TIT

EIE' %LZI JL» ] L‘I/lﬁ
PHYS5251P

R SN
W5 TR P 05 R 2 PR T

Gzl
2025.9

FEMZFRARKRE BRIl




kAR 7 2
@ TrE0m: BRIl
E-mail: kaichen@ustc.edu.cn

Tel. 63607083; Office: ¥FiB#k1013-1%
= T: http://staff.ustc.edu.cn/~kaichen

® TFHM2: 18 KR #IF feihuxu@ustc.edu.cn

® B ML, nyyang@mail.ustc.edu.cn

PERZFRARKE BRIl



%4

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%),

@ areport 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)

£ 4
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Visit us at http://quantum.ustc.edu.cn
SFIESEFEEMRE

Explore guantum mystery, engble guontum applications!
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Visit http://www.quantumcas.ac.cn
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Visit http://www.quantumcas.ac.cn/
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Satellite-based entanglement
distribution over 1200 kilometers

Quantum I'E'apfl Retired research chimps Job losses undermine Marine predators shape

China's Micius sateilite, launched in August 2016, has now validated across a record 1200 kilometers the SN0 S : SOOIl SV 12 R Creroos

“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-4)

1. Spooky action

&
Light-altering crystal Micius Entangied photons were 815
creates entangled (500-km alitude) sent to separate stations. R
oholon palis. Measuring one photon's iy o
guantum stale instantly
@ m determines the other’s, no l‘ AAAS
maltter how far away.
-l' : i
i

4. Global netwark im AL 4 " F
Future sateffites and “ i‘ ;
ground stations could 2. Quantum key distribution
enable a quantum Micius will send strings
internet. of entangled pholons
e lo the stations, creating
a key for eavesdrop-proof
commumications

& 88
o = 8

Pair string

3. Quantum teleportation
Micius will send one entangied
photon to Earth while keeping
its mate on board. When a third
. photon with an unknown state
* isentangledwith the one on
*Earth, and their states jointly
measured, the properties of
the last photon are instantly
teleported up o Micius.

Entangled photon parssemt
from space to Earth

J.Yin et al., Science 356 (2017) 1140-1144
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Satellite-to-ground quantum key distribution
b Transmmar ’ QM‘
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Satellite-to-ground quantum key distribution. Nature
http://dx.doi.org/10.1038/nature23655

S.-K. Liao et a/.,, Nature 549 (2017) 4347
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Ground-to-satellite quantum teleportation

c Transmitter

PaVM):

Ground-to-satellite quantum

- teleportation. Nature
pa| ¢ ‘«‘:"’ http://dx.doi.org/10.1038/nature
- ' 23675 (2017).

N N g LT
- * ® ___ J-G. Ren et al, Nature 549
(2017) 70-73
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J. Yin et a/.,, Nature 582 (2020) 501-505
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Y. Li et al.,, Nature 640, pages47-54 (2025)



Quantum simulation

Programmable simulation of
quantum magnets

Observation of topological phenomena in a programmable lattice of 1,800 qubits
https://doi.org/10.1038/s41586-018-0410-x

A.D. King et a/.,, Nature 560 (2018) 456-460
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ULTRAGOLD ATOMS

IN OPTICAL LATTICES

B. Yang et a/., Science 369 (2021) 550-553
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Z.-Y. Zhou et al., Science 377 (2022) 311-314
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Creation of an ultracold gas of
triatomic molecules from an
atom-diatomic molecule mixture

FHAHTE BT EEE bR B
R & 1 A 2 TR 2 R ) v
ZIRT T RS BB
SR F4rF R Feshbach

3R B3 1) B 1 2% 6 B R AT
FEENET 43 -1 IR &R
Hl THA =R 10T RE,

7] J2 T A o RS A
%Tﬂ%?*ﬁwﬁﬁﬁi@tﬁ JEE

Voo

Ultracold Gas of

Triatomic Molecules

H. Yang, J. Cao, Z. Su, J. Rui, B. Zhao and J.-W. Pan
Science 378 (2022) 1009-1013
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Counterflow superfluidity in a
two-component Mott insulator

29 © @ ® @ @) SpinMott d 100
® ® ® ® ® ® ,6 phase
> 4 9 4 & CSF
> o9 9 o/ R
ferromagnet)

b
HEEENN sonvor ™ oss

CSF 0.97 3
(xy-
. ferromagnet) 20 40 &0

Ut
c . f
@ [HSF=1me==1) = = = Two-component BHM

|-.J.'H. +4 H.-.J.|M-|

@ [D=F=2m;=-2) [ |0} |- Spin-1Heisenberg EIECIEIE
Fig.1|Probing the CSF in optical lattices. a, In atwo-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-outin the

