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Congratulations on Congratulations on 
OCPA2010OCPA2010

July 29 - August 7, 2010

IHEP ⋅ Beijing
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This is the sixth OCPA Accelerator School in 
its series. 
The first School was held in Hsinchu, 
Taiwan, August 3-12, 1998
The second in Yellow Mountain, Anhui, July 
18-27, 2000
The third in Singapore, July 25 to August 3, 
2002. The 2004 school was canceled due to 
SARS . 
The fourth School was held in Yangzhou, 
Jiangsu, July 27-August 5, 2006 , 
The fifth in Nantou, Taiwan, September 1-10, 
2008. 
The purpose of this school is to provide the 
students a basic training on modern 
accelerators. 
The themes of OCPA2010 are spallation 
neutron sources and particle therapy 
accelerator facilities. 
The lectures involve basic accelerator 
physics, technology systems and applications. 
The curriculum for the school is designed as 
basic topics (10 courses), topics on spallation 
neutron sources (4 courses), topics on hadron 
therapy (6 courses), technical topics (11 
courses), and seminars (5 courses). 
Professors form U.S., Mainland and Taiwan 
are invited to give the lectures.



3

OCPAOCPA19981998
(August 3-14, 1998, SSRC, Hsinchu)
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要要 求求
认真听课

完成作业

参加考试

善始善终

祝各位同学取得好成绩祝各位同学取得好成绩

为今后工作准备好身手为今后工作准备好身手
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Program of the Sixth OCPA Accelerator SchoolProgram of the Sixth OCPA Accelerator School
TIME July 29 July 30 July 31 August 1 August 2 August 3 August 4 August 5 August 6 August 7 

08:00-
09:00

G1: Intro. to 
Accelerators 

G3-Long. 
Dynamics 

G5-Impedance
G7-Hadron 

synchrotrons
G8-Injection & 

extraction 
S1-New light 

sources 
H5-IMP carbon

therapy 
T10-Cryogenics 

& SC 
S4-Targets & 
spectrometers

09:00-
10:00

G1: Intro to 
Accelerators 

G3-Long. 
Dynamics 

G5-Impedance
G7-Hadron 

synchrotrons
G8-Injection & 

extraction 
S2-Advanced 
acceleration 

H6-Taiwan 
proton therapy

T10-Cryogenics 
& SC 

S5-Management 
engineering 

Break Break 

10:15-
11:15

G1: Intro. to 
Accelerators 

G3-Long. 
Dynamics 

G6-Hadron 
linacs 

G7-Hadron 
synchrotrons

G9-Beam 
transport  

H1-Hadron 
therapy 

T7-RF for 
hadron linac

G10-Cyclotron
S5-Management 

engineering 

11:15-
12:15

G2-Transverse 
Dynamics 

G4-Lattice 
G6-Hadron 

linacs 
N2-Spall. Neu. 

sources  
G9-Beam 
transport  

H1-Hadron 
therapy 

T7-RF for 
hadron linac

G10-Cyclotron Closing 

Lunch Lunch 

14:00-
15:00

G2-Transverse 
Dynamics 

G4-Lattice 
G6-Hadron 

linac 
N3-Design 
CSNS linac

N4-Design 
CSNS RCS 

H2-Accel. for 
hadron therapy

T8-RF for 
hadron rings

T11-Radiation 
protection 

15:00-
16:00

G2-Transverse 
Dynamics 

G4-Lattice 
N1-High power 

accel. 
N3-Design 
CSNS linac

N4-Design 
CSNS RCS 

H2-Accel. for 
hadron therapy

T8-RF for 
hadron rings

Break Break 

16:15-
17:15

T2-Magnet  T1-Ion source T5-Vacuum
T3-Power 

supply 
T6-Beam 

Diagnostics 
H3-Beam 
delivery 

T9-Control 

17:15-
18:15

T2-Magnet  T1-Ion source T5-Vacuum T4-Pulsed PS
T6-Beam 

Diagnostics 
H3-Beam 
delivery 

T9-Control 

Exam

D
E

PA
R

T
U

R
E

 

Super Super  

20:00-
21:00

S3-Accel. 
applications 

Office hours and 

discussion 

Office hours and 

discussion 

Office hours and 

discussion 
H4-APTF design

Office hours and 

discussion 

Office hours and 
discussion 

21:00-
22:00

S3-Accel. 
applications 

Homework Homework 

Banquet

E
X

C
U

R
SIO

N
 

Homework Homework Homework Homework 
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An Introduction to An Introduction to 
Particle AcceleratorsParticle Accelerators

