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Development of AcceleratorsDevelopment of Accelerators
Source Energy (eV)

0.0001
1

Galileo, Tower of Pisa
Bunsen, burner

10,000Rontgen, x-ray tube
100,000Lawrence, cyclotron

400,000,0001950 synchrotrons
30,000,000,000AGS, PS

400,000,000,000Fermilab, SPS
LEP 70,000,000,000,000
LHC 100,000,000,000,000,000

y0800b.ppt
4



Atom

Nucleus

Particle

Quark

Electron

y94100_Cai.ppt

5



Five short stories

First Story:

1) Measuring the size of electrons

Modern electromagnetic theory (Feynman, 
Schwinger, Tomonaga - 1948) requires electron 
has zero dimension (in size)

The theory agrees well with all experiments until
a large electron accelerator (built by Harvard
and MIT in ~ 1960) provided a most sensitive
measurement of the size of the electron.
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Deutsches Elektronen - Synchrotron
(DESY)

Hamburg, Germany

6 Giga electron-Volts (GeV)
electron synchrotron

producing 1011 gamma rays/second
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In 1966, I repeated the experiment in Germany
with a different method and discovered that:

Electron has indeed no measurable size: Radius < 10-14cm

10-13cm 5X10-14cm 2.5X10-14cm
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Lesson One:

Do not always
follow the opinion

of experts.
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Sensitivity:  ––––––––––– = ––––––––––
New Quarks

Old Quarks

1

10 billion

During a rainstorm over Hong Kong
there are 10 billion rain drops/sec.

Try to find the one drop that is different

This experiment was not popular with Physics Community:
(1) Everyone believed there are only 3 kinds of Quarks;
(2) No one believed that such a difficult experiment

could be carried out.

So the experiment was rejected
by nearly every accelerator laboratory !
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Brookhaven National Laboratory 1972 Brookhaven National Laboratory 1972 -- 19741974
Discovery of new form of MatterDiscovery of new form of Matter
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Development of precise (100µm), 
radiation resistant (20 MHz) detector

(now at Smithsonian)



When we finally carried out this experiment at
Brookhaven National Laboratory, NY, we
did discover a completely new quark family.
It produces particles with unexpected properties:
(1)massive (heavier than known particles)
(2)extremely long lifetime (1000 times longer

than known particles).
These properties imply the existence of new kind of matter
(from new kind of Quarks).
Thus the concept of 3 kinds of Quarks was wrong.
We now know there at least 6 different kinds of Quarks.
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The discovery of a new form of matter
New York Times, Nov 17, 1974, page 1.
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Lesson Two:

Always keep faith in yourself.

Do what you think is right.
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Third Story:

Discovery of Gluons

Photons Gluons
carriers of the force
in the atom (light)

carriers of the force
between Quarks
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The discovery of gluons
New York Times, Sept 2, 1979, page 1.

Gluons

Quarks
Gluon

Carrier of the force
Between Quarks

proton
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《参考消息》1979年9月11日转载《纽约时
报》【本刊讯】美国《纽约时报》九月二日登载马尔科姆·布朗的一篇文章，题目是《难以捉摸的“胶子”的

发现使科学家们激动》，摘译如下：

自从上周宣布显然发现了原来假设的一切物质的一个极其重要的组成部分实际存在以来，在世界

科学家中回荡着一片激动。

科学家们一致认为，这一发现强有力地支持了关于有可能深入了解万物性质的理论。宇宙中的一

切都是从自然基本粒子衍生出来的。对这些粒子的了解不仅形成当代天文学和物理学的基础，而且对

化学、生物学的进展以及最终对人类的行为的进步也是必不可少的。

没有参加这项工作的一些物理学家觉得，它应该获得诺贝尔奖金。

二十七名中国科学家参加了这次主要的实验，在有关核粒子的国际合作研究项目史上，这是第一

次，也是中国的一大贡献。来自许多国家的总共大约三百名物理学家分四个有关的实验联合进行研

究。

得到最惹人注目结果的五十六人研究小组组长是麻省理工学院的塞缪尔·Ｃ·Ｃ·（即丁肇中——本刊

注）博士，他与里克特因发现一种称为丁／ＰＳＩ粒子的核粒子而分享了一九七六年物理学诺贝尔奖

金。

丁博士说：“我们的最新实验还没有绝对证实量子色动力学理论。但是，如果我们没有看到这个证

据的话，那么这个理论就会有麻烦了。事实上，近十年来的每一个实验都支持了这个理论。我们现在

已经到了这个地步：可以说我们相信它大概是正确的”。
最后一点，胜任这次任务的一台加速器是西德在汉堡修建的德意志电子同步加速器中心的一台加

速器。

这台称为“佩特拉”的加速器，近几个月里被开到最大功率工作。

他们的目标是色动力学理论所假设存在的作为强相互作用力载体的粒子。这种粒子使原子核保持

在一起。

由于这种粒子具有假设的能使夸克群保持在一起组成稳定的粒子的能力 科学家们古怪地给这个



Lesson Three:

