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参考书目
教材

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

其他参考书

量子信息

马雄峰、张行健、黄溢智，《量子信息简明教程》，清华大学
出版社，2023.
量子力学

王向斌、沈艺鑫、于云龙、秦季茜、徐海，《量子力学基础教
程》，清华大学出版社，2023.
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This course is 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 is preferably related 
to your current research project, recent progress or 
your own ideas along one specific area on theoretical 
or experimental quantum information)

Course Description
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Visit us at http://quantum.ustc.edu.cn



中国科学技术大学陈凯

6

Visit http://www.quantumcas.ac.cn/



中国科学技术大学陈凯

7

Visit http://www.quantumcas.ac.cn/
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2016年8月16日1时40分，我国在酒泉卫星发射中心用长征二号丁
运载火箭成功将世界首颗量子科学实验卫星发射升空。

量子卫星成功发射
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Satellite-based entanglement
distribution over 1200 kilometers

J. Yin et al., Science 356 (2017) 1140–1144
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Satellite-to-ground quantum key distribution

Satellite-to-ground quantum key distribution. Nature
http://dx.doi.org/10.1038/nature23655

S.-K. Liao et al., Nature 549 (2017) 43–47
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Ground-to-satellite quantum teleportation
Ground-to-satellite quantum 
teleportation. Nature 
http://dx.doi.org/10.1038/nature
23675 (2017).

J.-G. Ren et al., Nature 549 
(2017) 70–73
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“墨子号”实现基于纠缠的无中继千公里量子保密通信

J. Yin et al., Nature 582 (2020) 501-505
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世界首颗量子微纳卫星成功发射

2022年7月27日，世界首颗量子微纳卫星在酒泉卫星发射中心搭载“力
箭一号”运载火箭成功发射。该卫星的科学目标是在世界上首次实现基于微
纳卫星和小型化地面站之间的实时星地量子密钥分发，为构建低成本、实用
化的天地一体化广域量子保密通信网络奠定基础。
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实现量子微纳卫星与可移动地面站间的实时星地量子密钥分发

Y. Li et al., Nature 640, pages47–54 (2025)

中国-南非“一次一密”
加密传输的图片（上图：
长城照片；下图：南非斯
坦陵布什大学实验现场）

中国科学技术大学潘建伟、彭承志、廖胜凯等，联合济南量子
技术研究院、中国科学院上海技术物理研究所、微小卫星创新
研究院等单位组成的研究团队，在国际上首次实现量子微纳卫
星与小型化、可移动地面站之间的实时星地量子密钥分发，在
单次卫星通过期间实现了多达1百万比特的安全密钥共享。在
此基础上，联合团队和南非斯坦陵布什（Stellenbosch）大学
科研团队合作，在中国和南非之间相隔12900多公里的距离上
建立了量子密钥，完成对图像数据“一次一密”加密和传输。
该工作为实用化卫星量子通信组网铺平了道路。
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Quantum simulation

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

Programmable simulation of 
quantum magnets

A.D. King et al., Nature 560 (2018) 456-460
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在超冷原子光晶格
中实现大规模高保
真度量子纠缠对的
同步制备

获得了纠缠保真度
为99.3%的1250对
纠缠原子!

量子模拟

B. Yang et al., Science 369 (2021) 550-553
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首次实验研究了规范对称性约
束对量子多体系统热化动力学
的影响，并且观测到具有相同
守恒量的不同初态热化到同一
个平衡态的过程，验证了热化
过程造成的量子多体系统初态
信息的“丢失”，建立了规范
场理论早期非平衡动力学与最
终热平衡态之间的联系，在使
用规模化的量子模拟器求解复
杂物理问题的道路上取得了重
要进展。

量子模拟

Z.-Y. Zhou et al., Science 377 (2022) 311–314
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利用相干合成方法在国际上首
次制备了高相空间密度的超冷
三原子分子系综。研究团队基
态双原子分子和原Feshbach
共振附近利用磁缔合技术从简
并的钠钾分子-钾原子混合气中
制备了超冷三原子分子系综，
向基于超冷分子的超冷量子化
学和量子模拟研究迈出了重要
一步。