Historical Evolution, Innovative Ideas and 
Prospective in Accelerator Developments

C.Zhang

6th OCPA Accelerator School 

July29 - August 7, 2010 • Beijing

G1-A
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Sharp tools make good work

孔子
(公元前551-479 )

子曰子曰：：

工欲善其事工欲善其事
必先利其器必先利其器

《论语⋅魏灵公》



8

PrefacePreface
The human’s curiosity on the universe has 

always been the driven force behind the 
development of telescopes and microscopes. As a 
type of powerful microscope, particle accelerators 
play an important role in discovery on the micro-
world, which provide a major stimulus for research 
into the constituents and nature of matter.
Traced to its three roots, the history of 
accelerators is a continuous upgrade towards 
higher energy, better performance and wider 
application. Innovative ideas, new methods, and 
new technologies emerge in endlessly…
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From telescope to microscope

Historical evolution of accelerators

Frontiers of modern accelerators

Future science and accelerators

Summary

OutlineOutline
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(1)(1) From telescope to microscopeFrom telescope to microscope

400 years of telescopes and microscopes

The Glashow snake and universe

Fundamental particles and interaction

Methods to investigate the micro-world
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1.1 400 Years of Telescope1.1 400 Years of Telescope

Galileo’s Telescope (1609)

Large Sky Area MultiLarge Sky Area Multi--Object Fiber Object Fiber 
Spectroscopic Telescope Spectroscopic Telescope 

(LAMOST) (2009)(LAMOST) (2009)

Hubble Space Telescope
（1990）

Xinglong,  China

Hard X-ray 
Modulation 
Telescope 
(HXMT)
(2012)

500 m Aperture Spherical radio 500 m Aperture Spherical radio 
TelescopeTelescope（（FASTFAST）） 20132013

http://lwl.czyz.com.cn/jingguan/renwen/gongye/Index/gongye.htm
http://www.kuqin.com/shuoit/20081218/31214.html


12

400 Years of Microscopes400 Years of Microscopes
Robert Hook and 

his microscope
M=40-140

Sweep Electron 
Microscope (1965)

Early Microscope
(Cuff, 1740)

Electron 
microscope

(1933)
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1.2  The Glashow Snake and Universe1.2  The Glashow Snake and Universe
1027

1023

1020

109

102 105

10-8

10-7

10-12

10-18
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Telescope

Microscope
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1.3 1.3 Fundamental Particles and InteractionsFundamental Particles and Interactions
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1.4  Methods to investigate the micro1.4  Methods to investigate the micro--worldworld

Cristal
∼ 1 cm

Molecule
∼ 10-7 cm

Atom
∼ 10-8 cm

Nucleus
∼ 10-12 cm

Proton
∼ 10-13 cm

Lepton, Quark
< 10-16 cm

Observed 
Substance 

Size 
(cm) 

Beam 
Energy  

E=hc/λβ
Method 

Cell/Bacteria 
= Aggregate of molelule 10-3~10-5 0.1~10eV

Optical  
microscope 

Molecule 
= Aggregate of atoms 

ex) Water = H2O 

~10-7 ~1keV Electron 
microscope 

Atom 
= Nucleus + Electrons 

~10-8 ~ 10keV Synchrotron 
radiation 

Nucleus 
ex) Oxygen = 8p+8n ~10-12 >100MeV

Low-energy 
electron or proton 

accelerators 

Hadron 
= Aggregate of quarks 
ex) p=u+u+d, J/ψ=c+c 

~10-13 >1 GeV 
High-energy 

proton  
accelerators 

Quark, Lepton … 
(u,d) (s,c) (b,t) 
(e,νe) (μ,νμ) (τ,ντ)  

<10-16 >1000 GeV
High-energy 

electron or proton 
colliders 

…… …… …… …… 

hc
Eβλ =−1
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(2)(2) Historical evolution of Historical evolution of acceleratorsaccelerators

A particle accelerator at your home

Historical roots of accelerators

Main development

Evolution of acceleration principle

Step up to modern accelerators
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2.1 A particle accelerator at your home2.1 A particle accelerator at your home
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1919   Rutherford induced a nuclear reaction  with natural 
alphas.

1928   Gamov predicted tunnelling and 500 keV might be 
suffice to split atom.

2.22.2 Historical RootsHistorical Roots

I have long hoped for a 
source of positive particles 
more energetic than those 
emitted from natural 
radioactive substances.

