
The emergence of quantum computing
Principles, implementations, challenges

Nadia Belabas @ Goss group  http://quantumdot.eu

Center for Nanoscience and Nanotechnology C2N
CNRS – University Paris Saclay

©C2N - CNRS
©U. of Bristol

©UNSW Sydney ©Google

©Innsbruck University



The emergence of quantum computing
Principles, implementations, challenges

Nadia Belabas @ Goss group  http://quantumdot.eu

Center for Nanoscience and Nanotechnology C2N
CNRS – University Paris Saclay

©C2N - CNRS

http://www.linkedin.com/company/centre-de-nanosciences-et-de-nanotechnologies-c2n
http://www.linkedin.com/company/centre-de-nanosciences-et-de-nanotechnologies-c2n
https://twitter.com/C2N_com
https://twitter.com/C2N_com


Quantum advantage

UST China’s TaihuLight
quantum computer

Sycamore, Google Octobre 2019

Décembre 2020

Juin 2022



Breaking records for entanglement distances

June 2017

Institute for Quantum Optics and Quantum 
Information (IQOQI) campus in Innsbruck

neutral atoms, juillet 2022, Vienna 

Ions, Mai 2023, Innsbruck 



A hot topic for economy

Oct 2019

https://quantumconsortium.org/blog/quantum-patent-trends-update-2022/



A hot topic in politics - Sovereignty

Dec 2017

Dec 2018

Forbes Oct 2019

Oct 2017



January 2018

European, French initiatives

January 2021



Quantum physics and technological revolutions



Basics of quantum revolutions

Wave particle duality

Wave particule duality – J. Bobroff -©vulgarisation.fr
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Transistor
1947

Ruby laser
1960

Laser diode
1962

GPS
1995

First quantum revolution

Precise knowledge and engineering of quantized energy levels



More Quantum to come ?

See website for the European Flagship on Quantum Technologies  www.qt.eu

-> quantum superposition and entanglement



Basics of quantum revolutions

Coherent superposition

From the classical information bit               or

… to the quantum bit a 0 + b 1
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Classical quantum computer

Credit: The Fabric of The Cosmos: Quantum Leap

0 = left 1 = rightor

Finding the way out of a maze



Gain for Quantum computer ?

y =a 0 + b 1
and

Credit: The Fabric of The Cosmos: Quantum Leap



Superposition is powerful
but the « parallel » image is misleading

Credit: Veritasium – How computers break the internet …starting now

Calculating 𝟕𝒏 as a step of Shor algorithm



Measurement

Quantum bit                               witha 0 + b 1 a
2

+ b
2

=1

Measurement:

• Probability to measure the qubit in the state

 After measurement qubit state =    

• Probability to measure the qubit in the state     

=> After measurement qubit state =      
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© Piled Higher and Deeper (PHD Comics)



Quantum computer magical power ?

Credit: Veritasium – How computers break the internet …starting now

Shor - Quantum subroutine

Calculating 𝟕𝒏 as a step of Shor algorithm



https://www.smbc-comics.com/comic/the-talk-3



https://www.smbc-comics.com/comic/the-talk-3



Toward a second quantum revolution

2nd ingredient: entanglement

Credit: N. Hanacek/NIST



Toward a second quantum revolution

2nd ingredient: entanglement

Entangled state for two particules A and B

If A is measured in state 0, then B is in state 0

Two particles with a common fate

0
A
,0

B
+ 1

A
,1

B

2

If A is measured in state 1, then B is in state 1



Entanglement for secure quantum communications

0 0 1 1

or

A B

A B

Alice

Bob

Evesdropper

If both Bob and Alice measure a photon, 
they share the same information



Summary : First quantum revolution



Superposition



Entanglement – Quantum correlations Vs 
Classical correlations



Applications of a quantum computer



Decipher cryptography
Public-key cryptography:

hardness of factorizing prime numbers

Requires tens of millions of 
excellent quantum bits and gates

(error <0.1%) 