Be prepared
for

surprises.
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Fourth Story: Large International Scientific Collaborations
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The World is Made ofThe World is Made of
PointlikePointlike Particles:Particles:

Quarks
(u, d, s, c, b, t, …)

LeptonsLeptons
(electron, (electron, MuonMuon, , TauTau, Neutrino, , Neutrino, ……))

y120b
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Experimental QuestionsExperimental Questions

How many types of electrons are there ?

How large are the electrons 
?

Can electrons be divided intoCan electrons be divided into
smaller particles ?smaller particles ?

y121
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Experimental QuestionsExperimental Questions

How many quarks are there ?

u, d, s, c, b, t, …

How large are the quarks?

Can quarks be divided intoCan quarks be divided into
smaller particles ?smaller particles ?

y122
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The L3 experiment at the 27 km Large Electron Positron Collider (LEP)
at the European Organization for Nuclear Research (CERN) in Geneva
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Spin offs from basic scientific 
research:

World Wide Web (WWW)

203 A/p35
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(1982-2003) L3 Experiment: 600 physicists from 20 countries

y97104_03.ppt
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203 A/p43

L3 Results:

In the universe, there are only:

1) 3 kind of electrons (e, µ, τ)

2) 6 kind of Quarks

3) Electrons and Quarks have no size

Radius of e, µ, τ: Rl < 10-17 cm

Radius of Quarks:  RQ < 10-17 cm



Lesson Four:

In science, the fundamental

ideas are simple.

44
y06K016a
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AMS

The Alpha Magnetic Spectrometer Experiment

Fifth Story:
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The AMS detector has been under construction for 10 years.The AMS detector has been under construction for 10 years.

+y03K193_2ea



Largest accelerator ~ Largest accelerator ~ TeVTeV

Chile49



Cosmic rays

Nobel Prizes,
(1) Pulsar,
(2) Microwave,
(3) Binary Pulsars,
(4) Solar neutrino

X Ray sources

AMS will be the 1st experiment to 
accurately measure the charged 
cosmic rays outside the magnetosphere. 
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International Commitments to AMSInternational Commitments to AMS
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USA
A&M FLORIDA UNIV.
JOHNS HOPKINS UNIV.
MIT - CAMBRIDGE
NASA GODDARD SPACE FLIGHT CENTER
NASA JOHNSON SPACE CENTER
UNIV. OF MARYLAND-DEPRT OF PHYSICS
UNIV. OF MARYLAND-E.W.S. S.CENTER
YALE UNIV. - NEW HAVEN

MEXICO
UNAM

DENMARK
UNIV. OF AARHUS

FINLAND
HELSINKI UNIV.
UNIV. OF TURKU

FRANCE
GAM MONTPELLIER
LAPP ANNECY
LPSC GRENOBLE

GERMANY
RWTH-I
RWTH-III
MAX-PLANK INST.
UNIV. OF KARLSRUHE

ITALY
ASI
CARSO TRIESTE
IROE FLORENCE
INFN & UNIV. OF BOLOGNA
INFN & UNIV. OF MILANO
INFN & UNIV. OF PERUGIA
INFN & UNIV. OF PISA
INFN & UNIV. OF ROMA
INFN & UNIV. OF SIENA

NETHERLANDS
ESA-ESTEC
NIKHEF
NLR

ROMANIA
ISS
UNIV. OF BUCHAREST

RUSSIA
I.K.I.
ITEP
KURCHATOV INST.
MOSCOW STATE UNIV.

SPAIN
CIEMAT - MADRID
I.A.C. CANARIAS.

