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2. Contributions to Science and Others 
Applications



Timeline of particle discoveries
From Wikipedia, the free encyclopedia

This is a timeline of subatomic particle discoveries, including all particles thus far discovered which
appear to be elementary (that is, indivisible) given the best available evidence. It also includes the discovery
of composite particles and antiparticles that were of particular historical importance.

More specifically, the inclusion criteria are:

Elementary particles from the Standard Model of particle physics that have so far been observed. The
Standard Model is the most comprehensive existing model of particle behavior. All Standard Model
particles including the Higgs boson have been verified, and all other observed particles are
combinations of two or more Standard Model particles.
Antiparticles which were historically important to the development of particle physics, specifically the
positron and antiproton. The discovery of these particles required very different experimental methods
from that of their ordinary matter counterparts, and provided evidence that all particles had
antiparticles—an idea that is fundamental to quantum field theory, the modern mathematical
framework for particle physics. In the case of most subsequent particle discoveries, the particle and its
anti-particle were discovered essentially simultaneously.
Composite particles which were the first particle discovered containing a particular elementary
constituent, or whose discovery was critical to the understanding of particle physics.

Time Event

1800 William Herschel discovers "heat rays"

1801

Johann Wilhelm Ritter made the hallmark observation that invisible rays just beyond the violet end of the visible
spectrum were especially effective at lightening silver chloride-soaked paper. He called them "oxidizing rays" to
emphasize chemical reactivity and to distinguish them from "heat rays" at the other end of the invisible spectrum (both of
which were later determined to be photons). The more general term "chemical rays" was adopted shortly thereafter to
describe the oxidizing rays, and it remained popular throughout the 19th century. The terms chemical and heat rays were
eventually dropped in favor of ultraviolet and infrared radiation, respectively.[1]

1895 Discovery of the ultraviolet radiation below 200 nm, named vacuum ultraviolet (later identified as photons) because it is
strongly absorbed by air, by the German physicist Victor Schumann[2]

1895 X-ray produced by Wilhelm Röntgen (later identified as photons)[3]

1897 Electron discovered by J. J. Thomson[4]

1899 Alpha particle discovered by Ernest Rutherford in uranium radiation[5]

1900 Gamma ray (a high-energy photon) discovered by Paul Villard in uranium decay[6]

1911 Atomic nucleus identified by Ernest Rutherford, based on scattering observed by Hans Geiger and Ernest Marsden[7]

1919 Proton discovered by Ernest Rutherford[8]

1932 Neutron discovered by James Chadwick[9] (predicted by Rutherford in 1920[10])

1932 Antielectron (or positron), the first antiparticle, discovered by Carl D. Anderson[11] (proposed by Paul Dirac in 1927
and by Ettore Majorana in 1928)

1937 Muon (or mu lepton) discovered by Seth Neddermeyer, Carl D. Anderson, J.C. Street, and E.C. Stevenson, using cloud
chamber measurements of cosmic rays[12] (it was mistaken for the pion until 1947[13])

1947 Pion (or pi meson) discovered by C. F. Powell's group, including César Lattes(first author) and Giuseppe Occhialini
(predicted by Hideki Yukawa in 1935[14])

1947 Kaon (or K meson), the first strange particle, discovered by George Dixon Rochester and Clifford Charles Butler[15]

2.1 Accelerators for Physics



1947 Λ0 discovered during a study of cosmic-ray interactions[16]

1955 Antiproton discovered by Owen Chamberlain, Emilio Segrè, Clyde Wiegand, and Thomas Ypsilantis[17]

1956
Electron antineutrino detected by Frederick Reines and Clyde Cowan (proposed by Wolfgang Pauli in 1930 to explain
the apparent violation of energy conservation in beta decay)[18] At the time it was simply referred to as neutrino since
there was only one known neutrino.

1962 Muon neutrino (or mu neutrino) shown to be distinct from the electron neutrino by a group headed by Leon
Lederman[19]

1964 Xi baryon discovery at Brookhaven National Laboratory[20]

1969
Partons (internal constituents of hadrons) observed in deep inelastic scattering experiments between protons and
electrons at SLAC;[21][22] this was eventually associated with the quark model (predicted by Murray Gell-Mann and
George Zweig in 1964) and thus constitutes the discovery of the up quark, down quark, and strange quark.