Credit: Veritasium



Shor algorithm threat

Computational response: Post-quantum cryptography

Principe: Develop cryptography protocols that resist quantum computational power

NIST time line to define new encryption standards

Credit: Douglas Stebila - Waterloo

https://www.linkedin.com/feed/update/urn:l
i:activity:7087508273540517888/



Credit: Veritasium
– How computers break the internet …starting now

Credit: Douglas Stebila - Waterloo



Shor algorithm threat

Hardware response: Quantum cryptography

BB84: first quantum cryptography protocol
Developed by C.Bennett and G.Brassard in 1984

C
red

it: Erik V
rielin

k

China quantum cryptography
infrastructures



Applications of a universal quantum computer

Where High Power Computation (HPC) is needed:

• Machine learning, Big data
• Optimisation problems (traffic, energy)
• Quantum and physics simulations (new materials, new molecules)
• Cybersecurity
• Finances…

..an ever growing list as industrials get involved

Quadratic Unconstraint Binary OptimisationarXiv:1708.01625

Dwave quantum annealing computer (since 2010)     on Traffic flow (2017)



1935

?

Late 1940’s



Many kinds and flavors of qubits

©U. of Bristol ©Innsbruck Univ. ©Google @MPQ Garching@Delt Univ. @Montpellier Univ



Basics of a quantum computer



Quantum computer architecture
Co-processor 

Copyright: Comprendre l’Informatique Quantique Olivier Ezratty.pdf



Quantum computer ingredients

• A scalable physical system with well characterized qubits
• The ability to initialize the state of the qubits
• A qubit-specific measurement capability
• A "universal" set of quantum gates
• Long decoherence times

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum Computation". Fortschritte der 
Physik. 48 (9–11): 771–783. 

2000 @ IBM 



Quantum computer ingredients
(Di Vicenzo’s criteria)

• A scalable physical system with well characterized qubits
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Quantum computer ingredients
(Di Vicenzo’s criteria)

• The ability to initialize the state of the qubits
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Quantum computer ingredients
(Di Vicenzo’s criteria)

• A qubit-specific measurement capability
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Polarizer + single photon detectors
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Fluorescence



Quantum computer ingredients
(Di Vicenzo’s criteria)

• A "universal" set of quantum gates : 

• Single qubit gates

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum 
Computation". Fortschritte der Physik. 48 (9–11): 771–783. 

a 0 + b 1

0

b 0 +a 1a 0 + b 1

0 + 1

2



Quantum computer ingredients
(Di Vicenzo’s criteria)

• A "universal" set of quantum gates : 

• Two qubit gates

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum 
Computation". Fortschritte der Physik. 48 (9–11): 771–783. 



The enemy :  decoherence

quantum bit                               witha 0 + b 1 a
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• Long decoherence times



The enemy :  decoherence

quantum bit                               witha 0 + b 1 a
2

+ b
2

=1

Energy

1

0

Space

1

0

Isolated quantum bit

Large reservoir of states:

Mechanical vibration
Fluctuating charges
Fluctuating spins
…

Irreversible loss of energy and/or information

• Long decoherence times



Necessary compromises

1

0

No decoherence Isolated quantum bit

1

0
Classical
control

To manipulate the quantum bit

1

0

1

0

But coupling to the outside world necessary 

To implement 2 quantum bit gates



Physical implementations



Leading platforms

Boston Consulting Group – Nov 2018

©U. of Bristol

©UNSW Sydney 

©Innsbruck University

©Google

Superconducting
qubits

Trapped ions Photons

Silicon qubits

Neutral atoms



Superconducting circuits

LC circuit Harmonic oscillator

Equidistant energy levels
No quantum bit

To know more : Devoret and Martinis - Quantum Information Processing, Vol. 3, Nos. 1–5, October 2004 (© 2004)

Non linear component

Josephson junction

1

0



Superconducting circuits

charge qubit flux qubit phase qubit

Coupling two qubits:

Electrical coupling
(circuit)

Quantum bus
(microwave photons)



Some chip example

arXiv 1712.03773



Superconducting circuits

©Google

Assests:

• Electronic based technology
• On chip – scalable
• Many degrees of freedom
• Only electronics – very flexible

Some challenges:

• Wiring
• Footprint
• Cooling down
• Noise: charges, magnetic fluctuations
• Cross talk