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

WA JEAE. R EESAEETEH
Yong-Guang Zheng et al,, AR T E TSR, B oW I xR
Nature Physics 21, pages208-213 (2025) 74 (counterflow superfluidity) iX—
WA= T, UESE 1 XA 7 i
IR e AR . (Nature
Physics) I
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Generation of genuine

T 1. entanglement up to 51
P superconducting qubits
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S.-R. Cao et a/.,, Nature 619 (2023) 738-742
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Establishing a New Benchmark in
Quantum Computational
Advantage with 105-qubit
Zuchongzhi 3.0 Processor

W E R ORI A . R R ESE
, 5 EErREE RO, MHAETER
S E m s s . P EFEREE R
. R E TR 62 TR RS
272 e L B H [ R 2 e e 4 BEUATE 70 Pl 45 .
NEE, BEhiE 7105008 (A5 1054 1]
FeHL ELRERTM 82N M A Lb i) B S E iR
TPL “Hrbz =57, LT “ETEVLIZL
PR ARSI PE R . SIA ILaE
VEMLL,  “HHphz =57 R REHLZRRER
A 10 800 ) P B H AT e PR e LR 5
NEEY, BT T2024F10 A AT REM
BOHT R 68 & 2 [Nature 634, 328 (2024)]
o XS ERKEYE S E IR R “H
M 57 B SE I AR REE T
EALHE [PRL 127, 180501 (2021), Science
Bulletin 67, 240 (2022)])5, B —IXITHES
EREFHEREELE. A (DEEES IR
Y 3H3HI ML .

D.X. Gao et al.,
Phys. Rev. Lett. 134, 090601, 2025
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TOP10 System - November 2023

Rimax and Ry, values are in PFlop/s.

For more details about other fields,

check the TOP500 description.

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.

https://www.top500.org/lists/top500
/2023/11/
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“The number of transistors per chip
doubles within two years”
(Apr 19, 1965)

[T

1"1 4004

1'?2 flulal.

1“1 BOED

BOEB
b ﬂ]- Moore's Law
Bg i 288 Means More Parformance
S8E™ Prooesmor

Togg =
Toag ' 486 DX Processar

Gordon E. Moore,
Co-founder of Intel

Fantium® 4 Procesaor
100, 000, 500
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o The accelerating pace of change... " 2045
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120 Years of Moore’s Law
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Source: Roy Kurzweil, DFJ
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Is Moore’s Law Ending? - ‘
- |1 Chipintroduction
@ Transistors per chip, ‘000 @ Clock speed (max), MHz @ Thermal design power*, w dates, selected

Transistors bought per $, m [ Pentium & i | Xeon ] |[mtr?l}|.m
20 Log scale
45 [1"!;-||r1|||l1 [11 ‘ _ _ 10°
10 | Pentium 11 | @
o -~
a l l'u.'-nt!uunl]
| T 1 T T 1 1 -‘n lﬂh
200204 06 08 10 12 15 [ 4ne ]

| 8086 ‘ 386 |

107

10

| L . L LA L T L L L I T T L . B T . T . T T . L. T . L T T . L T R . O L | lﬂl
1970 75 80 B5 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(extreme ultraviolet
lithography), IBM crosses the 10nm barrier. =July 2015
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IBM A
PowerAXON = High-speed 25 GT/s Signaling

g R EE A
BVLINK 3 GIPLE Accsssutcn Atiach st Frvubabt | I.

Iw%"ﬂm

Utilize Best-of-Breed

25 GT/s Optical-Style Flexible & Modular

Signaling Technology lnpl'r‘::lirﬁd:tnﬁu

@ 20 billion transistors
30 billion transistors
05 Jun 2017

Wafer of chips with 5nm silicon nanosheet transistors

IBM Research scientist Nicolas Loubet holds a wafer of chips with 5nm silicon
nanosheet transistors manufactured using an industry-first process that can
deliver 40 percent performance enhancement at fixed power, or 75 percent power

savings at matched performance. (Credit: Connie Zhou)
RERSFRAKRE: R




6 May 2021 IBM BIUK 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
could include:
*Quadrupling cell phone battery life, only requiring users
to charge their devices every four days.
« IBM will announce a new breakthrough in semiconductor scaling, *Slashing the carbon footprint of data centers, which

the world’s first chip with 2nm techf{n{ugy-'. __oependicur vew | 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.

