omen. 

 

Qubitekk (2012, USA, $5M) is a supplier of photon and entangled photon 

sources for second generation QKD deployments. In December 2022, it was 

deployed by EPB Quantum Network, a quantum networking branch of EPB, a 

Tennessee based energy utility and fiber optics telecom operator. This network 

target end-user companies and researchers and can be viewed as a testbed for 

benchmarking2954. 

 

QuDoor (2016, China, $7.8M) aka Qike Quantum, aka Quantum Door, aka 

Guokai Quantum Technology designs various products for QKD distribu-

tion, a trapped ion quantum processor supposed to reach someday 100 qubits 

(Tiansuan 1), a single photon source and a laser-based vibration quantum sen-

sor. 

QuDoor’s cofounder and R&D track record include a commercial QKD system (2003), a waveform 

generator (2007), ion trapping (2012), quantum computing sensing (2015) and ion-phonon-photon 

entanglement function (2018). 

 

2952 See Quantum Xchange Collaborates with Thales to Enable Quantum-Safe Key Delivery Across Any Distance, Over Any Network 

Media, November 2021. 

2953 I found the complete PDF of USPTO patent 10437559 on https://www.pat2pdf.org/. 

2954 See Architecture of a First-Generation Commercial Network by Duncan Earl et al, Qubitekk, November 2022 (11 pages). 

https://www.prnewswire.com/news-releases/quantum-xchange-collaborates-with-thales-to-enable-quantum-safe-key-delivery-across-any-distance-over-any-network-media-301424239.html
https://www.prnewswire.com/news-releases/quantum-xchange-collaborates-with-thales-to-enable-quantum-safe-key-delivery-across-any-distance-over-any-network-media-301424239.html
https://www.pat2pdf.org/
https://arxiv.org/abs/2211.14871
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Quintessence Labs (2006, Australia, $49.3M) proposes a quantum random 

number generator and a QKD system. They use the CV-QKD technique which 

allows the use of existing fiber optic infrastructures of very high-speed telecom 

operators. 

 

Qulabs (2018, India) is a jack-of-all-trade typical startup in India, created by 

Nixon Patel (CEO). It works in many fields like with the development of quan-

tum inspired machine learning algorithms, building quantum memory storage 

(using their own software simulation tools) and at last, quantum secure direct 

communication (QSDC) sending quantum data without encryption or keys and 

quantum conference protocols (QCKA). At last, they also developed a blind 

quantum computing simulator. 

 

Qunnect (2017, USA, $12.4M) is a spin-off from Stony Brook University of 

Long Island created by Mehdi Namazi, Eden Figueroa, Noel Goddard and 

Mael Flament, Quantonation being one of their investors2955. Qunnect is de-

veloping a quantum product suite that enables long range quantum entangle-

ment distribution protecting against photons loss. 

Their repeaters are based on a quantum memory operating at room temperature, using warm rubidium 

vapor and without any requirement for vacuum- and/or cryogenic- support2956. This memory provides 

100s of μs of coherence time. They also develop their multi-laser multi-wavelength locking references 

and Qu-Source, a SFWM-based generated of entangled pairs of photons (Figure 679). 

 

Figure 679: Qunnect repeater architecture. Source: Field-deployable Quantum Memory for Quantum Networking by Yang Wang, 
Alexander N. Craddock, Rourke Sekelsky, Mael Flament and Mehdi Namazi, May 2022 (16 pages). 

 

2955 They received $1.5 million of funding in April 2020 from the US Department of Energy under the Small Business Innovation 

Research Awards (SBIR) program. See Qunnect receives $1.5M award from the DoE - Swiss Quantum Hub, April 2020. 

2956 See Field-deployable Quantum Memory for Quantum Networking by Yang Wang, Alexander N. Craddock, Rourke Sekelsky, Mael 

Flament and Mehdi Namazi, May 2022 (16 pages). See also an explanation video, Quantum Memories for long distance quantum 

networking (3:40mn) and Quantum Repeaters which explains how it is deployed. 

https://arxiv.org/abs/2205.13091
https://www.swissquantumhub.com/qunnect-receives-1-5m-award-from-the-department-of-energy/
https://arxiv.org/abs/2205.13091
https://www.youtube.com/watch?v=ecRkzrUlcXE
https://www.youtube.com/watch?v=ecRkzrUlcXE
https://www.youtube.com/watch?v=mr-kAG6KwMA
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In May 2022, the company got two SBIR awards from the US DoE for $1.85M to fund the develop-

ment and commercialization of their quantum repeater product suite. In October 2022, the startup got 

a series A funding of $8M led by Airbus Ventures Qunnect officially announces its Series A financing 

of over $8 million. The round was led by Airbus Ventures with Quantonation, SandboxAQ, NY Ven-

tures, Impact Science Ventures and Motus Ventures as other investors. 

The company partners with various technology vendors like Exail, Welinq, Toptica, Q-CTRL, Cold-

Quanta and Single Quantum. It announced in 2023 the deployment of a new fiber loop expanding its 

existing quantum networking testbed GothamQ, from Brooklyn to Manhattan, connecting New York 

University to the Navy Yard. 

 

QuSecure (2019, USA, $1.7M) develops a secure blockchain solution that is 

resilient to quantum code breaking. 

It seems that they are also developing a Blockchain that would be secured via QKD, and Blockchain 

security testing protocols. The startup is also doing cybersecurity consulting and, in particular, audits 

for the deployment of PQC. It was founded by Rebecca Krauthamer, who also founded the Quantum 

Thought startup mentioned above. In 2022, they were awarded a SBIR Phase III contract to become, 

surprisingly, the sole-source provider of PQC for over a dozen US federal agencies with their QuPro-

tect solution. QuProtect is distributed by Arrow since 2023. 

 

Ravel Technologies (2018, France) offers Ravel Homomorphic Encryption, a 

post-quantum and homomorphic encryption solution. The company was 

founded by Mehdi Sabeg. 

 

SandboxAQ (2022, USA, $500M) is a spin-out of Alphabet’s Google AI that 

has a large breadth of activities, mostly around quantum related software ap-

plications and PQC software solutions. 

Their first product offering is a multifunction Security Suite supporting PQC cryptography. They 

were selected in July 2022 as one of the 12 NIST partners to help the industry in the PQC migration 

path. In June 2023, the company was awarded a PQC contract for the US Defense Information Sys-

tems Agency (DISA) from the DoD, in partnership with Microsoft and Deloitte & Touche. In August 

2023, they released Sandwich, an open source library designed to use other cryptography libraries, 

including PQCs to be standardized by NIST2957. It is accessible in Python, Rust and with the Go 

programming language. 

The company also works on various quantum algorithms and on classical machine learning tools to 

exploit content from quantum medical image sensors The company’s CEO is Jack Hidary, a serial 

entrepreneur and book writer (“Quantum Computing: An Applied Approach”) and its chairman is 

Eric Schmidt. In 2022, they made a strategic investment in evolutionQ and acquired Cryptosense 

(2013, France, $5.7M). 

 
Secure-IC (2010, France) is the leader of the RISQ project, which aims to 

create a French post-quantum crypto solution. 

The company develops security hardware and software solutions that are used to evaluate the robust-

ness of security solutions. The company is a spin-off from the Institut Mines-Télécom. 

 
SECQAI (2021, UK) is a quantum cybersecurity company with a very broad 

goal to “provide world leading technologies to organisations of all sizes”. 

More precisely, they’re in to “bringing together their own quantum and AI tech to create disruptive 

data and security products and services for organisations looking to gain a commercial advantage”. 

 

2957 See Introducing Sandwich and the Journey Toward Modern Cryptography Management, SandboxAQ, August 2023. 

https://www.sandboxaq.com/post/introducing-sandwich-and-the-journey-toward-modern-cryptography-management
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The company was created by Rahul Tyagi, Dave Worrall and Martin Rudd. Rahul Tyagi developed a 

patented room temperature QRNG when he as the CEO of LyfGen. The patent USPTO 10606561 

was filed in August 2018 and validated in March 2020. It is based on using slits-based diffraction and 

scattering entropy. 

 

Smarts Quanttelecom (1991, Russia) proposes a quantum cryptography so-

lution based on CV-QKD which exploits standard fibers of telecom operators. 

Smarts was until 2015 a Russian mobile telecom operator. It has since become a telecom services 

operator with an offer of secure telecom links and data center and cloud services. Their QKD solution 

comes from Quanttelecom, a subsidiary of Smarts, developed jointly with the ITMO University of 

Saint Petersburg. 

 

Sonora Gold and Silver Corp (2019, Canada) acquired in June 2021 a newly 

created startup, BTQ, that works on creating some quantum-safe Bitcoin solu-

tions. BTQ was created in March 2021 in Lichtenstein. 

 

SpeQtral Quantum Technologies (2017, Singapore), formerly S-Fifteen 

Space Systems, specializes in the distribution of QKD via satellite. They pro-

mote the work of the University of Singapore in the design of CubeSat-type 

pico-satellites for QKD key distribution. 

They started in 2022 to work with Thales Alenia Space to test in 2025 a QKD distribution between 

their SpeQtral-1 satellites and Thales Alenia Space ground stations. In 2023, SpeQtral announced a 

partnership with RHEA System Luxembourg to build a QKD link between Singapore and Europe. 

 

SSH Communications Security (1995, Finland, 14.1M€) is a cybersecurity 

company selling cybersecurity and SSH solutions. They sell NQX, a PQC-

ready encryption solution among other cybersecurity solutions. In 2022, they 

released Tectia Quantum Safe Edition, a PQC protected SSH solution that pro-

tects remote access, file transfers and tunneling connections against the future 

quantum threat. 

 

Surrey Satellite Technology or SSTL (1985, UK) wants to deploy a QKD-

based quantum communications satellite built by Airbus Defense & Space 

(they are part of the Airbus group). The project is conducted in partnership 

with Eutelsat and ESA. The launch of the satellite was planned for 2020. 

 

Synergy Quantum (2019, Switzerland) is a post-quantum encryption product 

and service startup that also supports data storage in a facility located in a for-

mer military bunker in the Swiss Alps. 

They target governments, financial services, healthcare, smart Cities, energy, and telecom sectors. 

The company is run by Jay Oberai (CEO), Arun K. Pati (Chief Scientific Officer), Mayank Sharma 

(VP Engineering), Vipin Kumar Rathi (VP Technology Architecture) and Manu Khullar (Chief Op-

erating Officer). Any non-Indian there? Yes, with John Paukulis (CMO, USA) and Sasha Lazarevic 

(Head of Government Partnerships) and Jake Hwang (Head of Business Development and Investor 

Relations). It launched in 2022 a joint venture with the Quantum Technology Hub of the Indian Gov-

ernment. They seem to also offer some services in the QKD realm, including some that are provided 

as part of this deal in India. 

Taqbit Labs (2018, India) sell solutions for QKD. Their website and communication are so vague 

that it’s impossible to understand whether they sell third party QKD products with some integration 

service of develop QKD hardware products of their own, and if so, in what category given most 

vendors don’t reinvent the wheel to become full-stack vendors. 

https://www.eutelsat.com/en/satellites/future-launches.html?#eutelsat-quantum
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Terra Quantum (Switzerland) is also working on QKD. In 2023, it announced a world record for 

long-distance QKD operating with optical-fiber cables over 1,032 kilometers at a (relatively) high 

key rate of 34 bits per second2958. 

 

ThinkQuantum (2021, Italy) is a spin-off of the University of Padua which 

develops QKD and QRNG solutions for simple fiber optics deployments as 

well as for free space and satellite QKD. 

 

Ultimaco (1983, Germany) sells lattice based PQC embedded in Hardware 

Security Modules (HSMs). This solution is based on Picnic, one of the alter-

nate PQC digital signature candidates selected by the third round of the NIST 

PQC challenge in July 2020. 

 

VeriQloud (2017, France) is a startup created by Elham Kashefi, and Marc 

Kaplan (France) and Joshua Nunn (UK). It is specialized in the creation of 

quantum software solutions adapted to quantum telecommunications for both 

QKD and distributed quantum processing. 

Their offer is based on the Qline, a software solution that enables the deployment of a multi-point 

quantum network with a lower cost in hardware infrastructure (Figure 680). With this architecture, 

nodes that are very expensive can be replaced by simple modulators that are much more affordable. 

The operation is based on a kind of "time-sharing" of the line2959. This lowers the hardware addition 

by about two thirds on a typical installation below with two intermediate stations in the network. At 

both ends of the line there is on one side a laser and modulator-based photon generator and on the 

other side a single photon detector, the most expensive part of the equipment ranging from 20K€ to 

100K€. The solution is deployable on networks totaling 100 to 200 km. 

 
Figure 680: VeriQloud qline architecture. Source: VeriQloud. 

The first application is QKD 

quantum key distribution. They 

can interoperate with classical 

QKD networks. Initially, se-

cure file transfer and instant 

messaging are targeted as ap-

plications associated with 

QKD. The system can also be 

used to generate disposable 

masks2960. 

The VeriQloud solution is also relevant for securing data storage. It has also been tested at a small 

scale for blind computing architecture2961. 

 

2958 See Forty Thousand Kilometers Under Quantum Protection by N. S. Kirsanov et al, Terra Quantum, January 2023 (17 pages). 

2959 See Establishing shared secret keys on quantum line networks: protocol and security by Mina Doosti, Lucas Hanouz, Anne Marin, 

Elham Kashefi, Marc Kaplan, April 2023 (23 pages). 

2960 See How to build quantum communication networks at a small scale by Marc Kaplan from VeriQloud, May 2020. 

2961 See Multi-client distributed blind quantum computation with the Qline architecture by Beatrice Polacchi, Marc Kaplan, Fabio 

Sciarrino, Elham Kashefi et al, Nature Communications, June-November 2023 (27 pages). 

https://arxiv.org/abs/2301.10610
https://arxiv.org/abs/2304.01881
https://medium.com/le-lab-quantique/how-to-build-quantum-communication-networks-at-a-small-scale-38a0d89b5c8b
https://www.nature.com/articles/s41467-023-43617-0
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WISeKey Semiconductor (1999, Switzerland, $256M) is a cybersecurity, AI, 

Blockchain, and IoT company that developed QUASARS (QUAntum resistant 

Secure ARchitecures project), a RISC V platform base security solution sup-

porting PQC cryptography. 

Sealsq is a subsidiary from WiSeKey which develops PKI and Post-Quantum 

technology hardware and software solutions. 

 

Xiphera (2017, Finland, 480K€) is providing hardware-based security solu-

tions, including their PQC based xQlave product family IP cores that can be 

used in FPGA and ASIC circuit designs. It supports CRYSTALS-Kyber and 

CRYSTALS-Dilithium. 

 

XT Quantech (2017, China) specializes in CV-QKD distribution equipment 

after initially focusing on DV-QKD solutions. The CV-QKD is essential be-

cause it can coexist in the fiber links of telecom operators. 

They offer server appliances for QKD key encoding and decoding gateways. Its full name is Shanghai 

Xuntai Information Technology Co. The company also sells a QRNG, their XT-QRNG100 that is 

certified in … China. 

 

ZY4 (2014, Canada) develops post-quantum cryptography solutions based on 

their in-house concept of the Shannon Event Horizon which would be a new 

class of PKI and random number generation2962. 

 

2962 See their white paper Introducing the Shannon Event Horizon, 2019 (20 pages). 

https://zy4.com/newsroom/shannon-event-horizon
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Quantum telecommunications and cryptography key takeaways 

▪ Quantum computing poses a theoretical threat to many existing cryptography systems, particularly those using 

public key distribution in asymmetric cryptography. This is due to Peter Shor’s integer factoring algorithm that 

could efficiently break RSA public encryption keys in the far distant future. But other algorithms than Shor are 

creating various threats, including for symmetric key distributions. However, these threats are usually exaggerated, 

particularly by security solutions vendors. 

▪ As a result, two breeds of solutions have been elaborated that use either mathematical or physical protection. The 

first one is based on quantum key distribution, requiring a photonic transmission channel (terrestrial, free-to-air, 

satellite or fiber-based), and using either prepare-and-measure key transmission or quantum entanglement re-

sources for the next generation adapted to the quantum Internet connecting quantum computers and sensors to-

gether. Beware of a common misconception: these solutions are not based on quantum computers. Quantum com-

puters are not (yet) making cryptography safer although some solutions are proposed to secure data transmission, 

but, interestingly, without any encryption in the classical meaning. 

▪ The second option is to create classical cryptographic protocols generating public encryption keys that are not 

breakable by quantum computers. The USA NIST launched in 2016 an international competition to standardize a 

set of post-quantum cryptography (PQC) protocols. Four finalists were selected as NIST standard in July 2022, one 

for a public key interface (PKI) and three for signatures and they are now draft standards. They are currently a draft 

standard. Solutions deployments should happen next and be done way before the quantum computing menace will 

materialize, if it does some day. NIST may select other PQC solutions in the future. PQC solutions are popping up 

in various fields like to secure blockchains and Internet of things (IoT). However, PQC safety should not be taken 

for granted as side attack channels and other workaround seem to be discovered by some cryptoanalysts. 

▪ Quantum random numbers generation is/will be used for classical cryptography, and quantum cryptography. It 

provides sources of both random and non-deterministic numbers used in cryptography systems. It has other used 

cases when randomness is mandatory in classical computing like with lotteries and various simulation tools. 

▪ Quantum telecommunications can also use quantum entanglement to enable communications between quantum 

computers and/or quantum sensors. Distributed quantum computing has two potential benefits: scale quantum com-

puting beyond the capacity of individual quantum computers and enable safe communications between quantum 

computers. Distributed quantum sensing can enable better accuracy sensing. 

▪ Quantum Physical Unclonable Functions are cryptographic solutions used to authenticate physical objects in an 

unfalsifiable quantum way. It is, however, still an unmature technology. 

▪ There are already many startups in the QKD and PQC scene. Deployments have already started worldwide, partic-

ularly in China with both landline fiber and satellite links. Europe is also experimenting quantum communication 

networks. 
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Quantum sensing 

Quantum sensing is about the various precision measurement solutions that rely on second generation 

quantum technologies and go beyond the limits of classical measurements systems. It also often al-

lows non-invasive measurements to be carried out on various solid or organic materials. The main 

physical values measured are time, distances, gravity, magnetism, temperature, and electromagnetic 

spectrum analysis. 

Quantum sensing use-cases and market 

Many applications use these technologies like radars, sonars, very high sensitivity microphones or 

the field of imaging in general and particularly in medical imaging2963 (Figure 681). 

 
Figure 681: a map of various quantum sensing basic technologies and use cases. (cc) Olivier Ezratty, 2021-2023. 

Some of these technologies have commonalities with the various qubit types we have already ex-

plored in detail. This is particularly the case for cold atoms, NV centers and superconducting qubits. 

Precision magnetometers use NV centers as well as SQUIDs (Superconducting Quantum Interference 

Device), which also measure the direction of current in superconducting flux-type qubits and are used 

by D-Wave in quantum annealers. Besides a couple exceptions like Infleqtion, most quantum sensors 

vendors are pure players in the sensing space (Figure 684) or classical sensors vendors who extend 

their product range with quantum sensors. 

Many of these quantum measurement technologies make extensive use of photonic tools, either di-

rectly based on photons (lasers, frequency combs, entangled photons) or exploiting cold atoms and 

even NV centers, whose quantum state of interest is then evaluated by measuring their fluorescence. 

 

2963 See Quantum Sensing Use Cases 2022, SRI for QED-C, September 2022 (36 pages), a report on quantum sensors which makes an 

interesting inventory of use cases and market readiness, with an eye on national security issues. It is focused on four types of sensors, 

for time, inertial, magnetic field and electric field measurement. It doesn’t cover other sensors categories reviewed in this part like 

frequency monitoring sensors, quantum radars (which may be mythical objects), quantum pressure sensors, quantum chemical sensors 

and quantum thermometers. 

NV centerscold atomslasers and 
frequency combs

magnetometersgravimeters thermometers
clocks

spectrographs
ultra-sound mikes

microscopy, medical imaging

sonars

radars
LiDARs

entangled photons

ultra-sensitive
imaging

SQUIDs

RF 
analysis

gyroscopes

https://quantumconsortium.org/sensing22/
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Some of these technolo-

gies are already commer-

cially viable and continue 

to progress steadily. It is 

still a niche market made 

of many sub-niche mar-

kets, evaluated at around 

$1B and expected to dou-

ble in a decade. The two 

largest applications mar-

kets are transportation and 

medical imaging (Figure 

682, Figure 683). 

