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Course Information

•TA: 
 Shih-Si Hsiao (蕭世熙) 
email: tousiotousio@gmail.com

Homework and course outline:

 http://w3.phys.nthu.edu.tw/~mou/teach.html

Lecture room: Phys Dept 019

Time: 2:20PM – 5:10PM 

          

Feb. 27, March 20  no class (due to conference)

March 13, April 24  speaker lecture
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•Grading scheme:

•Homework (4, 60%) and final report (40%) 

Textbooks
1. Introduction to Quantum Technologies, Alto Osada, 
Rekishu Yamazaki, and Atsushi Noguchi, Springer 2022.
2. eBook: Understanding Quantum Technologies 2021, 
4th edition, Oliviar Ezratty
https://www.oezratty.net/wordpress/2021/understandin
g-quantum-technologies-2021/

References:
Quantum Computation and Quantum Information, 
Michael Nielsen and Isaac Chuang, Cambridge 
University press, 2000.



Topics for final report:

1. Status report of quantum computation to break 
RSA (including methods using method of 
quantum simulation such as the preprint arXiv 
2212.12372)  

2. Quantum radar and quantum illumination 
3. Status report of most recent quantum error 

corrections code
4. Status report on photonic quantum computer
5. Status report on Si-based quantum computer
6. Status report on trap-ion based quantum 

computer
7. Status report on Satellite-based quantum 

communication and quantum network



More accurate syllabus: following













Overview of Quantum Technology



Two important technologies 
that are being developed 
started from the beginning of 
the 21th century





The Nobel Prize in Physics 2022

Ill. Niklas Elmehed ©

Nobel Prize

Outreach

Alain Aspect

Prize share: 1/ 3

Ill. Niklas Elmehed ©

Nobel Prize

Outreach

John F.
Clauser

Prize share: 1/ 3

Ill. Niklas Elmehed ©

Nobel Prize

Outreach

Anton
Zeilinger

Prize share: 1/ 3

The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled
photons, establishing the violation of Bell
inequalities and pioneering quantum information
science"

To cite this section 

M LA style: The Nobel Prize in Physics 2022. NobelPrize.org. Nobel Prize Outreach AB 2022. Fri.

7 Oct 2022. <ht tps:/ / www.nobelprize.org/ prizes/ physics/ 2022/ summary/ >

Prize announcement

Announcement of the 2022 Nobel Prize in Physics

量子糾纏發展年表：
*1935年
愛因斯坦(Einstein)、波多爾斯基(Podolsky)、羅森(Rosen)
共同發表一篇論文，提出了量子糾纏之思想實驗，來反駁哥
本哈根學派所詮釋的“偶然論”。這著名的EPR思想實驗
(EPR Paradox)主張量子力學裡面應仍有“ 隱藏變數”，來
維護古典的“必然論”，並聲稱量子力學尚未完備。
*1964年
貝爾(John Bell, 1928~1990)為了證實EPR所主張的“必然
論”，設計了一個思想實驗，表明糾纏粒子的狀態如果有隱
藏變數，則應遵守所謂的“貝爾不等式”(Bell Inequality)。
然而以當時的技術很難做出此實驗。
貝爾不等式被認為是當代最具深邃的理論物理上的見解。
*1972年
美國的克勞澤(John Clauser, 1942~)改進了貝爾定理，並提
出了產生糾纏光子的方法（紫外線照射鈣原子），然後在
1972年首次做出實驗。該實驗結果是貝爾不等式並不成立。
當時克勞澤所做的實驗被認為仍有許多漏洞，所以貝爾不等
式成立與否尚未能定音於一錘。
*1982年
之後的十年間法國的阿思佩克特(Alain Aspect, 1947~)不斷
改進克勞澤的實驗，例如改用雷射激發鈣原子來產生更有效
率的糾纏光子對，也改善了偵測的精準度，並也設計出更為
古怪的“量子延遲實驗”。這一連串的實驗結果都大幅偏離
貝爾不等式。
然而這些實驗裡還有一個瑕疵是設備中的亂數產生器被認為
非真正隨機；這讓糾纏光子對仍有機會暗通款曲。
*2010s
奧地利的蔡林格(Anton Zeilinger, 1945~)利用遙遠星系所
發出了訊號作為控制訊號，讓糾纏實驗的進行真正處於隨機
狀態。蔡林格早在1997做出了單光子量子態傳送(Quantum 
Teleport)，也奠定了量子計算、量子通訊的基礎。
*2022
瑞典皇家科學院稱，2022年諾貝爾物理獎表彰了法國的阿
思佩克特、美國的克勞澤和奧地利的蔡林格等三人「展示了
對『糾纏狀態』的粒子進行考察和控制的潛力」。

It takes times for a technology 
to be fully developed…





AlphaFold is an artificial intelligence 

(AI) program developed by DeepMind, 

a subsidiary of Alphabet, which 

performs predictions of protein 

structure. It is designed using deep 

learning  techniques.