Ernest Rutherford, 1928

The birth of an era
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1928   Cockcroft & Walton started designing an 800 keV 
generator encouraged by Rutherford.

2.2 2.2 Historical Root 1Historical Root 1
High-voltage acceleration

1931   Van de Graff invented electrostatic generator.
1932   The rectifier generator reached 700 kV and Cockcroft & 

Walton split lithium atom with 400 keV proton.
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Historical Root 2Historical Root 2
Resonant acceleration

1924  Gustav Ising proposed time-varying fields 
across drift tube.

1928   Rolf Wideroe demonstrated Ising’s principle 
with 1 MHz, 25 kV oscillator to make 50 keV 
potassium ions.
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Historical Root 2Historical Root 2 ((contcont.).)
Resonant acceleration

1929    Lawrence, inspired by Wideroe and Ising, conceived the 
cyclotron.

1932    Lawrence’s cyclotron produced 1.25 MeV protons and split 
the atom just few weeks after Cockcroft & Walton.

1931    Livingston demonstrated the cyclotron by accelerating protons 
to 80 keV;
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Historical Root 3Historical Root 3
Betatron acceleration

1923   Wideroe, a young Norwegian student, drew in his laboratory 
notebook the design of the betatron with 2-1 rule. Two years 
later he added the condition for radial stability but not publish.

1927   Wideroe made a model betatron, but it did not work. 
Discouraged he changed course and built a linear accelerator.

1940   Kerst re-invents the betatron and built the first working machine 
for 2.2 MeV electron.

1950   Kerst built the world’s largest betatron of 300 MeV.

dt
tBd

dt
tdB )(

2
1)(0 =
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1.3  1.3  Main DevelopmentMain Development
1944 V.Veksler & E.Mcmillan discovers 

principle of phase stability and 
invent the synchrotron.

1945    Energy loss due to synchrotron 
radiation is measured in an 
betatron;

1944    Veksler proposes an idea of 
microtron. 

1946    F.Goward & D.Barnes make a 
synchrotron works.

1946    First proton linear accelerator of 
32 MeV is built at Berklay.

1946    First electron linear accelerators 
are studied at Stanford and MIT.
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1952  BNL builds 3 GeV Cosmitron.

Main DevelopmentMain Development ((contcont.).)

1952  E.Courant, M.Livingston & 
H.Snyder propose the principle of 
strong focusing.

1959   CERN builds 28 GeV CPS;  
BNL builds 33 GeV AGS (1960); 

1960’s Several SR facilities are set up 
on rings initially for HEP;

1962    First single-ring e+-e- collider 
AdA of 2×250 MeV is built at 
Frascati.
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1970   V. Teplyakov and I.Kapchinski invent 
radio frequency quadrupole linac 
(RFQ);

1.3  1.3  Main DevelopmentMain Development ((contcont.).)

1971  J.Maday invented first free electron 
laser;

1972   First double-ring proton collider ISR 
2×28 GeV is built at CERN;

Since 70’s  A number of e+e- colliders 
constructed;

…… ……

Since 80’s A number of SR facilities and 
spallation neutron sources constructed;

2008   First beam from LHC;

1989  First linear collider SLC of 2 × 50 
GeV is built at SLAC
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1.4  Evolution of acceleration principle1.4  Evolution of acceleration principle
ZeVE =
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1.5  Step up to higher energy1.5  Step up to higher energy
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(3)(3) Frontiers of modern acceleratorsFrontiers of modern accelerators

High energy frontier

High luminosity frontier

Multidisciplinary platforms

Application of accelerators 

Novel acceleration methods
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3.1 High energy frontier3.1 High energy frontier

( )  2 2/1
0EEEcm ≈

 2 cm EE =Collider:

Fixed target:



31

FermiFermi′′s Dreams Dream (1954)(1954)

Fermi′s Dream

Ebeam 5000 TeV

EC.M. 3 TeV 

Bmax 2 T

R 8000 km

Cost 170 BUSD

Cons.  40 Years ？

SSC  (LHC)

20     (7.0)

40     (14)

6.6     (8.3)

13     (4.3)

8 ? （5）

9 ? （10）
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CC=27km single=27km single--ringring
EE=2=2××100GeV100GeV
LL=1 =1 ××10103232cmcm--22ss--11

LEP: LEP: Large Electron Positron colliderLarge Electron Positron collider
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LHP: LHP: Large Large HadronHadron ColliderCollider

http://mediaarchive.cern.ch/MediaArchive/Photo/Public/2010/1003060/1003060_02/1003060_02-A5-at-72-dpi.jpg
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Tevatron at FNALTevatron at FNAL