 

Figure 682: Source: Quantum Sensors: Ten Year Market Projections by Lawrence Gasman, 2019 (7 
slides). 

But these forecasts may 

become wrong since some 

use cases might at some 

point become mainstream 

and drive more market 

growth. This is the case of 

GPS without satellite 

links using micro-magne-

tometers. It could for ex-

ample someday equip 

many classical and auton-

omous vehicles. 

 

Figure 683: Source: Quantum Sensors: Ten Year Market Projections by Lawrence Gasman, 2019 (7 
slides). 

 
Figure 684: and now ladies and gentlemen, here is the magnificent market map for quantum sensing, including some of their 

enabling technologies. (cc) Olivier Ezratty, 2023-2024. 
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https://www.insidequantumtechnology.com/wp-content/uploads/2019/03/qsensors-for-chrissie-1.pdf
https://www.insidequantumtechnology.com/wp-content/uploads/2019/03/qsensors-for-chrissie-1.pdf
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Various other markets are relevant for quantum sensing: the energy and utilities sector2964, telecoms, 

space and astrophysics research2965, high-energy particles physics research2966 2967, civil engineering, 

manufacturing industries using many sensors like for quality control and non-destructive testing and 

control, and of course, the aerospace and defense. 

International System of Measurement 

Sensing cannot be discussed without being connected to the International System for Measurement 

(or International System of Units, aka SI). It was recast after a unanimous vote on the Versailles Metre 

Treaty signed at the 26th General Conference on Weights and Measures (CGPM) in November 

20182968. Its implementation started on May 20, 2019. 

The new 2019 SI updates the definition of the kilogram, ampere, kelvin and mole. It is built around 

seven fixed constants: a number of hyperfine transitions of cesium 133, the speed of light in vac-

uum2969, the Planck constant, the elementary charge of an electron, the Boltzmann constant, the Avo-

gadro number or constant and the luminous efficiency. From these constants are derived the seven 

basic units of the system: kilogram, meter, second2970, ampere, kelvin, mole and candela (Figure 685). 

It no longer relies on materials that are degrading over time, such as the standard kilogram kept at the 

BIPM in Saint-Cloud, or on the triple point of water (gel) which defined the kelvin, and which de-

pended on its isotopic composition. 

 
Figure 685: reconstruction of the SI constants, units and their signification. Source: (cc) Olivier Ezratty, 2021. 

 

2964 See Quantum Sensing for Energy Applications: Review and Perspective by Scott E Crawford, Roman Shugayev, Hari P. Paudel 

and Ping Lu, June 2021 (33 pages). 

2965 See Quantum Communication, Sensing and Measurement in Space by Baris I. Erkmen et al, 2012 (136 pages). 

2966 See the review paper Quantum Sensors for High Energy Physics by Aaron Chou et al, November 2023 (63 pages). 

2967 See Snowmass 2021: Quantum Sensors for HEP Science -- Interferometers, Mechanics, Traps, and Clocks by Daniel Carney et al, 

March 2022 (29 pages) 

2968 See The International System of Units (SI), NIST, 2019 (13 pages) and The International System of Units, BIPM, 2019 (218 pages). 

2969 The definition of the speed of light at 299 792 458 m s-1 dates from 1983. 

2970 The second was defined with 9 192 631 770 periods of the hyperfine transition of cesium 133 at a temperature close to 0K since 

the 13th CGPM of 1967. Previously, it was a fraction of the solar day, which was not stable. 

ΔνCs = hyperfine cesium 133 transition
9 192 631 770 Hz

c = speed of light in vacuum
299 792 458 m s-1

h = Planck constant
6,626 070 15 × 10−34 J s

e = electron elementary charge
1,602 176 634 × 10−19 C

k = Boltzmann constant
1,380 649 × 10−23 J K-1

NA = Avogadro constant
6,022 140 76 × 1023 mol-1

Kcd = luminous efficiency
683 lm W-1
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https://www.researchgate.net/publication/352404329_Quantum_Sensing_for_Energy_Applications_Review_and_Perspective
https://kiss.caltech.edu/final_reports/Quantum_final_report.pdf
https://arxiv.org/abs/2311.01930
https://arxiv.org/abs/2203.07250
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.330-2019.pdf
https://www.bipm.org/utils/common/pdf/si-brochure/SI-Brochure-9.pdf
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The mole was previously defined on the basis of 0.012 kg of 12C 2971. The standard meter, which is 

kept in the Archives in Paris, was no longer the reference since 1960. All other units of measurement 

such as hertz, joule, coulomb, lumen or watt are derived from constants and base units. This meas-

urement system is branded as being "quantum" because it is based on the measurement of fundamen-

tal phenomena that bring us back to quanta, in particular for the definition of the second, which uses 

quantized energy transitions in the cesium atom, and that of the kilogram, which uses the Planck 

constant, itself a foundation of quantum physics. 

Numerous quantum physics works related to these evolutions of the international measurement sys-

tem, notably at NIST, have a link with the commercial devices discussed in this section. 

Quantum sensing taxonomy 

Reusing a definition found on C.L. Degen et al’s 2017 review paper2972, quantum sensing describes 

the use of quantum systems, quantum properties and phenomena to measure physical quantities. The 

first quantum sensors were SQUID magnetometers, atomic vapors, and atomic clocks. Then, the field 

was expanded to cover magnetic and electric fields, time and electromagnetic waves frequencies, 

mechanical rotations, temperature and pressure quantum measurement. 

New “second generation” sensors work at the single-atom and spin level and may use quantum en-

tanglement as a resource for increasing sensitivity. 

Quantum sensing can use either or the following phenomenon corresponding to type I, II and III 

quantum sensors: 

• Type I: using a quantum object to measure a physical quantity, characterized by quantized energy 

levels and a non-classical state, like a squeezed state, that is not entangled with the receiver. 

• Type II: transmits a classical state that is not entangled with the receiver and use a quantum-

enhanced detection technique in the receiver using, for example, quantum coherence, wave-like 

spatial or temporal superposition states to measure a physical quantity. 

• Type III: using quantum entanglement to improve the sensitivity or precision of measurement. It 

is sometimes labelled as “quantum metrology", “quantum-enhanced sensing" or “second genera-

tion quantum sensing”. 

The difference between quantum sensing and quantum metrology is not that clear in the scientific 

literature. Quantum metrology is used for devices measuring units or fundamental constants such as 

an atomic clock or an atom interferometer measuring the fine structure constant, or constants that 

were used to create the last SI2973. It can relate to the study of quantum-based precision measurements 

and quantum sensing using entanglement as seen in the above type I/II/III taxonomy. 

The table in Figure 686 lists several types of known quantum sensors with their type, the physical 

nature of the measuring object (“qubit nature”) and the measured physical quantities. For example, 

charged systems like trapped ions are sensitive to electrical fields while spin-based systems mainly 

respond to magnetic fields. Some quantum sensors may respond to several physical parameters or 

measure indirectly some physical quantity, which is the case for quantum thermometry with NV cen-

ters. Most of the time, quantum sensing exploits changes in the transition frequency or the transition 

rate in response to an external signal. 

 

2971 With the new SI, one gram of matter contains NA multiplied by the number of nucleons (protons and neutrons) of the element in 

question (atom, molecule). This comes from the fact that in an atom, the majority of the weight is in the atom nucleus. Electrons have 

a mass equivalent to 1/1836 times that of a single nucleon. 

2972 See Quantum sensing by C. L. Degen, F. Reinhard and P. Cappellaro, June 2017 (45 pages). 

2973 See What is the difference between quantum sensing and quantum metrology?, 2020. 

https://arxiv.org/abs/1611.02427
https://physics.stackexchange.com/questions/497009/what-is-the-difference-between-quantum-sensing-and-quantum-metrology#:~:text=Perhaps%20sensing%20is%20more%20suited,the%20values%20of%20fundamental%20constants.
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Figure 686: quantum sensing taxonomy. Source: table reconstructed and updated from Quantum sensing by C. L. Degen, F. 

Reinhard and P. Cappellaro, June 2017 (45 pages). 

The rest of this quantum sensing part is mostly organized along the first row and its green/blue meas-

ured values: gravity, time, magnetism, temperature, radiofrequencies and then to higher-level appli-

cations like imaging, radars and lidars and chemical sensors. 

Quantum sensors are a bit paradoxical: after a measurement of a quantum sensing qubit, the only 

information you retrieve is a single classical bit (0 or 1). So how to you get a floating number with a 

large precision? The answer is simple for the most basic cases: you make many measurements and 

average their results. But there are other subtleties. With NV centers sensors, you create a spin reso-

nance spectrum with repeat measurements and the shape of the resulting curve enables you to deter-

mine the detected magnetic field by computing the distance between two curve peaks. It is an indirect 

measurement. 

A quantum sensor measurement precision will depend on several parameters: the sampling rate (how 

many measurements are made with the same sensors or similar sensors in parallel), the sensor noise 

and the sensor sensitivity. 

Which brings us to define some key concepts related to quantum measurement precision with more 

details. Quantum sensing has its own semantic zoology with measurements, estimators, estimations, 

precisions, variances, statistics, limits, bounds and the likes. I try here to clarify some of the quantum 

sensing lingua, given there are many inconsistencies in the related literature. 

Quantum Fisher Information (QFI) is a fundamental limit of precision in quantum measurements 

which are subject to intrinsic limitations due to quantum uncertainty2974. It quantifies how well a 

parameter of interest can be estimated in a quantum system and the level of multipartite entanglement 

in use. Measuring it can help qualify the quality of multipartite entanglement with computing 

qubits2975. Some techniques like quantum error mitigation can be used to reach that limit in quantum 

sensing2976. QFI is the quantum variation of classical Fisher Information (FI). 

 

2974 See Variational Quantum Metrology with Loschmidt Echo by Ran Liu et al, China, November 2022 (20 pages). 

2975 See Estimation of the Quantum Fisher Information on a quantum processor by Vittorio Vitale, Cyril Branciard, Benoît Vermersch 

et al, August 2023 (24 pages). 

2976 See Quantum-Error-Mitigation Circuit Groups for Noisy Quantum Metrology by Yusuke Hama et al, March-April 2023 (42 pages). 
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Cramér Rao Limit (CRL) is a theoretical lower bound on the variance of any unbiased estimator 

for a parameter in a statistical model. It gives the best possible precision achievable when estimating 

a parameter based on a set of single or multiple measurements. It is applicable in classical and quan-

tum statistical contexts. 

Cramér Rao Bound (CRB) refers to the actual minimum variance attainable by any unbiased esti-

mator. The CRB is related to the Fisher Information as shown in the generic formulae in Figure 687. 

Running simultaneous estimation of multiple parameters in an experiment involves the QFI matrix 

(QFIM). The inverse of this matrix yields the quantum Cramér–Rao bound (QCRB), a lower bound 

on the uncertainty of any unbiased estimator of the parameters. 

Shot-Noise Limit (SNL) is the type of noise due to the discrete nature of certain physical processes, 

such as the counting of photons or the detection of particles, associated with the statistical fluctuations 

in the number of these discrete events. SNL refers to the minimum uncertainty or variance in meas-

urements that occurs when shot noise dominates the overall noise in a particular measurement setup. 

It has an influence on the Quantum Fisher Information of a quantum measurement and on the various 

ways to reach or exceed the Standard Quantum and the Heisenberg limits in sensing precision. 

Standard Quantum Limit (SQL) is a limit on the precision of quantum measurements when imple-

mented using classical light without entanglement or squeezing. Its cause is the Heisenberg uncer-

tainty principle, which imposes a fundamental limit on the simultaneous precision of complementary 

observables. The best precision possible scales as 1/√𝑇, with T being the number of times the prep-

aration and measurement process is done. An SQL is a special case of CRB. 

Heisenberg Limit (HL) is the limit on the precision of quantum measurement when using certain 

complementary quantum observables can be simultaneously measured. It is obtained with using non-

classical states of light and nonstandard measurements, like photon squeezed states (used in the LIGO 

interferometer experiment), entanglement of multiple similar quantum objects or quantum interfer-

ences. It can lower the precision below the Standard Quantum Limit, with a better scaling of 1/N, N 

being the number of objects used in the measurement2977. This corresponds to Type III quantum sens-

ing when entanglement is at play. Since entanglement is never perfect and has its own noise, it is 

argued by some quantum physicists that the Heisenberg limit is practically hard to reach2978 2979. An 

HL is another special case of CRB. 

Beyond Heisenberg Limit (BHL) corresponds to sensing situations when the obtained precision is 

better than the Heisenberg Limit. It usually consists in using various combinations of photon squeez-

ing, entanglement and interferences as well as quantum signal processing techniques2980 2981. It could 

help scale precision up to 1/𝑁2 and even 1/2𝑁 2982 2983. But some are arguing that quantum squeez-

ing cannot practically beat the standard quantum limit2984. 

 

2977 In many documents, the T in the Standard Quantum Limit seems to be confused with the N in the Heisenberg limit while these are 

not at the same metric. This is well explained in General optimality of the Heisenberg limit in quantum metrology by Marcin Zwierz, 

Carlos A. Pérez-Delgado and Pieter Kok, PRL, 2010 (4 pages). 

2978 See Quantum metrology and its noisy effects by Lin Jiao et al, Lanzhou University, July 2023 (22 pages). 

2979 See the thesis Heisenberg Limit beyond Quantum Fisher Information by Wojciech Górecki, April 2023 (103 pages). 

2980 See Beyond Heisenberg Limit Quantum Metrology through Quantum Signal Processing by Yulong Dong et al, September 2022 

(54 pages). 

2981 See Sub-SQL electronic field sensing by simultaneously using quantum entanglements and squeezings by X. N. Feng et al, August 

2023 (10 pages). 

2982 See Generalized Limits for Single-Parameter Quantum Estimation by Sergio Boixo, Steven T. Flammia, Carlton M. Caves, and JM 

Geremia, PRL, 2007 (4 pages). 

2983 See Exponentially Enhanced Quantum Metrology by S. M. Roy and Samuel L. Braunstein, PRL, 2008 (4 pages). 

2984 See Quantum squeezing cannot beat the standard quantum limit by Liam P. McGuinness, June-July 2023 (25 pages). 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.180402
https://arxiv.org/abs/2307.07701
https://arxiv.org/abs/2304.14370
https://arxiv.org/abs/2209.11207
https://arxiv.org/abs/2308.04136
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.090401
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.220501
https://arxiv.org/abs/2306.14666
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Figure 687: mapping of the various quantum measurements limits. (cc) Olivier Ezratty, 2023. 

Let’s also mention a developing field: quantumly networked sensors. This networking could have 

several benefits like connecting ensembles of quantum sensors to collectively improve their sensitiv-

ity2985 2986, to connect them to some quantum computers to help these directly capture some quantum 

data and accelerate the processing of sensed data, and, to separate in a trusted way the state prepara-

tion, parameter encoding, measurement and data collection tasks2987. 

Quantum gravimeters, gyroscopes and accelerometers 

Quantum gravimeters measure gravity with a very high accuracy. These are useful in many scenarios: 

in seismic detectors and volcanoes monitoring, for precision autonomous navigation complementing 

GPS in airplanes, ships, submarines, and drones, for gravity field mapping, for detecting subterranean 

holes before undergoing constructions, for detecting groundwater, ice mass change, for oil and min-

eral exploration (well, to be restrained) and for the detection of gravitational waves in astronomy. 

One talked about use case is the detection of nuclear submarines, which would destabilize or neutral-

ize nuclear deterrence used by nuclear countries owning these submarines, but its practicality is still 

questioned2988. 

There are two categories of gravimeters. Absolute gravimeters measure the gravity per se measuring 

the free trajectory of a test mass in vacuum, and now, with cold atoms, their interferences. Relative 

gravimeters measure the variation of gravity over space and also time. They are usually calibrated 

using absolute gravimeters. The most precise relative gravimeters are superconducting based, but are 

not considered as quantum gravimeters. 

 

2985 See Distributed quantum sensing with a mode-entangled network of spin-squeezed atomic states by Benjamin K. Malia, Mikhail 

Lukin, Ronald L. Walsworth et al, May 2022 (7 pages) and Quantum Logic Enhanced Sensing in Solid-State Spin Ensembles by Nithya 

Arunkumar, Ronald L. Walsworth et al, March 2022 (7 pages). 

2986 See Parallel Quantum-Enhanced Sensing by Mohammadjavad Dowran et al, University of Oklahoma, Oak Ridge National Labor-

atory, November 2023 (12 pages). 

2987 See Quantum Metrology with Delegated Tasks by Nathan Shettell and Damian Markham, December 2021 (20 pages). 

2988 An airborne array of SQUIDs magnetometry detection of submarine was supposedly prototyped in China in 2017. It requires 

cooling but that’s not a big deal for such a use case. See China's quantum submarine detector could seal South China Sea by David 

Hambling, New Scientist, 2017. Found in Quantum Technology and Submarine Near-Invulnerability by Katarzyna Kubiak, European 

Leadership Network, December 2020 (18 pages). 

Fisher Information (FI)

Cramér Rao Bound (CRB)    fundamental precision limit

Quantum Fisher 
Information (QFI)

Shot-Noise 
Limit (SNL)

Heisenberg 
Limit (HL)

Standard Quantum 
Limit (SQL)

quantum sensing without
using entanglement

= measurement variance of a variable in 

= # of times the preparation and measurement is done

= # of probes used in the measurement (photons, …)

X, Y = complementary variables

Fisher 
information 
of quantum 
state  and 
parameter x

lower bound on the variance of any unbiased estimator for a parameter in a statistical model

number of 
measurements

minimum uncertainty or 
variance in 

measurements that 
occurs when shot noise 
dominates the overall 
noise in a particular 

measurement setup, 
linked to the discrete

nature of certain physical
processes like photon 
counting or particles
detection and their

statistical fluctuation

squeezing

squeezing = reducing the 
uncertainty of an observable 

at the expense of a 
complementary observable

Beyond Heisenberg 
Limit (BHL)

using entanglement, squeezing, quantum signal 
proccessing, error correction, interferences, …

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
3

SNL contributes 
to QFI QFI = fundamental limit of precision 

in quantum measurements which 
are subject to intrinsic limitations 

due to quantum uncertainty

generic CRB

https://arxiv.org/abs/2205.06382
https://arxiv.org/abs/2203.12501
https://arxiv.org/abs/2311.01560
https://arxiv.org/abs/2112.09199
https://www.newscientist.com/article/2144721-chinas-quantum-submarine-detector-could-seal-south-china-sea/
https://www.europeanleadershipnetwork.org/policy-brief/quantum-technology-and-submarine-near-invulnerability/
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The quantum measurement of gravity is generally performed with cold atom interferometers (CAI), 

taking advantage of the wave-particle of cold atoms2989. The technique has been developed since 1991 

and perfected since then2990. The principle consists in creating a source of cold atoms free falling in 

suspension, generally rubidium, preparing their state with lasers, then passing them through a three-

stages laser-controlled atom interferometer and then analyzing the results. 

In the USA, NIST and NOAA in partnership with Institute for Applied Geodesy (IFAG), Germany, 

developed the FG5 absolute gravimeter that was tested starting in 1993. It was using a free falling 

rubidium atoms vacuum chamber and an interferometer. Stanford created a cold atom gyroscope in 

2006 which led to the creation of AOSense. In France, SYRTE developed a six-axis inertial sensor 

using two magneto-optical-traps (MOTs), also in 2006. 

In June 2023, the UK Royal Navy conducted a trial of a cold atom quantum navigation system avoid-

ing the use of GPS to determine a vessel’s location anywhere on earth. The system that was tested in 

a Qinetiq NavyPOD container placed on deck of the 500 tons experimental ship XV Patrick Blackett 

was designed by physicists from the Centre for Centre for Quantum Engineering, Science and Tech-

nology (QuEST) at the Imperial College in London. It could also potentially be used by submarines. 

A related field is gradiometry, which measures horizontal or vertical gravity gradients. It is used for 

the measurement of the variations or anomalies in the Earth's gravity field with creating gravity maps 

over the earth to either improve geopositioning or to detect changing underground features over time. 

It requires specific settings and techniques to reduce noise and vibrations within the gravimeter2991. 

ONERA launched gravimetry experiments in 2009 (GIRAFE project) and in 2014-2016 (GI-

RAFE2)2992. It will be tested by the French Navy in a surface vessel in 2023 and deployed on 4 vessels 

by 2026/2027. The goal is to create a map of underneath the oceans. 

Related sensing fields are rotation measurement and gyroscopes which are implementing it. Quantum 

gyroscopes can be implemented with optical interferometry2993 2994 and, surprisingly, with superfluid 
4He2995. 

