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what is a photon?

quantized electromagnetic field

EM “wave” – Maxwell - 1865 “particle” – Einstein - 1905

700 nm
1.77 eV 550 nm

2.25 eV
400 nm
3.1 eV

vmax = 2.96x105 m/s

vmax = 6.22x105 m/sEphoton = hυ
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Casimir effect
1948-1997

quantum vacuum fluctuations
according to quantum field theory and Heisenberg 

indetermination principle, vacuum contains harmonic 
oscillators with zero-point energy:

Lamb shift
1947

vacuumvacuum

explain Lamb shift 
phenomenon and Casimir 
effect

Heindrick Casimir, a dutch 
physicist

∆𝐸. ∆𝑡 ≥
ℏ
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https://www.youtube.com/watch?v=xteuqbb-bdU 

https://www.youtube.com/watch?v=xteuqbb-bdU
https://www.youtube.com/watch?v=xteuqbb-bdU
https://www.youtube.com/watch?v=xteuqbb-bdU
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photon modes encode information

a mode describes one property of a photon

spatial mode
where is the photon in space

temporal mode
when the photon was emitted

spectral mode
frequency or wavelength

orbital angular momentum
twisted light modes with 

helical phase fronts

𝑡

𝜏𝑐



6

photons in quantum computing

superconducting topologicalvacanciessilicontrapped ions photonscold atoms

electrons controlled spin and microwave cavitiesatoms photons

initialization

readout

optical or electromagnetic 
tweezers

single photon 
sources and 
polarizers

laser and CCD 
detected fluorescence

single photon 
detectors

quantum gates
laser pulses 
microwaves 

RF signals

interferometers, 
polarizing beam 

splitters, ...

microwave pulses

microwave reflectometry 
and quadrature analysis

microwave pulses 
and/or DC current

optical

laser and CCD 
detected fluorescence

optical and/or 
microwaves

DC current

microwave 
reflectometry 

and quadrature 
analysis

optical photons

microwave photons

other signals
Guillaume de Giovanni – Viqthor
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slowing down atoms

photon is absorbed by the atom, 
reducing its kinetic energy, the 
atom reemits a less energetic

photon

incident photon not 
absorbed by the atom
since being under its

excitment level threshold

atoms moving towards the 
photon receive a higher

frequency photon, shifting
towards blue

atom moving in the other 
direction receive lower 

frequency photons 
towards red

higher 
frequencies

lower 
frequencies

visible light spectrumultraviolet infrared

Doppler effect Magneto Optical Trap
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controlling cold atoms with lasers “tweezers”

Tiphaine Delsalle – Menlo Systems P. Laygues / Johan Boullet​ – Toptica
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controlling trapped ions with lasers

Helios: A 98-qubit trapped-ion quantum computer by Anthony Ransford, M.S. Allman et al, arXiv, November 2025 (25 pages)

https://arxiv.org/abs/2511.05465
https://arxiv.org/abs/2511.05465
https://arxiv.org/abs/2511.05465
https://arxiv.org/abs/2511.05465
https://arxiv.org/abs/2511.05465
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controlling NV centers with lasers

Jean-François Roch – ENS Paris Saclay Matthieu Munsch – Qnami
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photon sources and detectorslaser sources other

quantum photonics enabling techs

interconnect
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electromagnetic spectrum

source: Wikipedia + edits

photon qubits 
computing and 

quantum 
communications

solid state 
qubit 

control

Rydberg 
trapped 

ions



775 nm
386 THz

1550 nm
193 THz

photon qubits
SPAD (detectors)

single photon sources

fiber optics telecoms
QKD

4-8 GHz
7,4cm – 3,7 cm

22-26 GHz
1,3cm – 1,1 cm

superconducting qubits 
control and readout

silicon electron spin qubits 
control and readout

schema source: http://www.infinitioptics.com/technology/multi-sensor

369 nm : trapped ions
420 nm : cold atoms
474 nm : cold atoms
493 nm : trapped ions
515 nm : trapped ions
546 nm : NV centers
614 nm : trapped ions
650 nm : trapped ions

