TIT

EIE' %LZI JL» N &i//[f\x
PHYSS5251P

SRR A
YER 5 TR BE 0

PRI




B & 77 2\

FHZM1: I,

E-mail: kaichen@ustc.edu.cn

Tel. 63607083; Office: #)FB#1013-1 %
- 10 : http://staff.ustc.edu.cn/~kaichen

EUEOT2: G

B IR,




B4

A

Quantum computation and quantum information by M. A.
Nielsen and I.L. Chuang, Cambridge University Press, 2010
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Course Description

This course 1s open to all graduate students and
undergraduates. The final grades are based on:

final exam (60%),
homework and attendance of the class (20%),

a report about quantum information (20%, the

subject can be arbitrary, which 1s preferably related

to your current research project, recent progress or

your own 1deas along one specific area on theoretical

or experimental quantum information) * /‘é
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http://quantum.ustc.edu.cn
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Explore guantum mystery, engble guontum applications!
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Satellite-based entanglement
ribution over 1200 kilometers

Quantum leaps Retired rescarch chimps ' |  Job losses undermise shape
China's Micius satellite, launched in August 2016, has now validated across a record 1200 kilometers the S lm T SO StV *:::m
"spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-4).
L Spooky action
Light-altering crystal Micius Entangled photons were
creates entangled (500-km altitude) senl to separale stations.
photon pairs. Measuring one photon's
- guantum state instantly
= ﬂ determines the other's, no
A ~ matter how far away

4. Global netwark 3]
Future sateliites and
ground stations could
enable a quantum
internet, .

* fromspacetoEarth
po. 1110 & 1140
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'te-to-ground quantum key distribution

b Trans mltt

FERZFRAKRE BRIl



Transmitter
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Ground-to-satellite quantum
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Ground-to-satellite quantum teleportation

teleportation. Nature
http://dx.doi.org/10.1038/nature
23675 (2017).

J.-G. Ren et a/.,, Nature 549
(2017) 70-73
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Quantum simulation

Programmable simulation of
quantum magnets
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i 03 13 Creation of an ultracold gas of
- iR ! triatomic molecules from an
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Counterflow superfluidity in a
two-component Mott insulator
Spin-Mott

CsF

ferromagnet)

phase

CSF ey
(xy- -
ferromagnet) 20 40

b
HEEEEN sivor
| B BB NN

ujt
® W=EF=1m=-1) : : z Two-component BHM

@ [D=F=2,m=-2) [ |0 |-} Spin-1Heisenberg EIEICIEIE

Fig.1|Probing the CSF in optical lattices. a, Inatwo-component Bose mixture, spin-Mott phase obtained from mean field theory. The solid arrow is the adiabatic
there are two phases, the so-called CSF and the spin-Mott phase. The correlated passage to the CSF phase (yellow star) used in our experiments. e, lllustration of
CSF of the two components suppresses the number of fluctuations. b, Thisisin the experimental sequence. i, ii, State preparation of the doublon-occupied spin-
stark contrast to a conventional superfluid, such as the single-component BHM. Mott chains. iii, Adiabatic passage to the CSF phase. iv, Stern-Gerlach separation
¢, We encode the two components in the two hyperfine states of ’Rb atoms (left) and doublon-splitter operations for spin-and number-resolved detection.

which are denoted by F and m;. State mapping between the two-component BHM f, Atypical raw picture (right) of the L = 6 chain after Stern-Gerlach separation
and spin-1Heisenberg model (right). d, Phase diagram of the two-component and doublon-splitter operations and the corresponding read-outinthe

BHM. The dashed line indicates the phase boundary between the CSF phase and two-component BHM and Heisenberg model (left).

RS siEE. BREFEEEEAE
Yong-Guang Zheng et al., B T TSI, R TR Bt
Nature Physics 21, pages208-213 (2025) @yfisH (counterflow superfluidity) ix—
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2 3 9 15 21 27 33 39 45 B1
\, First CZ layer , Second CZ layer Qubit number

5 11 17 23 30
™\, First layer *\, Second layer “\, Third layer™\, Fourth layer Qubit number

S.-R. Cao et a/., Nature 619 (2023) 738—-742

Generation of genuine
entanglement up to 51
superconducting qubits
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"““I“ T Establishing a New Benchmark in
1 lll“ Quantum Computational
: | Advantage with 105-qubit

Zuchongzhi 3.0 Processor
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TOP10 System - November 2023
Rimax and Ry, values are in PFlop/s.
For more details about other fields,
check the :

R,eak Values are calculated using the
advertised clock rate of the CPU. For
the efficiency of the systems you
should take into account the Turbo
CPU clock rate where it applies.
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Maore's Law - the observatian that Compil
at a regular pace - is short-hond for mplﬂmwm Cver the past
50 years, It has ushered in the dawn ol the persanalimaticn of technology and

enabled new expenences through the integration of technology into almost
all aspects of our lives.
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“The number of transistors per chip
doubles within two years”
(Apr 19, 1965)