The figures of merits of quantum gravimeters are their sensitivity (smallest detectable change in 

gravity, measured in m/s2 or cgs gals, for centimeter-gram-seconds, in reference to Galileo), accuracy 

(measurement uncertainty in reference to an absolute standard, is a %) and stability. Operational 

figure of merits are weight, size and warm-up time (which can last one hour). Best-in-class cold atom 

absolute gravimeters have a sensitivity of 10–9 m/s2. Interesting miniaturization designs are also pro-

posed, although they lead to a lower sensitivity measurement2996. 

 

2989 See Experimental gravitation and geophysics with matter wave sensors by Philippe Bouyer, LP2N, 2018 (234 slides). 

2990 See Atomic Interferometry Using Stimulated Raman Transitions by Mark Kasevich and Steven Chu, PRL, July 1991 (4 pages) and 

Young double-slit experiment with atoms: A simple atom interferometer, from Olivier Carnal and Jürgen Mlynek, 1991 (6 pages) which 

describes a Young's double-slit interferometry experiment with helium atoms. See also Experimental gravitation and geophysics with 

matter wave sensors, LP2N, 2018 (234 slides). 

2991 See recent advances with Quantum sensing for gravity cartography by Ben Stray, Kai Bongs et al, Nature, February 2022 (14 

pages), Position fixing with cold atom gravity gradiometers by Alexander M. Phillips, April 2022 (10 pages) and Circulating pulse 

cavity enhancement as a method for extreme momentum transfer atom interferometry by Rustin Nourshargh, Kai Bongs et al, December 

2021 (9 pages). 

2992 See ONERA invents with SHOM the "atomic" precision gravity mapping, February 2016. SHOM is the Hydrographic and Ocean-

ographic Service of the French Navy. 

2993 See Quantum optical gyroscope by Lin Jiao and Jun-Hong An, January 2022 (7 pages). 

2994 See Nonlinear Multi-Resonant Cavity Quantum Photonics Gyroscopes Quantum Light Navigation by Mengdi Sun et al, Virginia 

Tech, July 2023 (17 pages). 

2995 See Superfluid helium-4 whistles just the right tune by Robert Sanders, UCBerkeley, 2005 

2996 See A Compact Cold-Atom Interferometer with a High Data-Rate Grating Magneto-Optical Trap and a Photonic-Integrated-Circuit-

Compatible Laser System by Jongmin Lee, July 2021-September 2022 (21 pages). It uses a compact titanium vacuum package with a 

grating chip inside a tetrahedral grating magneto-optical trap (GMOT) using a single cooling beam. The sensitivity is 2x10-6. 

https://www.matterwaveoptics.eu/FOMO2018/school/lecture-notes/Bouyer%20--%20experimental%20gravitation%20and%20geophysics%20with%20matterwave%20sensors.pdf
http://people.ee.duke.edu/~jungsang/ECE590_01/KasevichPRL1991.pdf
http://ivanik3.narod.ru/KM/JornalPape/Difr2Schelyah/PhysRevLett.66.2689.pdf
http://www.matterwaveoptics.eu/FOMO2018/school/lecture-notes/Bouyer%20--%20experimental%20gravitation%20and%20geophysics%20with%20matterwave%20sensors.pdf
http://www.matterwaveoptics.eu/FOMO2018/school/lecture-notes/Bouyer%20--%20experimental%20gravitation%20and%20geophysics%20with%20matterwave%20sensors.pdf
https://www.nature.com/articles/s41586-021-04315-3
https://arxiv.org/abs/2204.05246
https://www.nature.com/articles/s42005-021-00754-6
https://www.nature.com/articles/s42005-021-00754-6
https://www.onera.fr/fr/actualites/lonera-invente-avec-le-shom-la-cartographie-de-pesanteur-a-precision-atomique
https://arxiv.org/abs/2201.10934
https://arxiv.org/abs/2307.12167
https://www.berkeley.edu/news/media/releases/2005/01/27_helium4.shtml
https://arxiv.org/abs/2107.04792
https://arxiv.org/abs/2107.04792
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Figure 688: how cold atom interferometry works to measure both gravity, accelerations and rotations. Source: Compact and 
Portable Atom Gravimeter by Shuai Chen, University of Science and Technology of China, June 2019 (22 slides) and Muquans. 

Other cold atom use cases include magnetic field measurement in earth monitoring and temperature 

measurement. Hybrid sensors can associate electrostatic and cold atom acceleration sensors. Cold 

atom interferometry will even be used for gravitational waves detection in the MIGA experiment 

being setup in France2997. 

Here are the various vendors also positioned in this market, given many are still in the product devel-

opment phase and don’t have yet a commercial offering. 

 

AOSense (2004, USA) creates and sells quantum gyroscopes, commercial op-

tical clocks and develop a quantum gravimeter. It also provides instrumenta-

tion equipment with cold atom generators and laser frequency comb generators 

They collaborate with IonQ for their quantum computers based on trapped ions. It is a spin-out from 

Stanford and a pioneer in the sector who is now highly diversified. 

 

M Squared (2006, UK, $56M) has been developing a cold atom quantum gra-

vimeter for a long time but withdrew from this market and focused back on its 

original lasers business covering the spectrum from 200 nm to 4,000 nm. These 

lasers are used in industry and in optical clocks. 

Still, in November 2022, M Squared announced it was entering the neutral atoms quantum computing 

market with its Maxwell system as part of a collaborative UK government funded project. Maxwell 

is supposed to be a “state of the art breakthrough system” but with undisclosed characteristics. 

 

exail (2000, France), formerly iXblue Photonics is a small business special-

ized in the design and manufacture of inertial and sonar systems, lithium nio-

bate optical modulators, microwave amplifiers and modulator bias controllers 

for the control of Mach-Zehnder interferometers. 

Their components are manufactured at their site in Lannion, Brittany and at Besancon. They are in-

volved with the LP2N of Bordeaux in the creation of Ixatom, a quantum inertial sensor based on cold 

rubidium atoms2998. iXblue Photonics was the result of the acquisition of two companies: iXFiber in 

2011, a specialist in passive optical components (FBG fiber grating filters, Fiber Bragg Gratings) and 

then, Photline Technologies in 2013, a spin-off from Femto-ST created in 2000 in Besancon. In May 

 

2997 See A gravity antenna based on quantum technologies: MIGA by B. Canuel, Philippe Bouyer et al, April 2022 (4 pages) and 

Exploring gravity with the MIGA large scale atom interferometer by B. Canuel, Philippe Bouyer et al, Nature Scientific Reports, 2018 

(23 pages). 

2998 See iXAtom - LP2N and iXblue Cold Atoms joint laboratory. 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Shuai_Chen_Presentation.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Shuai_Chen_Presentation.pdf
https://arxiv.org/abs/2204.12137
https://www.nature.com/articles/s41598-018-32165-z
https://photonics.ixblue.com/labcom/ixatom
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2021, iXblue then acquired Muquans (quantum absolute gravimeters, created in 2011 in Bordeaux, 

France) and Kylia (a photonic equipment specialist, with its polarizers, delay line interferometers and 

multiplexers/multiplexers). In March 2022, Groupe Gorgé made the acquisition of iXblue Photonics 

to merge it with its subsidiary of ECA Group, a security, defense, and industry security technologies 

provider. It became exail in November 2022. 

Muquans is based at the Institut d'Optique in Bordeaux. Their absolute quantum gravimeters are 

commercial products targeting, for example, the detection of cavities in construction, oil exploration 

and the monitoring of volcanoes such as Etna in Italy2999. 

Here is how their absolute quantum gravimeter and other similar neutral atom-based quantum gra-

vimeters work. The usual description looks like the image in Figure 689 from Muquans. 

  
Figure 689: how atom interferometry works. All laser beams come from the bottom of the device. Source: Muquans. 

We can decompose the quantum gravimetry steps in six parts. 

① Heating source: a heated source at the top of the 

system prepares a small cloud of about 106 atoms of 

rubidium (87Rb). The source of the atoms also contains 

an accelerometer that corrects the phase of the lasers in 

real time. It is prepared with a 2D MOT. 

② Magneto-optical trap: a 3D MOT as shown in Fi-

gure 690 is used to confine and cool the prepared 

source of atoms at 1µK using three pairs of counter-

propagating laser beams in three orthogonal directions, 

applying the Doppler effect, and two anti-Helmholtz 

coils which magnetically trap the atoms3000. 

③ Inverted pyramid retroreflection: an inverted 

mirrors-based pyramid sits around the MOT and orient 

the prepared atom cloud downward in the instrument as 

shown in Figure 691. 

 
Figure 690: a typical Magneto-Optical Trap used to cool 

and confine neutral atoms. Source: Cold atom 
interferometry sensors physics and technologies by 

Martino Travagnin, 2020 (47 pages). 

④ State preparation: a laser beam coming from the bottom controls the atom cloud position. It is 

switched off and the cloud starts to freefall. 

 

2999  See Detecting Volcano-Related Underground Mass Changes With a Quantum Gravimeter by Laura Antoni-Micollier, Bruno 

Desruelle et al, June 2022 (9 pages). 

3000 The Muquans process is documented in Gravity measurements below 10-9g with a transportable absolute quantum gravimeter, 2018 

(12 pages) and highlighted in Digging Into Quantum Sensors by Stewart Wills in Optics & Photonics, September 2019. 

https://publications.jrc.ec.europa.eu/repository/bitstream/JRC121223/cold_atom_interferometry_physics_and_technologies.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC121223/cold_atom_interferometry_physics_and_technologies.pdf
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022GL097814
https://www.researchgate.net/publication/327077528_Gravity_measurements_below_10-9_g_with_a_transportable_absolute_quantum_gravimeter
https://www.osa-opn.org/home/newsroom/2019/september/digging_into_quantum_sensors/
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⑤ Atom interferometer: in its freefall, the atom cloud is exposed by two counter propagating ver-

tical lasers pulses in three successive steps each generating a Raman transition with different dura-

tions and polarizations creating the equivalent of π/2, -π and -π/2 gates (H, X and H)3001. The first 

step has the effect of a coherent beam splitter and creates two streams of atoms in ground and excited 

state whose proportion depends on the ambient gravity. The second step has the effect of two mirrors 

like in an optical interferometer and inverse the population of ground and excited states. The third 

step focuses the two atom beams and creates a coherent beam mixing. Each step modifies the phase 

of the atom matter wave. 

⑥ Detection: one or two other high precision lasers excite the two streams of atoms exiting the 

interferometer, generating a fluorescence effect that is detected by two sets of four broadband photo-

diodes using different frequencies. These diodes enable the measurement of the proportion of atoms 

in each interferometer output (excited/non excited). Their proportion will help compute the phase 

difference accumulated by the two atom streams, which itself will help calculate the ambient gravity. 

The process is repeated twice per second and a classical computer averages the results. Their gravim-

eters have a precision of 10–9 m/s2. 

     
Figure 691: the three steps of cold atoms interferometry used in a gravimeter. The figure is somewhat confusing since the position axis 

(Z) goes up as the atom falls. So, it is inverted. Otherwise, how would you measure atoms at the bottom of the gravimeter? Two 
counterpropagating lasers are used, one coming from the top at frequency 𝜔1and a wave vector k1 and one from the bottom at 𝜔2 and 

a wave vector k2 to create a double-photon Raman transition that will modify displacement for a share of the atoms that depends on the 
gravity. The diagram on the right shows the Raman transitions created by lasers with pulses 𝜔1 and 𝜔2. f corresponds to the 

fundamental or ground state, e to the excited state. p is the atom momentum and its difference in the excited state is ℏ𝑘𝑒𝑓𝑓 = ℏ(𝑘1 −

𝑘2). The width of the laser pulse 𝜏 (about 10 ms) corresponds to its duration which generates a superposition like a Hadamard gate in 
gate-based computing in step 1 and 3, and a population inversion in step 2 with a duration of 2𝜏. Meaning, the excited atoms (green 

lines) are turned in ground state atoms (blue line) and vice-versa, and also inverting their vertical velocity. If the lasers were used 
continuously, they would create a Rabi oscillation creating continuous change in the proposition of atoms in the ground and excited 
state over a couple ms. Sources: Mobile and remote inertial sensing with atom interferometers by B. Barrett et al, November 2013-

August 2014 (63 pages) and Cold atom interferometry sensors physics and technologies by Martino Travagnin, 2020 (47 pages). 

Exail is involved in the ESA's NAVISP program which plans to provide a supplementary navigation 

solution using gradiometry. The company is also developing a 3-axis quantum inertial sensor. The 

control of cold atoms has other applications3002. For example, Muquans participates in the European 

flagship project Quantum Internet Alliance to create hardware to extend the reach of QKD systems 

and with the French startup Pasqal which creates quantum processors based on cold atoms. 

 

3001 Double-photon Raman cooling uses two lasers. One excites the atoms to reach a high excited state and the other de-excites the 

atom to bring it down to a higher excited state than the initial state. This technique also contributes to cool atoms below a micro-Kelvin. 

3002 See Fifteen years of cold matter on the atom chip promise, realizations, and prospects by Mark Keil, Ron Folman et al, 2019 (46 

pages) which makes a good inventory of scientific applications of cold atoms and Micro-fabricated components for cold atom sensors 

by J. P. McGilligan et al, Review of Scientific Instruments, September 2022 (28 pages). 

https://arxiv.org/abs/1311.7033
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC121223/cold_atom_interferometry_physics_and_technologies.pdf
https://arxiv.org/abs/1605.04939
https://aip.scitation.org/doi/10.1063/5.0101628
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Thales Research & Technology (France) is developing miniaturized 

cold atom accelerometer, gyrometer and clock designed to be embed-

ded. The whole with a "BEC on chip" component (for "Bose Einstein 

condensates on chip") in collaboration with the Charles Fabry labor-

atory of the Institut d’Optique (LCFIO). Atoms are vaporized in a 

glass cage glued to the chip, in which a good vacuum has been cre-

ated. They are laser-cooled and trapped by a magnetic field and con-

trolled by electromagnetic fields. This research project started around 

2014 (Figure 692). 

Photo credit: Ecliptique - Laurent Thion. 
 

Figure 692: a Thales BEC on chip. 

 
Atomionics (2018, Singapore, $2.5M) is currently developing Gravio, a cold 

atoms interferometry based sensor measuring acceleration, rotations and grav-

ity variations. 

It can be used for navigation and resource exploration. It can also be used as an underground GPS. 

Other laboratories are working on the same technology, such as the Leibniz University of Hanno-

ver3003. 

The Chinese are also in this field, but without having gone so far in miniaturization3004 (Figure 688). 

 

aQuark Technologies (2020, UK) is a spin-off from the University of South-

ampton developing small vacuum chambers and simpler atoms trap system 

avoiding the use of a MOT (magneto-optical trap) thanks to coupling several 

lasers with slightly different frequencies. In October 2023, they demonstrated 

a lightweight 10 kg airborne solution of their system. 

 

Nomad Atomics (2018, Australia, $10M) develops compact cold atom-based 

quantum gravimeters and accelerometers. The company was launched by Kyle 

Hardman, Christian Freier and Paul Wigley, respectively researcher and post-

docs at the Australian National University. 

 

Innoseis (2020, the Netherlands) was created by Mark Beker and Johannes 

van den Brand (who worked on gravitational waves detections instruments like 

those from LIGO), from Maastricht University. They develop MEMS based 

quantum gravimeters targeting seismic surveying. 

 

Zero Point Motion (2020, UK, £2.58M) is a quantum optical inertial sensors 

company created by Ying Lia Li (Imperial College and University College 

London). 

Their hybrid sensors use quantum photonics and cavity opto-mechanics to read the motion of MEMS 

masses. The product is being developed at the Quantum Technologies Innovation Centre at Bristol 

University with commercialization to start in 2024. 

 

Delta G (2023, UK, £1.5M) is a spinout from the UK Quantum Technology 

Hub Sensors and Timing at the University of Birmingham. Created by Peter 

Stirling (CEO), Andrew Lamb (CTO) and Michael Holynski (CSO). 

 

3003 See Gravity measured using a Bose-Einstein condensate on a chip by Hamish Johnston, 2016 mentioning the work of Ernst Rasel 

of the Leibniz University of Hannover who refers to Atom interferometry and its applications by S. Abend et al, 2020 (48 pages). 

3004 See Compact and Portable Atom Gravimeter by Shuai Chen, 2019 (22 slides). 

https://physicsworld.com/a/gravity-measured-using-a-bose-einstein-condensate-on-a-chip/
https://arxiv.org/pdf/2001.10976.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Shuai_Chen_Presentation.pdf
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It develops cold atom sensors applied to gravity gradiometry, targeting use cases in construction, 

archaeology and for the discovery of hidden natural resources3005. 

 

OK Quantum (2022, USA) or Oklahoma Quantum is a startup created by 

Saesun Kim (CEO) and Shan Zhong (Chief Scientist) who both come from the 

Center for Quantum Research and Technology (CQRT) of the University of 

Oklahoma. They design and manufacture cold atom based quantum inertial 

sensors. Given their web site, they don’t sell it yet. 

 

Vector Atomic (2021, USA) is a startup created by Jamil Abo-Shaeer (CEO), 

a former project manager at DARPA. It is developing with Honeywell Aero-

space an atomic clock based navigation sensor that avoids the use of GPS. It 

was funded by Defense Innovation Unit of the US DoD. 

Rafael Advanced Defense Systems (Israel) also has a department creating quantum sensing solu-

tions, mainly gravitation sensors, with the Weizmann Institute of Science. 

Microg LaCoste (1939, USA) develops absolute quantum gravimeters based on interferometry and 

free fall dropped mirrors, using a rubidium based atomic clock. 

Draper Labs (1932, USA) also designs cold atoms sensors, mostly, gravimeters and accelerometers 

for navigation systems. 

Trumpf (Germany) develops cold-atoms and VCSEL (lasers) based gyroscopes for satellites as part 

of the QYRO project funded by the German government and along with its subsidiary Q.ANT. 

Wideblue (2006, UK) creates MEMS gravimeters. It is a consulting and engineering company. 

Quantum accelerometers are also investigated to equip autonomous or assisted drive vehicles. Ger-

man equipment manufacturer Bosch announced in February 2022 the creation its own quantum gy-

roscope for this purpose, aka IMU for inertial measurement unit as part of its new Bosch Quantum 

Sensing Unit, an internal startup led by Katrin Kobe and with a team of 15 people. 

Finally, let's also mention a very special category of microgravimeters: the LIGO microgravimeters 

that are used to evaluate gravitational waves. They are based on optical interferometers of very high 

precision but of a size incompatible with all other imaginable uses3006. 

Quantum clocks 

Atomic clocks used in GPS provide resilience for navigation systems when standard satellite GPS 

signals are unavailable. They are also used in telecommunication infrastructure for the Internet and 

mobile communications, particularly with high-speed broadband landline and mobile infrastructures. 

Many industry sectors also rely on precision time measurement, like the financial sector and utilities 

power grids. Fundamental research and astrophysics also heavily rely on precision clocks. 

Time measurement steadily progressed since the first mechanical clocks used between the 14th and 

19th centuries. The quartz clocks which appeared between the two World Wars were based on the 

piezoelectric effect demonstrated by Pierre and Jacques Curie in 1880. With a frequency of 215 Hz, 

time is measured using frequency dividers, with a drift of a few hundred microseconds per day. 

The first cesium atomic clocks came out in the 1950s. Using a frequency around 9 GHz, they provide 

a time measurement accuracy ranging from 10-13 up to 10-16 with recent generations. 

 

3005 See Quantum sensing for gravity cartography by Ben Stray, Andrew Lamb, Kai Bongs et al, Nature, February 2021 (14 pages). 

3006 See Advanced LIGO Just Got More Advanced Thanks To An All-New Quantum Enhancement by Ethan Siegel, December 2019. 

And a description of the quantum squeezing technique used in the latest version of LIGO: NIST Team Supersizes 'Quantum Squeezing' 

to Measure Ultrasmall Motion, 2019. 

https://www.nature.com/articles/s41586-021-04315-3
https://www.forbes.com/sites/startswithabang/2019/12/05/advanced-ligo-just-got-more-advanced-thanks-to-an-all-new-quantum-enhancement/
https://www.nist.gov/news-events/news/2019/06/nist-team-supersizes-quantum-squeezing-measure-ultrasmall-motion
https://www.nist.gov/news-events/news/2019/06/nist-team-supersizes-quantum-squeezing-measure-ultrasmall-motion
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The second is defined since 1967 as the duration of 9,192,631,770 periods of the radiation corre-

sponding to the transition between the two "hyperfine" levels of the fundamental electronic state of 

cesium 133. The recent variants of these clocks are "fountain clocks". They operate at very low tem-

perature, with laser cooling bringing the atoms at 1 μK, way much colder than superconducting qubits 

that are at 15 mK but is however easier to obtain than with a dilution refrigerator. A frequency oscil-

lator generates a transition between two levels of cesium energy. The frequency is locked with a servo 

loop. 