SWITZERLAND
ETH-ZURICH
UNIV. OF GENEVA

CHINA BISEE (Beijing)
IEE (Beijing)
IHEP (Beijing)
SJTU (Shanghai)
SEU (Nanjing)
SYSU (Guangzhou)
SDU (Jinan)

KOREA

EWHA
KYUNGPOOK NAT.UNIV.

Y96673-05_1Commitment

PORTUGAL

LAB. OF INSTRUM. LISBON

ACAD. SINICA (Taiwan)
CSIST (Taiwan)
NCU (Chung Li)
NCKU (Tainan)

NCTU (Hsinchu)
NSPO (Hsinchu)

TAIWAN

16 Countries, 56 Institutes, 500 Physicists16 Countries, 56 Institutes, 500 Physicists
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AMS项目参加单位及人员
东南大学: 顾冠群 李 奇 宋爱国 冯纯伯 李建清 孟 桥 孙忠良

龚 俭 王 茜 卢荣军 刘新宁 邹采荣 黄洪斌 吴 桦 方仕雄

罗军舟 黄庆安 程 光 帅立国 等

上海交大: 谢绳武 叶庆好 丁文江 汪荣顺 程浩忠 刘 桦 庞乾骏

王如竹 姜建国 石剑虹 顾安忠 徐 烈 林万来 金之俭 敬忠良

崔容强 胡国新 林文胜 杜朝辉 黄林鹏 张 荻 乔卫新 等

中山大学: 许宁生 何振辉 郭开华 余世杰 倪江群 吕树申 李廷勋

姜孝华 祁新梅 黄以华 张 东 刘守圭 郑寿森 岳 薇 许功铎

等

山东大学: 程 林 过增元 栾 涛 王立秋 李 康 张树生 张洪才

杜文静 辛公明 郑继周 王世峰 宋继伟 刘 文 赵忠超 云和明

曲 燕 陈 岩 曹洪振 张玉相 等

高能所，电工所: 陈和生 庄红林 吕雨生 杨长根 陈 刚 孔 力

余运佳 王秋良 于妙根 等

航天部一院、五院: 王 毅 李昌懋 彭小波 唐军刚 李 宁 殷立明

候增祺 向树红 张加迅 等

包头稀土研究所: 丁善宝 谢宏祖 郭炳麟 等

中科院空间中心: 张厚英 等
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The Big Bang origin of the UniverseThe Big Bang origin of the Universe
requires matter and antimatterrequires matter and antimatter

to be equally abundantto be equally abundant
at the very hot beginningat the very hot beginning

AMS in space

Accelerators

10
15

 C°
10

-1
0 s

ec

3 
m

in
60

00
C°

3C°
K

15
bil

lio
n 

ye
ar

s

Search for the

Existence of Anti Universe

Search fo
r th

e

Orig
in of th

e  U
niverse

54



The Existence of AntimatterThe Existence of Antimatter

Paul A.M. DiracPaul A.M. Dirac
Theory of electrons and positronsTheory of electrons and positrons

Nobel Lecture, December 12, 1933Nobel Lecture, December 12, 1933

Relativity:Relativity: W 2

c 2
− r 2p − 2m 2c = 0

[ W 2

c 2
− r2p − 2m 2c ]Ψ = 0Quantum Theory:Quantum Theory:

2m = m( ) m( )= −m( ) −m( )
Dirac asked: What is (Dirac asked: What is (--m)         Theory of antimatter m)         Theory of antimatter 

lb95129be.ppt 55



The discovery of nuclear antimatter

56

MatterMatter
Deuteron        = proton + neutronDeuteron        = proton + neutron

AntiAnti--MatterMatter
antianti--Deuteron = antiDeuteron = anti--proton + antiproton + anti--neutronneutron



《参考消息》1965年05月14日以“中国旅美科学家
发现‘双逆料子’”为题，转载报道：

57

【本刊讯】蒋帮《中央日报》三月十三日报道：

据《纽约时报》本月三日载华盛顿美联社电，布罗克海

温实验所主任苟海伯博士在国会原子能小组委员会作证时

宣布，由哥伦比亚大学丁肇中博士与李得曼博士所主持之

研究小组，应用该所设备之三千三百亿（原文如此，应为

三百三十亿——本刊注）电子伏原子冲击器已产生“重氢

核之双逆粒子”，此项双逆粒子约在一百万“逆正子”中始

得寻获一个，为高能物理学首次发现。

按:丁氏现年二十八岁，现与科学家李政道、吴健雄共

执教于哥伦比亚大学物理系，父为名数学及力学教授丁观

海氏。



ParticlesParticles

ee–– (electron)(electron)
PP++ (proton)(proton)
ππ––

KK––

DD+

AntiAnti--particlesparticles

(positron)(positron) ee++

(anti proton)(anti proton) PP––

ππ++

KK++

DD–+ –

y96222_03_1.ppt
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Question
UniverseUniverse Anti universe ?Anti universe ?