760 nm : trapped ions
795 nm : pump 87Rb
780 nm : pump 87Rb
820 nm : trap Pasqal
850 nm : cold atoms
935 nm : trapped ions
1,013 nm : cold atoms
1,762 nm : trapped ions

905 nm

III/V single photon sources

1310 nm
minimum dispersion

good for short distance multiplexing
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polarization
angular orbital 

moment frequencytimepath photon number

splitters
split a light beam in two 

identical beams

light guides
optical fibers of guides 

integrated in 
nanophotonic 
components

birefringent filters
filters with two 
refracting index

optical delay line
used to synchronize 
photons phase after 

going through various 
lengths fibers

dephasers
modifies photons 

(circular) polarity or 
(linear) phase

delay lines of Pockels 
celles

polarizers
keep only one 

polarity

instrumentation
photonics basics at a discrete level

photons qubits types and tools
qubits
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inside a photon qubit QPU
qubits control electronics

laser, unique photon 
generator, quantum gates, 

photons readout

computing
servers, network,

software, data

nanophotonic chip

nanophotonic chipset
where quantum computation is done

QC in a cryostat but a 
lot of other components 
are outside, and always 
a classical computer 
driving the QC.
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5qubits readout

photon 
detectors

photon detectors 
control

quantum gates 
controls

≈ 4K 
cooling

≈4K 
cooling

photons 
generator control

Quandela case

: light signals

: electronic signals

laser control laser unique 
photons 

generator

phaser controls
in nanophotonic circuits

same 
cryocooler



indistinguishable photons 
generation unique photons detectors
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integrated photonic circuits

<10K 300K 2K

the 3 key components of photonic quantum 
computing
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nanophotonic circuits
wafer substrates
silicon
silicon on insulator (SOI)
gallium nitride (GaN)
gallium arsenide (GaAs)
sapphire (Al₂O₃)
silicon carbide (SiC)
quartz (SiO₂)

added materials
lithium Niobate (LiNbO₃ on SiO₂)
barium Titanate (BTO) on SOI
hexagonal Boron Nitride (hBN)
erbium-doped Silica (Er:SiO₂)
InAs/GaAs and AlAs/GaAs Quantum Dots

Ségolène Olivier – CEA-Leti

Michael Geiselmann​ – Ligentec
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single photon detectors

SNSPD PNRD

+TES
+ homodyne detection

Andreas Fognini​ – Single Quantum
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key figures of merit

photon detectors
➢ efficiency

➢ dark count rates

➢ timing jitter

➢ timing resolution

➢ dead time

➢ memory effect

➢ latency

➢ electronics jitter

➢ spectral response

photon sources

➢ purity g2(0)

➢ indistinguishability (HOM)

➢ brightness

➢ clock rate

➢ timing jitter

➢ coupling

➢ tunability

➢ mode purity

fibers and waveguides

➢ total losses

➢ coupling efficiency 
(fiber to PIC)

➢ insertion loss 

➢ attenuation

➢ chromatic dispersion

➢ noise
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DV and CV photon qubits

…

entangled photons sources
squeezed states, …

single indistinguishable photon 
sources

KLM model, MZI (Mach-Zehnder 
Interferometer) gates, 
measurement based

determinist gates
modes measurement

gaussian and non gaussian gates

discrete variables continous variables

photon sources

gates

photon detectors
homodyne and 

heterodyne detectors
photon counters /detectors

APD, SNSPD, VLPC, TES

players

discrete degree of freedom of a photon
Fock states: 0 , 1 , |2⟩ …

single or many photon properties

quadrature of a light field
coherent states, qumodes, spectral 

and time modes
quantum information

boson sampling

unique photons source

MZI and interferometer

single photons 
detectors

multimode photons

density matrix Wigner functionrepresentation permanent
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the KLM model

Daphné Wang - Quandela
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boson sampling

Quantum computational advantage using 
photons by Han-Sen Zhong, Jian-Wei Pan 

et al, arXiv, December 2020.