[T

Moore's Law
Means More Performance

FanagT® Processor
1 e

_ | Gordon E. Moore,
1.-_-,-_I|_||:|.:| oo \ Co_founder Of Inte|




The accelerating pace of change... 2045

*— Surpasses
braingpawer
Human equivalent
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...and exponential growth ... will lead ‘of human,
in computing power ... e to the e

Computer technology, shown
here climbing dramatically
by powers of 10, Is now

progressing more each ——— Apple I !
Nmdia

hour than It did in its At & price of $1,208
entire first 90 years Hha cormpact
maching was one of
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Charles Babbage's
invention was bE
designed to solve e I - Power Mac G4
computational and . & Thie first personal
logical problems ENIAL o : computer to deliver
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Wones  s8EC Noating-paint
1B Tataslater '.im? operations per
] second

COMPUTER RANKINGS
By calculations per second
per $1,000
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120 Years of Moore’s Law
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Is Moore's Law Ending? . ,
|| Chipintroduction

@ Transistors per chip, ‘000 @ Clock speed (max), MHz @ Thermal design power®, w dates, selected

-

Transistors bought per §, m | Pentium 4 | Xeon | |.;:-:1|.' 2 Duo

e Log scale

| Pantwim 111 |

15

l Puntium I |
| |

I  —
200204 06 08 10 12

T, 1

‘Ilj I-.\I"IF |

R R T N T T T IR

1970 75 80 90 95 2000 05 10 15

Sources: Intel: press reports; Bob Colwell; Linley Group; 1B Consulting; The Economist *Maximum safe power consumption
Economist, March 12-18, 2016
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IBM 7nm chip

Beyond silicon: IBM unveils world’s first 7nm chip
With a silicon-germanium channel and EUV lithography(
), IBM crosses the 10nm barrier. —July 2015




PowerAXON = High-speed 25 GT/s Signaling
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30 billion transistors
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IBM Research scientist Nicolas Loubet holds a wafer of chips with 5nm silicon
nanosheet transistors manufactured using an industry-first process that can .« 3w 7

deliver 40 percent performance enhancement at fixed power, or 75 percent powejfi\} Z
savings at matched performance. (Credit: Connie Zhou) Z
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6 May 2021

IBM iR 2nm

According to IBM, the new 2nm process is
capable of fitting 50 billion transistors on a
chip the size of a fingernail—up from the 30
billion transistors on the 5nm node.
https.//www.pcmag.comy/news/ibm-
unveils-2-nanometer-chip-process-but-
actual-products-are-still-years

|],“]' - The potential benefits of these advanced 2 nm chips

i could include:

*Quadrupling cell phone battery life, only requiring users
to charge their devices every four days.

*Slashing the carbon footprint of data centers, which
account for one percent of global energy use. Changing all of
their servers to 2 nm-based processors could potentially reduce
that number significantly.

*Drastically speeding up a laptop's functions, ranging
from quicker processing in applications, to assisting in language
translation more easily, to faster internet access.
*Contributing to faster object detection and reaction time
in autonomous vehicles like self-driving cars.

il ::'|"|| il
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« IBM will announce a new breakthrough in semiconductor scaling,
the world's first chip with 2nm technology. B -

+  This new [Prllr'n!r]g-,.' combines:
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A new chip architecture points to faster, more energy-efficient Al

The first promising set of results from NorthPole chips were published today in Science.
NorthPole is a breakthrough in chip architecture that delivers massive improvements in energy,
space, and time efficiencies, according to Modha. Using the ResNet-50 model as a benchmark,
NorthPole is considerably more efficient than common 12-nm GPUs and 14-nm CPUs. (NorthPole
itself is built on 12 nm node processing technology.) In both cases, NorthPole is 25 times more
energy efficient, when it comes to the number of frames interpreted per joule of power required.
NorthPole also outperformed in latency, as well as space required to compute, in terms of frames
interpreted per second per billion transistors required. According to Modha, on ResNet-50,
NorthPole outperforms all major prevalent architectures — even those that use more advanced
technology processes, such as a GPU implemented using a 4 nm process.

QEESreseal cll. /om. comy/blog/northpole-ibm-ai-chip

24 memory storing the information to be processed are
2 stored discretely. While this structure has allowed for
* simpler designs that have been able to scale well
over the decades, it’s created what’s called the von
Neumann bottleneck, where it.takes time and
energy to continually shuffle data back and forth
between memory, processing, and any other
devices within a chip. The work by IBMeRasearch’

Dharmendra Modha and his collea
change this, taking inspiration from how AhegE
computes. “It forges a completely differef b=
from the von Neumann architecture,” aceondiag to < ;

Modha. 5 /,?‘ >




IBM Quantum

HERON
133 QUBITS
TUNABLE-COUPLER

!

