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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

Première révolution quantique

Connaissance précise et ingénierie des niveaux d’énergie



Vers une seconde révolution technologique

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

Exploiter la superposition quantique et l’intrication



Bases de la 2nde révolution quantique

Superposition cohérence

Du bit d’information classique           0   ou  1

Au bit d’information quantique α 0 +β 1
α
2
+ β

2
=1, α,β ∈

1

0



2nd ingrédient: intrication

Credit: N. Hanacek/NIST

Bases de la 2nde révolution quantique



2nd ingredient: intrication

Etat intriqué à deux. particules A et B

Si A est mesurée dans l’état 0, alors B est dans l’état 0

Deux particules avec un destin aléatoire commun

0A,0B + 1A,1B
2

Bases de la 2nde révolution quantique

Si A est mesurée dans l’état 1, alors B est dans l’état 1



Intrication et communications sécurisées

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



Credit: The Fabric of The Cosmos: Quantum Leap

Superposition quantique – parallélisme et étrangeté



Cas classique

0 = left 1 = right

ou

Credit: The Fabric of The Cosmos: Quantum Leap



Superposition quantique – parallélisme et étrangeté

ψ =α 0 +β 1

and

Credit: The Fabric of The Cosmos: Quantum Leap



Superposition quantique – parallélisme et étrangeté

© Piled Higher and Deeper (PHD Comics)



Superposition quantique – parallélisme et étrangeté

bit quantique                                 avecα 0 +β 1 α
2
+ β

2
=1

Measurement:
• Probability to measure the qubit in the state

Þ After measurement qubit state =    

• Probability to measure the qubit in the state     
=> After measurement qubit state =      

α
2

β
2

0

1

0

1

superposition & mesure
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Applications envisagées de la 2nde révolution quantique

Capteurs quantiques
Calcul quantique digital

Calcul quantique analogique
Communications quantiques

©U. of Bristol

©Innsbruck 
Univ. ©Google

@MPQ Garching

@Montpellier Univ



Ordinateur quantique : les bases



Architecture ordinateur classique

Copyright: Comprendre Informatique Quantique Olivier Ezratty.pdf



Architecture ordinateur quantique

Copyright: Comprendre Informatique Quantique Olivier Ezratty.pdf



Quantum computer ingredients
(Di Vicenzo’s criteria)

• 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. 

David Di Vicenzo@ IBM 
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Quantum computer ingredients
(Di Vicenzo’s criteria)

• The ability to initialize the state of the qubits

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

e-

↑

↓

Spin

Optical pumping Microwave control

Atom energy levels Spin orientation Photon polarization

polarizer



Quantum computer ingredients
(Di Vicenzo’s criteria)

• A qubit-specific measurement capability
1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

e-

↑

↓

Spin

Optical pumping

Microwave readout

Atom energy levels Spin orientation Photon polarization

Polarizer + single photon detectors
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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. 

α 0 +β 1

0

β 0 +α 1α 0 +β 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
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Isolated quantum bit

• Long decoherence times



The enemy :  decoherence

quantum bit                               withα 0 +β 1 α
2
+ β

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



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



Plateformes de calcul quantique



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



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



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
• Cooling down
• Noise: charges, magnetic fluctuations



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."



PIÈGE DE PAUL

https://www.youtube.com/watch?v=a5v-W_pAqIs



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

ü Polarization ü OAM ü Energyü Timeü Path ü Photon number
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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"

Ψ =α H +βeiϕ V

Polarization encoding

Ψ =α a +βeiϕ 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
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| outi =
1p
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(|2c, 0di � |0c, 2di)
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Exploit the quantum interference

+



Example of 2-photon CNOT gate

Nature volume 426, 264 (2003)



Calcul quantique optique : roadmap

R. Raussendorf, D.E. Browne, H.J. Briegel
Phys. Rev. A 68, 022312 (2003)

APL Photonics 2, 030901 (2017)
Terry Rudolph

NISQ: calcul linéaire

Calcul basé sur la mesure

Calcul non linéaire

S. Sun et al.,
Science  361, 57 (2018)+



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



Applications of a quantum computer



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 lists as industrials gets involved

Dwave quantum annealing computer (since 2010)

Quadratic Unconstraint Binary Optimisation

arXiv:1708.01625



Decipher today’s cryptography

Public-key cryptography:

hardness of factorizing prime numbers

Requires tens of millions of excellent quantum bits and gates
(error <0.1%) 



Shor’s algorithm threat

Computational response: Post-quantum cryptography

Principe: Develop cryptography protocols that resist quantum computational power

Credit: Douglas Stebila - Waterloo NIST time line to define new encryption standards

Credit: Douglas Stebila - Waterloo



Communications quantiques



Classical communication



Encoding information on a single photon

| ⟩0 | ⟩1

| ⟩0 + | ⟩1 | ⟩0 − | ⟩1



Secret communication

Source of single 
photon

| ⟩0 | ⟩1| ⟩0 + | ⟩1 | ⟩0 − | ⟩1



Source of single 
photon

?

Secret communication

But losses…



Entangled photon pairs

Source of photon 

in pairs
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Secret communication & entanglement
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Secret communication & entanglement
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Test if
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Test if
or    

June 2017



Quantum networks 
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Quantum networks 
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Test if
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Test if
or    

Bell measurement



Quantum networks 

+

Test if
or    

+

Test if
or    

Quantum memory



Capteurs quantiques



Détection d’ondes gravitationnelles:

LIGO HANFORD OBSERVATORY



Force de pression de radiation

Rétro-action du miroir sur la lumière 
=> interférences sur le faisceau réfléchis dépendant du mouvement du miroir



Détection d’ondes gravitationnelles:

LIGO HANFORD OBSERVATORY



Détection d’ondes gravitationnelles:
Utilisation d’états de la lumière comprimés



Lumière et capteurs quantiques

Nature Nanotechnology 10, 810 (2015)

laser

Laser 
transmis



Second quantum revolution?

1935

?

Late 1940’s