Robust quantum computational advantage 
with programmable 3050-photon Gaussian 
boson sampling by Hua-Liang Liu, Jian-Wei 

Pan et al, arXiv, August 2025.

100 photon modes and detectors 8,176 modes photon and 16 detectors
216 squeezed photon modes
still a sampling task, not a real 

computational task

Quantum computational advantage with a 
programmable photonic processor by lars 

S Madsen et al, Nature, June 2022.

https://arxiv.org/abs/2012.01625
https://arxiv.org/abs/2012.01625
https://arxiv.org/abs/2508.09092
https://arxiv.org/abs/2508.09092
https://arxiv.org/abs/2508.09092
https://arxiv.org/abs/2508.09092
https://arxiv.org/abs/2508.09092
https://www.nature.com/articles/s41586-022-04725-x
https://www.nature.com/articles/s41586-022-04725-x
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…
useful algorithms based

on parameterized gaussian
boson sampling

dense subgraphs search
molecular simulation
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https://arxiv.org/abs/2302.00936 February 2023

another programmable GBS 
(Gaussian Boson Sampling) in China.

solves graph problems.

comparison made with US DoE 
Frontier supercomputer.

https://arxiv.org/abs/2302.00936
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the measurement based model

Measurement-based quantum computation by H. J. Briegel, D. E. Browne, W. 
Dür, R. Raussendorf, M. Van den Nest, Nature Physics, January 2009.

Measurement-based quantum computation by H. J. Briegel, D. E. Browne, W. Dür, R. Raussendorf, M. Van den Nest, Nature Physics, Nature Physics, January 2009 (xx pages).
Measurement-based quantum computation by H. J. Briegel, D. E. Browne, W. Dür, R. Raussendorf, M. Van den Nest, Nature Physics, Nature Physics, January 2009 (xx pages).
Measurement-based quantum computation by H. J. Briegel, D. E. Browne, W. Dür, R. Raussendorf, M. Van den Nest, Nature Physics, Nature Physics, January 2009 (xx pages).
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qubits prepared and 
measured (ancilae 

qubits)

remainder of 
calculus

measured qubits 
(no information used)

pre-entangled qubits cluster state 
preparation

Z projective measurement isolates filaments of qubits 
which are used to create quantum gates

classical quantum gates are realized with series of 
projective measurements

series of classical quantum gates

transposition in MBQC

1

0

3

q
u

b
it

s

time

projective measurement

XX =
MBQC is using projective measurements. 
It combines X, Y or Z gates modifying the 

qubit state on an orthonormal basis 
followed by a measurement.

Z

X Y Y Y Y Y

Y

X X X Y X X

1 42 3 65 7

9 1210 11 1413 15

8

CNOT gate

X Y Y Y
21 43 5

Hadamard gate

X X Y X
21 43 5

S (π/2-phase) gate

all qubits are prepared 
as (|0⟩+|1⟩)/√2 with a 
H gate and entangled 

with Control-Phase (R) 
gates

…
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cluster states generation

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

Proposal for Pulsed On-Demand Sources of Photonic Cluster State 
Strings by Netanel H. Lindner and Terry Rudolph, PRL, 2009.

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.250505
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.113602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.113602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.113602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.113602
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
https://pubmed.ncbi.nlm.nih.gov/36002484/
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A manufacturable platform for photonic quantum computing 
by Koen Alexander et al, PsiQuantum, arXiv, April 2024.