HeHe
C HeHe

CC
C

Cosmic antimatter cannot be detected on earth because matter andCosmic antimatter cannot be detected on earth because matter and
antimatter will annihilate each other in the atmosphereantimatter will annihilate each other in the atmosphere

y96222_03_2.ppt



Matter and antimatter
have opposite 
electric charges;

we need a magnetic 
detector to measure 
the charge of 
antimatter.

HeHe

60
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“Its time we face reality,

my friends….

We’re not exactly 

rocket scientists.”

y97142aa.ppt
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First flight AMS-01
Approval: April 1995, Assembly: December 1997, Flight: June 1998

y96207_05b
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AMS paper: AMS paper: ““Leptons in Near Earth OrbitLeptons in Near Earth Orbit””
Physics Letters B 484 (2000) p. 10-22
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1 9 9 8 年世界十大科技新
闻

一、“月球勘察者”号发现月球上有冰态水

二、各国着手解决计算机2 0 0 0 年问题

三、天文学家认为宇宙的膨胀正在加速

四、科学家确认中微子有静止质量

五、阿尔法磁谱仪首次升空运行正常：6月2 日，装有中国制

造的巨大永磁体的阿尔法磁谱仪首次搭乘美国发现号航天飞

机升空。此磁谱仪将安装于未来的国际空间站，用以探测宇

宙中的反物质粒子。在此次实验中阿尔法磁谱仪运行正常。

六、地面数字电视节目开始播放

七、“铱”星全球电话系统开通

八、D N A 测序技术有新进展

九、国际空间站开始组建

十、物理学家发现首例违背时间对称性现象

（摘自1 9 9 8 年1 2 月2 9 日《科技日报》）
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AMS

国际空间站是在夜空中
除月亮和金星之外最亮
的星
（109米×80米,重420吨,造
价约为1000亿美元）

AMS是空间站上唯一的大型科学实

验



70

AMS: A Magnetic Spectrometer on ISS
to study high energy TeV (1012 eV) Cosmic Rays 

Construction of the detectors is complete. TRD 
measures electrons

Silicon Tracker
measures nuclei 

& their momentum 

Calorimeter
Measures light rays 

& electrons

Magnet
measures momentum 

RICH
measures velocity 

& charge

Time of Flight
measures velocity

Size: 3m x 3m x3m
Weight: 7 tons



New Technology:  Superconducting Magnet in Space
There has never been a superconducting magnet in space for long 
duration, due to the extremely difficult technical challenges

Magnet on the Ground: Magnet in Space:

Weight: 100 – 10,000 tons 1 ton

Power: ~ 10 Megawatts 0
Reliability: ~50 years experience No experience

Volume: As large as a 6-story building Must fit in Shuttle

L3 ATLAS



100 Years of Super Conductivity100 Years of Super Conductivity

Super-Conduction at -452°F

I
current

At this low temperature the atoms are at rest, 
pairs of electrons move without friction
Allowing large currents with no losses 

Quench: Loss of superconductivity 
due to local micro-heating

started in 1983, cancelled in 1993 
due to quench issues

SSC:

72

y01K530_05.ppt



New technology : 
We developed a new type of superconducting 

cable which eliminated quench

Technique now widely 
used in industry

(2) Uniform bonding
between conductor
and Aluminum to 4µ
over 100 miles of cable

73
Tests at -456.43°F:

It is not possible to quench the 
coils except by outside heating



The AMS Superconducting magnet

Coils

74

2,500 liters of helium at -456.43°F
Becomes superfluid HeII with special properties

New Technologies at -456.43°F, under microgravity in strong magnetic field
1. ThermoMechanical Pump

Transfer superfluid He in space

Vacuum 
Tank

2. Phase separator
removes gas
from the He tank
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New Technology: 1st Superconducting Magnet in Space



76Coordinate resolution ~ 100 micron
1 micron = 1 millionth of a yard

Transition Radiation Detector: TRD
Measures electrons



Production completed. Test results from accelerator:
New technology in space: 6.6 m2 of high precision Silicon Tracker