AlphaFold has two versions:

AlphaFold 1 (2018) and AlphaFold 2

(2020).

AlphaFold 1 (2018) was placed first

 in the overall rankings of the 13th 

Critical Assessment of Structure 

Prediction (CASP) in December 2018. 

It was particularly successful at 

predicting the most accurate structures 

for targets rated as most difficult by 

the competition organizers.



It is foreseeable that 
successful combination of 
quantum technology and 
artificial intelligence will be 
the next milestone!



Recent  Breakthrough of Quantum Technology

Intel Roadmap: 1000 qubits 5-7 years

Google contends its Bristlecone chip 
demoes 1% error rates for readout, 

0.1% for single-qubit gates, and 0.6% 
for two-qubit gates.

之前:  幾個量子位元

光子：飛行量子位元

量子電腦 [qubit, 量子位元]



The technology giant's Sycamore quantum processor was able 
to perform a specific task in 200 seconds that would take the 
world's best supercomputer 10,000 years to complete.



Early development

•1982  R. P. Feynman proposed the idea of a 'quantum 

computer', a computer that uses the effects of quantum 

mechanics

•1984 BB84 Quantum key distribution 

•1994 Shor’s algorithm (fast prime factorization)

•1995 Quantum error correction (Shor and Steane)

•1996 Grover’s searching algorithm

•…



Promoted by Nano-technology

Find post-semiconducting technology platform 量
子資訊 (quantum information science) (~2000 )



Devoret & Schoelkopf, Science 339, 1169 (2013) 

105 improvemen𝑡：
Ignite the technology community’s hope for quantum technology!

存活時間(ns)

30-140 𝜇s (T～10mK)

Breakthrough in Superconducting 
Qubit (2015)



Quantum Technology：Technology that directly utilizes the properties of quantum wave 

functions for information processing and calculation. The realization of quantum computers 

can be used to solve problems that are difficult for traditional computers  Absolutely secure 

communication networks, research and development of new drugs, design of new materials, 

and new forms of artificial intelligence may bring about revolutionary changes

Developing Critical Point of Quantum Technology

Berkeley Lab Supercomputer Breaks New Ground in 
Quantum Computing Simulation
Michael Feldman | April 12, 2017 11:26 CEST

Cori, the fifth fastest supercomputer in the 
world, has been used to model a 45-qubit 
circuit

50 qubit Second quantum revolution

Classical computers 50 qubit    Quantum supremacy

Qubit number

https://www.top500.org/project/top500-news-team/


A number of projects are initiated such as Europe Quantum Manifesto, UK National Quantum Technologies 

Programme, Centre for Quantum Technologies in Singapore, USA DARPA call program ,…)

Facing the arrival of possible second quantum revolution



Promise of quantum technology ?

Eniac 1943

Quantum Technology

?

?



Typical Misunderstanding

Need to understand What Quantum 
Mechanics can do？
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量子裝置
Quantum Device

量子材料
Quantum Material

量子通訊/網路
Quantum network

Applications and Programming: 

Quantum Algorithms, Programming, Protocols

Quantum information Science

Quantum Technology

量子電腦
Universal quantum

computer

量子退火機
Quantum annealer

量子模擬器
Quantum simulator

量子感測器
Quantum sensor

量子裝置
Quantum Device



Status and Challenge



2022







Development assessment

?

200km 1000km
global quantum 
network

Intermediate scale & rate
quantum communication

Near-term 
applications
that are beyond 
the capability of 
classical 
computers 

?

Status
50 -100 qubits 1000 1000-10,000 1000,000…

Universal
Quantum 
computing

Probably 5-10 years

Noisy Intermediate
quantum  computing
regime、quantum 
simulation、optimization





Quantum Manifesto (European union)



DiVincenzo criteria

➢ A scalable physical system with well 
characterized qubits.  ?

➢ The ability to initialize the state of the qubits to a 
simple fiducial state. √

➢ Long relevant decoherence times (>104 operation time) 
√

➢ A “universal” set of quantum gates. √
➢ A qubit-specific measurement capability. √
➢ The ability to interconvert stationary and flying 

qubits.
➢ The ability to faithfully transmit flying qubits 

between specified locations.

Effort for establishing quantum network



Need to develop quantum repeater (quantum repeater)

to break through the 200km limit 

Key technologies: quantum memory, 

quantum teleportation, 

entanglement swapping

Challenge for quantum communication and network

No clone theorem !