量子模拟

H. Yang, J. Cao, Z. Su, J. Rui, B. Zhao and J.-W. Pan 
Science 378 (2022) 1009–1013

Creation of an ultracold gas of 
triatomic molecules from an 
atom–diatomic molecule mixture
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潘建伟、苑震生、邓友金等与合作者在超
冷原子量子模拟实验中，首次观测到对流
超流相（counterflow superfluidity）这一
新奇量子物态，证实了对流的双组分超流
体共同形成绝缘体的特性。（Nature 
Physics）上。

量子模拟

Yong-Guang Zheng et al.,
Nature Physics 21, pages208–213 (2025)

Counterflow superfluidity in a 
two-component Mott insulator
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研究团队成功实现了51个超导量子
比特簇态制备和验证，刷新了所有
量子系统中真纠缠比特数目的世界
纪录，并首次实现了基于测量的变
分量子算法的演示。该工作将各个
量子系统中真纠缠比特数目的纪录
由原先的24个大幅突破至51个，充
分展示了超导量子计算体系优异的
可扩展性，对于多体量子纠缠研究
、大规模量子算法实现以及基于测
量的量子计算具有重要意义。

量子计算

S.-R. Cao et al., Nature 619 (2023) 738–742

Generation of genuine 
entanglement up to 51 
superconducting qubits
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中国科学技术大学潘建伟、朱晓波、彭承志等
，与上海量子科学研究中心、河南省量子信息
与量子密码重点实验室、中国计量科学研究院
、济南量子技术研究院、西安电子科技大学微
电子学院以及中国科学院理论物理研究所等单
位合作，成功构建了105比特（包含105个可
读取比特和182个耦合比特）超导量子计算原
型机“祖冲之三号”，实现了对“量子随机线
路采样”任务的快速求解。与现有最优经典算
法相比，“祖冲之三号”处理量子随机线路采
样问题的速度比目前最快的超级计算机快15
个数量级，超过谷歌2024年10月公开发表的
最新成果6个数量级[Nature 634, 328 (2024)]
。这一成果是我国继超导量子计算原型机“祖
冲之二号”实现超导量子计算体系最强量子计
算优越性 [PRL 127, 180501 (2021), Science 
Bulletin 67, 240 (2022)]后，再一次打破超导
体系量子计算优越性纪录。为《物理评论快报
》 3月3日封面论文。

量子计算

D.X. Gao et al.,
Phys. Rev. Lett. 134, 090601, 2025

Establishing a New Benchmark in 
Quantum Computational 
Advantage with 105-qubit 
Zuchongzhi 3.0 Processor
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绪论

量子信息概念、历史和展望
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经典计算机和信息处理

冯·诺依曼

第一代计算机

苹果笔记本

Roadrunner超级计算机

NASA太空高速互联网

阿里云

联想笔记本
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超级计算机

Fugaku( 富岳)

Lumi （芬兰）

Frontier（美国）

神威太湖之光中国
全球超级计算机500强榜单

Summit（美国）

Sierra（美国）
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超级计算机

TOP10 System - November 2023
Rmax and Rpeak values are in PFlop/s. 
For more details about other fields, 
check the TOP500 description.
Rpeak 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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经典计算机和信息处理

“The number of transistors per chip 
doubles within two years”

(Apr 19, 1965)

Gordon E. Moore,
Co-founder of Intel
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经典计算机发展状况
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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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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)

IBM技术

05 Jun 2017

20 billion transistors

30 billion transistors
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IBM技术 2nm6 May 2021

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.com/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.
•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.
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IBM技术AI Chip20 Oct. 2023

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.com/blog/northpole-ibm-ai-chip

Since the birth of the semiconductor industry,
computer chips have primarily followed the same
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
Modha.

A new chip architecture points to faster, more energy-efficient AI
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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 five-times
improvement over the previous best records
set by IBM Eagle.