IBM Quantum

At IBM Quantum Summit 2023, ‘IBM Quantum
Heron’ was released as IBM’s best performing
quantum processor to date, with newly built
architecture offering up to five-fold improvement in
error reduction. (Credit: Christopher Tirrell for IBM)

IBM Heron is the first in IBM's new class of
performant processors with significantly
improved error rates, offering a

over the previous best records
set by IBM Eagle.
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We’'ve added a new dimension to our
roadmap: the innovation roadmap, calling out
key advances required to bring about error-
corrected quantum computing at scale. After
demonstrating Condor, our 1,121-qubit
concept processor in 202835 we’ll now focus
on modular scaling by introducing |- and m-

couplers with Flamingo and 'C ill, and in
2026, c-couplers with Kooka hese e
new breakthroughs will put ug on«€o =

an error-corrected quantum syste?ﬁr_v >
100 million gates by 2029 and a bjllionZates E v
by 2033. < :
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An Intel wafer. Chipmakers may ‘ J ‘
find it more difficult to justify the - o |
huge costs of developing the next

generations of chip technology. : —
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Process
e 5nm
CPU
e 1 x Cortex-A77@ 3.13 GHz
e 3 X Cortex-A77@ 2.54 GHz
e 4 x Cortex-A55@2.05 GHz
GPU
e 24-core Mali-G78, Kirin Gaming+ 3.0

Al BLBE9000% FHl 4 BRTAZE5nm T 2 412, £/ 153

» HUAWEI Da Vinci Architecture 2.0 (7 5 ks, o/ 7 F 2 0 fope &, 59000 2

e Ascend Lite*2+Ascend Tiny*1 b T A5G SARR YR T 22, Hidh Bl P R T

5G SGHLMAARLS . 90004357 F 2% Cortex-A77 CPU

e SA&NSA, Sub-6G&mmWave , KAAZESNRE3.1GHz, 1B K HRESE /1. 24-core
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CoWoS®-S Rapid Progress

@ 5 generations migration in 1 decade.

® Fast increase in interposer size, transistor
count, memory capacity and PI/SI (eDTC, etc.)
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1 X I |_:|I i

¢ Interposer area 3x

_— 8 HEM2e: 128 GB
m Gan 2019~ * New TSV

+ Thick Cu interconnect: Mi
eDTC Gen-1
ew TIM (Lid package)

» Interposer area 2x
-
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Interposer area 1.5%
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» Cu C4 bumps 2021 |IEEE 71st Electronic Components and Technology Conference | Virtual |§
June 1 = July 4, 2021
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What 1S quantum information?

“Information is physical.” 1960s

by R.F. Werner
from New Scientist
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Spooky action at a distance

from New Scientist




“There is plenty of room at the bottom.” (Dec 29, 1959)

“It seems that the Iaws of physics present no barrier to
reducing the size of computers until bits are the size of
atoms, and quantum behavior holds dominant sway.”

— —Richard P. Feynman (1985)

= (E-A)esr

=

Nobel prize 1965
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(Max Planck) (Albert Einstein) (Louis de Broglie)

Im

(Werner Heisenberg)
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(Classical)
Information

Information Technology

Quantum Infor mation
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Press release: The Nobel Pr
Physics 2022

@ VETENSKAPS
AKADEMIEN

HE FITWAL FIFEIF ASATTRR oF BOINCEL
4 Detober 2022

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics
2022 1o

Alain Aspect
Institut d'Optique Graduate School — Université Paris-
Saclay and Ecole Polytechnigque, Palaisean, France

John F. Clauser
LF, Clauser & Assoc., Walnut Creek, CA, UUSA

Anton Zeilinger
Liniversity of Vienna, Austria

“for experiments with entangled photor staiishing the viodarion of Bell inegualitics and
ploneeriug guaniun infortation scre

Entangled states — from theory to technology

Alain Aspect, John Clauser and Anton Zeilinger have each conducted
groundbreaking experiments using entangled quantum states, where two
particles behave like a single unit even when they are separated. Their results
have cleared the way for new technology based upon quantum information.




| 4

From left: John Clauser, Anton Zeilinger and Alain Aspect won this year’s physics Nobel prize.

PHYSICS NOBEL FOR
‘SPOOKY' QUANTUM
ENTANGLEMENT

Award goes to three physicists whose research laid
the groundwork for quantum information science.
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It's a "mystery”. THE mystery. We
don’t understand it, but we can tell
you how it works.
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Peter Shor #,%(1994)

Lov Grover#,7{1997)
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'W\ Seth Lloyd
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“There’s plenty of
room at the bottom”

Quantum Turing
machine

Quantum key
distribution
BB84

Quantum
Communication
Complexity
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Polarization Entanglement Source
PDC

Inary
(vertical)

BBO-crystal
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® P. G. Kwiat et al., Phys. Rev. Lett. 75, 4337 (1995)
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The DARPA Quantum Network
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NIST Quantum Communication Testbed

Cuantum
. Channels
Custom c ‘ustom
High-Speed High-Speed
Data A Data
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i) Base LX
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PCI mterface high-speed electronics boards for Alice (left) and Bob (right).
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Figure 3. Satellite map with the locations of the nodes of the prototype.
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Figure 5. Photographs of the SECOQC network node racks.
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Tokyo QKD network (20104

g In the era of the Internet,
‘the quantum world reaches ~/' /= thanks to
- | networks.
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Tokyo QKD network % 4% ZE 42

T JGN2plus (Japan's Gigabit Network )