（量子態無法複製）

Credit: Alan Stonebraker

Decay in optical fibre



satellite quantum 
communication

Phys. Rev. Lett. 115, 040502 (2015)

Itallian group, qubit error ratio 4.6% 

The world's first 

quantum communication 

satellite (China), viable 

for 300s

Phys. Rev. Lett. 120, 
030501( 2018)

photon：flying qubit, decay length 

200km



量子保密通信 京滬幹線開通
全長逾2000公里的量子保密通信骨幹網絡「京滬幹線」2017/09/29 開通，是世界首條
量子保密通信幹線。中科院院長白春禮昨日到「京滬幹線」北京控制中心，用量子加密
視頻會議系統與合肥、濟南、上海、新疆南山等地的科研人員對話，並通過「墨子號」
量子衛星與奧地利地面站的衛星量子通信，與奧地利科學院院長塞林格(Anton Zeilinger)
作了世界首次洲際量子保密視頻通話。交通銀行、工商銀行、阿里徵信已開始使用此幹
線加密實時交易和數據傳輸。

量子通信是迄今唯一
被嚴格證明無條件的
安全通信方式，可以
有效解決信息安全問
題。「中國量子通信
技術已經走在了世界
前列，並持續保持著
其優勢地位。我們的
量子保密通信技術比
國外領先了4-5年。」
潘建偉說。

Source: MOST_量子科技研究與發展規劃案報告(管希聖)



The world's first commercial quantum 

communication network successfully tested in 

Jinan

世界首個大型商用量子通信專網於2017年7月在濟南完成第一階段黨政機關量
子通信專網測試，與周邊數百平方公里的，近200個終端進行保密通信。它是
目前世界上規模最大、功能最全的城域量子通信網路，業務可涵蓋政務、金
融、政法、科研、教育等五大領域，能為用戶提供基於量子加密的電話、傳
真、文件和文本通信業務。

Source: MOST_量子科技研究與發展規劃案報告(管希聖)



2,000 km QKD 

network between 

Shanghai and 
Beijing is underway

QKD network
of 8 nodes
demonstrated

QKD network
integrated with
commercial
communication

QKD network to
transmit sensitive
Genome data

Installing QKD 
network

China

Austria
UK

USA Japan

Source: MOST_量子科技研究與發展規劃案報告(褚志崧)

Recent developments of quantum communication networks



•What is quantum technology? Quantum 
Computer? Quantum Phenomenon?



Typical Quantum Phenomenon

Gold is not 

shining



Macroscopic quantum

phenomena：usually require low T 

and coherence

http://www.youtub e.com /watch?v= 2Z 6UJbwx
BZ I

Creeping of liquid 

helium



https://youtu.be/2Z6UJbwxBZI

https://youtu.be/2Z6UJbwxBZI

http://youtu.be/2Z6UJbwxBZI


Macroscopic quantum phenomenon: superconductivity

T

電阻

Tc

T >Tc T< Tc

N

S

S

N

https://www.youtube.com/watch?v=D3koi9jfI7M

super.wmv
super.wmv


Essential of Quantum Mechanics 

A way to describe a particle 
that pass two doors (qubit) at 
the same time.

?

0 1



I think that it is fair to say that no one 

understands the quantum theory…

Rechard Feynman
(1965 Nobel Prize)



Quantum Mechanics: wave and particle duality, 

matter needs to be described using both concept of 

particle and wave:

Matter wave dictates where the particle goes to, but

when it is measured, one piece of particle is found. 

wave

particle



Electron 
gun

Pass through one of doors (addition)

Let us examine the statement 
“passing two door at the same 
time”

Accumulated number
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ediff

Shooting one electron each time
(Tonomura et al, 1989)

doubleslite-n.wmv


50

Number of events probability



Electron 

gun

1

2

Electron is not passing 1 or 2,

Instead it passes through 1 and 2 

at the same time.