The CDF detector The CDF detector 
records particles records particles 
emerging from highemerging from high--
energy collisionsenergy collisions

CC=6.3km single=6.3km single--ringring
EECMCM=2=2××0.98 0.98 TeVTeV
LL=3.55=3.55××10103232cmcm--22ss--11
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DESY and HERADESY and HERA

CC=6km double=6km double--ringring
EE=820 =820 GeV(pGeV(p)+ 30GeV(e))+ 30GeV(e)
LL=2=2××10103131cmcm--22ss--11
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RHIC of  BNLRHIC of  BNL
CC=3.8km double=3.8km double--ringring
EECMCM=2 =2 ××64 64 GeV/uGeV/u (Au)(Au)
LL=4=4××10102727cmcm--22ss--11

RHICRHIC--II & II & 
ee--RHICRHIC
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500 GeV machine with expandability to 1 TeV;
Electron source – conventional source using a DC gun;
Positron source – helical undulator with polarized beams; 
High gradient accelerator 31.5 MV/m;
Design luminosity is 2×1034cm-2s-1

ILC Baseline Configuration

International Linear colliderInternational Linear collider
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γγ−−γγ ColliderCollider

B eam  E nergy  E  25 0  G eV  

P article  per bunch 0 .65× 10 10 

O verall L ength  ~10  km  

R epitation  180H z 

B unch L ength  0 .1  m m  

B eam  S ize at IP  71 nm × 9nm  

P olarization  A ll and adjustab le

D istance if X -e IP  and  γ − γ  IP 5  m m  

e+e- L um inosity   ~1× 10 34cm -2s-1 

γ − γ  L um inosity  ~1× 10 33cm -2s-1 
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μμ+ + -- μμ-- CollidersColliders
Exotic Same as electron, m± is lepton, but unstable tm0 ≈ 2ms

Reasonable mm=105 MeV, 

, which is negligible
⇒ m± storage ring ⇒ smaller and more effective
tm =gtm 0,  E=2TeV, g=20000, tm =40ms, N= tm /Trev≈ 1500

hadrons, m,n,K…⇒ Chance for new physics discovery 

Challengeable tm 0 ≈ 2ms, tm =40ms  @2TeV 
⇒ VRF∝dE/dt，difficulty, cost…
very fast cooling ⇒ Ionzation cooling
m± Decay ⇒ Background, shielding issues……
neutrino pollution  D ∝ E3⇒ very serious @E=2TeV
……

Being studied P.Chen (SLAC), Y.Cho(ANL) K.Y.Ng, Z.Qian (FNAL), 
Y.Zhao, H.Wang, H.Ma (BNL), Q.S.Shu (CEBAF), D.Li (LBL) ……

9
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A schematic diagram of EA schematic diagram of E=2=2××2TeV2TeV μμ++--μμ-- ColliderCollider
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3.2 High luminosity frontier3.2 High luminosity frontier
After discovery made with pioneer accelerators, 
more detail and accurate investigation need to be 
made in order to extend the discovery with 
higher statistics, which needs higher luminosity 
machines;
Higher luminosity calls for higher performance 
colliders with higher current, better final 
focusing, and usually double-ring structure…
Challenge to accelerator physics and technology: 
beam instabilities and impedance,  injection, 
interaction region, vacuum, accurate bunch 
monitoring …
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PEPII at SLACPEPII at SLAC

CC=2.2 km double=2.2 km double--ringring
EE= 9GeV(e= 9GeV(e--)) 3.1 3.1 GeV(eGeV(e++))
LL=1.2=1.2××10103434cmcm--22ss--11
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KEK and KEKBKEK and KEKB

CC=3 km double=3 km double--ringring
EE= 8GeV(e= 8GeV(e--)) 3.5 3.5 GeV(eGeV(e++))
LL=2=2××10103434cmcm--22ss--11
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 Super-KEKB Super-B 

物理需求积分亮度 1Eb-1 

设计峰值亮度 8×1035cm-2s-1 1×1036cm-2s-1 

主要技术措施 纳米束+大流强 Crab-waist 

建设周期 2010-2015 ？ 

提交 IPAC’10 论文数 18 20 

Super  BSuper  B--FactoriesFactories
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LNFLNF--DAFNEDAFNE

CC=32.6m double=32.6m double--ringring
EE= 2= 2×× 0.51GeV0.51GeV
LL=4.4=4.4××10103232cmcm--22ss--11
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BEPCII: a BEPCII: a doubledouble--ringring ee----ee++ collider for charmcollider for charm--ττ physicsphysics
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EMMA FFAGEMMA FFAG