A visual rendering of IBM
Quantum’s 100,000-qubit
quantum-centric
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-
corrected quantum computing at scale. After
demonstrating Condor, our 1,121-qubit
concept processor in 2023, we’ll now focus
on modular scaling by introducing l- and m-
couplers with Flamingo and Crossbill, and in
2026, c-couplers with Kookaburra. These
new breakthroughs will put us on course for
an error-corrected quantum system running
100 million gates by 2029 and a billion gates
by 2033.
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Intel

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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华为计算
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华为麒麟9000
关键特性
Process
• 5nm
CPU
• 1 x Cortex-A77@ 3.13 GHz
• 3 x Cortex-A77@ 2.54 GHz
• 4 x Cortex-A55@2.05 GHz
GPU
• 24-core Mali-G78, Kirin Gaming+ 3.0
AI
• HUAWEI Da Vinci Architecture 2.0
• Ascend Lite*2+Ascend Tiny*1
5G
• SA&NSA,Sub-6G&mmWave
ISP
• Kirin ISP 6.0,Quad-pipeline
System Cache
• 8MB
Memory
• LPDDR 5/4X

麒麟9000采用全球顶级5nm工艺制程，集成153
亿晶体管，更小尺寸蕴藏更大能量。麒麟9000是
业界最成熟的5G SA解决方案，带给用户疾速的
5G现网体验。麒麟9000全新升级Cortex-A77 CPU
，大核主频突破3.1GHz，爆发性能实力。24-core 
Mali-G78 GPU与Kirin Gaming+ 3.0强强联手，打
造更畅快更省电的高画质游戏体验。麒麟9000升
级华为达芬奇架构2.0 NPU，大核彰显出众AI算力
，探索更丰富的AI视频应用，NPU微核实现更优
能效比，全天超低功耗运行，解锁更多体验。影
像方面，麒麟9000升级Kirin ISP 6.0，业界首次实
现ISP+NPU融合架构，具备实时包围曝光HDR视
频合成能力，手机拍摄暗光和逆光视频更清晰，
细节展现淋漓尽致。
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华为智驾
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相关技术

Memory Architecture –
3D TSV Memory Packaging
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“Information is physical.” 1960s by Rolf Landauer 
from IBM Research

What is quantum information?

from New Scientist 

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
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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 is your guide
Image: Richard Kail/Science Photo Library

from New Scientist 
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Spooky action at a distance 

from New Scientist 

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

“It seems that the laws 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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量子世界
(Max Planck) (Albert Einstein) (Louis de Broglie)


cE 



2mcE 
mc




互补性和不确定原理

(Neils Bohr) (Werner Heisenberg)

量子测量 塌缩
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经典和量子比特

经典和量子信息处理中的本质不同在于存贮和处理信息的方式

在经典信息处理中，信息是由宏观的比特来表示通常取值为二进制的值

0 或者 1

在量子信息处理中，信息是由微观的量子比特来表征，通常取值不可数的多值
形式

a|0> + b|1>

其中a, b其中为满足下式的任意两个复数
|a|2 + |b|2 = 1.
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Information
(Classical)

Quantum Information

Information Technology
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量子信息处理的概念和内涵

量子信息处理是指以量子力学基本原理为基础、利
用量子态的相干特性来编码、传输和操控信息，进
而实现量子计算、量子通信、量子精密测量、量子
模拟等功能的全新信息处理方式。

由于携带量子信息的载体可以工作在原子分子层次
上，从而只需要损耗更少的能量来进行处理、存储
和传输。

是经典信息处理的大幅拓展，探索和发展更有效地
进行计算、通信、测量等的方式
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量子信息的重要科学意义
 Roy J. Glauber 由于在量子光学理论及其在量子信息
科学应用上的重要贡献获2005年诺贝尔物理学奖

 Anton Zeilinger等由于在量子物理和量子信息领域重要
的实验成就获2010年沃尔夫物理学奖

 Serge Haroche和David Wineland由于在量子系统
测量与操控及其在量子信息科学应用上的重要贡
献获2012年诺贝尔物理学奖

 Peter Zoller和Ignacio Cirac由于在量子信息、
量子光学和冷原子物理领域的开创性理论贡献
获2013年沃尔夫物理学奖
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Nature | Vol 610 | 13 October 2022 | 241
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It’s a “mystery”. THE mystery. We 
don’t understand it, but we can tell 
you how it works.  (Feynman)