FEMZFRARKRE BRIl



20 Oct. 2023 IBM £ Al Chip

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.
https.//research.ibm.comy/blog/northpole-ibm-ai-chip

~ g | | oL UMY . . . :
- ™ \!'m Since the birth of the semiconductor industry,

; ; computer chips have primarily followed the same
s 7, | basic structure, where the processing units and the

: = /¢ memory storing the information to be processed are
- 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 IBM Research’s
Dharmendra Modha and his colleagues aims to
change this, taking inspiration from how the brain
computes. “It forges a completely different path
from the von Neumann architecture,” according to

chER i Modha.




IBM Quantum

At IBM Quantum Summit 2023, ‘IBM Quantum
Heron’ was released as IBM’s best performing

IBM Ql.lal'ltum 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 five-times
Improvement over the previous best records
HERON set by IBM Eagle.

133 QUBITS
TUNABLE-COUPLER

1080, 000-qubid

2033 _ .i_;_-?f:” e Quantum’s 100,000-qubit
£ m quantum-centric
e kfS — supercomputer, expected

.
—

to be deployed by 2033.
(Credit: IBM)

We’ve added a new dimension to our
roadmap: the innovation roadmap, calling out
key advances required to bring about error-

. |
i ke fn
e

2023 2024 2025 corrected quantum computing at scale. After
To121 qubts 1386 qubits 4158 qubite demonstrating Condor, our 1,121-qubit

e W concept processor in 2023, we’ll now focus
TP W on modular scaling by introducing |- and m-

3 ; couplers with Flamingo and Crossbill, and in
g D SeamELL 2026, c-couplers with Kookaburra. These

P Communicatliong
£ _ - new breakthroughs will put us on course for
*.~':{___5__,j_‘-ic - Qauntun an error-corrected quantum system running
- 100 million gates by 2029 and a billion gates
by 2033.
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An Intel wafer. Chipmakers may
find it more difficult to justify the
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-AS55@2.05 GHz
GPU

e 24-core Mali-G78, Kirin Gaming+ 3.0
Al

e HUAWEI Da Vinci Architecture 2.0

e Ascend Lite*2+Ascend Tiny*1

5G

o SA&NSA,Sub-6G&mmWave

ISP

e Kirin ISP 6.0,Quad-pipeline

System Cache

o SMB

Memory

e LPDDR 5/4X
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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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1x
Interposer area 3x
A . 8 HBM2e: 128 GB
Gan 2019~ New TSV
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What 1s quantum information?

“Information is physical.” 1960s by Rolf Landauer
from IBM Research

Quantum information is that kind of
information which is carried by quantum
systems from the preparation device to
the measuring apparatus in a quantum
mechanical experiment. by R.F. Werner

from New Scientist
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[
Getting inside the mind of God

from New Scientist
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If we can harness the fuzziness of quantum entities to crunch vast amounts of data
instantaneously, the sky will be no limit. Vlatko Vedral 1s your guide

Image: Richard Kail/Science Photo Library

from New Scientist
FERIFRAKXSE



Spooky action at a distance Wave-Particle Duality

from New Scientist
FRERISFRAKRE BRI



“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)

Nobel prize 1965 from New Scientist
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(Max Planck) (Albert Einstein) Lows de Broglle)
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Neils Bohr) (Werner Heisenberg)
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Information Technology
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Press release: The Nobel Prize in
Physics 2022

English
English [pdf]
Swedish
Swadish (pdf]

e KUNGL.
| VETENSKAPS-
AKADEMIEN

T AVAL TAETFS ACATITMY OF ECINCEL

4 Dctober 2022

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

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

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

Anton Zeilinger
University of Vienna, Austria

“for experiments with entangled photons, establishing the violation of Bell inequalities and
ploneering guantunt information science”

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

PHYSICS NOBEL FOR
Nature | Vol 610 | 13 October2022 | 241 ‘SPOOKY’ QUANTUM

ENTANGLEMENT

Award goes to three physicists whose research laid
RERZFRAKRT BRI 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. (Feynman)
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Peter Shor #7;7(1994)

Lov Grover#,72{1997)

Seth Lloyd
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“There’s plenty of
& 1 room at the bottom”

Im

(Paul Benioff

(C. Benntt) (G. Brassard)