Neutrino FactoryNeutrino Factory
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3.3  Multidisciplinary 3.3  Multidisciplinary platformsplatforms

Synchrotron radiation sources

Free electron lasers

Energy Recovery Linac 

Spallation neutron sources
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3.3.1 Synchrotron Radiation Sources3.3.1 Synchrotron Radiation Sources
Energy loss per tern：

BEPC：E=2.8GeV, r=10.345m，
U0=526keV

Critical energy：

Radiation damping
z: Higher the E more theU0

x & y：Δx ′, Δy′≠0， (Δx ′, Δy′)RF=0
The Damping time

   
m

GeV588keV
4

0 )(
)(E.)(U

ρ
=

    TGeV6650keV 3 )(B)(E.)(uc =

   
GeV213

mmms 3 )(EJ.
)()(C)(

e,y,x
e,y,x

ρ
=τ
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Electromagnetic RadiationElectromagnetic Radiation
How it relates to the world we know

Synchrotron radiation is 
used for experiments 

typically over this region
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SpringSpring--8  8GeV (Japan)8  8GeV (Japan) PAL (Korea)PAL (Korea)

SSRC 1.5GeV (Taiwan)SSRC 1.5GeV (Taiwan)SSRF 3.5GeV (China)SSRF 3.5GeV (China)
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IndusIndus--2 2.5GeV (India)2 2.5GeV (India) SIAM 1GeV (Thailand)SIAM 1GeV (Thailand)

SSLS 0.5GeV (Singapore)SSLS 0.5GeV (Singapore) SESAME 2.5GeV (Jordan)SESAME 2.5GeV (Jordan)
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TPSTPS

3GeV, 1.6−
4.9nm⋅rad

http://www.nsrrc.org.tw/english/tps.aspx
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FEL Converts the energy of free electrons of  
accelerators into laser power.  
The “working material” of FEL：free electrons 

high peak power, coherent, tunable …
Two lines: higher average power in the IR and 

UV region and short wavelength ( hard X ray).
World：tens FEL facilities in operation.
China：great progress at IR region.
From FELTF to XFEL, SASE and HGHG.
Many applications …

3.3.2 Free Electron Lasers3.3.2 Free Electron Lasers (FEL)(FEL)



55

XFELs coming soonXFELs coming soon

DESY XDESY X--FELFEL

20122012

SCSSSCSS

20102010

LCLSLCLS

20092009
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3.3.3 Energy Recovery LINAC (ERL)3.3.3 Energy Recovery LINAC (ERL)
Very high average brilliance 
~1023 ph./mm2/mrad2/0.1%/s ;
Many beamlines more users;
Femto-second pulse with high 
repetition molecular 
dynamics…
Coherence Imaging of non-
crystalline materials …

Jafferson Lab 14kW IR FEL
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Slow neutrons show unique properties:
non-zero magnetic moment in spite of zero charge.
wavelength of the order of interatomic distances
comparable to collective excitations in solids

In contrast to reactor source, SNS is advantaged as  
pulsed, high resolution, low background and wide range 
of neutron energy.
SNS is complementary with synchrotron radiation 
facilities.
SNS is widely used in materials research, molecular 
biology, medicine, etc. as a multidisciplinary research 
platform.

3.3.4 Spallation Neutron Sources3.3.4 Spallation Neutron Sources
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Existing and planned spallation neutron sourcesExisting and planned spallation neutron sources

Name  Status 
Beam Energy 

(GeV) 
Ave.Beam 

Power (MW)
Repetition 
rate (Hz)  

Proton per 
pulse (1013) 

Pulse length 
(μs) 

IPNS ANL Operat. 1981 0.05 linac 0.5 
RCS 0.0075 30 0.3 0.1 

ISIS RAL Operat. 1981 0.07 linac 0.8 
RCS 0.16 50 2.5 0.45 

SINQ PSI Operat. 1981 0.59 
Cyclotron ≤0.9 CW - - 

LANCE 
LANL Operat. 1981 0.8 linac 0.08 20 3 0.27 

LANCE II 
LANL Plan 0.8 linac 1.0 30 - 1200 

SNS US Operation 1.0 linac A.R. 1 → 5 60 10 0.55 

J-Parc Operation 0.4 linac 
3.0RCS 1.0 25 8.3 <1 

ESS Europe Plan 
1.33 linac 

A.R. 5.0 50 47 1 

CSNS   
China Plan 

0.08 linac 1.6 
RCS 0.12 →0.5 25 2 0.4 
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3 GeV Synchrotron
(25 Hz, 1MW)