Trapped ions

To know more : Séminaire au Collège de France – Professeur Rainer Blatt – Insbruck University- 10 mars 2015

Vidéo et transparents en ligne:   https://www.college-de-france.fr/site/serge-haroche/seminar-2015-03-10-11h00.htm

Quadrupolar trap for charged particle

The development of the ion trap (W. Paul, 1956) 

The Nobel prize in 1989 

„for the development of the ion trap technique“ 

W. Paul 

H. Dehmelt 

1989 Nobel prize

Hans G. Dehmelt and Wolfgang Paul
"for the development of the ion trap technique."



row of qubits in a 

linear Paul trap forms

a quantum register

Ion trap quantum processor
Laser pulses manipulate

individual ions

A CCD camera reads out 

the ion`s quantum state

Effective ion-ion

interaction induced by

laser pulses that excite

the ion`s motion

slides courtesy of Hartmut Haeffner, 

Innsbruck Group with some notes by

Andreas Wallraff, ETH Zurich

Trapped ions



Trapped ions

The Quantum Information Processor 
with Trapped Ca+ Ions  

P. Schindler et al., New. J. Phys. 15, 123012 (2013) 



Trapped ions

Source © 2008 SCIENTIFIC AMERICAN, INC.

Christopher R. Monroe and David J. Wineland

Two-qubit gates



Trapped ions

©Innsbruck University

Assests:

• Low decoherence
• Excellent connectivity
• Room temperature (except for vacuum)

Some challenges:

• Miniaturizarion
• Increasing the qubit number



Photons

 Polarization  OAM  Energy Time Path  Photon number

Single photon qubit

Many degrees of freedom - Hyperencoding

On demand deterministic single photon source

1 11 1 11 1



Photons

Single qubit gates

H	polariza on	

Waveplate	

V	polariza on	

Y =a H + beij V

Polarization encoding

Y =a a + beij b

Path encoding

No decoherence

Photons are non-interacting particles in vacuum



Photons

Two quantum bit gates ?? (the great challenge)

Knill, E.; Laflamme, R.; Milburn, G. J. Nature (2001)



Linear optical quantum computing

Exploit the quantum interference

+



Example of 2-photon CNOT gate

Nature volume 426, 264 (2003)



Optical Quantum computer architecture

Sources  Gates  Detectors

Sciarrino & Osellame’s

group



Photons

©University of Bristol

Assests:

• No decoherence
• Good connectivity
• Room temperature processing
• Naturally connect to a quantum network

Some challenges:

• Very inefficient 2-qubit gates
• Efficient light sources



Rydberg atoms

Nature 561, 79 (2018)

arXiv:1908.06101

Synthetic three-dimensional atomic structures 

assembled atom by atom

Parallel implementation of high-fidelity multi-
qubit gates with neutral atoms

© MPI of Quantum Optics
Credit: MPQ Garching

Rydberg mediated interactions



Electron  spin in silicium

Nature 555, 633 (2018)

A programmable two-qubit quantum processor in silicon

Nature Communications 7, 13575 (2016)



Figures of merits - Benchmarking



Figures of merit

Number of qubits Single qubit gate errors

Two-qubit gate errors
Connectivity

Nature 426, 264 (2003)

Rainer Blatt’s group - Innsbruck

Parallelisation capabilities Quantum depth

How many gate can be performed before too
many errors accumulate

-1.0

-0.5

0.0

0.5

1.0

 timeGoogle sycomore

Ratio between
coherence time 
and gate time

Fabricated
versus

measured
Number of quantum bits



Physical versus logical quantum bits

Shor code for arbitrary single-qubit error correction.

Error correction:
- Additional quantum bits
- Additional gates

N physical quantum bits

Nature Communications 8, Article  1766 (2017)

1 logical
quantum bit



Quantum advantage



Define intermediate milestones

NISQ computing era = Noisy Intermediate-Scale Quantum
Introduced by John Preskill in 2018 

Quantum simulation, quantum chemistry
Optimization problems, search problems… 

John Preskill,
Caltech Solvay Conference

19 October 2011

Quantum Supremacy Quantum Advantage

…run an algorithm on a quantum computer 
which solves problems with a super-polynomial 

speedup relative to classical computers.