Ry AU

Ultra-stable frequency dissemination

-
T ol

Fig. 1 Network Layout of the Tokyo QKD Network
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MagiQ QPN’

Ultimate Cryptography Solution for Network Security

Quantum-Safe Network Encryption

LTSS

Centauris CNE000 Saries Centauns CNE000D

¥ HQh-assarnn

» Upgradeable to Cuantum-=afe Sacurnly



ID Quantique ;= i
id Quantique (IDQ) 7£20014F % T Geneva
AF P
Centauris Layer 2 Encryptors: High speed multi-protocol encryptors

Cerberis: A fast and secure solution of high speed encryption combined with quantum
key distribution. HLAY [T AES M H
Clavis?>: QKD for R&D Applications
RS, FEVLECRAERS, HIKTEOGIESE




ID Quantique

2019 SK Telecom Continues to

) Protect its 5G Network with Quantum
2010 FIFA ﬁﬁjﬁ Cryptography Technologies

Durban, South Africa — The | X ===
first use of ultra secure e e e 4
quantum encryption at a world \
public event, J:FAES 256

desfd g

MEL! ‘ ’%

SK Telecom Continues to Protect its 5G Network
with Quantum Cryptography Technologies

- SK Telecom applied Quantum Random Number Generator (QRNG) to the subscriber
authentication center of its 5G network

- SK Telecom plans to apply Quantum Key Distribution (QKD) technology to the Seoul- #‘ff

Daejeon section of its LTE and 5G networks to prevent hacking and eavesdropping N -

- 8K Telecom is playing a pivotal role in global standardization of QKD and QRNG
technologies at ITU-T.



ID Quantique

Quantique and CryptoNext
partner to deliver next-gen,
quantum-safe messaging
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Telefonica, Fortinet & |DQ demonstrate the first
Quantum-Safe IPVPN connection suitable for
managed datacentre interconnect

7th Octaber 2027

Telefonica, Fortinet and 100 have jointly demonstrated the Tirst

Sfe IPVPN conr

niercannection service

DISCOVER MORE




1999% 3. T3 [E, H Hi% A Boston
SLEB A4 2 Office

KEM2008F LN T

U.S.AIR FORCE

b
J\ i
&F o

S

=
-~

- A

;-c",_:,{.




MagiQ QPN

Ultimate Cryptography Sofution for Network

Security |

DEFENSE TELECOMMUMICATIONS

HETWORK SECURITY

MAGIQ QPN"

ENERGY EXPLORATION

DARPA




Magi

MagiQ QPN": State of the Art
Quantum Cryptography

ated uoing QEN guant
baded wpon the 1o Quart
151 keys cannot he Intercepted during the key eschange sessdon, Tl
. future oo A

Farag netwarks o Howe it Works Who Needs it? Features & Benefits
torage ares L or — " "

rifarmation uture r
data at the alt

The security of quantum cryptography lies in its abillty to exchange the encryption keys with absolute sacurit
Quantum Key Distribution. By sanding the key bits encoded at the single photon level on a photon-by-photon basis,

uncompromisingly secure.

Client Encrypted Encrypted Client
Ethernat I Ethernet Ethernat Ethernet
—_— B

m sscurity fr

Fiber

QPN implements the
and recipient share an optical link (fiber) and a classical (non-quantum) uns
ample, a standard internet link,

QPN sends photons over the fiber to create the sscure kay een two QPN sts

particle that has measurable properties, like polarization, which can be 'up’ or ‘down’. These can be used to encode
and transmit a value of a bit from one QPN station to the other. The transmitting QPN station uses a truly random
number generator to come up with the value of the bit encoded on the photon

The security of the BB&4 protocol is b on the fundamental Heisenberg Uncertainty Principle, that states that
observing a photon (e dropping) does change its properties, i.e., In the pl nce of dropping, the values of the
received bits will differ from the values of the bits sent. This fundamental principal eliminates the ability of any
eavesdropper to hide his/her *footprints on the photon,
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Free-Space Quantum Communication

Free-space quantum entanglement distribution (over 100km)
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Two-axis mirmor S

Extended Data Figure 2 | The Micius satellite and the payloads. a, A full view of the Micius satellite before being assembled into the rocket. b, The
ental control box. ¢, The APT control box. d, The optical transmitter. e, Left side view of the optical transmitter optics head. [ Top side view of
the optical transmitter optics head
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Co¥ Lo sl Migius yuaninm expenmsests in space

Fit 18 Pull view of the Micivs satellie and the main pay loads, (0) Phidegraph of the Micins saiefliee prior 1o Bamch, (b Trnsminer |
for QKL emnnglement disribsition, aed seleporation, (o Transaives 2, ospecially desaaned for entonglement  disribinon
(et Experiniental cantrol tox. (o] Entangled-photon source,

Class. Quantum Grav, 29 (20012) 224011

[3 Rideout ef af

[0k 23, Typicd receiving ground station for the Micius saledlide. (o) Tao-axs gimbal elescope. () Beaeon bser and coarse cmens
{e Cine of the bwo layers of the optical recerver how, (dy Typical opticad design of the receiver incluling the receiving elescope, the ATP
system, and the QK D-deection module, From Lion or gl 200170

ey + Dstrip,

FIG: 27, Tracking and QKD processes donng an orat, From Lise e al,, 2017,

C.-Y. Lu et al, Micius quantum experiments in space, Rev. Mod. Phys., 94 (2022) 035001.