Hadron Beam Facility
Materials and Life Science

Experimental Facility

Neutrino to 
Super-

Kamiokande

50 GeV Synchrotron
(0.75 MW)

Linac
(330m)

SNS (US)SNS (US)
JJ--ParcParc (Japan)(Japan)

PEFP (Korea)PEFP (Korea)

ESS (Sweden)ESS (Sweden)
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3.4 Application of accelerators3.4 Application of accelerators
Although accelerators were developed for particle 

physics, many thousands of them are put to practical 
uses in other branches of scientific research as well 
as in industry, agriculture, medicine and many other 
fields of our society.

Accelerator Driven Sub-critical reactor
Nuclear waste transmutation
Medical accelerators
Irradiation
Non-destructive inspection
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Messages from IPACMessages from IPAC’’1010
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3.4.1 Accelerator Driven Sub3.4.1 Accelerator Driven Sub--critical reactor (ADS)critical reactor (ADS)

One of the most promising potential uses of particle 
accelerators is producing clean, safe and almost 
inexhaustible energy. 
The idea is to combine a particle accelerator with a 
nuclear reactor, dreamed up by Carlo Rubbia. By using 
a particle accelerator to produce the neutrons which 
provoke nuclear fission, the commonly occurring and 
easily extracted element thorium can be used as 
reactor fuel instead of uranium. 
The reaction is not self sustaining, so there is no 
chance of Chernobly-like runaway. Unlike a conventional 
fission reactor, ADS machine needs energy to keep it 
going. The amount of energy produced would be several 
times as much as that put in, leading to name this 
device the “Energy Amplifier”. 
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~2017
ADS Testing 

Setup
Reactor：~4MW

Accelerator：
40MeV/ ≥ 10mA

H+ Src

SC
Cavity RFQ

~2022 
ADS Exp. Facility

Reactor：80~100MW
Accelerator：~600MeV/ ≥ 10mA

~2032
ADS Demo Facility

Reactor：~1000MW
Accelerator：

~1.5GeV/≥10mA

ChinaChina’’s Roadmap for  ADSs Roadmap for  ADS

CAS: Wenlong Zhan

July 7, 2010  
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3.4.2  Nuclear waste transmutation3.4.2  Nuclear waste transmutation
The concept of 

energy amplifier is 
extended to the 
transmutation of long-
lived nuclear waste. The 
idea is to mix nuclear 
plutonium waste with 
the thorium fuel so that 
it also undergoes fission 
and breaks up into 
harmless elements. 
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SW 6MeV SW 6MeV 
Linac WDVELinac WDVE--66

SW 20MeV SW 20MeV 
LinacLinac

3.4.3 Medical accelerators3.4.3 Medical accelerators
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HIMACHIMAC
Heavy Ion Medical Accelerator in Chiba

Biological experimental room

Treatment roomsPhysics experimental rooms
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3.4.4  Irradiation3.4.4  Irradiation
据不完全统计，我国已建成的功率在5kW及其以上的工业用电子辐

照加速器有100多台，总功率已超过6MW，仅2005年以来的4年里，新增

建的加速器辐照生产线约20条。

线缆加工,
31%

发泡材料
4%

消毒、改性
等 25% 热缩制品,

40%

10MeV/20KW 10MeV/20KW 返波型返波型

工业辐照加速器工业辐照加速器

2.5MeV/1.2kW2.5MeV/1.2kW车载式电子车载式电子

束辐照安全系统束辐照安全系统

4.5MeV/2kW4.5MeV/2kW
邮件灭菌系统邮件灭菌系统

10MeV10MeV大功率大功率

辐照加速器辐照加速器 辐照进行时辐照进行时…………
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MB6000BS

MB1215LC

MB1215BS

MB1215HLMB1215HS

PB6000

RF9066MT1213LX

双能量束流成像：根据不同原子量物质的对

两种能量束流的吸收特性，鉴别被测物种类。

3.4.5 Non3.4.5 Non--destructive inspectiondestructive inspection
e.g. Container inspection facilitiese.g. Container inspection facilities
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3.5  New methods and Technologies3.5  New methods and Technologies
The  novel acceleration methods proposed so far can be 

classified into two catalogs;
To transfer  energy  from photons to particle beams; laser 
accelerators of different kinds, such as  beat-wave accelerators, 
grating accelerator, inverse Cherenkov effect accelerator, inverse 
FEL accelerators and others. The maximum electric field in laser
can be as high as key issue 105∼109 MV/m, while the key issue is 
how to obtain the Ez component at the beam direction.
To transfer  energy  from one beam  to another beam:

