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manipulating manipulating
groups of quantum particles superpositionandentanglement
photons, electrons and atoms interactions and/or individual particles

transistors, lasers, fiber optics, GPS quantum computing
photovoltaic cells, atom clocks
medical imaging, digital photography and video
LEDs, LCD TV quantum dots
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guantum sensoran healthcare
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the quantum computing promise

extremely
unreasonable time
like the age of the

Universe

computing
time

reasonable human

time depending on
the use case

13,8 billion years

classical computing
(now and soon)

theoretical quantum
computing speedup

quantum
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(some day)

practical problem size



typical untractable problems
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what is a qubit?
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S basic unit of quantum information
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E vector in a 2Zdimension complex
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probabilities and Born Bloch sphere representation
normalization constraint with amplitude and phase

a

— Ju
separable electron or photon mode
atom energy nucleus spin (polarization,
level orientation number, frequency)



from computingto measurement
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but slow 1/Os entanglement in most cases
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online open sourcéool to learn, program
andemulateup to 16 «perfect» qubits

scripted Python code

# Initialize counting qubits

# in state [+>

for q in range(n_count):
gc.h(a)

# And auxiliary register in state [1>
o o
gc.x(3+n_count)

# Do controlled-U operations
for g in range(n_count):
gc.append(c_amodl5(a, 2%*q),
[q] + [i+n_count for i in range(4)])

# Do inverse-QFT
gc.append(gqft_dagger(n_count), range(n_count))

# Measure circuit

gc.measure (range(n_count), range(n_count))
qc.draw(fold=-1) # -1 means 'do not fold'

IBM Qiskit, Google CirgyvidenQaptiva



guantum & classical computing paradigms

classicatomputers

guantum
inspired

classical algorithms

running on classical

computer, inspired
by quantum
algorithms.

guantum
emulators

running quantum
computers code on
classical computers,
for training,
debugging and testing

classical algorithms quantum algorithms
improvements debug and testing
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analogquantum computers
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digital quantum computers
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FTQGFaultTolerant
Quantum Computers)
error correction and
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ScaleQuantum)
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guantum computingmetaphors
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linear algebra analogelectronics neural networks
vectorand matrixcomputing signalgphase and amplitude, analog quantum computing,
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main qubit types

atomsand ions  superconducting electron spins photons
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o i3 g ol
|T[) C ;{:N SQUID loop
atom anharmonic oscillator electron spin photon polarization,
quantum states energy level current phase and energy orientation or other property

. Si[sic
physical aspect N
SiGe
i : : laser pulses, microwavepulses, interferometers, polarizing
i Interactions and/or microwaves and/or DCcurrent beam splitters, ...
| reado t laser illumination and reflectometry of microwave pulses single/multiple
i u fluorescencealetection on an oscillator photon detectors

variousformsof light-matter interactions



QPUsvendorsper gubit type

trapped ions cold atoms annealing
‘@) QIIoNa | £ D:\WJaUE
DILMMNINRO

NNNNNNNNNNN

K.Q ¥

FOXcConn ,
. CRYST/ -~

QUANTUM COMPL

Quantum Art

NEQT %

QUANTIer

QUDORA

TECHNOLOGIES

)  Atom Quanium Labs

superconducting

= rigetti
amazon Google
Nerd

Quantique

oQC |aM
U O ?ﬂ(}?{‘%’rﬁ

ALICE & BOB

ANYON ATLANTIC

silicon

@ qu%glu

QUANTUM
5 MOTION

Silicon
Quantum Q d
Computing =

|EeroQ
equc|1.|abs C12

iraq

vacancies

QUANTUM
BRILLIANCE

SaxonQ
TURING

photonic o)

© NTT

<o bleximo FUT])TSU (27'[:m ARCHER °@

(cc) Olivier Ezratty, 2023

Z
XE=QR

Quantum
Transistors

electronscontrolledspin andmicrowavecavities

f
S 8

topological

% Microsoft

@UOoOHERENT

;g!x@UANTUM
e SUANTY

QuanT\/W PHOTONICS

photons

Y PsiQuantum
CQUANDELA /{2

® CANADL
DUALITY (D_UDC

QUANTUM

© &
Bardeen@  WWJ

Q C; phatonics(®)

(@) QUANFLUENCE

TUNDRASS 305 13 a1

17



BEN
QUADINAROS pé—

By

RATTS TYERELL

ANAKIN SKYWALKER

= —

MARS GUO

NEVA KEE

GASGANO

ARK “BUMPY™ ROOSE

S,

ODY MANDRELL

ELAN MAK

MAWHONIC

WAN
SANDAGE

CLEGG
HOLDFAST

18



g R 1t == s B
=50 -0 "u" -. .
4 o iz o l'l’ /I 1
I » |

Sln
]
=Y Bl Tl

g l‘.’_lm_rﬁmamﬁ g —




(QUANDELA

—
Y PASQAL




18M Quantum
System Two




Inside a typical quantum computer

computing
servers, network,
software, data

gubits control electronics
microwave generators, readout
systems and various electronics

« chandelier» in cryostat
where quantum stuff happens!

vacuum
pump

quantum chipset

helium4

helium3

liquid
nitrogen
gas filter

cryogenic installation

helium 3 & 4

gas pumps and compressor

compressor

pumps
filters

for superconductingor electronspin qubits

external
compressor

(cc) Olivier Ezratty, 2023
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key hardware challenges

qubits fidelities error mitigation and correction guantum interconnect

enabling technologies scalability energyconsumption guantum memory