(irrespective of the usefulness of the problem)

https://quantumfrontiers.com/author/preskill/

« On entangled evening» song

https://quantumfrontiers.com/author/preskill/


Scott Aaronson

Boson sampling

The Computational Complexity of Linear Optics
Scott Aaronson, Alex Arkhipov

arXiv:1011.3245

+



Valiant, The complexity of computing the 

permanent, Theo. Comp. Scie. 8, 189 (1979) 

Calculating permanents 

is in the N-P complexity 

class

Quantum advantage: 50 photons, 100 modes

Boson sampling proposition



Google technological breakthrough

53 qubits and 86 adjustable couplers.

Nature 574, 505 (2019)



Our contribution to optical quantum computing



Challenges

On demand deterministic single photon source

1 11 1 11 1

Control qubit

Target qubit

Efficient photon-photon gates



Single Photon Source SPS

Brightness

Multi-photon emissions

Indistinguishability



Parametric source (SPDC, SFWM…)

Quantum dot in a cavity

Brightness ≈ 1%

Brightness ≈ 50% (with current source)

In theory, 100 % is possible.

Brightness of SPS



Recent / Current limitations

Highly inefficient photon sources

<50% efficient photon-photon gates

Probability to have 1 photon per pulse < 1%

0 00 1 0 0 0 0 0 00 1 0 0 00

Heralded single photon source

quantum interference of 

identical particles

+ detectors

+



Efficient source and gate using a single atom

Kimble, Dagenais and Mandel, Phys. 
Rev. Lett. 39 691 (1977)

Grangier, Roger, Aspect, Europhys. 
Lett 1 173 (1986)

a 1

A single atom can only scatter/emit one photon at a time

True single photon 

source

Photon-photon gates



Atom-light interface

Single atom: point emitter
Isotopric emission

Optical 
lense

Atom coupled to a single optical mode



Atom emitting in a single direction: CQED

g

Mode coupling

FP+ 1
b =

FP

Atom coupled to a single optical mode

Accelerating
spontaneous emission in 
1 direction by factor Fp



10 µm

GaAs%

GaAs%

!20!nm!

Semiconductor quantum dot

Our implementation

10 atoms

p-contact

n-contact

λ-cavity

1.5 μm 2-5 μm

Bragg
mirrors

Nowak et al, Nat. Com 2014



• State-of-the-art optical circuits for 
NISQ/MBQC/QT/Saving the world, 

certification

• High-fidelity, high-rate , highest 
standard of security

• Implementation of protocols : 
RNG, 4-partite quantum secret sharing

Arxiv : 2301.03536PRX 2022 ArXiv:2201.13333 Arxiv : 2211.15626



arxiv :2306.00874

Architecture

Stability

Magic

https://arxiv/


Source to product

Qubit generator 

(identical footprint for single-

photons or entangled 

photons)

Chip set showing 

multiple  qubit 

generators

Packaged device (eDelight) Patented fiber-pigtailed 

eDelight device

Compact cryogenic 

system

50 μm 5 mm3 μm



Heurtel et al., Perceval: A Software Platform for Discrete Variable Photonic Quantum Computing,
Quantum 7, 931 (2023)

Open-source programming 

framework for Quantum Photonics

Collaborative & Open Source

Tool for lectures in quantum computing

Compatible with

Partnership with 











Perso, je voudrais avoir ta vision sur le calcul photonique et les enjeux théoriques autour 

des modèles et conceptuels/pratiques autour des aspects énergétiques. 
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Quantum 
hardware

Nadia Belabas

Center for Nanoscience and Nanotechnology

CNRS– Paris Saclay University

Marino Marsi

Laboratoire de Physique des solides

Paris Saclay University



Boston Consulting Group – 2021



Platform comparisons

Boston Consulting Group – Nov 2018



Applications of a universal quantum computer

Credit: The Next Decade in Quantum Computing and How to Play - Boston Consulting Group



Optical quantum computing companies

PsiQuantum - USA - 2016

Universal CMOS optical
quantum computer

Xanadu - Canada- 2018

Quantum computing
powered by light

QuiX- Netherland- 2019

SiN4 based quantum 
computing

ORCA – UK - 2019