1974 J/ψ meson discovered by groups headed by Burton Richter and Samuel Ting, demonstrating the existence of the charm
quark[23][24] (proposed by James Bjorken and Sheldon Lee Glashow in 1964[25])

1975 Tau discovered by a group headed by Martin Perl[26]

1977 Upsilon meson discovered at Fermilab, demonstrating the existence of the bottom quark[27] (proposed by Kobayashi
and Maskawa in 1973)

1979 Gluon observed indirectly in three-jet events at DESY[28]

1983 W and Z bosons discovered by Carlo Rubbia, Simon van der Meer, and the CERN UA1 collaboration[29][30] (predicted
in detail by Sheldon Glashow, Mohammad Abdus Salam, and Steven Weinberg)

1995 Top quark discovered at Fermilab[31][32]

1995 Antihydrogen produced and measured by the LEAR experiment at CERN[33]

2000 Tau neutrino first observed directly at Fermilab[34]

2011 Antihelium-4 produced and measured by the STAR detector; the first particle to be discovered by the experiment

2012 A particle exhibiting most of the predicted characteristics of the Higgs boson discovered by researchers conducting the
Compact Muon Solenoid and ATLAS experiments at CERN's Large Hadron Collider[35]

See also
List of baryons
List of mesons
List of particles
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In 1932, the English physicist John Cockcroft and the Irish physicist Ernest Walton produced a nuclear 
disintegration by bombarding Lithium with artificially accelerated protons of 0.4MeV . The following reaction took 
place: This was the first artificial splitting of a nucleus. Both of them were awarded Nobel Prize in Physics in 1951

The first nuclear experiment by man-controlled particles  

Cocher oft and Walton. Proc. Roy. Soc., A , vol. 136, PI. l l .

{Facing p. 625.)
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Lawrence's 60 inch cyclotron, with magnet poles 60 inches (5 feet, 1.5 meters) in diameter, at the University of California 
Lawrence Radiation Laboratory, Berkeley, in August, 1939, the most powerful accelerator in the world at the time. Glenn T. 
Seaborg and Edwin M. McMillan (right) used it to discover plutonium, neptunium and many other transuranic elements and 
isotopes, for which they received the 1951 Nobel Prize in chemistry.

New Elements and Cyclotron

https://en.wikipedia.org/wiki/University_of_California
https://en.wikipedia.org/wiki/Lawrence_Radiation_Laboratory
https://en.wikipedia.org/wiki/Glenn_T._Seaborg
https://en.wikipedia.org/wiki/Glenn_T._Seaborg
https://en.wikipedia.org/wiki/Edwin_M._McMillan
https://en.wikipedia.org/wiki/Plutonium
https://en.wikipedia.org/wiki/Neptunium
https://en.wikipedia.org/wiki/Nobel_Prize


An animation of the nuclear force (or residual strong 
force) interaction. The small colored double disks are 

gluons. Anticolors are shown as per this diagram 

Theoretical work by Hideki Yukawa in 1935 had predicted the existence of 
mesons as the carrier particles of the strong nuclear force. 

In 1947, the first true mesons, the charged pions, were found by the 
collaboration of Cecil Powell, César Lattes, Giuseppe Occhialini, et al., at 
the University of Bristol, in England. Since the advent of particle 
accelerators had not yet come, high-energy subatomic particles were only 
obtainable from atmospheric cosmic rays.

In 1948, Lattes, Eugene Gardner, and their team first 
artificially produced pions at the University of California's 
cyclotron in Berkeley, California, by bombarding carbon 
atoms with high-speed alpha particles. 

Nobel Prizes in Physics were awarded to 
Yukawa in 1949 for his theoretical prediction 
of the existence of mesons, and to Cecil 
Powell in 1950 for developing and applying 
the technique of particle detection using 
photographic emulsions.

184" Cyclotron Before 
Installation of Fifteen-Foot-Thick 

Concrete Shielding, ca. 1940

Pi-meson and the 184” Cycoltron
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The Plethora of Particles 
Because one has no control over cosmic rays (energy,  types of particles, location, etc), 
scientists focused  their efforts on accelerating particles in the lab and smashing them  
together.  Generically ƉĞŽƉůĞ�ƌĞĨĞƌ�ƚŽ�ƚŚĞŵ�ĂƐ�͞particle accelerators͘͟  
 
 
Circa 1950, these particle accelerators began to uncover many new particles. 
 