µm

77
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Finish the assembly by October 2004Finish the assembly by October 2004



A 3 dimensional measurement of the direction and energy of light rays and electrons: ECAL

79

10 GeV e+ 50 GeV p 

e±, γ p,He

Verified by accelerator calibration

Energy 
Resolution  

Angular
Resolution  

100 10010 10
°
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The Nation’s Vision

4. Focus ISS research to support exploration goals; understanding space environment and countermeasures

5. Meet foreign commitments

17. Pursue international participation

14. Conduct human expeditions to Mars after acquiring adequate knowledge and capability demonstrations
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2. Space Power Generation and Propulsion 
require superconducting magnets to convert plasma into electricity  
as studied extensively by NASA and the Russians.

RadiationShielding
30 tons of Magnet or
1,000 tons of material 

Superconducting

Magnet Coils

Applications of AMS Technology to Exploration: 
1. Radiation Protection – Cosmic radiation is ~ 90 rem/y

(lethal dose ~ 300rem)

Crew 

No field
inside crew

compartment

B 

Propulsion 



y97141b..ppt

…WE JUST DECIDED
LAUNCHING MONEY
DIRECTLY INTO SPACE
WAS CHEAPER …

€€
CHFCHF

DMDM

££

FFRFFR¥¥ LiraLira
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The Big Bang requires 
matter and antimatter to be 

equally abundant at the beginning

AMS in space

Accelerators

Search for the

Existence of Anti Universe

Search for th
e

Origin of th
e  Universe

Science example: Search for antimatter

Antimatter AMS will collect
2 billion nuclei

y9
70

89
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If no antimatter is found => there is no antimatter to the edge of the universe.



Original purpose,
Expert Opinion

Discovery with
Precision InstrumentFacility

2 kinds of neutrinos,
Time reversal non-symmetry,
New form of matter (4th Quark)

π N interactionsAGS Brookhaven (1960)

5th Quark, 6th QuarkFNAL  Batavia (1970) neutrino physics

Partons, 4th Quark,
3rd electronSLAC Spear (1970) ep, QED

GluonPETRA Hamburg (1980) 6th Quark

Neutrino has massSuper Kamiokande (2000) Proton Decay

AMS on ISS Dark Matter, Antimatter
Strangelets,… ?

Hubble Space
Telescope

Galactic
Survey

Curvature
of the universe

Exploring a new territory with a precision instrument is the key to discovery.
y96402nac.ppt 88



If you were to ask physicists,

even some of the great physicists,

to make predictions on the practical

use of a new discovery

you might hear the following:

y99315a.ppt
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Ernest Rutherford, CA 1930 - Physicist
“The energy produced by the breaking-down of the atom is a 
very poor kind of thing.  Anyone who expects a source of power 
from the transformation of these atoms is talking moonshine.”

Lee DeForest, 1926 - Physicist
“While theoretically and technically television may be feasible, 
commercially and financially I consider it an impossibility,
a development of which we need waste little time dreaming.”

Lord Kelvin, CA 1880: “X rays are a hoax.”

lb2K111b.ppt
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Planets Stars GalaxiesAtomsNucleiParticlesQuarks

Television

Radio
Aircraft

Photography

Steam engine

Steam turbine
Electromagn.

Optics

Thermo-
dynamics

Mechanics

10-17m 10-16m 10-14m 10-10m 1m 1011m 1017m 1025m

Classical
Physics

Manned
Space

Stations

Skylab
Prospecting

Weather
Satellites

Tides

Comets

Kopernicus

Navigation
Time Keeping

Pulsars

Cosmic
Radiation

Sun

Big Bang
Black Holes
Background

radiation

Quasars

Super
conductivity

Laser
Neon tube

Transistor
Semi conductor

X rays

Solid State
Physics

Quantum
mechanics

Models of the
Atom

1900
1930

20
00

Fusion
Nuclear

reactors
Isotope techn.

Nuclear Fission

E = m• c2

Radioactivity
Models of

Atomic Nuclei

π - beams

in Medecine
µ - Chemstry

SU(3)-Symm

Strangeness

Radius p, n

Stable
(exotic Matter ?)

Symmetry

QCD

y1268_03.ppt
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Lesson Five:

Most importantly:
Be curious.

Enjoy what you are doing
and

work hard to achieve your goal.
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