Quantum
Communication
Complexity
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Polarization Entanglement Source

PDC

extraordinary
(vertical)

l\
UV-
pump
BBO-crystal Vo

f

torivontal)  IHIAV)B +V)aH)g

|(Di>12 =i(| H>1 |I_I>2i | V>1 |V>2)

N

1
Wy, = —(1H), V), % | V), | H
| )1 ﬁ(l IV, £V) | H),)

® P. G. Kwiat et al., Phys. Rev. Lett. 75, 4337 (1995)
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« 1km M. Aspelmeyer et al., Science 301, 621 (2003)
« 13km C.-Z. Peng et al., PRL 94, 150501 (2005)
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The DARPA Quantum Network

ALICE B“a'w" By

L EI Egﬁgsgg;d @pﬂﬁﬁ anpliier W@aaﬁpﬁw lE v | o
P ﬂ:su‘lbuum _' m q )

munn‘ic‘;HJms @PN rﬁp#ater QPN repeater SOt

protocol
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NIST Quantum Communication Testbed

\“tt‘ B"b.ﬂ_
""h-_
T | por

Ehgh s;md E‘;?;’Spqasi
Data - At
Hmﬂlmg 1.25 Gb/s Handling

1000 Base LY — o 1000 Base LY

PCT interface high-speed electronics boards for Alice (left) and Bob (ri_ght}.

1 Mbit/s over 4km (20064)
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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.

A% . 0.6~10kbps  (20084)
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Tokyo QKD network
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Tokyo QKD network ™ 4% ZE 42

® 5. T JGN2plus (Japan's Gigabit Network )
® B L4

""" - 45 km

Ultra-stable frequency dissemination

Fig. 1 Network Layout of the Tokyo QKD Network

PERZFRARKE BRIl



Tokyo QKD Network A2 X‘W 7N

s

FERZFRARKE BRIl



MagiQ).

Loniact Us
— WMESLLIARREEN AEEEN INNREF

m————_______

————— L L L L L DL

MagiQ QPN"

Ultimate Cryptography Solution for Network Security

Quantum-Safe Network Encryption

Id” Quantique

Cantaurns CNI000 Saries Centauns CNBOOD

W i W W
o

PRERIERAKS B st o



ID Quantique ;= i
#® id Quantique (IDQ) 720014 T Geneva
® AP
= Centauris Layer 2 Encryptors: High speed multi-protocol encryptors
m Cerberis: A fast and secure solution of high speed encryption combined with quantum
key distribution. HLAY 13T AES M H
= Clavis?: QKD for R&D Applications
o RIS, BENLBCRASS, R EOL RS
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2010 FIFA tHFH

Durban, South Africa — The
first use of ultra secure

quantum encryption at a world
public event, %:JAES 256
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ID Quantique

2019 SK Telecom Continues to
Protect its 5G Network with Quantum
Cryptography Technologies

de il

-
-
P
P
y

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

- 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

Telefonica, Fortinet & 1DQ demonstrate the first
... Quantum-Safe IPVPN connection suitable for
r -
® I elefonlca managed datacentre interconnect
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MagiQ)

® 199947135 [E, H HIA Boston
L HI A A 21 Office

® RIM2008F- 4L 137 | MagiQ
Research Labs , 5US Army,
DARPA, NASA VLK 5 45 H 7500
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MagiQ QPN

Ultimate Cryptography Sofution for Network

Security

DEFENSE TELECOMMUMICATIONS

HNETWORK SECURITY
MAGIQ QPN"

ENERGY EXPLORATION

A
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Magi

MagiQ QPN": State of the Art
Quantum Cryptography

M QFH T @ rrarket leading Quanturn |
falarid Ggaineg Lhs
and manapgenont challangay

I

mabwiark secutlty and fool-g

s generated and dissermimated uoing QEN ouanturm cryptography conolat of truky randam
ehoracters that are diztributed baded wpon the lews of quantorn mechanics, which
151 keys cannot he Intércepted during the key eschangs mreduie,
elies mesurity that will re SuTeE miainet ot
desipn, and avan quanium comeuting.

