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manipulating
superposition and entanglement

and/or individual particles

quantum computing

quantum telecommunications

quantum cryptography

quantum sensing

manipulating
groups of quantum particles

photons, electrons and atoms interactions

transistors, lasers, fiber optics, GPS

photovoltaic cells, atom clocks

medical imaging, digital photography and video

LEDs, LCD TV quantum dots
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NV centerscold atomslasers and 
frequency combs

magnetometersgravimeters thermometers
clocks

spectrographs
ultra-sound mikes

microscopy, medicalimaging

sonars

radars
LiDARs

entangled photons

ultra-sensitive
imaging

quantum sensing

SQUIDs

RF 
analysis

gyroscopes

(cc) Olivier Ezratty, 2021-2023.
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quantum sensorsin healthcare

medicalimaging
biologicalanalysis

SQUID based
ultra-low field MRI

helium 4 nucleus spin 
MEG brain imaging

https://www.oezratty.net/wordpress/wp-content/Qnami-logo.jpg
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practical problem size

13,8 billion years

reasonable human 
time depending on 

the use case

classical computing
(now and soon)

quantum 
computing
(some day)

theoretical quantum 
computing speedup

extremely 
unreasonable time 
like the age of the 

Universe

the quantum computing promise
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typical untractable problems
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to simulate quantum matter

combinatorial optimizations

machine learning
and deep learning

solving partial differential equations
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quantum computingusage categories
research operations

drugsbatteries

fertilizersproduction materialsdesign condensedmatter
physics

high-energy
particlephysics

transportation

logistics

telecoms

financialservices

manufacturing marketing

delivery energyutilities

semiconductors

astrophysics
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what is a qubit?

two-state quantum object

basic unit of quantum information

vector in a 2-dimension complex 
numbers Hilbert space
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complex numbers
amplitudes

probabilities and Born 
normalization constraint
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separable 
atom energy 

level

electron or 
nucleus spin 
orientation

photon mode 
(polarization, 

number, frequency)
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Bloch sphere representation 
with amplitude and phase
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measurement
ends superposition 
and entanglement

N qubits registers
information in 2N

superposedstates

outputs
N probabilistic
classicalbits

quantum gates
acton qubits and on all 
the registeramplitudes
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from computingto measurement
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of all combinations 
of 0 and 1

complex
amplitudes

entanglementgates

large internal
data space

but slow I/Os

speedups broughtby 
algorithmsdesign and 

entanglement

probabilistic
outcomes

in most cases

« quantum circuit»sp
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https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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a new programmingmodel

https://algassert.com/quirk

online open source tool to learn, program
and emulateup to 16 «perfect» qubits

scripted Python codevisual quantum circuits design

IBM Qiskit, Google Cirq, EvidenQaptiva
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quantum & classical computing paradigms

gate-based
quantum 
annealing 
computers

quantum 
emulators
running quantum 

computers code on 
classical computers, 

for training, 
debugging and testing

general purpose quantum computing,
adds search and integer factoring

optimization problems and quantum 
physics simulation

quantum algorithms 
debug and testing

analog 
quantum 

simulators

analogquantum computers

NISQ(Noisy Intermediate
ScaleQuantum) 

no error correction 
with a few noisyqubits

digital quantum computers

FTQC (Fault-Tolerant 
Quantum Computers) 
error correction and 

fault tolerance

classical computers
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quantum 
inspired

classical algorithms 
running on classical 
computer, inspired  

by quantum 
algorithms.

classical algorithms 
improvements
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quantum computingmetaphors

linear algebra

vectorand matrix computing, 
state vectors, densitymatrices, 

parallelism

analogelectronics

signalsphase and amplitude, 
interferences, amplification, signal 

analysis(QFT), phase detection

neural networks

analog quantum computing, 
solving Ising models
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Groveramplitude amplificationunitarytransformation for a 3 qubit gate D-Wavequbits connectivity
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main qubit types

quantum states atom 
energy level

electron spin 
orientation

photon polarization,
or other property

atomsand ions electron spins photonssuperconducting

interactions laser pulses,
and/or microwaves

interferometers, polarizing 
beam splitters, ...