The precise measurement of fre-

quencies has many applications: 

time measurement, synchroniza-

tion of various devices on the In-

ternet, even if only servers or sci-

entific instruments, synchroniza-

tion of moving objects to measure 

their position, astronomy (like 

with exoplanets and gravitational 

waves detection), absorption or 

emission precision spectroscopy, 

fiber optic transmissions and the 

generation of radio waves of arbi-

trary shape (Figure 693). 

 
Figure 693: femto lasers use cases in quantum sensing. 

However, a better accuracy may 

be needed, thus the need for quan-

tum clocks 3007 . For about 20 

years, time measurement was im-

plemented with optical measure-

ment of frequencies and time3008 

(Figure 694). 

The measurement of atomic vi-

brations can be replaced by the 

measurement of light waves gen-

erated by lasers and at 1015 Hz. It 

allows a gain in accuracy of five 

orders of magnitude (105). It was 

demonstrated in 2000 to generate 

an accuracy of a femtosecond. 

This earned the Nobel prize in 

Physics in 2005 to Theodor 

Hänsch (1941, German) and 

John Hall (1934, American). 

 

Figure 694: how quantum clocks accuracy evolved over time. Source: Chronometric 
Geodesy: Methods and Applications by Pacome Delva, Heiner Denker and Guillaume Lion, 

2019 (61 pages). 

 

3007 See Time and Quantum Clocks: a review of recent developments by M. Basil Altaie et al, 28 April 2022 (39 pages) and Quantum 

clocks are more precise than classical ones by Mischa P. Woods et al, February 2022 (75 pages). 

3008 This is well explained in Basics of atomic clocks by Andrei Derevianko, University of Nevada, 2021 (77 slides). 

https://www.researchgate.net/publication/330990388_Chronometric_Geodesy_Methods_and_Applications
https://www.researchgate.net/publication/330990388_Chronometric_Geodesy_Methods_and_Applications
https://arxiv.org/abs/2203.12564
https://arxiv.org/abs/1806.00491
https://arxiv.org/abs/1806.00491
https://conference.ippp.dur.ac.uk/event/1001/attachments/4257/5142/2021%20Derevianko%20Atomic%20Clocks%20-%20lecture%201.pdf
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In the USA, the Chip Scale Atomic Clock (CSAC) program funded by 

DARPA with NIST participation3009 led to the creation of highly com-

pact vapor-cells cesium based atomic clocks manufactured by Micro-

chip (mentioned later, with a size of 1.6"x1.4"x0.45") after a decade of 

work starting in 2000 and $100M spent. It generates pulses of 4,596.3 

MHz with a frequency tuning resolution of 1x10-12s 3010 (Figure 695). 

 

Figure 695: a CSAC chip. 

Atomic clocks use microwave frequency transitions while the new generation of quantum clocks are 

based on higher electromagnetic wave frequencies in the optical spectrum. They use the technique of 

frequency combs. Since these frequencies are higher, these clocks can have a better precision, with 

three orders of magnitude gain compared to classical atomic clocks. 

Frequency combs were discovered with the first mode-locked lasers by Logan Hargrove in 19643011. 

Before optical combs, light frequency harmonic generators were used with a combination of several 

lasers in complicated setups. To measure light high frequencies, these clocks use optical frequency 

combs, which subdivided optical (high) frequencies into microwave (lower) frequencies for fre-

quency measurement and timekeeping. It uses blocked-mode lasers that generate very short pulses, 

which can be as short as a few femtoseconds. 

The frequency decomposition of this kind of signal gives a Gaussian-shaped frequency comb with 

each tooth regularly spaced at a frequency equivalent to that of the laser pulse. This is related to the 

fact that the length of the laser cavity is a multiple of the length of the electromagnetic waves emitted 

by the laser. The greater the multiple, the greater the frequency generated. 

The frequency spectrum resembles a Gaussian curve. Its envelope is equal to the envelope of the 

spectrum of an isolated pulse, which is continuous. The width of the frequency spectrum covered can 

be narrow, a few nm in wavelength, or cover the entire visible spectrum, thus a few hundred nm. 

A calculation is used to determine 

the very high frequencies of the fre-

quency comb (fn). It uses several pa-

rameters: the reference frequency frep 

of the laser pulses which is of the or-

der of 250 MHz to 1GHz, n, the 

number of frequencies detected via 

spectroscopy (there can be hundreds 

of thousands) and the emission phase 

of the blocked mode laser which is 

added to each pulse and generates 

the frequency offset f0, which is eval-

uated with a method described below 

and which is also of a lower order 

than GHz (Figure 696). 

 

Figure 696: how a frequency comb works. Source: Ultra-short light pulses for 
frequency metrology, CNRS (6 pages). 

 

3009 See MEMS Atomic Clocks by Svenja Knappe, NIST, Comprehensive Microsystems, 2008 (45 pages). 

3010 CSAC are just one type of atoms chipsets, which have a broader spectrum of use cases in inertial sensing and electromagnetic field 

sensing. See Fifteen Years of Cold Matter on the Atom Chip: Promise, Realizations, and Prospects by Mark Keil, Ron Folman et al, 

2016 (44 pages). 

3011 See Nobel Lecture: Defining and measuring optical frequencies by John Hall, 2006 (17 pages) and Light rules: frequency combs 

by Steven Cundiff, Jun Ye and John Hall in Pour la Science, 2008 (8 pages). John Hall describes frequency combs as the intersection 

of four initially independent fields of research: ultra-stable lasers, fast pulse lasers, nonlinear optical materials, and precision laser 

spectroscopy. This is a reflection of quantum computing and its many scientific and technological sources. 

https://nanopdf.com/download/impulsions-lumineuses-ultra-courtes-pour-la-metrologie-de-frequences_pdf
https://nanopdf.com/download/impulsions-lumineuses-ultra-courtes-pour-la-metrologie-de-frequences_pdf
https://tf.nist.gov/general/pdf/2178.pdf
https://www.bgu.ac.il/atomchip/Papers/FifteenYears2016.pdf
https://cdn.journals.aps.org/files/RevModPhys.78.1279.pdf
http://astrosurf.com/jpmasviel/unpeudescience/article_pourlascience_juin2008.pdf
http://astrosurf.com/jpmasviel/unpeudescience/article_pourlascience_juin2008.pdf
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The measurement of radio frequencies in the MHz/GHz wave range results in the measurement of 

frequencies in 10s and 100s of THz to the nearest Hz. The system thus acts as a frequency multiplier. 

The measurement of light frequencies is impossible with traditional electronics because of the fre-

quencies used, which are several tens or hundreds of tera-Hertz. 

These calibrated frequency combs are also used to measure a frequency difference with this stand-

ard3012. 

The frequency comb covers an oc-

tave, from one frequency (n) up to its 

double (2n) (Figure 697). The evalu-

ation of f0 is done by extracting the 

frequency fn, and doubling it with a 

crystal. By adding this frequency 

doubled with f2n, we obtain a beat at 

the frequency of f0. 

2(𝑓0 + 𝑛 × 𝑓𝑟𝑒𝑝) − (𝑓0 + 2𝑛 × 𝑓𝑟𝑒𝑝) = 𝑓0 

This is called heterodyne detection. 

The frequency comb becomes a kind 

of graduated ruler which is then used 

to position a frequency to be meas-

ured relative to the ruler. With that, 

you can build a new generation 

atomic clock3013! 

 
Figure 697: frequency comb and heterodyne detection. Source: Optical frequency 

combs and optical frequency measurements by Yann Le Coq, 2014 (38 slides), slide 11. 

The readout of spectroscopy results using frequency combs can use CCD or CMOS cameras depend-

ing on the frequencies used in or around visible light3014. This measurement accuracy evolves with 

the use of lasers using a high pulse frequency. 

To date, the record for the accuracy of an atomic clock using spectroscopy is that of NIST. It is built 

with some aluminum ion associated with a magnesium anon. The aluminum ion is excited by two 

ytterbium lasers. Measurement is carried out using a quantum logic spectroscopy which is using the 

frequency combs, shown in Figure 698 (left)3015. The clock reaches an accuracy of 10-18 seconds, a 

drift of one second per 33 billion years, 2.5 times the age of the Universe3016. 

In this market for optical quantum clocks, many research laboratories produce their own equipment. 

These are usually based on titanium-sapphire with pulses of a few femtoseconds (10-15 to 10-14 sec-

onds). 

 

3012 See Phase Coherent Vacuum-Ultraviolet to Radio Frequency Comparison with a Mode-Locked Laser by J. Reichert et al, 2005 (5 

pages), Direct Link between Microwave and Optical Frequencies with a 300 THz Femtosecond Laser Comb by Scott Diddams et al, 

2000 (4 pages), Fundamentals of frequency combs What they are and how they work by Scott Diddams (46 slides), Optical frequency 

combs and optical frequency measurements by Yann Le Coq, 2014 (38 slides) and Chip-scale Optical Atomic Clocks and Integrated 

Photonics by Matthew Hummon, NIST, 2018 (35 slides). 

3013 This is explained in Optical Atomic Clocks by Andrew Ludlow, Martin Boyd, Jun Ye, E. Peil and P.O. Schmidt, 2015 (65 pages) 

and Optical atomic clocks by N. Poli et al, 2014 (70 pages). See also Photonic integration of an optical atomic clock by Z. L. Newman 

et al, November 2018 (12 pages). 

3014 See Frequency comb spectroscopy by Nathalie Picqué and Theodor Hänsch, 2019 (27 pages) which describes the many methods 

and use cases of frequency comb based spectroscopy. 

3015 See this explanation: Quantum Logic for Precision Spectroscopy by Piet Schmidt et al, 2009 (6 pages). 

3016 See 27Al+Quantum-Logic Clock with a Systematic Uncertainty below 10-18, 2019 (6 pages). 

https://tel.archives-ouvertes.fr/tel-00989992/file/HDR_YLC.pdf
https://tel.archives-ouvertes.fr/tel-00989992/file/HDR_YLC.pdf
https://www.researchgate.net/publication/7670527_Phase-Coherent_Frequency_Combs_in_the_Vacuum_Ultraviolet_via_High-Harmonic_Generation_inside_a_Femtosecond_Enhancement_Cavity
https://tf.nist.gov/general/pdf/1359.pdf
http://kiss.caltech.edu/workshops/optical/optical_presentations/Diddams_KISS_Short_Course_2015_v3.pdf
https://tel.archives-ouvertes.fr/tel-00989992/document
https://tel.archives-ouvertes.fr/tel-00989992/document
https://www.cadence.com/content/dam/cadence-www/global/en_US/documents/company/Events/summits/photonics/matthew-hummon-chip-scale-optical-clocks-and-integrated-photonics-2018.pdf
https://www.cadence.com/content/dam/cadence-www/global/en_US/documents/company/Events/summits/photonics/matthew-hummon-chip-scale-optical-clocks-and-integrated-photonics-2018.pdf
https://www.ptb.de/cms/fileadmin/internet/fachabteilungen/abteilung_4/4.4_zeit_und_frequenz/pdf/2015_RevModPhys.87.637.pdf
https://arxiv.org/abs/1401.2378
https://www.researchgate.net/publication/328736626_Photonic_integration_of_an_optical_atomic_clock
https://arxiv.org/abs/1902.11249
https://www.quantummetrology.de/fileadmin/quest/quest_institute/Publications/Quantum_Logic_for_Precision_Spectroscopy.pdf
https://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.123.033201
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Figure 698: Source: (right) Illustration source: 27Al+Quantum-Logic Clock with a Systematic Uncertainty below 10-18, 2019 (6 pages). 

NIST is also working on an atomic clock that would fit into a component the size of a coffee bean, 

using a double frequency comb and rubidium gas (in Figure 698, right). The whole thing consumes 

only 275 mW. This project was co-funded by DARPA3017. However, for the moment, the precision 

obtained is not yet satisfactory for any industrialization. 

One of the projects of the European Quantum Flagship, iqClock (the Netherlands, €10M), also aims 

to create very high-precision, portable quantum clocks. The consortium brings together six universi-

ties and six private partners including Teledyne EV (USA), Toptica (Germany), NKT Photonics (Den-

mark), AckTar (Israel) and Chronos (UK). 

Optical clocks can be used for time synchronization between distant parties. 

In 2022, China physicists led by Jian-Wei Pan (USTC) transferred time and frequency information 

over a 113 km in free space. They were using an optical clock having three components: atom samples 

with energy transitions operating at a stable reference frequency in optical frequencies, a feedback 

system that “locks” the output of the local oscillator laser to this reference frequency and a very 

precise measurement of the frequency of the laser using optical frequency comb (OFC). The research-

ers demonstrated time-frequency dissemination between such a feedback system and an OFC sepa-

rated by 113 km using two ground optical telescopes3018. After 10,000 seconds, the clock’s frequency 

instability was less than 4×10–19, representing one second for 100 billion years. It opens the path for 

satellite-to-ground time-frequency dissemination. The China team now plans to extend this test to 

synchronize satellites at medium and geostationary orbits, and low-earth orbit satellites with ground 

stations. It could have various applications in metrology, navigation and positioning and in the search 

for dark matter, redefining fundamental constants and testing relativity. 

These synchronization systems could even benefit from entanglement, which can yield a quantum 

advantage in atomic clock synchronization over lossy satellite-to-satellite channels3019.  

Let’s now look at some vendors in high-precision quantum time measurement. 

 
In the private sector, Teledyne sells Minac (cesium atomic clock), T-CSAC 

(also cesium, integrated in a chip) and Synchronicity (ytterbium-based). 

 

3017 The project is documented in Architecture for the photonic integration of an optical atomic clock, 2019 (6 pages). 

3018 See Free-space dissemination of time and frequency with 10−19 instability over 113 km by Qi Shen, Jian-Wei Pan et al, Nature, 

October 2022 (42 pages). 

3019 See LEO Clock Synchronization with Entangled Light by Ronakraj Gosalia et al, NASA, Northrop Grumman and UNSW, May 

2023 (6 pages). 

https://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.123.033201
https://www.osapublishing.org/optica/abstract.cfm?uri=optica-6-5-680
https://www.nature.com/articles/s41586-022-05228-5
https://arxiv.org/abs/2305.19639
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UK aircraft carrier HMS Prince of Wales has been fitted with the world's first atomic clock of its kind 

to help ensure pinpoint accuracy wherever she goes provided by BP and Teledyne e2v. 

 

MicroSemi (1960, USA) sells its Quantum SA.45s, a miniaturized chip-scale 

atomic clock (CSAC). Among other use cases, it can be used in portable IED 

(improvised explosive devices) jammers. The company is a subsidiary of Mi-

croChip Technology (1989, USA). 

 

HyperLight Corp (2018, USA), based in Cambridge, near Boston, develops 

nanophotonic integrated circuits such as frequency combs or resonators that 

are used in quantum sensing. 

 

QuantX Lab (2016, Australia), formerly Cryoclock, develops sapphire-based 

cryogenic oscillators. The company was co-founded by John Hartnett. Appli-

cations include trapped ion quantum processors and atomic clocks.  

 

Safran acquired Orolia (2005, France) in July 2022 and Syrlinks (2011, 

France) in November 2022. Orolia creates atomic clocks with cesium, or based 

on rubidium oscillators. They mainly target the aerospace industry and provide 

the Galileo GNSS service. 

Syrlinks develops miniature atomic clocks based on MEMS and cesium for embedded applications. 

Their MMAC is 40 x 35 x 22 mm and consumes less than 0.3 W. With Thales, and with the help of 

CNRS (SYRTE lab) Syrlinks is developing Chronos, new quantum clocks for civil and military ap-

plications with error inferior to 1 second per tens of thousands of years. It will enable geolocalization 

when GNSS like GPS and Galileo are not available. 

 

TMD (1969, UK) sells microwave amplifiers. They also develop atomic 

clocks and instrumentation for the manipulation of cold atoms. 

 

VectorAtomic (2018, USA) markets rubidium atomic clocks for quantum in-

ertial navigation systems that can then avoid using GPS. 

 

Vescent Photonics (2002, USA) offers optical frequency comb generators for 

use in atomic clocks. They also master the laser-based technique used for con-

trolling cold. They are based in Colorado. 

In June 2022, Infleqtion was announcing it was working for the US Navy with LocatorX (USA) to 

create an atomic clock using the Solid-state Miniature Atomic Clock (SMAC) technology created by 

LocatorX under license of Oxford University3020 . The system is using fullerene molecules (C60) 

doped with nitrogen. It is not relying on cold atoms, the core technology mastered by ColdQuanta. It 

seems the two vendors are combining lightweight atomic clocks and more precise ones using cold 

atoms. 

In January 2023, GLOphotonics (France) got a CES Innovation award for its Photonic Microcell 

Atomic Clock (PMCAC), a stylus form-factor atomic clock. I’m not sure what is the consumer use 

case for such a product (Figure 699). 

 

3020 See ColdQuanta and LocatorX Partner to Build Next Generation of Atomic Clocks by ColdQuanta, June 2022. 

https://www.prnewswire.com/news-releases/coldquanta-and-locatorx-partner-to-build-next-generation-of-atomic-clocks-301572649.html
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Figure 699: GLOphotonics Photonic Microcell Atomic Clock (PMCAC) that fits into a relatively large stylus form factor package.  

Source: GLOphotonics. January 2023. 

Finally, let us mention again Muquans, which also uses its cold atoms expertise to sell an atomic 

clock, the MuClock, designed in partnership with the LP2N laboratory in Bordeaux and the LNE-

SYRTE. It is positioned as an alternative to cesium atomic clocks. The instrument weighs 135 kg and 

consumes 200W. 

Quantum magnetometers 

Quantum magnetometers are used to detect small variations or levels of magnetism with high spatial 

accuracy. There are many uses cases: navigation, mineral exploration, current detection, magnetocar-

diography, magnetoencephalography, orientation of drones and autonomous vehicles in tunnels where 

GPS does not work3021, sonar, detection of moving metal objects such as vehicles and cellular imag-

ing3022. 

Different techniques are available for high-precision magnetometry including Bose condensates and 

atomic spins in vapors 3023 3024 3025, SQUIDs (superconducting effect with a Josephson junction as in 

superconducting qubits3026 ), NV-centers solid-state systems, particularly using optically detected 

magnetic resonance (ODMR), with a sensitivity (or noise) usually ranging from 10-9 to 10-15 𝑇/√𝐻𝑧 

and decreasing as the signal frequency increases, and even SiC-vacancies (silicon vacancies in silicon 

carbide)3027 (Figure 700 left). 

Measuring magnetism with NV centers exploit the variation of the spin resonance spectrum in the 

diamond cavity, which depends on the ambient magnetic field (see Figure 700 right on spin resonance 

spectrum). The distance between the two fluorescent light pulses (Y) generated is measured as a 

function of the electromagnetic excitation frequency used (X)3028. 

 

3021 A UAV solution using GPS in a tunnel is proposed by the startup Hovering Solutions (Spain). 

3022 See Nitrogen-vacancy centers in diamond for nanoscale magnetic resonance imaging applications by Alberto Boretti et al, 2019 

(24 pages). 

3023 See the Rydberg atom technique described in Quantum sensing using circular Rydberg states by Rémi Richaud, LKB, November 

2018 (41 slides). 

3024 See the thesis Rubidium vapors in high magnetic fields by Stefano Scotto, November 2017 (168 pages). See also Brief Review of 

Quantum Magnetometers by Ivan Hrvoic and Greg M. Hollyer, GEM Systems, not dated (15 pages). 

3025 See Atomic magnetometers and their application in industry by Xuanyao Bai et al, Frontiers Physics, June 2023 (20 pages). 

3026 See this presentation of SQUID applications: SQUID Fundamentals and Applications by Robin Cantor, 2017 (48 slides). 

3027 See Fiber-integrated silicon carbide silicon vacancy-based magnetometer by Wei-Ke Quan et al, CAS and Sichuan University, 

August 2022 (13 pages) which describes a proposal of silicon carbide vacancy-based room temperature ODMR magnetometer using a 

fiber for results measurements. 