puiarantess th
Magics QEN |

carmputationgl powel, hardwars

Howe It Warks

managemant and securities gechange With Magl QPN financial arganizalions can securs their-mast ofitical

commumication lirks to prevent intrugion ard dota thaft, MepQ o OOrtE @ yariety OF neteork archinectures and
) : | How it Works Who Needs it? Features & Benefits
o= i sleg ten of critica

arnert] and o

The security of quantum cryptography lies in its ability to exchange the encryption keys with absolute sacurity -

misal CURTOMmEN sRCwiTy radulraments now ad for the futiee
Quantum Key Distribution. By sending the key bits encoded at the single photon level on a photon-by-photon basis,
Military and Government {~) ottt i guantum machanics guarantees that the act of an eavesdropper obéerving a photon irretrievably changes the
orcen wre el aned @ conrtinueay Hee 12 T plans infarmation encoded on that photan. Therefore, the eavesdropper can neither copy nor clone, nor read the information
Errvmerrent sl rmilitary netweark security. PN con 7y Woice and data service peavidarn wha nead ta encoded on the photon without modifying It eavesdropping is instantly detected making this key exchangea

[ o)
d neteark W) saruru confldantial customee dats andiar sccass N
uncompromisingly secure.

& by “trusted 13 amampting to ta the aetaord car el chianial
sooana highly-clawsfied yovornement and miitary .
ilairdtan, |L 1 Large Power Grid Prowiders ppen-to terrorest of
2+ smaliciaus hacking into the command and cantral - .
Sag OFN enables huture-prosd quantum sscurkty fs channed Interfaces Client QPN Encr-l'lp*Ed Enc FYPT.’.E'I:' QPN Client
Sthat bty i wall Ethernat Ethernet Ethernat Ethernet
—_——

ok = = oxo

Fiber

QPN implements the BAS4 protocol, invented by Bennet and Brassard in 1984, This protocol assumes that the sender
and recipient share an optical link (fiber) and a classical (non-quantum) unsecured communication channel, far
example, a standard internat link,

QPN sends photons over the fiber to create the secure keys between two QPN stations. A photon is an elementary light
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 photan.

The security of the BB&4 protocol is based on the fundamental Heisenberg Uncertainty Principle, that states that
observing a photon (eavesdropping) does change its properties, i.e., In the presence of eavesdropping, 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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knowledge that the message cannot be opened "
by an eavesdropper, at least not without alert-
ing you to the breach. Chen ef ol demonstrate

a quantum key distribution protocol in a real-
application scenario, with the quantum
uted over a network consisting of

B T ERAEHE T, TR AL
AT RIFOFT, FTRAENT [ edby 20 km of commercial
gr. The generated keys can be used

BF PR ARIGEH AR, |

l‘x__ : ____ately in the context of encrypted real-
mechanics closes that Ioupﬁ“ - phone conversations between the sep-
Sharing quantum mechanically-en arated vevons NG

photons can provide a secure key

to encrypt and send a message, <2 (D — 150
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Quantum Phone Calls
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meant to be private. Yet despite thi
f digital communication in one fo
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Free-Space Quantum Communication

Free-space quantum entanglement distribution (over 100km)
Yin et al., Nature 488, 185 (2012)
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Extended Diata Figure 2 | The Micius satellite and the payloads. a, A full view of the Micius satellite before being assembled into the rocket. b, The
experimental 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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The Quantum Institute

at Los Alamos National Laboratory

® SiAC S ST
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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
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- NMR spin lattices  Small Josephson junctions

__ 66 29 .
* Linear ion-trap charge” qubits

spectroscopy — “flux” qubits
 Neutral-atom optical * Spin spectroscopies,
lattices impurities in semiconductors
o Cavity QED + atoms * Coupled quantum dots
» Linear optics with single — Qubits:
photons spin,charge,excitons
* Nitrogen vacancies in — Exchange coupled, cavity
diamond coupled
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Electron Spin Coherence in Hybrid Ferromagnet/GaAs Structures
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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
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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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Google

Number of qubits: 105

. °
I Ilow Ch ' p Average connectivity: 3.47

Quantum Error Correction Random Circuit Sampling
Specifications (QEC, chip 1) (RCS, chip 2)

Single-qubit gate error & o
tmf.-gn_ sif‘r{n_il'[a:‘lg}uﬁ} 0.035% 0.036%
Two-qubit gate error 0.33% 0.14%

(mean, simultaneous) (CZ) (lswap-like)

Measurement error 0.77% 0.67%
(mean, simultaneous) (repetitive, measure qubits) (terminal, all qubits)

T; time
(mean)

68 us 98 us

Measurement rate 909,000 63,000

(per second) (surface code cycle=1

1.1 ps)

Application performance N3gs =214 XEB fidelity depth 40 = 0.1%
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Quantum error correction below the
surface code threshold