Most of these particles are 
unstable and decay very  
quickly, and hence had not  
been seen in cosmic rays. 
 
Notice the discovery of the 
ƉƌŽƚŽŶ Ɛ͛�ĂŶƚŝƉĂƌƚŝĐůĞ, the 
antiproton, in 1955 ! 
 
Yes, more antimatter ! 

Slide courtesy Prof. Steven Blusk, Syracuse University 

I. I. Rabi’s famous quote when the muon was discovered

From SimplicityÆ ComplexityÆ Simplicity 
� Around 1930, life seemed pretty good for our understanding 
ŽĨ�͞ĞůĞŵĞŶƚĂƌǇ�;ĨƵŶĚĂŵĞŶƚĂůͿ�ƉĂƌƚŝĐůĞƐ͘͟  
 
� There was protons, neutrons & electrons. Together, they made up 
atoms Æ molecules Æ DNA Æ People ! 
 
� ��,,,,,͕�ŶĂƚƵƌĞ�ŝƐ�ƐŝŵƉůĞ͕�ĞůĞŐĂŶƚ͕�ĂĂĂŚŚŚŚ͙ 

But the discoveries of dozens of more particles in accelerator experiments lead 
many to question whether the proton and neutron ǁĞƌĞ�ƌĞĂůůǇ�͞ĨƵŶĚĂŵĞŶƚĂů͘͟ � 

EĞĞĚůĞƐƐ�ƚŽ�ƐĂǇ͕ �ƚŚĞ�͞ǌŽŽ�ŽĨ�ŶĞǁ�ƉĂƌƚŝĐůĞƐ͟�ƚŚĂƚ�ǁĞƌĞ� 
being discovered at accelerators appeared to reveal  
ƚŚĂƚ�ŶĂƚƵƌĞ�ǁĂƐ�ŶŽƚ�ƐŝŵƉůĞ͕�ďƵƚ�ĐŽŵƉůŝĐĂƚĞĚ͍�����hŶƚŝů͙͘ 

I. I. ZĂďŝ Ɛ͛ famous quote when the muon was discovered. 

tŚŽ�ŽƌĚĞƌĞĚ�ƚŚĂƚ͟�͍ 

1994 Nobel Prize 
Winner in Physics Slide courtesy Prof. Steven Blusk, Syracuse University 

“Who ordered that?”

Zoo of Particles

Quarks

Quarks ? 

Flavor Q/e 

u +2/3 
d -1/3 
s -1/3 

� First things first͗�tŚĞƌĞ�ĚŝĚ�ƚŚĞ�ŶĂŵĞ�͞ƋƵĂƌŬƐ͟�ĐŽŵĞ�ĨƌŽŵ͍ 

In 1964, Murray Gell-Mann &  
George Zweig (independently)  
came up with the idea that one  
could account for the entire  
͞�ŽŽ�ŽĨ�WĂƌƚŝĐůĞƐ͕͟ ��ŝĨ�ƚŚĞƌĞ� 
existed objects called quarks. 

Murray 
Gell-Mann 

George 
Zweig 

Murray Gell-Mann had just been reading Finnegan's Wake by James Joyce which contains 
the phrase "three quarks for Muster Mark".  
He decided it would be funny to name his particles after this phrase. 

Murray Gell-Mann had a strange sense of humor! 

dŚĞ�ƋƵĂƌŬƐ�ĐŽŵĞ�ŝŶ�ϯ�ƚǇƉĞƐ�;͞ĨůĂǀŽƌƐ͟Ϳ͗�up(u), 
down(d), and strange(s) and they are 
fractionally charged with respect to the 
ĞůĞĐƚƌŽŶ Ɛ͛�ĐŚĂƌŐĞ� 

Slide courtesy Prof. Steven Blusk, Syracuse University 

Murray Gell-Mann had just been reading Finnegan's Wake by James Joyce 
which contains the phrase "three quarks for Muster Mark”. In 1964, Murray 
Gell-Mann and George Zweig came up with the idea that one could account 
for the entire “zoo of particles”, if there existed objects call quarks.
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Slide courtesy Prof. Steven Blusk, Syracuse University 

If we only have electron, proton and neutron, the world is already good 
enough, for physicists.