Explorable Scales [\

Boyond our Solar Systern: Tests of
Chuanium Grawvity ?

Solar system: using spacecrall to
test Quantum Gravity or Long-Aanga
Entanglemsant.

Solar Orbit, Mars: Bell Tests. Human
Observers, Long-Range Entanglement

Emvisioned;
feasibility limit for
fuardum optics
tagts, using future
technology

3o m

light-sacond

610" m

kmis &
; -fsﬂ Moon: Bell Test, Human Observers

GEQ Satellite: Bell Test, QKD

LEO Satefiite: Ball Test, QKD, Moving
Observers, Quantum Networks

Ground based Experimeants

® Maar Term;
possibia with
today's
technology

& Currant;
pround based

Figure L Overview of the distance and velocity scales achievable i a space environment explorable
with muan-made svstems, with some possible quantum optics experiments al each given distance.
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The Quantum Institute

at Los Alamos National Laboratory

g i AE X5
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. the development of a fully
operational quantum computer
would demolish the concept of
national security. Whichever
country gets there first will have
the ability to eavesdrop on the

plans of its enemies. Although
still in its infancy, quantum
computing presents a potential
threat to global security.

Simon Singh, 7he Code Book

— — DILANL /41

Advanced computing Manhattan Project

Roadmagp

et f Dumreew Laww | hamambs

A Quantum (nformation
Scisnce and Technology

Cold-war

r{c'rc'rrr‘r:rc‘t'

Lead ing the international
effort to plan the future
of quantum information

:n':'..":‘_lfi‘f’.

Non-proliferation space technology
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Liquid-state NMR e Electrons on liquid He
NMR spin lattices * Small Josephson junctions
Linear ion-trap e qubits
spectroscopy — “flux” qubits
Neutral-atom optical * Spin spectroscopies,

lattices impurities in semiconductors
Cavity QED + atoms * Coupled quantum dots
Linear optics with single — Qubits:

photons spin,charge,excitons
Nitrogen vacancies in — Exchange coupled, cavity
diamond coupled




Electron Spin Coherence in Hybrid Ferromagnet/GaAs Structures
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* Aarhus

» Berkeley

« Caltech

« Cambridge

 College Park

* Delft

 DERA (U.K))

« Ecole normale supérieure
« Geneva

« HP Labs (Palo Alto and Bristol)
* Hitachi

* id Quantique

« IBM Research (Yorktown Heights and
Palo Alto)

* Innsbruck

* | os Alamos National Labs
 McMaster

* MagiQ

 Max Planck Institute-Munich

A
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* Melbourne

e MIT

« NEC

* New South Wales
 NIST

* NRC

* Orsay

* Oxford

* Paris

* Queensland

« Santa Barbara
» Stanford

* Toronto

« USTC

* \Vienna

» \Waterloo

* Yale

* many others...




Demo: IBM Quantum Experience

Watch a demo of how to use the world’s first gquantum
computing platform delivered via the IBM Cloud.

(») Watch the video

1:4341;&;;- RS 0 g geenc=onr-
H/s= 15°
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Quantum Computing on the Cloud

Hear from IBM experts about the new cloud-enabled
quantum computing platform.

@ Watch the video

IBM Quantum Computing Lab Tour

Explore a 360 degree look at the IBM Quantum Computing
Lab at the Thomas J Watson Research Center.

@ Watch the video
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illow Chip

Number of qubits: 105
Average connectivity: 3.47

Quantum Error Correction

Google

Random Circuit Sampling

(mean, simultaneous)

(repetitive, measure qubits)

(QEC, chip 1) (RCS, chip 2)
Single-qubit gate error
(e i ttieee) 0.035% 0.036%
Two-qubit gate error 0.33% 0.14%
(mean, simultaneous) (C2) (iswap-like)
Measurement error 0.77% 0.67%

(terminal, all qubits)

Ty time

(mean) 68 ps 98 ps
Measurement rate 909,000
(per second) (surface code cycle = 1.1 ps) 63,000

Application performance

ﬁaﬁ? = 2.14

XEB fidelity depth 40 = 0.1%
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Cubit grid
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Cuantum error comection cycle, § Surface code distance, o