Google Quantum Al

Nature volume 638, 920-926 (2025)
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Fig.1|Surface code performance. a, Schematic of a distance-7 (d = 7) surface
code ona 105-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 CF 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

CQlueantum errar comection cycle,

2 d
107,
&
: .}
: 10 - ]
ol o
Ny
o O Simulated ™
g2 | Eaks s e ey
gm"- 357 8N
; '\
i
g
|
& o =5l 1N 22152002
¥ d=3 (mean) # o =5 (mean) r:
d =3 (individual) d = 5 (individual) pe212s004
-- Begt physical qubit @ d=7 - — Aw2.14 20,02 \,
I T T T 1 T T T
100 150 200 250 3 5 7
Surface code distance, o

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 fiteach individual 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, fit to
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,



Google

Our quantum
computing roadmap

Owur 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.

MILESTONE 1 MILESTONE 2

BEYOMD CLASSICAL QUANTUM ERROR
CORRECTION

Proysical Cutsits: 54

MILESTONE 3

BUILDING A LONG-LIVED
LOGICAL QUBIT

MILESTONE 4

CREATING A LOGICAL GATE

Prysical Gubits: 107

MILESTONE 5

ENGINEERING SCALE UP

Physical Gubits: 107

Logica Gt Error Rase: Piwysical Gubits 107 Prigsical Cubits: 107 Logical Cubit Error Rate: 1070 Logical Cubit Error Rate: 10°%
ogiced Qi Error Rate 10 Logicat Qubst Error Rate: 1074
2019 2023

PERZFRARKE BRIl

MILESTONE &

LARGE ERROR-CORRECTED
QUANTUM COMPUTER

Prvsical Gubsts: 10%
Logical Qb Error Rate: 107

®
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Scaling IBM Quantum technology

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

2019 2020 2021 2022 2023 and beyond

27 qubits &5 qubits 127 qubits 433 qubits 1,121 qubits Path to 1 million qubits

and beyond

Optimized lattice Scalable readout Nowel packaging and controls Minlaturization of componenis Integration Build new infrastructure,

guantum error cormection

A look at IBM’s roadmap to advance quantum computers from today’s noisy, small-scale
devices to larger, more advance quantum systems of the future. Credit: StoryTK for IBM

https://www.ibm.com/blogs/research/2020/09/ibm-quantum-roadmap/
FERFERAKE BRI
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Learn how guantum computers empower resaarchers to tackle problems that ance geemed
Latest news iotaible

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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Development Roadmap
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ATIMELINE OF QUANTUM COMPUTING

SYSTEM PHASE COMMERCIAL PHASE
2015 -2025 2025 and beyond
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HEN Ion{ breaks records for quantum computimg 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
guantum computer yet built. In 2019, leading companies will start
investigating real-world problems in chemistry, medicine, finance,
logistics, and more using our systems.

FEMZFRARKRE BRIl



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%"
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%

Powerful Connected Precise

Program length: Fully-connected qubits: 11 One-gubit gate error: <0.03%

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

FEMZFRARKRE BRIl



System Availability

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

200G Fidelity

140G Fidelity
Specifications
Connectivity

Operating System
Laser System

Error Mitigation
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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

Idﬂ% of large D . .w aUE
| enterprises A 3

v are already

Eiperimenting with quanturm | 1 Q BTS

1 1
- LISTED

O NYSE

8 : : Get Business Advantage
@duan+ageE PRt NS oot

NEXT-GENERATION
EXPERIMENTAL PROTOTYPE
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D-Wave Product Generations

[ Wave T
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D-Wave

4,400+ Qubits 40,000+ Couplers 20-Way Connectivity® 40% Higher Energy Scale®
Solve more cormplex [Dense connectiity supports Zephyr™ topology enables e o e e ) e e e
computational problems compact, high-fidelity embedding of more and high-guality results
problem embeddings complex problams

i

-
2x Coherence” dx Lower Nojse” Fast Anneal Hybrid Solver Integration
Enhances overall Reduces nolse far Enables quicker, mare coherant Enables scaling via quantum-hybrid
performance and drives enhanced solution quantum computations Computing, with support for up to 2
faster time-to-solution stability million variabies

F.