Accelerators and the Zoo of Particles

Cosmotron(1952-1966)

Bevatron (1958)



The antiproton, is the antiparticle of the proton. Antiprotons are 
stable, but typically short-lived, since any collision with a proton will 
cause both particles to be annihilated in a burst of energy.
The existence of the antiproton was predicted by Paul Dirac in his 
1933 Nobel Prize lecture.
The antiproton was first experimentally confirmed in 1955 at the 
Bevatron particle accelerator by University of California, Berkeley 
physicists Emilio Segrè and Owen Chamberlain, for which they were 
awarded the 1959 Nobel Prize in Physics.

uu
__

uu
__

dd
__

Antiproton and Bevatron

Edwin McMillan and Edward Lofgren on the shielding of the Bevatron. The shielding 
was only added later, after initial operations.

The Bevatron —  a weak-focusing proton 
synchrotron — LBNL, which began operating in 
1954. It was designed to collide protons at 6.2 
GeV, the expected optimum energy for creating 
antiprotons.

The Bevatron in 1958
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Leon Lederman, Melvin Schwartz and Jack Steinberger:
- Protons were accelerated to an energy of 15 GeV in the Brookhaven accelerator AGS on Long Island, 
USA.
- The intense proton beam was directed onto a target of beryllium. In each collision a handful of particles 
were produced, mainly pi-mesons.
- The many pi-meson decays

resulted in a collimated beam of muons and neutrinos.
- The neutrinos, the muons and the surviving pi-mesons crashed into a 13 m thick steel shield, which 
stopped all particles except the neutrinos.

Muon Neutrino and AGS



SPEAR was a collider at the SLAC National Accelerator 
Laboratory. It began running in 1972, colliding electrons and 
positrons with an energy of 3 GeV. During the 1970s, 
experiments at the accelerator played a key role in particle 
physics research, including the discovery of the  meson 
(awarded the 1976 Nobel Prize in physics), many charmonium 
states, and the discovery of the tau (awarded the 1995 Nobel 
Prize in physics).
Today, SPEAR is used as a synchrotron radiation source for the 
Stanford Synchrotron Radiation Lightsource (SSRL). The latest 
major upgrade of the ring in that finished in 2004 rendered it the 
current name SPEAR3.

SLAC's 
signature of 
J/Psi 
resulted in 
an almost 
exact image 
of the greek 
letter Psi 
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The SLAC-LBL detector, later called the Mark I, used in the
discovery of the tau.

The SLAC electron-positron circular collider SPEAR where the
tau lepton was discovered,

The Mark I detector (above) with the muon tower and one of the first eµ events (right) using the muon
tower. The µ moves upward through the tower and the e moves downward. The numbers 13 and 113 give
the relative amounts of electromagnetic shower energy deposited by the µ and the e. 

one of 
the first 

e𝜇 event

SPEAR and the Discovery of Psi and Tau
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The Upsilon meson (ϒ) is a quarkonium state (i.e. flavourless meson) 
formed from a bottom quark and its antiparticle. It was discovered by 
the E288 experiment team, headed by Leon Lederman, at Fermilab 
in 1977, and was the first particle containing a bottom quark to be 
discovered because it is the lightest that can be produced without 
additional massive particles. It has a lifetime of 1.21×10−20 s and a 
mass about 9.46 GeV/c2 in the ground state.

Tevatron and the Discovery of b and t Quarks, tau neutrino

Aerial photo of the Tevatron at Fermilab, which resembles a fi
accelerator is the ring above; the one below (about half the diameter, despite 
appearances) is for preliminary acceleration, beam cooling and storage, etc.

DONUT (Direct 
observation of the nu tau, 
E872) was an experiment 
at Fermilab dedicated to 
the search for tau neutrino 
interactions. The detector 
operated during a few 
months in the summer of 
1997, and successfully 
detected the tau neutrino. 
It confirmed the existence 
of the last lepton predicted 
by the Standard Model. 
The data from the 
experiment was also used 
to put an upper limit on the 
tau neutrino magnetic 
moment and measure its 
interaction cross section.