Ermmar probability

Fig.1|Surface code performance. a, Schematic of a distance-7 (d = 7) surface
code ona l05-qublt processor. Each measure qubit {blue) is associated with a
stabilizer (blue-coloured tile). Data qubits (gold) form a d = d array, We remove
leakage fromeach data qubit using a neighbouring qubit below it, with additional
leakage removal qubits at the boundary (green). b, Cumulative distributions of
error probabilities measured on the 105-gqubit processor. Red, Pauli errors for
single-qubit gates: black, Pauli errors for CZ gates; gold, Pauli errors for data
qubit idle during measurement and reset; blue, identification error for
measurement; teal, weight-4 detection probabilities (distance 7, averaged for
250 cycles). ¢, Logical error probability p, for a range of memory experiment
durations. Each data point represents 10° repetitions decoded with the neural

network and is averaged over the logical basis (X, and £, ). Black and grey, data
from ref. 17 for comparison. Curves, exponential fics after averaging p, over
code and basis. Tocompute £, values, we fiteachindividual code and basis
separately and report their average (Supplementary Information). d, Logical
error percycle, £, reducing with surface code distance d. Uncertainty on each
pointislessthan 7 = 107, The symbols match those ine. Means ford = 3and d=35
are computed from the separate £, fits for each code and basis. Line, fitto
equation (1), determining A, The inset shows simulations up tod= 11 alongside
experimental points, both decoded with ensembled matching synthesis for
comparison. Line, fit to simulation; A, = 2.25 0,02,



MILESTOME 1

BEYOMD CLASSICAL

Pheysical Subiis: 54
Logica Gt Error Rase:

Our quantum
computing roadmap

Our focus is to unlock the full potential of gquantum computing by developing a large-scale computer capable of complex, error-corrected
computations. We're guided by a roadmap featuring six milestones that will lead us toward top-guality gquantum computing hardware and software
for meaningful applications.

MILESTOME 2

QUANTUM ERROR
CORRECTION

MILESTONE 3

BUILDING A LONG-LIVED
LOGICAL QUBIT

Prvysical Cubits: 107
Logicat Qubst Error Rate: 1074

MILESTONE 4

CREATING A LOGICAL GATE

Provsical Gubits: 14
Logical Cubit Error Rate: 1070

&

MILESTONE 5

ENGINEERING SCALE UP

Phrecal Gubiis: e
Logical Cubit Error Rate: 10°%

®

®

MILESTOME &

LARGE ERROR-CORRECTED
QUANTUM COMPUTER

Prvsical Gubsts: 10%
Logical Qb Error Rate: 107
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Scaling IBM Quantum technology

Key ailvancement

Optimized lattice

ey advancrment

Scalable readout

ke povanceman

Mowvel packaging and controls

Kay advancement

Minlaturization of components

el atvaniemant

Integration

1IBM Q System One (Released) {In davatopment) Mext family of IBM Quantum systems

2019 2020 2021 2022 2023 and beyond

27 gubits 65 qubits 127 qubits 433 qubits 1,121 qubits Path to 1 million qubits
Falcon Hummingbird Eagle Osprey Condor and beyond

Large scale systems

Kay advancemani

Build naw infrastructure,
guantum error cormaction
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v
Learn how guantum computers empower resaarchers to tackle problems that ance geemed
Latest news |

unsolvable

View all —»

Boost your quantum credentials with IBM Quantum Credits: Apply today for Relay-BP: The world's fastest, most Applications are open for the Qiskit
new Qiskit v2.X developer certification access to cutting-edge IBM quantum accurate decoder for gLDPC error advocate program
capabilities correction codes
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Moderna RIKEM & Cleveland Clinic E.ON J5R

Head the story A Read the story =¥
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ATIMELINE OF QUANTUM COMPUTING

i Fluid Dynamics Astrophysics Materials Design é‘ -'




#8% Iong breaks records for quantum computing performance »

A true quantum leap.

Introducing the first commercial trapped ion quantum
computer. By manipulating individual atoms, it has the
potential to one day solve problems beyond the capabilities of
even the largest supercomputers.

The World's Most Advanced Quantum Computer

Our quantum cores use lasers pointed at individual atoms to perform
longer, more sophisticated calculations with fewer errors than any

quantum computer yet built. In 2019, leading companies will start
investigating real-world problemns in chemistry, medicine, finance,
logistics, and more using our systems.
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Preliminary benchmark test results on lonQ hardware as of December 10, 2018.

Qubits

Qubits are the basic unit of information storage on a quantum computer. After they’re
initialized, logical operations—called gates—are performed on them.

Maximum loaded 160 qubits

Single-qubit gates performed on up to 79 qubits

Two-qubit gates performed on all pairs of up to 11 qubits

Error Rate

Gate fidelity is a measure of the accuracy of a single gate. Gates that manipulate one qubit
at a time are less complex and less error-prone than gates that operate on two qubits. The
following benchmarks were captured on a fully-connected 11-qubit configuration.

Average fidelities

Single-qubit gates >99%
Two-qubit gates >98%"
Powerful Connected Precise

Best fidelities
Single-qubit gates 99.97%
Two-qubit gates 99.3%"
Minimum fidelities
Single-qubit gates >99%
Two-qubit gates >96%"

" not corrected for state preparation and measurement errors.