Compared 10 the D-Wave Advantage systerm

D:\Wauk

©dvantage”

QUANTUM COMPUTER

o=abejuenp@

Production-Ready
Quantum Performance
for Business and Science




Accelerate Quantum
Development with Ocean

The Ocean software fits between applications and the compute
resources

Ocean Software

; Constraint Hesw Mapping
Maied
Pripblam Suilaide for GPLL Binsry Guodiriic Madel [BOM
Simuiatod O Wl Hyrid :
BRI

5000+

Qubits

A world-class annealing quantum processor
design with continued growth in qubits,
connectivity, and coherence.
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1 Million

Variables

Built to support real-world size applications with
up to 1 million variables and 100,000 constraints
via our quantum-classical hybrid solver service in
Leap.

Applications

More than 250 early applications across
domains like manufacturing, financial services,
and life sciences already exist using D-Wave
quantum systems today.




Customer
Spotlight

Optimization

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

to less than 5 minutes, a 6x
improvement.

Learn more

FEMZFRARKRE BRIl

D-Wave

I |
D o o e
Research

The Jiilich 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.

Learn more

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

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
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A chip that traps ions is the basis for a Department of Energy testbed quantum computer.
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Adrian Cho Science 2018;359:141-142
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A quantum COITlpUting to-do list Adrian cho science 2018;359:141-142

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

Uil

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 includes
improving the fundamental building blocks of quantum computers, developing
sophisticated control to make the most of any group of qubits, and computer
science research that will ultimately make quantum computers easier to use.
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Exhibit 1 - Acceleration of Investments in Quantum Computing

Funding ($millions) Deals completed

2,000 A0
1,700
1,500
1.000
500
53 241 211
32 72 86 15? m
7 5 14
L7 R B B o
2011 2012 2013 2014 201 2016 201
BH B 5o I | & &
Sources: PitchBook: BCG analysis
Note: PIPI

2022358)%255 ﬂizifﬁﬁféﬁ’m%lzj (BCG) ﬁ%ﬁmmﬁ?&ﬁb

Top 3 investments in 2021

"

PsiQuantum
$450 million raised
(Series D)

1«1

Xanadu
£100 million raised
(Series B)

I

IONQ
$650 million raised
(/3 PIPE + SPAC)

{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 2 - Quantum Computing Will Create Value Across Several
Industries and Use Cases

Private landscape

Applications Value creation potential ($billions)?
Low ”iﬁll

Cryptograpl
ryptography JE £

($40 billion to $80 billion)

m
1

Agrospace: Flight roule aplimizatior 20 50
20 50
Finance: Rizk management 10 20
Logistics: Vehicle routing/network optimization 50 100

A e Automated vehicles, Al aleonthms 1} 10
Machine [Earning Finance aud and orney laundernng prevenlion 20 30
($150 billion to $220 billion) High teeh: Search dnd ads spbmization 50 100

r- Vaned al applications BO+ 80+

10 20

and structural design 10 15
Simulation Chemistry: Catalyst and enzyme design 20 50
{$160 billion to $330 billion) 10 30
HICIME ) 20 35

ch: Batlery desiar 20 40

= T M m f
- | =5 _-

20225E8 H25H, LW WER (BCG) KATHIN Tk T
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 3 - The EU’s Competitive Start in Quantum Computing

2013 2016 2018 2019 2020 2021
L= S . -
Ihe UK creates a China launches its The EU sets up the France creates a Japan allocates about | Australia invests
Mational Quantum 13th five-year plan, Quantum Flagship Mational Agenda on $270 million to a $100 million
Technologies Program, | with projects for program, investing Quantum Technologies | quantum roadmap
investing $300 milbon '+ gquantum computing $1.1 billion with a seven-year o
and communications: investment of $700 I I
announces an million - :

Canada announces
investment of $10 B o T : :
billion in 2017 E55 Russia announce an investment of

The US passes lh-- T an $500 rm{hun #0 milkan oy
: A et i SEVEN Years

NL. ional Quantun — oot o years

Imtiative Act, investing « |srael allocates $400

ovE] 31 2 bl[hﬂﬂ million over six years l I

Frarce announces
a %$1.1 billion
investment plan

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

Sources: Literature search: BCG analysis.