量子信息处理
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Peter Shor 算法(1994)

Seth Lloyd

量子信息发展史

Lov Grover算法(1997)
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Deutsch普适量子计算

Deutsch－Jozsa算法

Ekert(E91协议) 

Cirac，Zoller

量子信息理论

Steane纠错码



中国科学技术大学陈凯

量子信息发展史

(Richard Feynman) (Paul Benioff)

(C. Bennett)

“There’s plenty of 
room at the bottom”

Quantum Turing 
machine

(G. Brassard)

Quantum key 
distribution 

BB84 (David Deutsch)
Universal 

QC

Andrew Chi-Chih Yao

Quantum 
Communication 

Complexity
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光子 原子 分子

量子纠缠

量子比特

叠加态

经典比特 0 1

| | ＋

| |  | |  ＋

遥远地点之间的惊人关联！

量子叠加
光子极化

量子比特与量子纠缠
量子 物质最基本单元的物理描述

例如光量子，是传递电磁相互作用的基本粒子

不可分割
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Polarization Entanglement Source

 P. G. Kwiat et al.,  Phys. Rev. Lett. 75, 4337 (1995)

PDC

60
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纠缠态方案

Ekert, PRL 67, 661 (1991) 

无条件安全的密钥生成

 

 

12 1 2 1 2

12 1 2 1 2

1| | | | |
2

1| | | | |
2





       

       

 

 

量子通信技术:量子加密术

一次一密，完全随机

无条件安全量子不可分割

量子不可克隆定理

单粒子方案
Bennett & Brassard (1984)
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量子通信技术:量子隐形传态

初态

纠缠源

纠缠对

经典通信

初态

纠缠对

Bennett et al., PRL 73, 3801 (1993)
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 N比特整数，计算步数
 利用经典THz计算机分解

300位的大数，需1024步，

150000年。
 利用Shor算法THz计算机，
只需1010步，1秒！

 RSA将不再安全！

量子并行性使得量子计算机可以同时对

个数进行数学运算，其效果相当于经

典计算机重复实施 次操作。0 或 1
00，01，10 或 11
000，001，010……
.
.
.

0 + 1
00 + 01 + 10 + 11
000 + 001 + 010 + ……
.
.
.

经典比特 量子比特

Shor算法

P. W. Shor

Grover搜寻算法
 如何在草堆中

找到一根针？

 经典搜寻：N 步
 量子搜寻：N1/2 步

 可破译DES密码：

L. K. Grover 1000年 4分钟

量子并行性 量子计算与量子通信

个数中搜寻密钥

)))((log(

))1()log(log)log((
3

3 23

NO

ONNExp







中国科学技术大学陈凯

• 1km   M. Aspelmeyer et al., Science 301, 621 (2003)

• 13km C.-Z. Peng et al., PRL 94, 150501 (2005)

远程量子通信：
自由空间纠缠光子分发
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The DARPA Quantum Network
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NIST Quantum Communication Testbed

1 Mbit/s over 4km (2006年)
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SECOQC QKD网络拓扑和分布
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SECOQC QKD节点组成

成码率：0.6～10kbps (2008年)
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Tokyo QKD network (2010年)
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合作单位
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Tokyo QKD network网络架构

基于JGN2plus（Japan's Gigabit Network ）
星形结构
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Tokyo QKD Network视频会议演示
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商用QKD产品
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ID Quantique产品
id Quantique (IDQ) 在2001年建于Geneva
公司产品

 Centauris Layer 2 Encryptors: High speed multi-protocol encryptors
 Cerberis: A fast and secure solution of high speed encryption combined with quantum 

key distribution。典型的基于AES应用
 Clavis2:  QKD for R&D Applications
 探测器，随机数发生器，短脉冲激光源等
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2010 FIFA 世界杯

Durban, South Africa – The 
first use of ultra secure 
quantum encryption at a world 
public event，基于AES 256

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

ID Quantique
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Quantique and CryptoNext 
partner to deliver next-gen, 
quantum-safe messaging

ID Quantique
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MagiQ
1999建立于美国，目前设有Boston
总部和纽约Office。
大致从2008年起建立了MagiQ 
Research Labs ，与US Army, 
DARPA, NASA以及与包括世界500
强的多个公司进行联合研究。
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MagiQ
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MagiQ



中国科学技术大学陈凯

任意两节点间的量子电话

任意节点对于另外两个节点的加密

广播

T.-Y. Chen et al., Optics Express Vol. 
17, Iss. 8, pp. 6540–6549 (2009).