Benchmark: Bernstein-Vazirani Algorithm

The Bernstein-Vazirani Algorithm is a basic test of the ability of a quantum computer to
simultaneously evaluate possibilities that conventional computers must calculate one at a
time. The complexity of the test is determined by the maximum length in bits of an oracle—
an arbitrary number the computer must determine.
10-qubit oracle success rate 73.0%

Classical computer success rate ~0.2%

Program length: Fully-connected qubits: 11 One-qubit gate error: €0.03%

>80 two-qubit gates Addressable pairs: 55 Two-gubit gate error: <1.8%




System Availability

Commercial Availability
System Sales
Performance
Algorithmic Qubits (#A0Q)
Physical Qubits

2006 Fidelity

1QG Fidelity
Specifications
Connectivity

Operating System
Lazer System

Error Mitigation

lonQ

lonQ Aria

Learn More

\/

HAQ 25

All-to-all

First Gen

Acousto-Dptic
Modulator

v

Forte

Laarn More

v/

All-to-all
First Gan
Acousto-Optic Daflector

v/

Forte Enterprise

Learn More

v/
v

#A0Q 36
Target

i6

99.6%
Target

QOORY
Target

All-to-all
First Gen

Acousto-Optic Deflector
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lonQ Roadmap for Large-Scale, Fault-Tolerant Quantum Computers
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it's Time to Start Your "
Quantum journey

Daril be k=l betend. Forward-thinkeng organizstions s=e gquanium
a5 AR oppartunity 1o leap abead of the competition. From Ninding

:::::::

Froim Z5-himrs of moih 102 MT0es per me el 308 e

At el a——— =
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D-Wave Product Generations

', Wi st
7ann nuhs

h. "
D-Wave 2
1904 st

)-Wave

4,400+ Qubits
Salve more comples
computational problems

40,000+ Couplers

[Dense connectiity supports
compact, high-fidelity
problem embeddings

20-Way Connectivity®
Zephyr™ topology enables
embedding of more
complex problems

40% Higher Energy Scale®
Contributes to faster time-to-solution
and high-guality results

2x Coherence”
Enhances overall
performance and drives
faster time-to-solution

F.

Fast Anneal
Enables quicker, mare coherant
guanium computations

Hybrid Solver Integration

Enables scaling via quantum-hybrid
computing with support for up to 2
million variabtes

Compared 1o the D-Wave Advantago system

D:\Wauk

©dvantage”

QUANTUM COMPUTER

o=abejuenp@

Production-Ready
Quantum Performance
for Business and Science




L}
as DEVELOPER TOOLS
L]

Accelerate Quantum
Development with Ocean

The Ocean software fits between applications and the compute
rEsOUrces.

h=d

Ocean Software
L

e o o
5000+ 1 Million 250+

Qubits Variables Applications

;-
G wen -
—

—

=t
— -

A world-class annealing quantum processor Built to support real-world size applications with More than 250 early applications across

design with continued growth in qubits, up to 1 million variables and 100,000 constraints domains like manufacturing, financial services,

connectivity, and coherence. via our quantum-classical hybrid solver service in and life sciences already exist using D-Wave
Leap. quantum systems today.

.
Pl
o
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D-Wave

Customer D-Wave's annealing quantum computers are supporting enterprise production
Spothght applications and pioneering research and scientific breakthroughs.

'7 T L A
Wk
i
T,
Wl |

N

Optimization

Research

Ford Otosan created a hybrid
quantum application utilizing
D-Wave quantum technology
to optimize vehicle production
seguencing in the body shop,
reducing scheduling of 1,000
vehicles from 30 minutes

to less than 5 minutes, a 6x
improvement.

The Julich Supercomputing
Centre uses a D-Wave
Advantage system to facilitate
breakthroughs in quantum

Al and quantum optimization
and expects to connect it with
the JUPITER supercomputer,
Europe’s only exascale HPC
for advanced research.

Japan Tobacco leveraged
D-Wave's quantum hybrid
workflow to improve Large
Language Model training for
early-phase drug discovery.
The quantum-enhanced
approach achieved better
learning accuracy with fewer
parameters than classical
methods.

Learn more Learn more

Learn more
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A chip that traps ions is

Adrian Cho Science 2018;359:141-142
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A quantum COI‘I‘IpI,Iting to-do ||st Adrian Cho Science 2018;359:141-142

Researchers have several general ideas for scientific
applications of quantum computers.

=i
Y

FIELD TASK

Chemistry Calculate molecules’ energies and
structures, model catalysis.

Materials Design novel materials from the
science atomup.

Nuclear physics  Calculate energies and structures of
nuclei and particles such as protons.

Particle physics Optimize search for subtle signals.

DOE Office of Science: Contributions to Quantum Computing

Support for quantum computing research originated in the Advanced Scientific
Computing Research program in 2017 and rapidly spread across the Office of
Science. The research portfolio now includes applications in nuclear and
particle physics, plasma science, chemistry, and materials. It also includ
improving the fundamental building blocks of quantum computers, develop1% &7
sophisticated control to make the most of any group of qubits, and computer ,;ffgﬂ S

science research that will ultimately make quantum computers easier to use. = % _g

<<
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Exhibit 1 - Acceleration of Investments in Quantum Computing

Funding ($millions) Deals completed ! Top 3 investments in 2021
2,000 | | 40 !