20225E8 H25H, WK WER (BCG) KATHIM IR E
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 4 - The 2022 Quantu; Computing Country Rankings

& e o
i i ¢
" Tiers
Tier1
Front-runners and to
1 us = erformers, positione
= performers, positioned to
lead globally
China Tier 2
2 EU - Strongly positioned with
Sy several strengths, likely to
UK rﬁlﬂ! - play leadership roles

(— .
_ ﬂ ==  Tier 3
3 Australia B B started out well, potential

Canada I*l B to play leadership roles -
= if they address some gaps . — A —
Israel Tier 4
Japan - e Specific strengths, with == e = e
4 ) potential to play major n
Russia n o roles in some areas 7 — &
Switzerland W= or applications = a— =

20225E8 H25H, LW WER (BCG) KATHIW ik T
{Can Europe Catch Up with the US (and China) in Quantum Computing?)
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Exhibit 7 - The US Has the Most Startups, Private Investments, and

Patents in Quantum Computing

Estimated number of companies?
100

80

Metherlands

60

40
Japan Switzerland

20 ~Germany

'J‘ Australiagg Israel .
. ® | * 9
0ge i

(EU)

7/

Canada

-r//
7

Russia France Finland

100

B00

700

1,800

1,500

Private investments ($millions)?

Percentage of country global share of patents . 10%

20225E8 H25H, LW WER (BCG) KATHIN ik T
{Can Europe Catch Up with the US (and China) 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 (%)

20

us
@ China EU | .
10
Canada __ g
. « Average: 6%
- Russia
" Germany
) Israel Japan
Finlandg @ |@
sl —L% | —France
0 Switzerland A 20 30 40
Netherlands
Australia Average: 8
Number of universities ranked in the Top 100 for quantum computing
@ Countries with policies that target guantum education Number of students in umversities 250,000
Sources: EduRank:; Web of Science; Literature search; BCG analysis
Mote: The number of articles and universities for the EU represents the sum of the individual to

2022:F8H25H, #tWi&HER (BCG) KAAKMAHKRE

ch R S AR S FRY {Can Europe Catch Up with the US (and China) in Quantum Computing?}
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lons trapped between gold blades serve as information-carrying qubits in a prototype quantum computer. E
EDWARDS/JOINT QUANTUM INSTITUTE

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

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

&2 COMMITTEE ON

SCIENCE, SPACE, & TECHNOLOGY

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.

PERZFRARKE BRIl
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A STRATEGIC VISION FOR
AMERICA’S QUANTUM

NETWORKS

Product of

THE WHITE HOUSE
NATIONAL QUANTUM COORDINATION OFFICE

February 2020
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FIGURE 1

Global quantum
efforts:

$4O billion

(estimats)

—

Canada )

CAD 1.41 billion:=$1.1 billlen

US National
Quantum Initiative £

@ TE Ml
ook, F 0 CHINGEIN

Denmark is
DK 2.7 billion

= 3406 millign

Netherlands =
E965 milion

=%1 billion
United Kingdom &k
¥3.5 billion

— $J3 billion

France ()
£1.8 billion = $2.2 billion

Spang
€60 millon = %67 millian

Switzerdand ©

GHE 780 million = $900 milllon

BETFHOR

Public sector investments in quantum technologies worldwide

& Sweden
SEK 1.6 billion

4

= E BT |||:J!'-|

+ Finland
=24 million
| = 8297 millien
l
= |Israel  *

LS 1.2 billion
= $390 million

I | India &
| « |INB &0 hillicn
= 5735 million

Qatar P
210 million

Thailand =
THB 200 million

w Russia

RUB 100 billion = $1.45 billion

@ China

$15 billicn

* Sguth Korea
KRW 3.05 trillion

= 5235 hillion

s Japan
JPY B billion
= $700 million

@ Taiwan, China
TWD 8 billion

= $282 million

J Philippines
PHP BBO million

' =817 .2_million
Err?:znl::ai Al &4 2 rllion = EF‘ milllon
DimL DU IMINRGN = ool Mhion German'f. - - " "
€3 billion = $3.3 billion = Hungary ~ @Australia
S HUF 3.5 billion ALID B23 million
Austria = — 811 million = $599 million
€107 million = $127 million :
] & South Africa & Singapore .
European Quantum Flagship @ R 54 million SGO 185 million @ New Zealand

&1 billion= &1.1 billion = £3 milllon = 5138 million S36.75 miillion

Note: Not exbaustive; timelines for funding vary by country.
Sources: “Overview of Gusntum Initiatives Wordwide 2023", QURECA, 19 July 2023, hil nEECaoomy overdev- ol quantum-ninates-soddwde-2082
Department of Industry, Sclence and Resources, Australia; ETH Domain (ETH Zunch, EPFL, PS)
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http://quantum.ustc.edu.cn/
http://www.quantumcas.ac.cn/
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