The heaviest known 
elementary particle, the top 
quark, was discovered in 1995 
by the CDF and D0 
collaborations at the Tevatron 
proton-antiproton collider at 
Fermilab. 
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e+e− → Υ(9.46) → 3g: 1978 at DORIS 
(DESY) by PLUTO experiments

e+e− → qqg: 1979 at PETRA (DESY) 
by TASSO, MARK-J, JADE and 
PLUTO experiments

Doris, Petra and HERA -Gluon



Anti-mater and RHIC
The collider was constructed in an existing 3.834 km long ring 
tunnel, and is in operation since 2000. Its beam energy ranges 

up to 100 GeV/n for the heaviest ions, and  for polarized protons 
are a maximum energy of 250 GeV .



From W and Z Bosons, Anti-
Hydrogen to Higgs in CERN 

1983: The discovery of W and Z 
bosons in the UA1 and UA2 
experiments.The 1984 Nobel Prize 
in physics was awarded to Carlo 
Rubbia and Simon van der Meer 
for the developments that led to 
this discovery.

1999: The discovery of direct CP violation 
by the NA48 experiment

1995: under the LEAR programme, four 
machines – the Proton Synchrotron (PS), the 
Antiproton Collector (AC), the Antiproton 
Accumulator (AA), and LEAR – worked together 
to collect, cool and decelerate antiprotons for 
use in experiments. The NASA gives a price of 
$62.5 trillion per gram of antihydrogen.

2012: The discovery of HIGGS boson at 
ATLAS and CMS of LHC.

LEIR

https://en.wikipedia.org/wiki/W_and_Z_bosons
https://en.wikipedia.org/wiki/W_and_Z_bosons
https://en.wikipedia.org/wiki/UA1_experiment
https://en.wikipedia.org/wiki/UA2_experiment
https://en.wikipedia.org/wiki/UA2_experiment
https://en.wikipedia.org/wiki/Carlo_Rubbia
https://en.wikipedia.org/wiki/Carlo_Rubbia
https://home.cern/about/accelerators/proton-synchrotron


The Influence of Accelerator Science on Physics Research 
E. F. Haussecker, A. W. Chao Phys. Perspect. 13 (2011) 146–160

We see that the Bernoulli-counting process yields a step function that goes up
by one unit for each year in which a Nobel Prize in Physics was influenced by
accelerator science. The long horizontal lines, for example from 1968 to 1976 and
from 1995 to 2004, represent the years in which accelerator science made no
contribution to Nobel Prize-winning research; these intervals might be interpreted
as a slowing down in recognizing nuclear and high-energy physicists, respectively.
The dots indicate the years in which an accelerator physicist was awarded a Nobel
Prize in Phyiscs. (Lawrence is not included because he won the Nobel Prize prior
to 1943.)

Accelerator Science as an Independent Research Discipline

The percentages of physicists who, and researches that were influenced by accel-
erator science are sufficiently high to support the view that accelerator science is
an important contributor to developments in modern physics. This raises the
question of whether there are more accelerator physicists during the past 71 years
who were worthy of high recognition in addition to Lawrence, Cockcroft, Walton,
and van der Meer, who together constitute only 2.8% of the 141 Nobel Prize
winners in physics between 1939 and 2009. This question is beyond the scope of
our present study, but we note that there were many important contributions to
accelerator science after World War I, as listed in Appendix II,11 many of which
supported research in fields other than physics. Perhaps, therefore, it is time to
forgo the view that accelerator science is mainly or exclusively a supporting
engineering science, as has been argued by some in the accelerator and the high-

Fig. 1. The Bernoulli-count data for Nobel Prize-winning researches or discoveries in physics
from 1943 to 2009.
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1943-2009年间，加速器发挥重
要作⽤的诺⻉尔物理学奖获得者
或物理发现。

只是诺⻉尔物理学奖，不含其它。
基于直接证据－⽂章分析得到结论。

“Our analysis indicates that accelerator 

science has played an integral role in 

influencing 28% of physicists working 

between 1939 and 2009 by either 

inspiring or facilitating their research. We 

also determined that 28% of the research 

in physics between 1939 and 2009 has 

been influenced by accelerator science, 

and that on average accelerator science 

contributed to a Nobel Prize for Physics 

every 2.9 years.”