3028 After optical magnification, fluorescence can be analyzed by a CCD image sensor. 

https://www.beilstein-journals.org/bjnano/articles/10/207
http://gdriqfa.unice.fr/IMG/pdf/qmet_remi_richaud.pdf
https://hal.archives-ouvertes.fr/tel-01482289v2/document
http://www.gemsys.ca/pdf/MM3_GEM_Brief_Review_of_Quantum_Magnetometers.pdf
http://www.gemsys.ca/pdf/MM3_GEM_Brief_Review_of_Quantum_Magnetometers.pdf
https://www.frontiersin.org/articles/10.3389/fphy.2023.1212368/full
https://snf.ieeecsc.org/sites/ieeecsc.org/files/documents/snf/abstracts/hdrCantor_ISEC2017_pres.pdf
https://arxiv.org/abs/2208.13173
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The spins preparation is performed with a laser and its modification with 3 GHz microwave pulses. 

NV-center based magnetometers can use large unordered ensembles of NV centers3029 or individual 

NV centers3030. 

 

  

Figure 700: NV center magnetometry principle using spin resonance spectrum analysis. The two energy gaps enable the evaluation of the 
current magnetic field. Sources: A Scalable Quantum Magnetometer in 65nm CMOS with Vector-Field Detection Capability by Mohamed 

Ibrahim from MIT 2019 (51 slides) and NV Diamond Centers: from material to applications by Jean-François Roch, Collège de France, 2015 (52 
slides). 

The accuracy of magnetism measurement can reach a pico-Tesla, billions of times less than terrestrial 

magnetism3031. NV centers provide a lesser precision than cold atoms, but their use is more practical 

because the instrument is easier to miniaturize and most of them work at ambient temperature3032. 

Scanning probes magnetometers use a diamond nanocrystal containing a single cavity and a nitrogen 

atom, which ensures the accuracy of the measurement. The probe can be moved in space and used to 

analyze the magnetism of a material in 2D (Figure 701). 

  
Figure 701: NV centers used in ODMR for medical imaging of materials inspection. Sources: A Scalable Quantum Magnetometer in 

65nm CMOS with Vector-Field Detection Capability by Mohamed Ibrahim from MIT 2019 (51 slides) and Probing and imaging 
nanoscale magnetism with scanning magnetometers based on diamond quantum defects, 2016 (35 slides). 

 

3029 See for example Picotesla magnetometry of microwave fields with diamond sensors by Zhecheng Wang et al, June 2022 (7 pages). 

3030 See for example Scanning gradiometry with a single spin quantum magnetometer by W. S. Huxter et al, 2022 (9 pages). 

3031 The accuracy of magnetometry with NV centers is evaluated with the formula 1µT/√H𝑧. See Picotesla magnetometry of microwave 

fields with diamond sensors by Zhecheng Wang et al, August 2022 (7 pages) which describe a heterodyne measurement technique 

enabling picotesla precision. 

3032 See A Scalable Quantum Magnetometer in 65nm CMOS with Vector-Field Detection Capability by Mohamed Ibrahim from MIT 

2019 (51 slides) which describes a miniaturization process of a quantum magnetometer combining a 65 nm CMOS circuit manufactured 

by TSMC and a diamond NV-center based system. 

https://hangroup.mit.edu/wp-content/uploads/2019/03/ISSCC2019_29.2_Published.pdf
http://www.phys.ens.fr/~dalibard/CdF/2015/JF_Roch_20_mai_2015.pdf
https://hangroup.mit.edu/wp-content/uploads/2019/03/ISSCC2019_29.2_Published.pdf
https://hangroup.mit.edu/wp-content/uploads/2019/03/ISSCC2019_29.2_Published.pdf
http://komag.org/2016summer/dhlee.pdf
http://komag.org/2016summer/dhlee.pdf
https://arxiv.org/abs/2206.08533
https://www.nature.com/articles/s41467-022-31454-6.pdf
https://arxiv.org/abs/2206.08533
https://arxiv.org/abs/2206.08533
https://hangroup.mit.edu/wp-content/uploads/2019/03/ISSCC2019_29.2_Published.pdf
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The NV-centers technique appeared in 2009. It is notably developed in France by Thales3033. 

Laboratories in Bristol, the University of Ulm in Germany and Microsoft are working on the use of 

NV Centers techniques coupled with machine learning and Bayesian inference methods to correct the 

noise found at higher temperatures3034. 

Quantum magnetometry can also rely on mixed optomechanics-photonics systems, like in a 2022 

proposal from a China research team. It couples a thin SiN mechanical membrane to Terfenol-D 

rods3035 with a height that is sensitive to a static magnetic field. The membrane position modifies the 

phase of a laser-originated photon that is reflected in a cavity containing the membrane. The magnetic 

field is converted in the photon phase which is measured with homodyne detection using a local 

oscillator. The sensitivity of this sensor could be excellent, reaching 10-15 to 10-17 𝑇/√𝐻𝑧 3036 (Figure 

702). 

 
Figure 702: Source: Quantum Magnetometer with Dual-Coupling Optomechanics by Gui-Lei Zhu et al, May 2022 (7 pages). 

Different technical approaches are developed to improve NV magnetometry, like with using the nu-

clear spin of the NV center nitrogen atom to drive sensing with an optical control, which can enable 

compact sensing in magnetometry and gyroscopic applications3037, using ultrathin NV center layers 

less than 20 nm below the surface of an ultrapure diamond3038 and using graphitic electrodes without 

the need of any metallic deposition on the diamond surface, thereby simplify the sensor fabrication3039. 

 

3033 ASTERIQS (France, €9.7M) or "Advancing Science and Technology through diamond Quantum Sensing" is a European Quantum 

Flagship project launched in 2018 and led by Thales, which is expected to advance techniques for measuring magnetic, electric, tem-

perature and pressure fields. There are many applications, such as sensors for vehicle battery monitoring, high-resolution sensors for 

nuclear medical imaging (NMR, nuclear magnetic resonance) or for creating radio frequency spectrum analyzers. The Swiss startup 

Qnami is involved in the project and provides artificial diamonds. 

3034 See Magnetic-Field Learning Using a Single Electronic Spin in Diamond with One-Photon Readout at Room Temperature by 

Raffaele Santagati et al, 2018 (18 pages). 

3035 Terfenol-D is a magnetostrictive material made from an TbxDy1-xFe2 (x ≈ 0.3) alloy. Its name comes from terbium, iron (Fe), Naval 

Ordnance Laboratory (NOL, who developed the material in the 1970s), and D for dysprosium. The material is used to produce sonar 

systems. 

3036 See Quantum Magnetometer with Dual-Coupling Optomechanics by Gui-Lei Zhu et al, May 2022 (7 pages). 

3037 See All-Optical Nuclear Quantum Sensing using Nitrogen-Vacancy Centers in Diamond by Beat Bürgler et al, University of Basel, 

LSPM Université Sorbonne Paris Nord and Chimie ParisTech PSL, December 2022 (16 pages). 

3038 See Diamond-based optical vector magnetometer by Charlie Oncebay Segura and Sérgio Ricardo Muniz1, Universidade de Sao 

Paulo, September 2022 (13 pages). 

3039 See Efficient and all-carbon electrical readout of a NV based quantum sensor by Guillaume Villaret, Jean-François Roch, Thierry 

Debuisschert et al, December 2022 (11 pages). 

Quantum Magnetometer with Dual-Coupling Optomechanics by Gui-Lei Zhu et al, May 2022

SiN membrane 
mechanical resonator

Terfenol-D rods
with size sensitive 
to magnetic field

optical phase computed 
with a balanced 
homodyne detection 
scheme using a local 
oscillator (LO) pulse

magnetic signal is 
encoded in the phase 
of the reflected photon

https://arxiv.org/abs/2205.00433
https://arxiv.org/abs/1807.09753
https://arxiv.org/abs/2205.00433
https://arxiv.org/abs/2212.07093
https://arxiv.org/abs/2209.05514
https://arxiv.org/abs/2212.10349
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Quantum magnetometry has some fancy use cases. One is for astrophysics and the search for dark 

matter using atomic magnetometers3040, NV center magnetometers3041 and even transmon qubits3042. 

Another amazing use case for NV center magnetometry is the precise measurement of battery charge 

and discharge3043. 

Let’s now look at some vendors in the quantum magnetometry space. 

QDM.IO (2021, USA) is creating an NV center based microscope. It comes out of the Quantum 

Catalyzer from the University of Maryland. 

 

Qubic (2019, Canada) is a startup from the Institut Quantique from the Uni-

versity of Sherbrooke in Quebec that is working on microwaves-based quan-

tum sensing tools for sensing, imaging and communications. It is led by 

Jérôme Bourassa. 

 

Qutools (2005, Germany) offers its quNV 

quantum magnetometer kit, based on dia-

mond NV-centers as its name suggests. It 

fits in a 3U rack (Figure 703). They also sell 

an interferometer for interferometric dis-

placement measurement. 

 
Figure 703: a quantum magnetometer 

from qutools. 

Also in Germany, the University of Stuttgart is working with the Fraunhofer Institute to transfer NV-

centered magnetometry technology as part of the QMag3044 project. 

 

Supracon (2001, Germany) manufactures magnetometers based on SQUIDs 

(Superconducting Quantum Interference Devices). It is a spin-off of the Leib-

nitz Institute of Photonics in Jena. It sells its sensors to astrophysics research 

laboratories and for geophysics prospection. 

 

Great Lakes Crystal Technologies (2019, USA) is a supplier of diamonds for 

use in NV center applications, especially for quantum magnetometers. It is a 

spin-off from the University of Michigan and Fraunhofer USA. 

 
FieldLine Inc (2020, USA) develops NV centers quantum sensing systems, 

particularly for medical brain imaging and non-destructive materials testing. 

 

Q-Sensorix (2019, USA) develops NV centers magnetometer-based gyro-

scopes, launched by Alexey Akimov, Vladimir Shalaev and Yuri Lebedev. 

These are alumni of the University of Buffalo in New York State. 

 

SandboxAQ (2022, USA) tested in May 2023 its airborne quantum sensor-

based magnetic anomaly navigation system with the US Air Force aboard a C-

17 GlobeMaster III transport aircraft. 

 

3040 See Search for dark photons with synchronized quantum sensor network by Min Jiang et al, May 2023 (13 pages). It is using 15 

atomic magnetometers, which are synchronized with the Global Positioning System (GPS) and are situated on the edges of two meter-

scale shielded rooms, serving as a powerful tool to search for dark photons. 

3041 See Light Dark Matter Search with Nitrogen-Vacancy Centers in Diamonds by So Chigusa et al, February 2023 (6 pages). 

3042 See Detection of hidden photon dark matter using the direct excitation of transmon qubits by Shion Chen et al, University of Tokyo, 

December 2022 (7 pages). 

3043 See High-precision robust monitoring of charge/discharge current over a wide dynamic range for electric vehicle batteries using 

diamond quantum sensors by Yuji Hatano et al, Nature Scientific Reports, September 2022 (10 pages). 

3044 See Quantum Magnetometers for Industrial Applications, April 2019. 

https://arxiv.org/abs/2305.00890
https://arxiv.org/abs/2302.12756
https://arxiv.org/abs/2212.03884
https://www.nature.com/articles/s41598-022-18106-x
https://www.nature.com/articles/s41598-022-18106-x
https://www.iaf.fraunhofer.de/en/media-library/press-releases/qmag.html
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This Assured Positioning, Navigation, and Timing (APNT) solution is designed to complement clas-

sical GPS to provide uninterrupted navigation when GPS is unavailable or intentionally denied or 

spoofed by enemies. The system collects data from NV sensors and uses machine learning to filter 

out the ambient noise generated by the airplane. The benefits of the system are manyfold. The Earth’s 

magnetic field cannot be jammed. It can be detected in any weather condition, and it works passively. 

 

Twinleaf (2007, USA) develops precision magnetometers based on alkali 

metal lasers. The company is headed by Elisabeth Foley, a specialist in the 

field, and Thomas Kornack (CSO), both Princeton alumni. 

 

Cerca Magnetics (2018, UK) is a spin-out from the UK Sensors and Timing 

Quantum Technology Hub at the University of Nottingham. It develops a 

wearable brain scanner magnetoencephalography (MEG) system, avoiding the 

use of cryogeny like heavy MRI scanners. 

It uses optically pumped magnetometers measuring weak magnetic fields. These are made with a 

laser illuminating a small glass cell containing a pressured gas of rubidium or cesium. A diode detects 

the transmitted light that depends on the local magnetic field perpendicular to the laser beam3045. The 

technology is competing with SQUIDs based MEGs. 

 

CIQTEK (2016, China, $15M) manufactures quantum sensors targeting quan-

tum computation, healthcare, food safety, chemistry and material science mar-

kets. These sensors are NV center magnetometers. 

The company based in Hefei is also named Guoyi Quantum. It was created with the support of 

Jiangfeng Du (1969) and is led by Yu He, a student of his at the USTC. 

At last, the Ivar Giæver Geomagnetic Laboratory (IGGL) in Norway also uses SQUIDs to detect 

underground magnetism for paleomagnetic applications, to measure the magnetic remanence of an-

cient rocks. Using SQUIDs, their magnetometer must be cooled to 4K with a pulsed tube3046. 

 

GEM Systems (1980, Canada) is selling quantum magnetometers using opti-

cally pumped potassium (K-Mag). 

 

ODMR Technologies (2015, USA) is a stealth spin-off from Berkeley which 

designs a magnetic resonance spectroscopic analysis system based on NV cen-

ters.  

 

Elta Systems (1967, Israel) is a subsidiary from the IAI consortium. The com-

pany develops various electromagnetic sensors and radars for defense and in-

telligence. 

They develop quantum magnetic sensors in collaboration with Israeli research groups and industry 

partners. These sensors can help detect IEDs (improvised explosive devices, unexploded ordinance, 

geophysical structures, vehicles and ships). They also work on quantum optical magnetometry and 

sub-pico-Tesla atomic magnetometers which can be used in medical imaging (MEG). 

 

kwan-tek (2020, France), formerly Wainvam-E, is providing a set of NV cen-

ters magnetometry solutions for materials nondestructive inspection (corrosion 

and cracks detection), and for objects detection and  navigation in the industry 

and defense markets. 

 

3045 See Optically pumped magnetometers: From quantum origins to multi-channel magnetoencephalography by Tim M. Tierney et al, 

2019 (12 pages). 

3046 See Instruments for Paleomagnetic Measurements WSGI (2G) Model 755 Superconducting Rock Magnetometer (SRM). 

https://www.researchgate.net/publication/333392376_Optically_pumped_magnetometers_From_quantum_origins_to_multi-channel_magnetoencephalography
http://www.iggl.no/instruments.html#pmag
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Quantum thermometers 

NV centers have another use: temperature measurement with an accuracy of a few mK and with a 

very high spatial resolution, all with highly miniaturized sensors. It is currently the most powerful 

temperature measurement technology for these different dimensions3047 3048. It allows, for example, 

to determine the temperature within living cells and organisms with a sub-mm precision 3049 3050 (Fig-

ure 704). 

 
Figure 704: Source: Nanometre-scale thermometry in a living cell, 2013 (6 pages). 

Quantum thermometry also has applications in very low temperatures measurement, such as within 

cryostats and physics experiments. Quantum thermometers sensitivity is assessed in 𝐾/√𝐻𝑧 meaning 

it increases with the number and frequency of measurements. 

How are these NV center quantum thermometers working? Several methods are used like spin-based 

thermometry with ODMR (optically detected magnetic resonance) spectrum measurement using mi-

crowave excitement. The diamond containing NV centers can be attached to a fiber3051. There are 

even hybrid thermometers associating NV centers and more classical magnetic nanoparticle ther-

mometers3052. 

 

3047 See High sensitivity silicon carbide divacancy-based thermometer by Qin-Yue Luo et al, China, January 2023 (13 pages). 

3048 See Temperature sensing using nitrogen-vacancy centers with multiple-poly crystal directions based on Zeeman splitting by Li 

Xing et al, National Institute of Metrology, Beijing, December 2022 (13 pages). 

3049 See Nanometre-scale thermometry in a living cell, 2013 (6 pages) and Real-time nanodiamond thermometry probing in vivo ther-

mogenic responses by Masazumi Fujiwara et al, September 2020 (10 pages). 

3050 See Simultaneous nanorheometry and nanothermometry using intracellular diamond quantum sensors by Qiushi Gu et al, Univer-

sity of Cambridge, June 2023 (28 pages). 

3051 See Temperature dependence of nitrogen-vacancy center ensembles in diamond based on an optical fiber by Ke-Chen Ouyang et 

al, November 2021 (17 pages). 

3052 See Ultra-sensitive hybrid diamond nanothermometer by Chu-Feng Liu and al, 2019-2021 (9 pages 

https://static1.squarespace.com/static/5994747fd2b8575a7b742b2a/t/59ca74b0d2b857a8506a636d/1506440369578/Thermometry.pdf
https://arxiv.org/abs/2301.06250
https://arxiv.org/abs/2212.10085
https://static1.squarespace.com/static/5994747fd2b8575a7b742b2a/t/59ca74b0d2b857a8506a636d/1506440369578/Thermometry.pdf
https://advances.sciencemag.org/content/6/37/eaba9636
https://advances.sciencemag.org/content/6/37/eaba9636
https://arxiv.org/abs/2306.17306
https://arxiv.org/abs/2111.07585
https://arxiv.org/abs/1912.12097
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It uses the fact that the zero-field splitting frequencies are line-

arly dependent on the ambient temperature. All-optical methods 

use the correlation between the NV center ZPL (zero-phonon 

lines) and temperature3053. 

There are solutions for temperature measurement in biological 

matter by fluorescence that are based on quantum dots3054. 

In 2017, NIST produced a quantum photonics thermometer of 

very small size for optically measuring the surface temperature 

of metals. However, the picture does not show the control elec-

tronics associated with the sensor3055 (Figure 705). 

 
Figure 705: quantum photonic thermometer 

from NIST. 

 

Southwest Sciences (1985, USA) develops optical temperature sensors based 

on NV centers for use in cryogenic systems. The company was founded by 

Alan C. Stanton and Joel A. Silver. 

Quantum frequencies sensing 

Radio frequency analysis is an old matter, but it is also progressing thanks to quantum technologies 

often associating optronics with cold atoms. Wideband frequency quantum sensing can be imple-

mented with neutral atoms and NV centers. 

 

Figure 706: how neutral atoms are used to measure electromagnetic waves frequencies spectrum in a highly sensitive solution 
developed in China, using a hot vapor cell of cesium atoms excited by lasers in their Rydberg states. The grey electrodes are 

connected to an RF antenna. Source: Highly sensitive measurement of a MHz RF electric field with a Rydberg atom sensor by Bang 
Liu et al, June 2022 (7 pages). 

Neutral atom-based sensors paired with optical readout using coherent spectroscopy can analyze 

electromagnetic waves frequencies from direct current (0 Hz) to the THz range. This is due to their 

so-called high-energy Rydberg states which can help measure high-frequency electro-magnetic waves 

 

3053 See the review paper Diamond quantum thermometry from foundations to applications by Masazumi Fujiwara and Yutaka Shikano, 

April-September 2021 (24 pages). 

3054 See Intracellular thermometry with fluorescent sensors for thermal biology by Kohki Okabe et al, 2018 (15 pages). 

3055 See Thermodynamic miniaturized sensors and standards and the quantum SI by Gregory F. Strouse, 2016 (39 slides). 

https://arxiv.org/abs/2206.06576
https://iopscience.iop.org/article/10.1088/1361-6528/ac1fb1
https://www.researchgate.net/publication/322925547_Intracellular_thermometry_with_fluorescent_sensors_for_thermal_biology
https://netl.doe.gov/sites/default/files/event-proceedings/2016/utsr/Tuesday/Strouse.pdf
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thanks to their strong dipole. It can help reduce the size of various antennas, improve radio frequency 

filtering and extend the range between mobile communications cellular towers. This sort of broad-

band spectrum analysis can have multiple use cases, particularly in the military and intelligence sec-

tors. These systems don’t necessarily showcase high-precision and can be used as “heads-up” spec-

trum analysis tools before more specialized tools are used for specific parts of the electromagnetic 

spectrum. But some progress is made to improve these neutral atom-based electromagnetic spectrog-

raphy system, noticeably in the MHz bands3056 (Figure 706) and for creating isotropic (covering all 

directions) antennas3057. 