A high-speed moving beam directly drives the  accelerated beam: 
smoke-ring accelerator, linear beam accelerator, etc.
Wake field accelerators (WFA): laser WFA, plasma WFA, 
dielectric WFA, coupled wake tube accelerator and two beam 
accelerator. 
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Various wake field acceleration approaches
WF Device Max. Drad. Advantages Disadvantages Experimental Status 

LWFA 
Laser WFA 

multi-GV/m High-gradient 
Requires powerful 
short pulse laser. Poor 
efficiency. 

Preliminary 
experiments underway; 
electrons are captured 
and accelerated 

PWFA  
Plasma WFA 

≈ GV/m High-gradient 

Requires difficult drive 
beam, alignments. Same 
focus problem as 
LWFA 

Acceleration of injected 
beam at 5-7MeV/m 
using few nC drive 
beam 

Iris loaded 
WFA 

50MV/m 
Simple and well 
understood 

Low gradient, requires 
good beam-beam 
alignment. 

Similar to PWFA 

DWFA 
 Dielectric 

WFA 
100MV/m 

Very simple; Deflection 
modes damped 

Requires difficult drive 
beam, good beam-beam 
alignment. 

Similar to PWFA 

CWTA  
Coupled 

Wake Tube  
500MV/m 

Stepped up gradients; 
beam-beam effects 
small. Simple extension 
of acceleration possible.

Requires efficient 
coupling of RF power,. 
Drive beam less difficult 
than DWFA 

Experiment under 
construction 
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Laser plasma accelerators produced Laser plasma accelerators produced ““Dream beamDream beam””
followed up by worldwide experimentsfollowed up by worldwide experiments

Thomas Katsouleas, NATURE, 431, 515, 2004

“Monoenergetic beams of relativistic 
electrons 
from intense laser-plasma interactions”
S. P. D. Mangles et al., NATURE, 431, 535, 2004.

“High-quality electron beams from a laser 
wakefield accelerator using plasma-channel 
guiding”
C. G. R. Geddes et al., NATURE, 431, 538, 2004.

“A laser-plasma accelerator producing 
monoenergetic electron beams”
J. Faure et al., NATURE, 431, 541, 2004.

LBNL, US

LOA, France

ICL/RAL, UK
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1970 2000 2010 2020

1 MeV

1 GeV

1 TeV

ILE

UCLA

LULI

KEK/ILE

JAERI/KEK/UT

RAL
Michigan

LLNL

1980 1990

1 PeV

ANL

KEK

SLAC

BNL
NRLMPI

LOA

PBWA
LWFA
SM-LWFA

PWFA
M

ec
ha

ni
sm

Year
1960195019401930

RF electron accelerator

Advanced
Accelerator
experiments

RAL SLAC

ILC

Cornell

KEK

CEBAF
CEBAF

Superconducting
RF accelerator

SLC

LBNL

SLAC

History of Accelerators History of Accelerators -- Livingston chartLivingston chart
Advanced Accelerators gear up to TeV

Ch. LWFA

KEK/CAEP

K. Nakajima, 11-th ACFA-PM
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International collaboration on HighInternational collaboration on High--energy Laserenergy Laser--plasma plasma 
Acceleration at CAEP, ChinaAcceleration at CAEP, China

Phase-I:
1 GeV monoenergetic electron acceleration 
with 10 mm size gas jet and a long focusing 
optics
Phase-II:
Multi-GeV monoenergetic electron 
acceleration with a long-range discharge 
plasma channel
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1050 1060

0.08

0.12

0.16 t=18TL

p x

100x/λL

2010-8-10 74

北京大学激光加速质子的研究北京大学激光加速质子的研究

B

A

Phase space (x~px)
提出新的激光加速机
制—稳相加速

在相稳定加速区内用圆
偏振激光脉冲产生单能
强流质子束

A

B
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加速器新技术加速器新技术

近物所超导ECR源 清华大学光阴极电子枪 高能所正电子源高能所正电子源

北大光阴极注入器北大光阴极注入器 SSRFSSRF和和BEPCIIBEPCII超导腔超导腔

北大超导加速器北大超导加速器

原子能院原子能院1/41/4波长波长

超导超导谐振腔谐振腔

BEPCIIBEPCII、、HLSHLS、、SSRFSSRF
束流反馈束流反馈

HIRFLHIRFL--CSRCSR上的电子冷却上的电子冷却
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1994