Physics World的报道

Science的报道

3节点光量子电话网络
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5节点星型量子密钥分配网络系统
全通型量子通信网络

Chen et al., Optics Express 18, 27217 (2010)
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系统集成
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实用化城域量子通信网络

合肥全通型城域量子通信网络

Chen et al., Opt. Express 17, 6540 (2009)
Chen et al., Opt. Express 18, 27217 (2010)

合肥城域量子通信试验示范网
(46个节点, 2012年)

新华社新闻大厦
新华社金融信息交易所

>20km

金融信息量子通信验证网(2012)
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量子通信产业化
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科大国盾量子技术股份有限公司
（QuantumCTek Co., Ltd.）
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科大国盾量子技术股份有限公司
（QuantumCTek Co., Ltd.）
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国盾量子
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科大国盾量子技术股份有限公司

ez-QTM Engine超导量子计算操控系统
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科大国盾量子技术股份有限公司
（QuantumCTek Co., Ltd.）
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科大国盾量子技术股份有限公司
（QuantumCTek Co., Ltd.）
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安徽问天量子科技股份有限公司
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国仪量子技术有限公司
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国仪量子技术有限公司
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合肥本源量子计算科技有限责任公司
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Free-Space Quantum Communication
Free-space quantum entanglement distribution (over 100km)

Yin et al., Nature 488, 185 (2012)

95
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世界首颗量子卫星
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“墨子号”量子卫星与地面站通信试验照片公布
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“墨子号”量子卫星与地面站量子通信

摘自国盾量子新闻
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“墨子号”量子卫星与地面站装置图
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跨越4600公里的天地一体化量子通信网络

Y.A. Chen et al., Nature 589, 214-219 (2021)
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C.-Y. Lu et al., Micius quantum experiments in space, Rev. Mod. Phys., 94 (2022) 035001.

自由空间量子光学实验
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美国量子信息国家战略
－－以LANL为例

鼓励交叉研究

理论与实验相结合



中国科学技术大学陈凯

• Liquid-state NMR
• NMR spin lattices
• Linear ion-trap 

spectroscopy
• Neutral-atom optical 

lattices
• Cavity QED + atoms
• Linear optics with single 

photons
• Nitrogen vacancies in 

diamond

• Electrons on liquid He 
• Small Josephson junctions

– “charge” qubits
– “flux” qubits

• Spin spectroscopies, 
impurities in semiconductors

• Coupled quantum dots
– Qubits: 

spin,charge,excitons
– Exchange coupled, cavity 

coupled

量子信息处理的物理实现
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Spintronics

Cavity QED

Atom Chip

RF-SQUID

Cooper
Pair Box
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• Aarhus
• Berkeley
• Caltech
• Cambridge
• College Park
• Delft
• DERA (U.K.)
• École normale supérieure 
• Geneva
• HP Labs (Palo Alto and Bristol)
• Hitachi
• id Quantique 
• IBM Research (Yorktown Heights and   
Palo Alto)
• Innsbruck
• Los Alamos National Labs
• McMaster
• MagiQ
• Max Planck Institute-Munich

• Melbourne
• MIT 
• NEC
• New South Wales
• NIST
• NRC
• Orsay
• Oxford 
• Paris
• Queensland
• Santa Barbara
• Stanford
• Toronto
• USTC
• Vienna
• Waterloo
• Yale
• many others… 