A quantum sensor based on alkaline Rydberg atoms can ana-

lyze the radio spectrum from 1 kHz to 100 GHz 3058. Other 

quantum sensors can analyze radio waves in the 1 THz band, 

that is intermediate between infrared and microwaves bands, 

with potential applications in the measurement of thickness of 

thin layers of heterogeneous materials3059 (Figure 707). 

NV centers sensors can also help run RF signals spectral anal-

ysis, from 0 to 40 GHz with the advantage of being more light-

weight than most neutral atoms sensors. NV centers sensors 

can even be arranged in sensor arrays enabling both a wide-

band spectrum coverage and a high-precision analysis of a tar-

get band3060. 

Some pure optics techniques can be used to implement fre-

quency sensing in the THz range3061. 

 
Figure 707: RF spectrum analyzer with rare-

earth doped crystals. Source TBD. 

And surprisingly, it can also work, in a different fashion, to create quantum optical microphones with 

the benefit to improve the quality of AI-based speech recognition3062. 

 
Rydberg Technologies (2015, USA) provides cesium or rubidium specimens 

for cold atom-based radio frequency sensing solutions. 

They sell Rydberg lasers, a Rydberg atoms-based radio-frequency probe, a RFMS (Rydberg Field 

Measurement System) covering the 1MHz-100 GHz frequency range, and Rydberg vapor cells 3063. 

Their technology is also integrated in AM and FM radio-frequency receivers as well as in radars. It 

enables long range radio communication. Their roadmap shows how far they are going with minia-

turizing their device and reducing its power consumption (Figure 708). 

 

3056 See Highly sensitive measurement of a MHz RF electric field with a Rydberg atom sensor by Bang Liu et al, June 2022 (7 pages) 

and Quantum sensing of weak radio-frequency signals by pulsed Mollow absorption spectroscopy by T. Joas et al, 2017 (6 pages). 

3057 See An isotropic antenna based on Rydberg atoms by Shaoxin Yuan et al, Shanxi University, China, September 2023 (13 pages). 

3058 See Highly sensitive measurement of a MHz RF electric field with a Rydberg atom sensor by Bang Liu et al, June 2022 (7 pages) 

and Quantum sensing of weak radio-frequency signals by pulsed Mollow absorption spectroscopy by T. Joas et al, 2017 (6 pages). See 

also Assessment of Rydberg atoms for wideband electric field sensing by David H Meyer et al, January 2020 (16 pages). See also 

another less impressive performance from the same lab and published later: Waveguide-Coupled Rydberg Spectrum Analyzer from 0 

to 20 GHz by David H. Meyer, 2021 (10 pages). 

3059 See Researchers demonstrate first terahertz quantum sensing, March 2020, which refers to Terahertz quantum sensing by Mirco 

Kutas et al, 2020 (9 pages). 

3060 See Sensing of Arbitrary-Frequency Fields Using a Quantum Mixer by Guoqing Wang et al, MIT, PRX, June 2022 (22 pages). 

3061 See Terahertz quantum sensing by Mirco Kutas et al, March 2020 (8 pages). 

3062 See A Quantum Optical Microphone in the Audio Band by Raphael Nold, Jörg Wrachtrup et al, April 2022 (7 pages). 

3063 See A vapor-cell atomic sensor for radio-frequency field detection using a polarization-selective field enhancement resonator by D. 

A. Anderson et al, 2018 (11 pages). 

https://arxiv.org/abs/2206.06576
https://www.nature.com/articles/s41467-017-01158-3
https://arxiv.org/abs/2309.09023
https://arxiv.org/abs/2206.06576
https://www.nature.com/articles/s41467-017-01158-3
https://arxiv.org/abs/1910.00646
https://arxiv.org/abs/2009.14383
https://arxiv.org/abs/2009.14383
https://phys.org/news/2020-03-terahertz-quantum.html
https://advances.sciencemag.org/content/6/11/eaaz8065/tab-pdf
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.12.021061
https://www.science.org/doi/10.1126/sciadv.aaz8065
https://arxiv.org/abs/2204.12429
https://aip.scitation.org/doi/abs/10.1063/1.5038550
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Figure 708: Rydberg Technologies miniaturization roadmap as presented at the Optica Conference in Rueil Malmaison in November 

2022. Source: Rydberg Technologies. Added in 2023. 

Thales is developing a real-time radiofrequency spectral analyzer aka a Quantum Diamond Signal 

Analyzer (Q-DiSA) with a bandwidth of 10 MHz to 25 GHz and a frequency resolution of 1 MHz, 

based on NV centers3064. The frequency adjustment is done with controlling the distance of the NV 

center with a small 1.3 cm magnetic sphere. The system is using a 532 nm laser and a CMOS sensor. 

At last, we should mention quantum antennas where some non-classical phenomenon can occur like 

the creation of squeezed states3065. It is an emerging field that can address particular needs, like field 

shaping, quantum radars, quantum imaging and creating antennas for THz electromagnetic fields us-

ing quantum dots3066. Since 2022, BAE Systems (UK) is developing quantum antennas on behalf of 

DARPA. 

Quantum imaging 

Quantum sensing is enlarging the scope of what is possible to do in imaging, at both the microscale 

and nanoscale levels, noticeably for biology and non-destructive material inspection. These new tools 

are based on various techniques that we’ll cover here: SQUIDs, aka superconducting qubits3067, NV-

centers based magnetometry to implement NMR spectroscopy which tend to dominate the market 

nowadays thanks to their space resolution and readout precision, and OPMs, aka optical-pumped 

magnetometers which are mainly used for neuron imaging (MEG, magnetoencephalography). We’ll 

also have a look at some mysterious "ghost imaging" systems that take pictures of objects with a 

single pixel sensor and other special quantum sensors. 

SQUIDs are classically used in MRI systems which require helium-4 based cryogeny. They are also 

implemented in various specific use cases like in sub-mm astronomy and infrared (IR) imaging. One 

such imager with 10,000 pixels is embedded in the NIRSpec near-infrared telescope in the JWST 

(James-Webb Space Telescope) that is operating since July 20223068. 

 

3064 See A quantum radio frequency signal analyzer based on nitrogen vacancy centers in diamond by Simone Magaletti, Ludovic 

Mayer, Jean-François Roch and Thierry Debuisschert, Nature Communications, February-July 2022 (8 pages). 

3065 See the review paper Quantum Antennas by Gregory Ya. Slepyan, Svetlana Vlasenko and Dmitri Mogilevtsev, June 2022 (70 pages). 

3066 See Generating tunable terahertz radiation with a novel quantum dot photoconductive antenna by Andrei Gorodetsky, Ksenia A. 

Fedorova, Natalia Bazieva and Edik U. Rafailov, Aston University Birmingham, 2016. 

3067 See Magnetometry of neurons using a superconducting qubit by Hiraku Toida et al, NTT Research Labs, June 2022 (6 pages). 

3068 Seen in Micromachined Quantum Circuits by Teresa Brecht, 2017 (271 pages). 

https://www.nature.com/articles/s44172-022-00017-4
https://arxiv.org/abs/2206.14065
https://spie.org/news/6751-generating-tunable-terahertz-radiation-with-a-novel-quantum-dot-photoconductive-antenna
https://arxiv.org/abs/2206.15164
https://rsl.yale.edu/sites/default/files/files/RSL_Theses/Brecht_Thesis_Final_ScreenVersion.pdf
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NV-centers imagers can be used to analyze organic molecules with excellent spatial resolution. It 

makes use of electron spin resonance spectroscopy (ESR) at cryogenic temperature which allows us 

to examine atoms and molecules at the level of their electron spin. This enables NMR (nuclear mag-

netic resonance) detection3069. The technique is usually integrated in scanning tunneling microscopes 

as well as in atomic force microscopes (AFM). The electron spin of the examined materials is excited 

by a magnetic field and microwaves. 

NV-center imaging has many other variations like QDMTM (quantum-enhanced diamond molecular 

tension microscopy) which could quantify the integrin-based cell adhesive forces3070. The NV-center 

technique also allows the examination of a hard disk and semiconductors defects with a probe 

equipped with a single NV-center as shown in Figure 709 and Figure 711. It is also used for the 

characterization (quality control) of integrated circuits working with millimeter frequencies such as 

in 5G3071. Others are working on NV centers-based microscopy of living cells3072. 

There is even an application to qualify malaria patients by analyzing hemozoin nanocrystals appear-

ing in red blood cells affected by the disease parasite3073. These techniques are used with confocal 

microscopy. This generates images with a very shallow depth of field of about 400 nm, creating op-

tical sections of the sample to analyze. By modifying the position of the depth focal plane, a series of 

images are created which are then assembled to generate a 3D view of the analyzed sample. The light 

source is reflected or obtained by fluorescence in reaction to a laser beam. The result is a Confocal 

Laser Scanning Microscope (CLSM). NV-centers can also improve the accuracy of adaptive optics, 

which are used in astronomy3074. NV center based microscopy can also analyze the time evolution of 

magnetic fields3075. 

Imaging can also exploit an array of small NV centers that provide much better resolution than imag-

ing systems based on SQUIDs magnetometers. The example in Figure 713 shows its architecture3076. 

The second was made to study bacteria that contain magnetic microelements. In other cases, magnetic 

markers can be used to attach themselves to the cells to be detected, typically in oncology. NV centers 

could also be used in heart monitoring using magnetocardiography. It was tested on rats in Japan, as 

shown in Figure 7103077. 

 

3069 See Advances in nano- and microscale NMR spectroscopy using diamond quantum sensors by Robin D. Allert et al, May 2022 (42 

pages). 

3070 See Quantum-Enhanced Diamond Molecular Tension Microscopy for Quantifying Cellular Forces by Feng Xu, Jörg Wrachtrup, 

Qiang Wei, Zhiqin Chu et al, June 2023 (51 pages). 

3071 See Microwave Device Characterization Using a Widefield Diamond Microscope, 2018 (10 pages) which involves in particular 

the LSPM of Paris. 

3072 See A fluorescent nanodiamond foundation for quantum sensing in cells, 2018 (147 pages) which discusses microscopy of living 

cells. 

3073 See Diamond magnetic microscopy of malarial hemozoin nanocrystals by Ilja Fescenko et al, September 2018 (17 pages), 

3074 See Nanodiamonds enable adaptive-optics enhanced, super-resolution, two-photon excitation microscopy, 2019 (7 pages). 

3075 See Quantum Diamond Microscope for Dynamic Imaging of Magnetic Fields by Jiashen Tang, Ronald L. Walsworth et al, Univer-

sity of Maryland and MIT, September 2023 (18 pages). 

3076 See Enhanced widefield quantum sensing with nitrogen-vacancy ensembles using diamond nanopillar arrays by D. J. McCloskey, 

2019 (7 pages). The NV centers matrices are 100 μm wide. The illustration comes from other work published in 2013, cited in the 

conference Magnetic imaging using NV-diamond: techniques & applications by Ronald Walsworth, 2015 (51 min). Notably Optical 

magnetic imaging of living cells, Le Sage et al, Nature, 2013 (11 pages). See also Principles and Techniques of the Quantum Diamond 

Microscope by Edlyn V. Levine et al, 2019 (47 pages) and Atomic Scale Magnetic Sensing and Imaging Based on Diamond NV Centers 

by Myeongwon Lee et al, 2019 (17 pages). 

3077 See Millimetre-scale magnetocardiography of living rats with thoracotomy by Keigo Arai et al, Nature Communications Physics, 

August 2022 (10 pages). 

https://chemrxiv.org/engage/chemrxiv/article-details/6290a441f89e5df2a0e7cc4a
https://arxiv.org/abs/2306.15940
https://arxiv.org/abs/1802.07402
https://www.rug.nl/research/portal/files/64971848/Complete_thesis.pdf
https://pdfs.semanticscholar.org/a6b9/8c5b1022797a19056fda93323957138cb1c4.pdf
https://www.biorxiv.org/content/biorxiv/early/2019/03/22/586743.full.pdf
https://arxiv.org/abs/2309.06587
https://arxiv.org/pdf/1902.02464.pdf
https://www.youtube.com/watch?v=cxg9cESPlqo
https://dash.harvard.edu/bitstream/handle/1/11878859/3641584.pdf?sequence=1&isAllowed=y
https://dash.harvard.edu/bitstream/handle/1/11878859/3641584.pdf?sequence=1&isAllowed=y
https://arxiv.org/abs/1910.00061
https://arxiv.org/abs/1910.00061
https://cdn.intechopen.com/pdfs/65509.pdf
https://www.nature.com/articles/s42005-022-00978-0
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Figure 709: a typical NV center in a diamond tip for various 
imaging applications. Source: Nitrogen-Vacancy Centers in 

Diamond: Nanoscale Sensors for Physics and Biology by Romana 
Schirhagl, Kevin Chang, Michael Loretz and Christian L. Degen, ETH 

Zurich, 2014 (27 pages). 

 
Figure 710: NV center based magnetocardiography experiment on 
rats. Source: Millimetre-scale magnetocardiography of living rats 

with thoracotomy by Keigo Arai et al, Nature Communications 
Physics, August 2022 (10 pages). 

The European Quantum Flagship includes MetaboliQs (Germany, €6.7M), a diamond-based nuclear 

magnetic resonance cardiac medical imaging project. It also detects atrial fibrillation, a common car-

diac pathology, with a rubidium-based atomic magnetometer3078. Another Flagship project, PhoG 

(United Kingdom, €2.6M) or Sub-Poissonian Photon Gun by Coherent Diffusive Photonics, is about 

creating stable light sources for various applications, particularly in quantum sensing. It involves 

researchers from Belarus, Germany and Switzerland. 

Other vacancies like color centers in hexagonal boron nitride (hBN) in 2D layered structure have a 

similar broad spectrum of applications to measure static magnetic fields, magnetic noise, temperature, 

strain, nuclear spins, paramagnetic spins in liquids and RF signals3079. 

Optically pumped magnetometers (OPMs) are scalar-type quantum sensors enabling the measure-

ment of very weak magnetic fields and based on the Zeeman effect3080. These sensors have emerged 

in the 1970s and expanded since the 2000s thanks to a better sensitivity, on par with SQUIDs. 

One of their main use cases is MEG (magnetoencephalography) to examine brain activity3081 but it 

can also be used for materials inspections3082. OPMs are competing with MRI and NMR imaging 

systems. They are more lightweight, can be wearable, and don’t require any cryogeny like with MRIs 

that are based on SQUIDs. 

OPMs can for example help track some neurodegenerative diseases like dementia, Alzheimer’s and 

Parkinson’s with tracking patients’ brain waves and how their change over time3083. OPMs principle 

of operation is rather simple. A small laser beam which can be a vertical-cavity surface emitting lasers 

(VCSEL) illuminates a heated alkali atoms vapor (rubidium, cesium or potassium) trapped in a mil-

limeter-scale glass cell whose size determines the sensor spatial resolution. 

 

3078 See New quantum technology could help diagnose and treat heart condition, March 2020. 

3079 See the review paper Quantum sensing and imaging with spin defects in hexagonal boron nitride by Sumukh Vaidya et al, Purdue 

University, February 2023 (21 pages). 

3080 See the review paper Optical magnetometry by Dimitry Budker and Michael Romalis, Berkeley, Nature Physics, 2007 (8 pages). 

3081 See Optically pumped magnetometers: From quantum origins to multi-channel magnetoencephalography by Tim M. Tierney et al, 

2019 (11 pages). 

3082 See Optically Pumped Magnetometer Measuring Fatigue-Induced Damage in Steel by Peter A. Koss et al, 2022 (11 pages). 

3083 See Improved spatio-temporal measurements of visually evoked fields using optically-pumped magnetometers by Aikaterini Gial-

opsou et al, Nature Scientific Reports, November 2021 (11 pages). 

https://ethz.ch/content/dam/ethz/special-interest/phys/solid-state-physics/spin-dam/documents/publications/Publications%202014/2014_schirhagl_annurev-physchem.pdf
https://ethz.ch/content/dam/ethz/special-interest/phys/solid-state-physics/spin-dam/documents/publications/Publications%202014/2014_schirhagl_annurev-physchem.pdf
https://www.nature.com/articles/s42005-022-00978-0
https://www.nature.com/articles/s42005-022-00978-0
https://www.st-andrews.ac.uk/~phog/
https://phys.org/news/2020-03-quantum-technology-heart-condition.html
https://arxiv.org/abs/2302.11169
https://physics.princeton.edu/romalis/papers/Budker%20and%20Romalis%20-%20Optical%20Magnetometry.pdf
https://www.sciencedirect.com/science/article/pii/S1053811919304550
https://www.mdpi.com/2076-3417/12/3/1329/pdf
https://www.nature.com/articles/s41598-021-01854-7


Understanding Quantum Technologies 2023 - Quantum sensing / Quantum imaging - 826 

 
Figure 711: Source: Nitrogen-Vacancy Centers in Diamond: Nanoscale Sensors for Physics and Biology by Romana Schirhagl, Kevin 

Chang, Michael Loretz and Christian L. Degen, ETH Zurich, 2014 (27 pages). 

The atoms nuclear and electron spin 

are influenced by the ambient mag-

netic field, which changes the vapor 

optical properties that will absorb 

more or less light depending on the 

probed magnetic field. Light is then 

measured by a photodetector after 

traversing a polarizing beam split-

ter3084 (Figure 712). 

 
Figure 712: Source: Four-channel optically pumped atomic magnetometer for 

magnetoencephalography by Anthony P. Colombo et al, 2016 (15 pages). 

Other quantum optical imaging techniques using laser interferometry make it possible to examine 

molecules at the atomic level in their environment and not in a vacuum and cryogenic cold3085. 

The China laboratory of Jian-Wei Pan has developed a camera that analyzes the reflection of a single 

photon per pixel on the object to be observed. This is associated with algorithms filtering out the 

noise. Imaging is done in the infrared at 1,550 nm and with polarized photons. This could be inte-

grated in observation satellites3086. 

Superconducting nanowire single-photon detectors (SNSPDs) can also be assembled in arrays to cre-

ate infrared multi-pixel imagers3087. 

 

3084 See Four-channel optically pumped atomic magnetometer for magnetoencephalography by Anthony P. Colombo et al, 2016 (15 

pages). 

3085 See An Entanglement-Enhanced Microscope by Takafumi Ono, Ryo Okamoto, Shigeki Takeuchi, 2014 (8 pages). 

3086 See A new camera can photograph you from 45 kilometers away, May 2019 which refers to Single-photon computational 3D 

imaging at 45 km by Zheng-Ping Li et al, April 2019 (22 pages). And the presentation Single Photon LiDAR by Feihu Xu, June 2019 

(25 slides). 

3087 See A 64-pixel mid-infrared single-photon imager based on superconducting nanowire detectors by Benedikt Hampel et al, Sep-

tember 2023 (8 pages). 

https://ethz.ch/content/dam/ethz/special-interest/phys/solid-state-physics/spin-dam/documents/publications/Publications%202014/2014_schirhagl_annurev-physchem.pdf
https://www.osti.gov/pages/servlets/purl/1325716
https://www.osti.gov/pages/servlets/purl/1325716
https://www.osti.gov/pages/servlets/purl/1325716
https://arxiv.org/pdf/1401.8075.pdf
https://www.technologyreview.com/2019/05/03/135498/a-new-camera-can-photograph-you-from-45-kilometers-away/
https://arxiv.org/pdf/1904.10341.pdf
https://arxiv.org/pdf/1904.10341.pdf
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Feihu_Xu_Presentation.pdf
https://arxiv.org/abs/2309.16890
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There is also a broad field of imaging that can be implemented with free electrons illumination and 

nanophotonics, but it is at best in type I quantum sensors3088. 

 
Figure 713: a widefield array of NV centers to improve their sensitivity, developed in Australia. Source: Enhanced widefield 
quantum sensing with nitrogen-vacancy ensembles using diamond nanopillar arrays by D. J. McCloskey, 2019 (7 pages). 

 

QLM Technology (UK, $14.64M) developed a “Quantum Gas Imaging Li-

dar”, a quantum magnetometer solution that detects methane leaks in pipelines 

up to 100 meters away. The measuring system weighing a few kg can be em-

barked in a large drone flying at 50 km/h. They use a laser that illuminates a 

gaseous medium of variable opacity and a photodetector. 

IDQ is involved in the creation of the solution at the LiDAR 

level. Their solution will be embedded in “Schlumberger 

End-to-end Emissions Solutions” (SEES), a product line that 

detects and eliminates oil and gas industry’s polluting me-

thane and flaring emissions. Their “Quantum Gas Imaging 

Lidar” will be embedded in “Schlumberger End-to-end Emis-

sions Solutions” (SEES), a product line that detects and elim-

inates oil and gas industry’s polluting methane and flaring 

emissions (Figure 714). 