A great puzzle

≠=



Which-way experiment

Nature 395, 33(1998)

PRL70,2359(1993)

電

子

源



Which way expt. by using photons

Phys. Rev. Lett. 70,2359(1993)

198Hg+

Ground state: 6s2S1/2, Excited state: 6p2P1/2 

degenerate: mJ

Photons: σ&π polarized

π: ΔmJ=0 two atoms are in the same state

σ: Δ |mJ|=1 two atoms are not in the same state

polarized



π polarized

σ polarized

Electron version:  Applied Physics Letters 97, 263101 (2010)

Passing one of the doors

Passing two doors at the same time



Concept of quantum bit (qubit)

When it is measured, only 0 or 1 is
Obtained (collapse of state)

superposition 𝚿 = 𝚿𝟏 + 𝚿𝟐

ۧ1 → 0, |0

ۧ2 → 1, |1

Class bit:  0  or 1

qubit: can be 0 and at the same time

double slit ⇒
1

2
ۧ|0 + ۧ|1



Advantage of qubit

Classical computer

Quantum: whole sphere

＊more manipulation space:

* 0 and 1 can be input

at once

|α|2 is the probability 

for finding 0

|β|2is the probability 

for finding 1

|𝜶|𝟐 + |𝜷|𝟐 = 𝟏

ۧ𝜓 = 𝛼 ۧ0 + 𝛽| ۧ1 = cos
𝜃

2
| ۧ1 + 𝑒𝑖𝜙 sin

𝜃

2
| ۧ0

classical: 2 point

O or 1 can only be input separately

Quantum computer

01

ۧ𝛼|0 + 𝛽| ۧ1



Puzzles in
Double-slit quantum eraser experiment 

Using photons



Which way experiment by using entangled photon source

Polarization
Entanglement:  
          
 p s
 x y => QWP 1 (R)
           QWP 2 (L)
 y x => QWP 1 (L)
           QWP 2 (R)



Which way experiment by detecting polarization



Quantum eraser

Linear 
polarized 

along 
𝝅

𝟒

𝟏

𝟐
𝑬, 𝑬 𝒆 𝒊𝝎𝒕−𝒌𝒛



Quantum eraser



Delayed Quantum eraser

Make it very 

long

Before p photon 

encounter the 

polarizer, s 

photon will be 

detected first.



Future affects past?
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Entangled photon source

Nonlinear crystal: BBO (beta-barium borate)

BBO

Argon ion 
pump 
laser

351 nm

𝑘

𝑘1

𝑘2

702.2 nm 
(p)
702.2 nm 
(s)

ℏ𝜔 = ℏ𝜔1 + ℏ𝜔2

(energy conservation)

ℏ𝑘 = ℏ𝑘1 + ℏ𝑘2

(momentum conservation)

Polarization
Entanglement:  
           p s     s p
           x y  + y x

x

y



Quarter wavelength plate (QWP)

Linear Polarized along x 

(𝑬, 𝟎)𝒆𝒊(𝝎𝒕−𝒌𝒛)

Circular polarized
𝟏

𝟐
𝑬, ±𝒊𝑬 𝒆 𝒊𝝎𝒕−𝒌𝒛  ( + right − left)

x

y

Convert linearly polarized light into 

circularly polarized light and vice versa

Using birefringent material (different indices of refraction 

associated with different crystallographic directions.)

Phase difference: Γ =
2𝜋Δ𝑛𝐿

𝜆0

𝑛𝑜

𝑛𝑒

𝐿

z
x

y

Quarter wave: Γ =
𝜋

2



Quantum error correction (量子除錯)

Classical error correction: repeat bits & majority vote 0 → 000,  1→ 111

Quantum: no clone theorem

+ two ancillary qubits 

Need more physical qubits than

the logical qubits! 

Route and obstacles to large scale quantum 
computing



Best code for tolerance of error (up to 1%):  surface code (one 

of stabilizer codes)

Stabilizer codes (surface 
code)

Repeat measurement of a quantum system using a complete set 

of commuting stabilizer (operators), the system is forced to be 
simultaneous and unique eigenstate of all stabilizers.

(open circles: data qubits, 
filled circles: measurement qubits) 

𝑋 = 𝜎𝑥, 𝑍 = 𝜎𝑧

41 data qubits but only 40 stabilizers X and Z

𝑋𝐿 = 𝑋1𝑋2𝑋3𝑋4𝑋5 
𝑍𝐿 = 𝑍6𝑍7𝑍3𝑍8𝑍9 (Fowler et al .Phys. Rev. A 86, 032324, 2012)



Best code for tolerance of error (up to 1%):  surface code

However, this is at the sacrifice of many physical qubits for logical 

qubits: one logical qubit needs 103-104 physical qubits

Thresholds for large scale quantum 
computation

Factorize a number of 6000 bits (~ 600 decimal digits)

 4000 logical qubits and 130 Millions physical qubits, roughly 26.7 

hours to do (100ns gate time) (classical THz computer, 

>150000years)

(Fowler et al .Phys. Rev. A 86, 032324, 2012)

Error probability 𝑝 < 𝑝𝑡ℎ, 𝑃𝐿 decreases with 

increasing number (d) of of physical qubits 
that define operator of logical qubit. 



Reference: Google 72 qubit and 
strategy
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