2000

2006
2005

2002

2009

2008
2007

北京大学射
频超导课题

组成立

2×9cell

北京大学国产实用型多北京大学国产实用型多CellCell
射频超导腔发展射频超导腔发展

76

2×3.5cell

我国第
一只纯
铌超导
腔

QWR
腔
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(4)(4) Future science and acceleratorsFuture science and accelerators

Higher beam energy

Higher beam intensity

Higher time resolution 

Higher spatial resolution
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Particle Accelerators in AsiaParticle Accelerators in Asia
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1 1 PeVPeV=10=101515 eVeV

1 1 TeVTeV=10=101212 eVeV
“Standard model”

HiggsHiggs
QuarksQuarks
LeptonsLeptons

1000 times 
higher energy
1000 times 
higher energy

““ New paradigmNew paradigm””

LeptogenesisLeptogenesis

SUSY breakingSUSY breaking

Extra dimensionExtra dimension
Dark matterDark matter

SupersymmetrySupersymmetry

Acceleration
Technology

ILC

TwoTwo--beam LCbeam LC

LaserLaser--plasma LCplasma LC

Ultra‐High
Voltage STEM 

with 
Superconducting

RF cavity

Earth

Space debris

mm waves

Earth-based space 
debris radar

T. Suzuki
@ACFA08
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1000 times 
more 

powerful 
beam

1000 times 
more 

powerful 
beam

Super‐
conducting 
Accelerator
Technology100 kW Beam Power100 kW Beam Power

100 MW Beam Power100 MW Beam Power

Neutrino FactoryNeutrino Factory

MuonMuon ColliderCollider

Linear ColliderLinear Collider

Brighter neutron sourceBrighter neutron source

Nuclear waste processingNuclear waste processing

Inertial FusionInertial Fusion

Muon‐collider
Neutrino Factory

accelerator driven 
(subcritical 
reactor) system 
and
nuclear waste 
transmutation 
system

232Th232Th



811 ns = 10-9 s

Ribosome

Fast photo-switching 
of metal-to-insulator
phase  ~ 1 ps

Femto‐sec Beam
Technology

Photosynthetic 
reaction in leaves
~ 100 fs

Rhodopsin
~200 fs 1 fs = 10-15 s

current 
light

sources

1 ps = 10-12 s

future 
light

sources

bunch-
slicing

1000 times 
shorter time
resolution 

1000 times 
shorter time
resolution 
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1000 times
higher spatial
resolution 

1000 times
higher spatial
resolution 

1 pm

Nano beam
Technology

10 nm

cellular structure
and function ~ (1-10) nm

5 nm

catalytic chemistry
~ 1 nm

extreme condition
~ (1-10) nm

Nano-crystal ~ 1 nm

current 
light

sources

future 
light

sources

~100 nm

1 nm
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Future science calls for Future science calls for 
iinnovative ideasnnovative ideas for  for  
new generation of new generation of 

acceleratorsaccelerators
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Scientific Knowledge Scientific Knowledge 
from 500 B.C. to 2000 A.D.from 500 B.C. to 2000 A.D.

Invention of Invention of 
Telescope Telescope 

& Microscope& Microscope
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SummarySummary
As an powerful tool for acceleration of charged 
particle beams, particle accelerators have been 
rapidly developed since it was invented in 1930’s 
aiming at the researches on the micro-world;
Traced to its three roots, the history of 
accelerators is a continuous upgrade for higher 
energy and better performance; 
The higher energy and higher luminosity are two 
frontiers of the accelerators for high energy physics;
Synchrotron radiation sources, free electron lasers 
and spallation neutron sources and etc. are in  
vigorously growing;
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Summary Summary (cont.)

Variety of low energy accelerators are widely 
applied in all aspects of our society;
New methods, and new technologies emerge in 
endlessly and will present a entirely new 
appearance of accelerators;
Future science calls for innovative ideas for  
new generation of accelerators.
As “microscope” for micro-world, the 
accelerators will be further developed in 21st

century in the world as well as in Asia.
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QuestionQuestion
To line up the following types of accelerators 

with the characters listed in the right side:

ρZe
pcB =

Synchrotron

Betatron

Cyclotron

Synchro-cyclotron

B=const.,  frf=h⋅fc

,

B=const.,  frf=const.

, frf=h⋅fcρZe
pcB =

dt
tBd

dt
tdB )()(

2
10 =
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