 
Figure 714: an airborne LIDAR to detect gas leaks. 

 

Chipiron (2020, France) develops a portable and helium-free 2D and 3D MRI 

system using stacked SQUIDs quantum detectors (superconducting / Joseph-

son effect based). The startup created by Dimitri Labat and Evan Kervella is 

first targeting osteoporosis and brain diagnosis. The product is to be sold by 

20243089. 

 

QDTI (2012, USA) is the only known startup initially engaged in the devel-

opment of a quantum computer based on NV Centers. Created by a team from 

Harvard University, it is logically based in Boston. 

 

3088  See the review paper Free-electron-light interactions in nanophotonics by Charles Roques-Carmes, August 2022 (34 pages). 

Astrahl (2022, USA) is a startup created out of the MIT which creates nanophotonics imaging systems based on free electrons scintil-

lation. See A framework for scintillation in nanophotonics by Charles Roques-Carmes et al, Science, February 2022 (14 pages). 

3089 See Chipiron Ultra-low field MRI with SQUID detection by Dimitri Labat, February 2022 (13 pages). 

https://arxiv.org/pdf/1902.02464.pdf
https://arxiv.org/pdf/1902.02464.pdf
https://arxiv.org/abs/2208.02368
https://arxiv.org/abs/2110.11492
https://static1.squarespace.com/static/613641714f878116b516160b/t/621ceee5a9ab882e8db11e7a/1646063336355/chipiron-white-paper.pdf
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SeeDevices (2017, USA) develops a 

quantum imaging system, the PAT-PD 

(Photon Assisted Tunneling Photo 

Detector), which exceeds the perfor-

mance of traditional CMOS imagers. 

 
Figure 715: SeeDevice covered wavelengths. 

This imager contains photosites using the tunneling effect 

that can detect single photons in a wide range of wavelengths 

from near infrared (1,800 nm) to ultraviolet (up to UVA1, at 

350 nm). This can be used for seeing in the dark and for med-

ical imaging, like for detecting blood vessels in the infrared 

range (Figure 715). 

The startup is now focused mainly on medical imaging systems also using these NV centers, with the 

creation of precision magnetometers combined with MRI and immunological tests. 

 
Nvision Imaging (2015, Germany) is developing an NV centers-based MRI 

medical imaging solution. 

 

SBQuantum (2019, Canada) also known as SBTech and Shine Bright Tech-

nologies develops NV centers-based quantum magnetometers. They target the 

automotive market but are also working on integrating their technology into 

Cubesat-type satellites. It is also a startup coming from Institut Quantique 

(University of Sherbrooke). 

They have developed a tri-axial version of their system that measures magnetism in the three X, Y 

and Z axis. Research on this product was funded by the NIH (National Health Institute). The product 

is mainly targeting magnetoencephalography (MEG) brain imaging. 

 

Mag4Health (2021, France) is a spin-off from CEA-Leti who develops a he-

lium optically pumped magnetometer-based magnetoencephalography (MEG) 

system, working at room temperature3090. 

It is using quantum sensors that were developed at CEA-Leti. These record the brain’s electromag-

netic activity in real time, helping neuronal diseases diagnosis. Mag4Health MEGs are much lighter 

(about 150 kg) than classical systems using large superconducting magnets (5 tons). 

 

EuQlid (2023, USA) is a startup coming out of the Quantum Catalyzer (Q-

Cat) in Maryland. They are combining large field-of-view a quantum diamond 

microscope (QDM) and some neural network image analysis to enable nonin-

vasive imaging of integrated circuits. 

 
Qurv (Spain) is a spin-off of ICFO that offers wide-spectrum quantum dots 

based image sensors covering the visible and short-wave infrared range. 

 
QuSpin (2012, USA) is proposing an optical magnetometer (OPM) for neuro-

imagery. 

 

Quantum Diamonds (Germany, 7M€) is a spin-off from TUM (Technical 

University of Munich) that produces NV center based non-destructive inspec-

tion tools. 

 

Qnami (2017, Switzerland, $7.3M) is a spin-off from the Quantum Metrology 

Research Laboratory at the University of Basel. 

 

3090 See Performance Analysis of Optically Pumped 4He Magnetometers vs. Conventional SQUIDs: From Adult to Infant Head Models 

by Saeed Zahran et al, Mag4Health, Inserm and CEA, April 2022 (18 pages). 

https://www.mdpi.com/1424-8220/22/8/3093


Understanding Quantum Technologies 2023 - Quantum sensing / Quantum imaging - 829 

Among other things, they produce artificial diamonds for 

various photonics applications. They targeted first the 

quantum sensing market with their Quantilever MX nano-

diamonds probes (Figure 716). They then launched in 

2019 the ProteusQ range of NV center confocal micro-

scopes, used to analyze ferromagnetic materials, based on 

the Quantilever probe. Quantonation and Runa capital are 

among their investors. And one of the co-founders and the 

CEO, Mathieu Munsch, came from Grenoble Phelma and 

worked at the CEA in Grenoble and did his PhD at CNRS 

Institut Néel. 

 

Figure 716: Qnami NV center based imaging system. 

 

Siloton (2020, UK, £470K) is developing optical coherence tomography 

(OCT) solutions for the assessment of age-related macular degeneration. 

The company is the first investment from the Quantum Exponential Group launched by Steven 

Metcalfe. Their chip devices are designed by VLC Photonics in Spain and manufactured by Ligentec 

in Switzerland.  OCT uses low-coherence light to capture micrometer-resolution, 2- and 3-dimen-

sional images from within optical scattering media like the retina. It is also used in nondestructive 

testing (NDT) in the industry. It makes use of low-coherence interferometry with near-infrared light 

that easily penetrates the inspected medium. It probably belongs to Type I quantum sensing. 

 
Quantum Computing Inc (USA, aka QCi) announced in July 2023 its Quan-

tum Photonic Vibrometer (QCi QPV-1.0), a photonic based remote vibration 

detection, sensing, and inspection instrument. 

It can detect highly obscured and non-line-of-sight objects 

like landmines, implement non-destructive material control 

and also detect voices in noisy environments. It measures 

surface vibrations with counting the number of individual 

photons that are reflected as the surface slightly moves or 

tilts.  

Quantum imaging could also use the curi-

ous technique of ghost imaging or quan-

tum phantom imaging (Figure 717). It ex-

ists in many variations. The first one used 

a generator of infrared photons in 

19953091. One half of the photons illumi-

nates the object and the other half a photo 

sensor, by crossing an optical delay 

line3092. The photons illuminating the ob-

ject are entangled with those illuminating 

the camera, which has not seen the object 

at all! The obtained image is very noisy 

and requires some appropriate processing. 

 
Figure 717: ghost imaging principle. Source: An introduction to ghost imaging: 

quantum and classical by Miles Padgett and Robert Boyd, 2016 (10 pages) 

 

3091 See Optical imaging by means of two-photon quantum entanglement by Yanhua Shih et al, 1995 (4 pages), University of Maryland. 

And Observation of two-photon 'ghost' interference and diffraction by Yanhua Shih, 1995 (4 pages). 

3092 See An introduction to ghost imaging: quantum and classical by Miles Padgett and Robert Boyd, 2016 (10 pages) provides a good 

overview of the subject. See also Quantum Ghost Image Identification with Correlated Photon Pairs, 2010 (4 pages). 

https://www.researchgate.net/publication/317947873_An_introduction_to_ghost_imaging_Quantum_and_classical
https://www.researchgate.net/publication/317947873_An_introduction_to_ghost_imaging_Quantum_and_classical
https://www.researchgate.net/publication/13375899_Optical_imaging_by_means_of_two-photon_quantum_entanglement
https://www.researchgate.net/publication/253681222_Observation_of_Two-Photon_Ghost_Interference_and_Diffraction
https://www.researchgate.net/publication/317947873_An_introduction_to_ghost_imaging_Quantum_and_classical
https://www.researchgate.net/publication/44610904_Quantum_Ghost_Image_Identification_with_Correlated_Photon_Pairs
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What is the purpose of this? Mainly to analyze objects with a very low photon number to avoid that 

they modify the object to be analyzed. This can be interesting in microbiology3093. The analyzed 

objects are seemingly always very small3094. 

Other non-quantum tech-

niques use a single-pixel 

color imager that uses 1,300 

structured lights per second 

to illuminate the object for a 

few seconds, with up to one 

million iterations. The sen-

sor prototyped at the Univer-

sity of Glasgow in 2013 con-

tains four photodiodes posi-

tioned at different loca-

tions3095. This makes it pos-

sible to generate a 3D view 

of the object (Figure 718).  

 
Figure 718: Source: 3D Computational Imaging with Single-Pixel Detectors, 2013 (4 pages). 

Finally, quantum imaging can also rely on the illumination of the object by entangled microwaves, 

using the principle of quantum radar that we will see in a following section. It is interesting for ana-

lyzing objects with low reflectivity, which would be useful in medical imaging as well as for creating 

short-range radars3096 (Figure 719). Entangled photon can also be used to create holograms, as re-

cently discovered by a team of physicists from the University of Glasgow3097. 

      
Figure 719: another ghost imaging concept. Source: The Future of Quantum Sensing & Communications by Marco Lanzagorta of 

the US Naval Research Laboratory (USA), September 2018 (37 minutes). 

Another envisaged technique is a system coupling a camera that does not see the object to be captured 

and a single pixel sensor that sees the object. 

 

3093 See The Dawn of Quantum Biophotonics by Dmitri Voronine et al, 2016 (30 pages). 

3094 See this panorama of many ghost imaging methods: The promise of quantum imaging by Robert Boyd, 2016 (53 slides). 

3095 See Fast full-color computational imaging with single-pixel detectors by Stephen Welsh et al, 2013 (7 pages). Also seen in 3D 

Computational Imaging with Single-Pixel Detectors, 2013 (4 pages) which extends this to the capture of 3D objects using four single-

pixel sensors. The video projector creates patterns that illuminate the object and alternate with its negative. See finally Imaging with a 

small number of photons by Peter Morris et al, 2014 (9 pages) and Quantum-inspired computational imaging, 2019 (9 pages). 

3096 See Experimental Microwave Quantum Illumination by S. Barzanjeh, S. Pirandola et al, August 2019. 

3097 See Polarization entanglement-enabled quantum holography by Hugo Defienne et al, Nature, 2021 (31 pages). 

https://www.researchgate.net/publication/236921407_3D_Computational_Imaging_with_Single-Pixel_Detectors
https://www.youtube.com/watch?v=5uqiQ_mP3PM
https://www.researchgate.net/publication/312320612_The_Dawn_of_Quantum_Biophotonics
http://www.boydnlo.ca/wp-content/uploads/2017/08/Boyd-Quantum-Imaging%20(commpressed%20file).pdf
https://opg.optica.org/oe/viewmedia.cfm?uri=oe-21-20-23068&html=true
https://www.researchgate.net/publication/236921407_3D_Computational_Imaging_with_Single-Pixel_Detectors
https://www.researchgate.net/publication/236921407_3D_Computational_Imaging_with_Single-Pixel_Detectors
https://arxiv.org/abs/1408.6381
https://arxiv.org/abs/1408.6381
https://pure.hw.ac.uk/ws/portalfiles/portal/23071807/science_manuscript_v16.pdf
https://arxiv.org/abs/1908.03058
https://arxiv.org/pdf/1911.01209.pdf
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This kind of technique can be based on the entanglement of photons or of twister pairs of photons in 

the visible between the two sensors3098. 

Note that the topic of quantum imaging can sometimes be confusing. This is eloquent with this pro-

motion of a particular type of quantum dot, confused with some fancy quantum computing technique 

(Figure 720). And here, it was not a problem with some journalist since the "wrong" article comes 

from the laboratory promoting the research results3099. 

 

Figure 720: another example of how some research works gets hype to an incredible extend. Source: Scientists develop method to 
build up functional elements of quantum computers by Far Eastern Federal University, February 2020 and Tailoring spontaneous 

infrared emission of HgTe quantum dots with laser-printed plasmonic arrays by A. A. Sergeev et al, 2020 (10 pages). 

There are many other quantum imaging applications being developed in research labs: 

• Superconducting SNSPD cameras, the record being a 400,000 pixel camera from NIST with a 

factor of 400 improvement over the previous state-of-the-art3100. It can be used for instance in 

astrophysics. 

• Entanglement based microscopy with quantum microscopy by coincidence (QMC) which ena-

bles super resolution imaging at the Heisenberg limit with better contrast-to-noise ratios (CNRs) 

than existing wide-field quantum imaging methods3101. 

• Thermal light based quantum sensing using a sub-threshold diode laser with a spectral density 

exceeding that of SPDC sources by approximately 10 orders of magnitude3102. 

 

3098 See An introduction to ghost imaging by Miles John Padgett and Robert W. Boyd, 2017 (11 pages) and Quantum imaging exploiting 

twisted photon pairs by Dianzhen Cui et al, June 2022 (6 pages). 

3099 See Scientists develop method to build up functional elements of quantum computers by Far Eastern Federal University, February 

2020, which refers to Tailoring spontaneous infrared emission of HgTe quantum dots with laser-printed plasmonic arrays by A.A. 

Sergeev et al, 2020 (10 pages). Quantum dot seems to be more suited for night vision than for quantum computing. It is not a source 

of single photons. And the words "computer" and "qubit" are absent in the article. 

3100 See A superconducting-nanowire single-photon camera with 400,000 pixels by Bakhrom G. Oripov et al, NIST and JPL, June 2023 

(19 pages). 

3101 See Quantum Microscopy of Cells at the Heisenberg Limit by Zhe He et al, Nature Communications, April 2023 (8 pages). 

3102 See Practical Quantum Sensing with Thermal Light by Peng Kian Tan et al, CQT and NUS, March 2023 (5 pages). 

in the original 
article, nothing on 
‘computers’ and 

‘qubits’

“our results provide an 
important step 

towards the design of 
IR-range devices for 
various application”

=> the solution is 
targeting the quantum 

sensing market, not 
quantum computing

the author is 
from the 
Russian 

university 
publishing the 

paper

https://phys.org/news/2020-02-scientists-method-functional-elements-quantum.html
https://phys.org/news/2020-02-scientists-method-functional-elements-quantum.html
https://www.nature.com/articles/s41377-020-0247-6.pdf
https://www.nature.com/articles/s41377-020-0247-6.pdf
https://www.researchgate.net/publication/317947873_An_introduction_to_ghost_imaging_Quantum_and_classical
https://arxiv.org/abs/2206.05892
https://arxiv.org/abs/2206.05892
https://phys.org/news/2020-02-scientists-method-functional-elements-quantum.html
https://www.nature.com/articles/s41377-020-0247-6
https://arxiv.org/abs/2306.09473
https://www.nature.com/articles/s41467-023-38191-4.pdf
https://arxiv.org/abs/2303.12338
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• Super-resolution imaging using interferometry in the microwave regime for passive remote 

sensing, like with satellites detecting the soil moisture, ocean salinity and ground temperature3103. 

• Light-field microscopy (LFM) with volumetric information being captured simultaneously with 

using the position and angular momentum of the light illuminating a scene. It has a depth of field 

of ∼500 μm, 3 times better than the latest LFM designs or >100 times what can be obtained with 

conventional microscopes3104. 

• Underwater LiDAR using single-photon CMOS detection arrays (SPADs) directly interfaced to 

a GPU for real-time image reconstruction, but with a range of only 3 meters3105. 

Quantum pressure sensors 

Quantum sensing also works with pressure measurement. Most pressure sensors are type I, not using 

superposition or entanglement features. They are used to measure pressure in specific conditions. 

We have for example very thin ultra-high sensitivity pressure sensors used in medical monitoring3106, 

for the measurement of low pressures using light interacting with helium gas and pressure dependent 

refractive index of helium3107, various optomechanical quantum sensors3108, high-pressures measure-

ment up to 4 GPa using the shift of the optical spectra of quantum-wells made of III/V GaAs/AlGaAs 

materials3109, with quantum dots used to measure pressure in liquids3110, and with using NV, SiV and 

GeV color centers to measure ultra-high pressure up to 180 GPa3111 3112. These sensors can be placed 

either in the diamond anvil tip or in nano-diamonds embedded in the analyzed medium3113. 

Quantum radars and LiDARs 

Quantum radars are very slowly emerging from research. The idea initially came from Seth Lloyd 

from the MIT in 2008 when he devised the concept of quantum illumination3114. The idea initially 

relied on photons in the visible spectrum, and in three different ways: 

 

3103 See Super-Resolution Imaging with Multiparameter Quantum Metrology in Passive Remote Sensing by Emre Köse et al, Univer-

sität Tübingen, January 2023 (12 pages). 

3104 See Quantum correlation light-field microscope with extreme depth of field by Yingwen Zhang et al, December 2022 (14 pages). 

3105 See Submerged single-photon LiDAR imaging sensor used for real-time 3D scene reconstruction in scattering underwater environ-

ments by Aurora Maccarone et al, Optica Express, 2023 (19 pages). 

3106 See Quantum effect-based flexible and transparent pressure sensors with ultrahigh sensitivity and sensing density by Lan Shi et al, 

Nature Communications, 2020 (9 pages) that is based on thin films and spin-coating with carbon spheres dispersed in polydime-

thylsiloxane. 

3107 See Quantum-Based Photonic Sensors for Pressure, Vacuum, and Temperature Measurements: A Vison of the Future with NIST on 

a Chip by J Hendricks et al, NIST, 2021 (4 pages). 

3108 See the review paper Progress of optomechanical micro/nano sensors: a review by Xinmiao Liu et al, Singapore, 2021 (40 pages). 

3109 See Quantum-well pressure sensors by Witold Trzeciakowski, 1994. 

3110 See Quantum dots to probe temperature and pressure in highly confined liquids by Sayed M. B. Albahrani et al, RSC Advances, 

2018 (12 pages). 

3111 See Optical properties of SiV and GeV color centers in nanodiamonds under hydrostatic pressures up to 180 GPa by Baptiste 

Vindolet, Jocelyn Achard, Alexandre Tallaire, Jean-François Roch et al, ENS, September 2022 (7 pages). 

3112 See NV center magnetometry up to 130 GPa as if at ambient pressure by Antoine Hilberer, Jean-François Roch et al, January 2023 

(5 pages). 

3113 See Spectroscopy Study on NV Sensors in Diamond-based High-pressure Devices by Kin On Ho, Jörg Wrachtrup, Sen Yang et al, 

January 2023 (15 pages). 

3114 See Quantum Radars and Lidars - Concepts, realizations, and perspectives by Gregory Slepyan et al, June 2022 (21 pages) and A 

Study on Quantum Radar Technology Developments and Design Consideration for its integration by Manoj Mathews, Rowan Univer-

sity in New Jersey, May 2022 (8 pages) are relatively up-to-date theoretical papers on quantum radars. 

https://arxiv.org/abs/2301.01557
https://arxiv.org/abs/2212.12582
https://opg.optica.org/oe/fulltext.cfm?uri=oe-31-10-16690&id=530374
https://opg.optica.org/oe/fulltext.cfm?uri=oe-31-10-16690&id=530374
https://www.nature.com/articles/s41467-020-17298-y
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=932297
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=932297
https://www.tandfonline.com/doi/full/10.1080/15599612.2021.1986612
https://www.sciencedirect.com/science/article/abs/pii/0924424794801185
https://pubs.rsc.org/en/content/articlelanding/2018/ra/c8ra03652g
https://arxiv.org/abs/2209.09792
https://arxiv.org/abs/2301.05094
https://arxiv.org/abs/2301.05462
https://arxiv.org/abs/2206.12585
https://arxiv.org/abs/2205.14000
https://arxiv.org/abs/2205.14000
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• The radar emits classical photons in the visible 

spectrum and receives the photon reflected by 

the target. This does not work very well be-

cause of clouds and light noise surrounding the 

object. 

• Radar emits photons but uses quantum photo-

sensitive sensors to improve its performance. It 

does not work better enough. 

• The radar prepares pairs of entangled photons. 

One is sent to the target and reflected and the 

other remains in the radar. The reflected photon 

is compared with the idler one using various 

techniques (Figure 721 and ref. in Figure 723). 

 

Figure 721: the principle of quantum radar. Source: Quantum 
Radar by Marco Lanzagorta, 2012 (141 pages).  

As they have a common past, it is possible to sort the photons received by the radar to keep only the 

photons reflected by the target3115. 