10x10 cabinets

requires 36 kW of cooling power at 4K 
for 100 logical qubits

https://arxiv.org/abs/2404.17570
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Aurora QPU
distributed QPU with photonic interconnect

GKP qumodes qubits
significant overhead



30



31

Practical blueprint for low-depth photonic quantum computing with quantum dots by Ming Lai Chan, 
Aliki Anna Capatos, Peter Lodahl, Anders Søndberg Sørensen, and Stefano Paesani, arXiv, July 2025.

https://arxiv.org/abs/2507.16152
https://arxiv.org/abs/2507.16152
https://arxiv.org/abs/2507.16152
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Minimizing resource overhead in fusion-based quantum computation 
using hybrid spin-photon devices by Stephen C. Wein, Timothée 

Goubault de Brugière, Luka Music, Pascale Senellart, Boris Bourdoncle, 
and Shane Mansfield, arXiv, December 2024 (22 pages).

https://arxiv.org/abs/2412.08611
https://arxiv.org/abs/2412.08611
https://arxiv.org/abs/2412.08611
https://arxiv.org/abs/2412.08611
https://arxiv.org/abs/2412.08611
https://arxiv.org/abs/2412.08611


A Spin-Optical Quantum Computing Architecture by 
Grégoire de Gliniasty, Paul Hilaire, Pierre-Emmanuel 
Emeriau, Stephen C. Wein, Alexia Salavrakos, Shane 
Mansfield, Quantum Journal, July 2024.

Quandela blueprint for using quantum 
dots are data qubit and their emitted
photons as ancilla qubits for creating
CNOT gates between the quantum dots

• quantum dots become data qubits.
• emitted photons are used to 

entangle qubits and measure them.
• quantum dots magnetic control 

creates single qubit gates.

Daphné Wang - Quandela

https://quantum-journal.org/papers/q-2024-07-24-1423/
https://quantum-journal.org/papers/q-2024-07-24-1423/
https://quantum-journal.org/papers/q-2024-07-24-1423/
https://quantum-journal.org/papers/q-2024-07-24-1423/
https://quantum-journal.org/papers/q-2024-07-24-1423/
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Scalable Fault-Tolerant Quantum Technologies with Silicon Colour Centres 
by Stephanie Simmons, Photonic, October 2023 (16 pages).

https://arxiv.org/abs/2311.04858
https://arxiv.org/abs/2311.04858
https://arxiv.org/abs/2311.04858
https://arxiv.org/abs/2311.04858
https://arxiv.org/abs/2311.04858
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approximate physical qubits # required to 
reach 100 logical qubits and 10-6 error rate, 
the lower being the better.

photonic coupling 
with transduction

single 
monolithic 

chip or QPU

direct 
photonic 
coupling

short range or mid-
range microwave 

couplers

interconnect 
using same qubit 

modality

single chip

short range 
microwave 

couplers

mid-range 
microwave 

couplers

photonic 
coupling and 
transduction

transmon cat-qubits trapped ions cold atomstrapped ionsQD spins

single chip

microwave 
couplers

photonic 
coupling and 
transduction

single chip

ions shuttling 
between ion 
traps chips

photonic 
coupling

single chip

photonic 
coupling

single QPU

photonic coupling

single QPU

photonic with 
transduction  or shuttling 

electrons coupling

photons

single 
photonic 

integrated 
circuit

photonic 
coupling

transmons

single chip

photonic…

multiple QPUs interconnect options

growing complexity with rough estimates thresholds requiring these techniques

multi 10K

before acquiring
Oxford Ionics
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QPU interconnect vendors Eleni Diamanti – LIP6 and Welinq
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QPU vs HPC power scale guesstimates

acceptability threshold hypothesis

largest WW supercomputers

4K logical qubit QPU estimates

estimate base power for various QPUs and actual for existing largest HPCs WW. HPC source: 
https://www.top500.org/lists/top500/2024/06/.
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(cc) Olivier Ezratty, 
November 2025.

IEEE P3329 Quantum 
Energy Initiative (QEI) 

Working Group
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https://www.top500.org/lists/top500/2024/06/
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get the slides
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