physical aspect

anharmonic oscillator 
current phase and energy

microwavepulses, 
and/or DC current

 π

 ρ
e-

readout laser illumination and 
fluorescence detection

single/multiple
photon detectors

reflectometry of microwave pulses 
on an oscillator

variousformsof light-matter interactions
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superconducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

(cc) Olivier Ezratty, 2023

electronscontrolledspin and microwavecavitiesatoms photons

CRYSTAL
QUANTUM COMPUTING

CRYSTAL
QUANTUM COMPUTING

QPUsvendorsper qubit type
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IBM Quantum System TwoςYorktown Heights, February2024
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inside a typical quantum computer
qubits control electronics

microwave generators, readout 
systems and various electronics

computing
servers, network,

software, data

cryogenic installation
helium 3 & 4

gas pumps and compressor

quantum chipset

« chandelier» in cryostat
where quantum stuff happens!

15mK
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PQSCZurich
Instruments

Programmable
Quantum
System
Controller

for superconductingor electronspin qubits

helium4

water
vacuum
pump 4K

compressor

pumps
filters

external
compressor

helium3

liquid 
nitrogen
gas filter
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key hardware challenges

qubits fidelities error mitigation and correction quantum interconnect

enabling technologies scalability energyconsumption quantum memory

[h
L v

Ғ п Y

Ғ рл Y

Ғ олл Y

½
 
Ǝ
ŀ
ǘ
Ŝ

·
¸
 
Ǝ
ŀ
ǘ
Ŝ
ǎ

5!/ 5!/

!²D !²D

w
Ŝ
ŀ
Ř
ƻ
ǳ
ǘ

L

!
5
/

v[h

I9a¢
Ҍпл Ř.

ŀƴŀƭƻƎ ŀƳǇ
Ҍ рлŘ.

5!/

!²D

5!/

!²D

!
5
/

v L

мн ǘƻ мс ōƛǘǎ 
ŜƴŎƻŘƛƴƎ
мп Dōƛǘǎκǎ

мл ǘƻ мн ōƛǘǎ 
ŜƴŎƻŘƛƴƎ
ғ у Dōƛǘǎκǎ

мл ǘƻ 
пл ˃²

Ғм ²

ŎƻƻƭƛƴƎ 
ōǳŘƎŜǘ

ŘŜǘŜŎǘ ƳƛŎǊƻǿŀǾŜ 
ǇƘŀǎŜ ǎƘƛƊ

ƅǳȄ ōƛŀǎ
5/ ŎǳǊǊŜƴǘ

ǉǳōƛǘ ŎƛǊŎǳƛǘ 
ŀƴŘ ǊŜǎƻƴŀǘƻǊ

[h

Ғ мр ƳY

Ғ улл ƳY

ǇŀǊŀƳǇ 
ǇǳƳǇ

w¢ ƻǊ ŎǊȅƻƎŜƴƛŎǎŜƭŜŎǘǊƻƴƛŎǎΚ

ŎǊȅƻπ/ah{ ƻǊ {CvΚ

ǎŎŀƭƛƴƎŎŀōƭƛƴƎΣ ŀǧ ϧ ŬƭǘŜǊǎΚ

ǎŎŀƭƛƴƎŎǊȅƻƎŜƴƛŎǎΚ

ŎƻƴǘǊƻƭ ǎƛƎƴŀƭǎƳǳƭǝǇƭŜȄƛƴƎΚ

Ғ πмрπнл Ř.

Ғ πнл Ř.

Ғ πмлπмс Ř.

ǎŎŀƭƛƴƎŎƛǊŎǳƭŀǘƻǊǎΚ

ǇŀǊŀƳǇ
Wt!κ¢²t!
Ҍмр Ř.

ǎŎŀƭƛƴƎǇŀǊŀƳǇǎΚ

CtD! ƻǊ !{L/

5!/

!²D

ƻǇǝƳƛȊŜw¢ ŜƭŜŎǘǊƻƴƛŎǎŜƴŜǊƎŜǝŎǎ

ŎƭŀǎǎƛŎŀƭŘŀǘŀ 
ǇǊƻŎŎŜǎǎƛƴƎΚ

ǎŎŀƭƛƴƎI9a¢Κ