It is in fact a variant of the third way which 

is more seriously studied3116. It consists in 

converting the photons sent to the target 

into a radio wave or microwave photon, 

while preserving their quantum state. A 

conversion of the same kind takes place for 

the photon remaining in the radar (Figure 

723). This allows the electromagnetic 

waves to traverse bad weather, which pho-

tons in the visible spectrum cannot do. Mi-

crowaves could also be directly generated 

without being converted from visible entan-

gled photons, using for example JPAs (Jo-

sephson Parametric Amplifiers) or TWPAs 

(traveling wave parametric amplifiers). 

 
Figure 722: the superconducting circuitry based microwave quantum radar 
proposed by ENS Lyon, using a delay line. Source: Quantum Advantage in 

Microwave Quantum Radar by Réouven Assouly et al, Nature Physics, 
November 2022-June 2023 (13 pages). 

This last solution was experimented by a French team from ENS Lyon in 2022/2023, as shown in 

Figure 722, using direct microwaves photon counting and providing a 20% quantum advantage over 

classical methods3117. 

These techniques are expected to improve the accuracy of traditional radars and to improve its re-

sistance to noise, interference and jamming. This kind of radar could theoretically detect stealth air-

craft, modulo the fact that their flat reflective surfaces reduce their radar signature whatever the radar 

frequency3118. 

 

3115 See Gaussian beam quantum radar protocol by Lorenzo Maccone et al, September 2023 (6 pages). 

3116 Another scenario proposes to use microwaves entanglement and a dual-receptor scheme to improve the angular detection of a target, 

in Entanglement-assisted multi-aperture pulse-compression radar for angle resolving detection by Bo-Han Wu et al, University of 

Arizona, Jul 2022 (18 pages). 

3117 See Demonstration of Quantum Advantage in Microwave Quantum Radar by Réouven Assouly, R. Dassonneville, Théau Peronnin, 

Audrey Bienfait and Benjamin Huard, Nature Physics, November 2022-June 2023 (13 pages). It is using two entangled microwave 

modes with a delay line to detect targets with an improve signal to noise ratio. 

3118 See Can quantum mechanics improve radar technology? by Giacomo Sorelli and Nicolas Treps, November 2020. Which was maybe 

inspired by Quantum Flashlight Pierces the Darkness With a Few Percent as Many Photons by Adrian Cho, 2020. 

https://epdf.pub/quantum-radar.html
https://epdf.pub/quantum-radar.html
https://www.nature.com/articles/s41567-023-02113-4
https://www.nature.com/articles/s41567-023-02113-4
https://arxiv.org/abs/2309.11834
https://arxiv.org/abs/2207.10881
https://www.nature.com/articles/s41567-023-02113-4
https://medium.com/le-lab-quantique/can-quantum-mechanics-improve-radar-technology-8a04ac7401d5
https://www.sciencemag.org/news/2020/09/short-weird-life-and-potential-afterlife-quantum-radar


Understanding Quantum Technologies 2023 - Quantum sensing / Quantum radars and LiDARs - 834 

The first concepts saw the light of day in 20153119. 

China is very interested in this technology and is working hard on it to be able to detect American 

stealth fighters or bombers like the F-22 and B-2. 

They announced a successful test of their 

first quantum radar in 2016, which was to 

become a prototype in 2018, produced by 

the government company China Elec-

tronics Technology Group 3120 , with a 

range exceeding 100 km. But it is obvi-

ously hard to verify their claim. 

Other labs and companies are developing 

such radars, such as the Institute for 

Quantum Computing at the University 

of Waterloo in Canada3121. This project is 

funded by the Canadian Department of 

Defense for $2.7M. 

 
Figure 723: converting radar RF waves to/from photons. Source: the review 
paper Advances in Quantum Radar and Quantum LiDAR by Ricardo Gallego 

Torromé and Shabir Barzanjeh et al, October 2023 (19 pages). 

There are also some similar projects in Austria at the Institute of Science and Technology in 

Klosterneuburg. In the USA, Lockheed Martin is also invested in this emerging field. Specialists 

such as Marco Lanzagorta of the US Naval Research Laboratory believe that QKD satellites launched 

by the Chinese like Micius would have military applications of this type3122. In Europe, the Quantum 

Flagship QMiCS is dedicated to creating quantum microwave technologies operating at the single 

photon level that could help build quantum radars. Guoyao Quantum Radar Technology (2017, 

China) is a startup coming out of Jian-Wei Pan’s Hefei’s research lab that is developing a quantum 

radar. It has a related patent3123. 

Quantum radars are still very theoretical devices3124 that are currently plagued by photon losses, noise 

and various detection issues, whether they operate in the visible or microwave domains3125 3126 3127. 

This technology could however be used in LiDARs to verify that the inbound photons correspond to 

those emitted by its own laser, avoiding unwanted optical interference from other LiDARs and fre-

quently using interferometry3128. 

 

3119 See Focus: Quantum Mechanics Could Improve Radar, 2015, Microwave Quantum Illumination by Shabir Barzanjeh et al, 2015 

(5 pages) and Enhanced Sensitivity of Photodetection via Quantum Illumination by Seth Lloyd, 2018 (4 pages). 

3120 See China's claim of developing "quantum radar" for detecting stealth planes: beyond skepticism by Ashish Gupta, 2016 (4 pages) 

and The US and China are in a quantum arms race that will transform warfare by Martin Giles, MIT Technology Review, January 2019. 

Some scientists, “under the radar”, find that quantum radars features are overstated. 

3121 See Quantum radar will expose stealth aircraft, April 2018. 

3122 See The Future of Quantum Sensing & Communications by Marco Lanzagorta of the US Naval Research Laboratory (USA), 

September 2018 (37 minutes). He is the author of the book Quantum Radar by Marco Lanzagorta, 2012 (141 pages) which has been 

translated into Chinese by China, and officially bought the rights. 

3123 See Atmospheric boundary layer detection method based on hybrid laser radar, 2019. 

3124 Like for example in Quantum-Enhanced Doppler Radar/Lidar by Maximilian Reichert et al, March 2022 (23 pages). 

3125 See Detecting a target with quantum entanglement by Giacomo Sorelli, Nicolas Treps, Frédéric Grosshans and Fabrice Boust, May 

2020 (30 pages). 

3126 See The short weird life and potential afterlife of quantum radar by Adrian Cho, Science, September 2020. 

3127 See Quantum Illumination and Quantum Radar: A Brief Overview by Athena Karsa, Stefano Pirandola et al, October 2023 (13 

pages). 

3128 See Super-resolution and super-sensitivity of quantum LiDAR with multi-photonic state and binary outcome photon counting 

measurement by Priyanka Sharma et al, September 2023 (21 pages). 

https://arxiv.org/abs/2310.07198
https://physics.aps.org/articles/v8/18
https://arxiv.org/pdf/1503.00189.pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1015.347&rep=rep1&type=pdf
http://capsindia.org.managewebsiteportal.com/files/documents/CAPS_Infocus_AG_21.pdf
https://www.technologyreview.com/s/612421/us-china-quantum-arms-race/
https://uwaterloo.ca/institute-for-quantum-computing/news/quantum-radar-will-expose-stealth-aircraft
https://www.youtube.com/watch?v=5uqiQ_mP3PM
https://epdf.pub/quantum-radar.html
http://www.soopat.com/patent/201910402935
https://arxiv.org/abs/2203.16424
https://hal.archives-ouvertes.fr/hal-02877841v1/document
https://www.science.org/content/article/short-weird-life-and-potential-afterlife-quantum-radar
https://arxiv.org/abs/2310.06049
https://arxiv.org/abs/2309.12076
https://arxiv.org/abs/2309.12076
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Without malicious interference, this will be very useful when many autonomous vehicles equipped 

with LiDARs will have to coexist on the road3129. Quantum LiDARs can also have an improved 

resolution3130 and be used in meteorologic monitoring3131. 

Single-photon LiDARs could be used for remote wind detection at high resolution. It has been devel-

oped in China since 2014 and is used in transportable radars, including UAVs3132 3133 3134 (Figure 724). 

  

Figure 724: Source: Single Photon LiDAR by Feihu Xu, June 2019 (25 slides). 

European researchers are also working on quantum-enhanced Doppler LiDARs3135 3136. Quantum Li-

DARs are however limited by their photon sources, thus the proposal for quantum inspired LiDARs 

which don’t have such limitations3137. “Quantum inspired” is thus not limited to computing. 

In a domain close to radar, quantum sonar could also emerge, so to speak. They use photons in the 

blue-green zone of the visible spectrum and would be usable for navigation in the Arctic Ocean. It 

would be a kind of quantum LiDAR. These systems could also implement optical communication 

with submarines via satellite, to replace radio waves that do not penetrate well underwater and are 

exploitable for very low-speed links. 

On the other hand, one day, it may be necessary to find countermeasures against "quantum" coatings 

that allow the infrared signature of objects to be removed or reduced3138. 

Quantum technologies can also be used for other tasks like for analyze classical radar data3139 or 

revealing spoofing of classical radars thanks to the analysis of quantum noise3140. 

 

3129 This approach has been studied since at least 2009. See Quantum Lidar - Remote Sensing at the Ultimate Limit, 2009 (97 pages). 

3130 See Two-photon interference LiDAR imaging by Robbie Murray and Ashley Lyons, 2022 (7 pages). 

3131 See Analysis of Observation Performance of a Mobile Coherent Doppler Wind Lidar Using DBS Scanning Mode by Debao Dong 

et al, Journal of Physics, 2020 (7 pages). 

3132 See Single-Photon Lidar for atmospheric detection by Haiyun Xia et al, June 2019 (22 slides). 

3133 See Quantum LiDAR with Frequency Modulated Continuous Wave by Ming-Da Huang et al, China, July 2023 (21 pages). 

3134 See Quantum secured LiDAR with Gaussian modulated coherent states by Dong Wang et al, August 2023 (10 pages). 

3135 See Quantum-enhanced Doppler lidar by Maximilian Reichert et al, npj Quantum Information, 2022 (9 pages). 

3136 See Demonstration of quantum-enhanced range finding robust against classical jamming by Mateusz P. Mrozowski et al, University 

of Strathclyde, July 2023 (10 pages). 

3137 See Compact All-Fiber Quantum-Inspired LiDAR with > 100dB Noise Rejection and Single Photon Sensitivity by Han Liu et al, 

University of Toronto, July 2023 (10 pages). 

3138 See Camouflage made of quantum material could hide you from infrared cameras by Kayla Wiles, December 2019 which refers to 

Temperature-independent thermal radiation by Alireza Shahsaf et al, September 2019 (17 pages). 

3139 See Synthetic Aperture Radar Image Segmentation with Quantum Annealing by Timothe Presles et al, Thales, May 2023 (13 pages). 

3140 See Revealing spoofing of classical radar using quantum noise by Jonathan N. Blakely, Shawn D. Pethel and Kurt Jacobs, US Army, 

July 2023 (24 pages). 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Feihu_Xu_Presentation.pdf
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https://iopscience.iop.org/article/10.1088/1742-6596/1739/1/012048
https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Haiyun_Xia_Presentation.pdf
https://arxiv.org/abs/2307.11590
https://arxiv.org/abs/2308.12171
https://www.nature.com/articles/s41534-022-00662-9.pdf
https://arxiv.org/abs/2307.10794
https://arxiv.org/abs/2308.00195
https://phys.org/news/2019-12-camouflage-quantum-material-infrared-cameras.html
https://arxiv.org/ftp/arxiv/papers/1902/1902.00252.pdf
https://arxiv.org/abs/2305.17954
https://arxiv.org/abs/2307.02656
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Quantum chemical sensors 

Quantum sensing is also applicable with chemical sensors used to analyze the chemical composition 

of various materials and substances. It is commonly used with optical interferometers3141. 

Many such solutions could use NV centers, like: 

• The detection of paramagnetic species in biological samples using a fiber equipped with an NV 

center detection probe3142. 

• Concentration sensors using NV center to detect electrochemical signals emerging from an elec-

trolyte solution and using the inhomogeneous dephasing rate of the electron spin of the NV center 

(1/𝑇2
∗) as a signal3143. It is still theoretical work. 

• Another theoretical NV center sensor, dedicated to the fast, cheap and low error (<1%) detection 

of the covid virus in biological samples. The NV sensor would be coated with cationic polymers 

such as polyethyleneimine (PEI), which can form reversible complexes with viral complementary 

DNA sequences. The detection is fairly indirect. A complicated biological reaction creates a RNA 

compound which diffuses in the solution, increasing the distance between magnetic molecules 

and the nanodiamond. The NV centers then senses less magnetic noise and has a longer T1 time, 

which turns into a larger fluorescence intensity3144. 

• Various quantum sensing techniques, again, including NV centers, could help detect various breed 

of organic molecules3145. 

The University of Glasgow has developed and sells under license IndiPIX, an improved and simpli-

fied ambient temperature mid-wave infrared (MWIR) imager using indium antimonide (InSb) photo-

diodes on gallium arsenide (GaAs) transistors. It can detect outdoor gas leaks and plumes, mitigating 

explosion risks and reduce environmental impact3146. 

Ultracold chemical reactions could be used in cold atom sensors to detect very weak signals like in 

dark matter detection3147. 

 

Oxford HighQ (2017, UK) is a spin-off from the University of Oxford devel-

oping chemical and nanoparticles sensors using optical microcavities. 

 
Entanglement Technologies (2010, USA) is a spin-off of Stanford and Cal-

tech. 

 

3141 See Quantum Optical Technologies for Metrology, Sensing, and Imaging by Jonathan Dowling, 2014 (20 slides) and 12 pages, 

Advanced Micro- and Nano-Gas Sensor Technology: A Review by Haleh Nazemi et al, 2019 (23 pages). 

3142 See Nanodiamonds based optical-fiber quantum probe for magnetic field and biological sensing by Yaofei Chen et al, February 

2022 (21 pages). 

3143 See Sensing electrochemical signals using a nitrogen-vacancy center in diamond by Hossein T. Dinani et al, February 2021 (17 

pages). 

3144 See SARS-CoV-2 Quantum Sensor Based on Nitrogen-Vacancy Centers in Diamond by Changhao L et al, University of Waterloo 

and MIT, December 2021 (14 pages). 

3145 See A molecular approach to quantum sensing by Chung-Jui Yu et al, April 2021 (12 pages). 

3146 See IndiPIX: Paving the way towards compact, portable, and cost-effective mid-wave infrared systems imaging systems, University 

of Glasgow (7 pages). 

3147 See Quantum metrology with ultracold chemical reactions by Seong-Ho Shinn et al, August 2022 (28 pages). 

https://www.itu.int/en/ITU-T/Workshops-and-Seminars/2019060507/Documents/Jonathan_Dowling_Presentation.pdf
https://arxiv.org/pdf/1412.7578.pdf
https://pdfs.semanticscholar.org/298f/8ed51cc005b27a9a20f9a6d19171b49e9920.pdf
https://arxiv.org/abs/2202.11859
https://arxiv.org/abs/2012.06814
https://arxiv.org/abs/2111.05472
https://pubs.acs.org/doi/pdf/10.1021/acscentsci.0c00737
https://www.quantic.ac.uk/media/Media_818447_smxx.pdf
https://arxiv.org/abs/2208.06380
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It sells the AROMA (Autonomous Rugged Optical Multigas 

Analyzer) quantum gas detector that uses lasers and optical 

resonators similar to those used to detect gravitational waves 

in the LIGO, with a spectroscopy technique (CRDS: Cavity 

Ring-Down Spectroscopy). It allows the detection of danger-

ous gases in industry, especially in the extraction of fossil 

fuels (Figure 725). They were funded by EDF, via their Envi-

ronmental Defense Fund. 

 
Figure 725: Entanglement Technologies AROMA. 

Quantum NEMS and MEMS 

Nano or micro electromechanical structures are widely used in long-connected objects, such as ac-

celerometers. They use many quantum phenomena, notably photonics-based, with mechanical reso-

nators whose motion is analyzed by lasers and diodes. 

        
Figure 726: quantum pressure sensors and quantum motion sensors. Sources: FLOC Takes Flight: First Portable Prototype of Photonic Pressure 

Sensor, February 2019 and Quantum Information Science & NIST - Advancing QIS Technologies for Economic Impact, 2019 (39 slides). 

They are found in quantum pressure sensors3148 and motion detectors, both from NIST (in Figure 726 
3149). Other sensors are used to detect electrical resistance, temperature, mass and force, vacuum or 

voltage3150 . 

Finally, let's mention the European Quantum Flagship project macQsimal (Switzerland, €10.2M) or 

"Miniature Atomic vapor-Cells Quantum devices for SensIng and Metrology Applications", for the 

creation of quantum sensors aimed at the market of autonomous vehicle piloting and for medical 

imaging. This includes the creation of atomic clocks, gyroscopes, magnetometers, imaging systems 

using microwaves and electromagnetic fields in the tera-Hertz waves as well as gas detectors. In short, 

a fairly generalist approach. It is based on the use of cold atom vapor integrated in MEMS, a technique 

that Thales is also using. 

 

 

3148 See FLOC Takes Flight: First Portable Prototype of Photonic Pressure Sensor, February 2019. 

3149 See Quantum Information Science & NIST - Advancing QIS Technologies for Economic Impact, 2019 (39 slides). 

3150 See Quantum electro-mechanics: a new quantum technology by Konrad Lehnert from NIST JILA lab (47 slides), From micro to 

nano-optomechanical systems: light interacting with mechanical resonators by Ivan Favero (45 slides) and Progress of optomechanical 

micro-nano sensors a review, by Xinmiao Liu et al,  2021 (40 pages). 

https://www.nist.gov/news-events/news/2019/02/floc-takes-flight-first-portable-prototype-photonic-pressure-sensor
https://www.nist.gov/news-events/news/2019/02/floc-takes-flight-first-portable-prototype-photonic-pressure-sensor
https://www.suny.edu/media/suny/content-assets/images/research/events/Quantum-Information-Science-NIST-Copan.pdf
https://www.nist.gov/news-events/news/2019/02/floc-takes-flight-first-portable-prototype-photonic-pressure-sensor
https://www.suny.edu/media/suny/content-assets/images/research/events/Quantum-Information-Science-NIST-Copan.pdf
http://www.physinfo.fr/pdf/Lehnert-120522.pdf
http://www.physinfo.fr/pdf/Favero-120605.pdf
http://www.physinfo.fr/pdf/Favero-120605.pdf
https://www.tandfonline.com/doi/full/10.1080/15599612.2021.1986612
https://www.tandfonline.com/doi/full/10.1080/15599612.2021.1986612
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Quantum sensing key takeaways 

▪ Quantum sensing is the most mature and underlooked market of quantum technologies, one potential reason being 

its fragmentation and currently limited broad scale use cases. 

▪ Quantum sensing enables better precision measurement of nearly any physical parameter: time, distance, temper-

ature, movement, acceleration, pressure and gravity, magnetism, light frequency, radio spectrum and matter chem-

ical composition. 

▪ Quantum sensing has been extensively used to update the new international metric system put in place in 2019. 

▪ Lasers and the frequency combs technique are used to measure time with extreme precision, beyond atomic cesium 

clocks. It is based on blocked-mode lasers generating very short pulses, aka femtosecond-lasers. 

▪ The most used quantum sensing technology is based on NV centers. It helps measure variations of magnetism and 

has applications in many domains like in medical imaging and non-destructive control. Indirectly, measuring mag-

netism can help measure many other physical parameters like temperature and pressure. 

▪ Another one is cold atoms based interferometry that is implemented in micro-gravimeters, accelerometers and 

inertial sensors. Cold atoms can also be used to analyze the radio frequency spectrum. 

▪ China supposedly built some quantum radars using photons entanglement and up/down converts between visible 

photons and radar frequencies, but the real performance of these devices is questionable and is driving a lot of 

skepticism in the Western world. But the related research is still going on and quantum LiDARs seem to make 

progress. 

▪  



Understanding Quantum Technologies 2023 - Quantum sensing / Quantum NEMS and MEMS - 839 

 

page intentionally left blank. 

 



Understanding Quantum Technologies 2023 - Quantum sensing / Quantum NEMS and MEMS - 840 

 

page intentionally left blank. 

  



Understanding Quantum Technologies 2023 - Quantum sensing / Quantum NEMS and MEMS - 841 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The remainder of “Understanding Quantum Technologies” is in Volume 3. 

It contains the following parts: algorithms, software tools, case studies, quantum technologies 

around the world, corporate adoption, quantum technologies and society, and quantum fake sci-

ences, plus a glossary, table of figures and index for both documents using a continuous pagination 

numbering. 
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