1,700 5 L=

PsiQuantum
$450 million raised
(Senes D)

1,500 30

1,000 1,500 S 5 l""l
675 Xanadu
$100 million raised
500 Sop 10 (Series B)
- 138 211 5
7S B | =
s, 0 | —
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 IONQ
; $650 million raised
B Hardware W Software VC investments : (/s PIPE + SPAC)

Sources: PitchBook: BCG analysis.

Note: PIPE = private investment in public equity; SPAC = speacial-purpose acquisition company.

2022£Eaﬁ255 /&iiﬁﬁ@@%ﬁ] (BCG) ﬁ;ﬁmﬁnﬁi -{ﬁ,-ﬁ_-.;- 2

{Can Europe Catch Up with the US (and China) in Quantum Computmg”))



Exhibit 2 - Quantum Computing Will Create Value Across Several
Industries and Use Cases

Cryptography
($40 billion to $80 billion)

Optirmzation
(%100 bilbon to $220 billion)

Machine learning
($150 billion to $220 billion)

Simulation
(%160 billion to $330 billion)

Applications

Encryplionsdecrypltion

Aemaspace: Flight roule optimization
Firance: Portfolio optirmization
Finance: Risk management

Logmstics: Vehicle routing/network optimization

Automoiwe: Automated vehicles, Al alecnthms

Finance: Fraud and meoney lau ring prevention

High tech: Search and ads optimization

Other: Vaned Al applications

Agmspace: Computational fuid dynamics

Agrozpace: Materals develapment

Automotive: Computational flud dynamics

Automotive: Materials and structural design

hemisiry: Catalyst and enzyme desgn
Energy. Solar canvercian

Finance: Market sirr
High tech: Battery desian

Manufacturing: Materials design

Pharma: Drug discovery and development

ulaten (g, dervatives pricing)

Private landscape

Value creation potential ($billions)
Low High
40 80

20 50
20 50

10 20
50

0
20
50

20224£8 H 25EI, /&ﬂﬁ@@%@ (BCG) RAT IR FR
{Can Europe Catch Up with the US (and China) in Quantum Computmg”))
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Exhibit 3 - The EU’s Competitive Start in Quantum Computing

2013 2016 2018 2019 2020 2021
St il E i .
L= S . -
The UK creates a China launches its The EU sets up the France creates Japan allocates about | Australia invests
National Quantum 13th five-year plan, Quantum Flagship MNational Aeend.i o $270 millionto a $100 rmillion
Technologies Program, | with projects for program, investing Quantum Technologies | quantum roadmap
investing $300 million ' quantum computing  $1.1 billion with a seven-year

and communications; investment of $700 I*I

announces an million -

_— Canada announces

investment of $10 B

billion in 2017 Russia announces an ||1-.rq'r£:tr:r‘|e|'|f_ Cl_l'-
The US passes the - an $800 million OO0 HES et
National Quantum s— investment i
Initiative Act, investing | |srael allocates $400
over $1.2 billion million over six years l l

France announces
a %$1.1 billion
investment plan

Germany unveils its
Quantum Computing
Roadmap, with a $2.2
billion investment

Sources: Literature search; BCG analysis.

20228 H25H, wLtiniEiER (BCG) KA RIS

{Can Europe Catch Up with the US (and China) in Quantum Computlng’?>)



&

Exhibit 4 - The 2022 Quantum Computing Country Rankings

o — — —14 m

Tier 1

1 i Front-runners and top
US = performers, positioned to
lead globally

2 EU - Strongly positioned with
| - several strengths, likely to
UK ﬁ'ﬂ! play leadership roles

—_— i
3 Australia W I l Started out well, potential
Canada I*I to play leadership roles

I
= if they address some gaps _— A

Israel Tier 4
Japan Specific strengths, with — ®
4 ) potential to play major u
Russia u T T roles in some areas | —
Switzerland === or applications = - s

20228 H25H, LWL R (BCG) KA MM RIS

{Can Europe Catch Up with the US (and China) in Quantum Computmg”))
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Exhibit 7 - The US Has the Most Startups, Private Investments, and
Patents in Quantum Computing
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Exhibit 8 - The EU Is Second Only to the US in Scientific and Educational
Capabilities

Scientific articles on quantum computing, by country, in 2021 (%)

@® China
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- L4 « Average: 6%

5 Russia

Israel | apan Germany
leand. 'l Jap
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0 |
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Number of universities ranked in the Top 100 for quantum computing

@ Countries with policies that target guantum education Number of students in universities 250,000

Sources: EduRank; Web of Science; Literature searcl

Mote: The number of articles and universities for the EU represents the sum of the individual totals for each EU country
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between gold blades serve as information-carrying qubits in a prototype quantum computer. E
EDW. T QUANTUM INSTITUTE

Update: Quantum physics gets attention—and brighter
funding prospects—in Congress

By Gabriel Popkin | Jun. 27, 2018, 12:30 PM

COMMITTEE ON

SCIENCE, SPACE, & TECHNOLOGY

Lamar Smith, Chairman

National Quantum Initiative Act

The National Quantum Initiative Act establishes a federal program to accelerate quantum research and
development for the United States’ economic and national security.
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FIGURE 1

Global quantum
efforts:
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