量子信息，谁在做？
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量子计算



中国科学技术大学陈凯

Google量子计算
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Google量子计算



中国科学技术大学陈凯

Google
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Google
Quantum error correction below the 
surface code threshold
Google Quantum AI
Nature volume 638, 920–926 (2025)
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Google
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IBM量子计算
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IBM量子计算

https://www.ibm.com/blogs/research/2020/09/ibm-quantum-roadmap/

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



中国科学技术大学陈凯

IBM量子计算
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IBM量子计算
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IBM量子计算
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Intel量子计算
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Intel量子计算
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Preliminary benchmark test results on IonQ 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%
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IonQ
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IonQ
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我国量子计算
USTC，清华，浙大，中科院等；阿里巴巴，腾讯，百度，华为等
Yan et al., Science 364, 753–756 (2019) 
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我国量子计算
USTC，清华，浙大，中科院等；阿里巴巴，腾讯，百度，华为等

可编程二维 62 比特超导处理
器“祖冲之号”的量子行走

66比特可编程超导量子计算
原型机“祖冲之二号”

113个光子
144模式的

量子计算原型机
“九章二号”

255个光子的量子计算原型机“九章三号”

“祖冲之三号”
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D-Wave
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D-Wave
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D-Wave
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D-Wave
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A chip that traps ions is the basis for a Department of Energy testbed quantum computer.

Adrian Cho Science 2018;359:141-142

美国能源部推进量子计算
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Adrian Cho Science 2018;359:141-142

美国能源部推进量子计算

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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量子计算机竞赛

Google，
IBM，微软，
Intel等
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量子计算

2022年8月25日，波士顿咨询集团（BCG）发布的研究报告
《Can Europe Catch Up with the US (and China) in Quantum Computing?》
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量子计算

2022年8月25日，波士顿咨询集团（BCG）发布的研究报告
《Can Europe Catch Up with the US (and China) in Quantum Computing?》
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量子计算
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量子计算
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量子计算

2022年8月25日，波士顿咨询集团（BCG）发布的研究报告
《Can Europe Catch Up with the US (and China) in Quantum Computing?》
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量子计算

2022年8月25日，波士顿咨询集团（BCG）发布的研究报告
《Can Europe Catch Up with the US (and China) in Quantum Computing?》
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美国推进国家量子计划
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美国推进量子网络战略构想
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世界范围内的量子技术
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量子隐形传态

高保密通信量子中继

量子模拟 因数分解、搜
索等快速实现

量子精密测量

量子雷达，量子导航
量子力学基本检验

量子信息能做什么？

量子信息处理

量子成像



中国科学技术大学陈凯

寄语同学们
习近平主席：科大是一所很值得敬重的大学，同学们应该为能在科大学习感到
自豪。同学们要做有理想、有追求的大学生，做有担当、有作为的大学生，做
有品质、有修养的大学生。
常进校长: 
希望大家做胸怀家国、志存高远的“追梦人”，以爱国情怀引领人生航向。
希望大家做笃行好学、扎根真理的“求知者”，以坚实基础托举远大理想。
希望大家做向阳而生、乐观积极的“生活家”，以充盈灵魂滋养青春气象。

红专并进
理实交融
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课程安排
绪论量子信息概念，历史和展望

第一章量子体系 量子态， Schmidt分解，混合态，密度矩阵，
量子测量，量子不可克隆定理等。

第二章量子纠缠 纠缠和可分型，纠缠判据，纠缠量化，多

粒子推广等

第三章量子关联表现 局域实在论，Bell不等式，多体推广，
纠缠与非定域性的关系等

第四章量子通信量子通信方案，通信基本形式包括量子隐形

传态、稠密编码，量子密钥分发等；非理想条件下量子保密

通信方案和实验，数据处理方法，安全性分析；与纠缠关系

第五章量子纠错量子纠错码，原理、构造、应用

第六章量子计算量子算法、应用

新进展：量子成像等（徐飞虎老师）
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http://quantum.ustc.edu.cn/
http://www.quantumcas.ac.cn/
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练习题

1. 实验上随机地以|C0|2的几率制备|0>，并以|C1|2的几率制备|1>。这样
类型的量子态如何刻画与描述？比较其与量子态C0|0> + C1eiθ|1>的异
同（C0，C1，和θ均为实数）。

2. 以光学实验的偏振量子态为例，用半波片和四分之一波片的组合从|0>
态制备C0|0> + C1eiθ|1>。对于实现任意的单量子比特幺正变换，试探
索分析这样的组合最少的波片数目为多少，如何操作？