International Linear Collider (ILC), Compact Linear 
Collier (CLIC), Future Circular Collider(FCC), Circular 

Electron Positron Collier(CEPC) are candidates of next 
big accelerator for “post-LHC” high energy particle 

physics.


They will be tens of kilometers long or circumstance, and 
tens of billion dollars needed.



fcc.web.cern.ch;2015

Future Circular Collider

http://fcc.web.cern.ch


CEPC+SppC 
� For about 8 years, we have been talkLQJ�DERXW�³:KDW�FDQ�EH�

GRQH�DIWHU�%(3&,,�LQ�&KLQD´� 
� Thanks to the discovery of the low mass Higgs boson, and 

stimulated by ideas of Circular Higgs Factories in the world, 
CEPC+SppC configuration was proposed in Sep. 2012  

A 50-70 km tunnel is 
very affordable in China 
NOW 

Site 
� Preliminary selected: Qinhuangdao (〜ⲽዑε 
� Strong support by the local government 

 

• Yifang Wang, Introduction of CEPC-SppC, Feb.13,2014, 
Geneve.


• CEPC-SPPC Preliminary Conceptual Design Report,  
IHEP-CEPC-DR-2015-01, IHEP-AC-2015-01

50km

100km

Circular Electron Positron Collider



2.1 CLIC SCHEME OVERVIEW AND PARAMETER OPTIMIZATION

Following a general introduction into the so-called ‘CLIC acceleration scheme’ the parameter optimiza-
tion of the CLIC linear collider for a 3 TeV centre-of-mass collision energy is presented below. The
optimization represents the best parameter choice for the highest luminosity at a high energy at the low-
est possible cost. As a result the novel so-called ‘Two-Beam Acceleration’ scheme is proposed.

This novel acceleration scheme is linked to several critical issues, cost and performance, overall
power consumption, and the feasibility of key technologies. They are listed and described in §2.2 includ-
ing the overall approach for R&D on these issues. The details are then treated in §2.3–§2.8. In §2.10 the
present situation of the CLIC feasibility study is summarized including further R&D to be undertaken
during the project preparation phase.

2.1 CLIC scheme overview and parameter optimization
2.1.1 Overview of the CLIC accelerator complex
Following preliminary physics studies based on an electron–positron collider in the multi-TeV energy
range [1], [2], the CLIC study is focused on the design of a linear collider with a centre-of-mass collision
energy of 3 TeV and a luminosity of 2⇥1034 cm�2 s�1; these numbers being the extreme of the considered
parameter space. Before describing the layout of the accelerator complex, the main design arguments
and the choices that make up the so-called ‘CLIC technology’ are listed.

Fig. 2.1: CLIC layout at 3 TeV

The layout of the CLIC accelerator complex is shown in Fig. 2.1. The Main Beams are gen-
erated and pre-accelerated in the injector linacs and then enter the Damping Rings for emittance re-
duction (lower part of the figure). Target figures are 500 nm and 5 nm normalized beam emittances in
the horizontal and vertical planes respectively at the exit of the injector complex. The small emittance
beams are further accelerated in a common linac before being transported through the main tunnel to the
turnarounds. After the turnarounds the acceleration of the Main Beam begins with an accelerating gra-
dient of 100 MV/m. Using a classic approach the linacs for the acceleration of the Main Beams would
be powered by klystrons. In this novel acceleration scheme the klystron powering is replaced by the
generation of a second ‘Drive Beam’ and its compression and reconversion into RF power close to the
Main Beam accelerating structures.

The top part of the figure shows the Drive Beam generation in two Main Linacs and the successive
time compression of the Drive Beam pulses in the Delay Loops and Combiner Rings (CR1 and CR2).
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2 THE CLIC CONCEPT: KEY ISSUES AND FEASIBILITY

The time-compressed Drive Beam reaches a current of about 100 A at a beam energy of about 2.4 GeV.
This compressed Drive Beam is transported through the Main Linac tunnel to 24 individual turnarounds.
Each Drive Beam segment is directed by pulsed extraction elements, for the final RF power generation,
into the accelerating structures of the Main Beams. Hence in the Main Linac tunnel we find four beam
transport lines: the transport lines of the Main Beam and Drive Beam plus the acceleration line for the
Main Beam and the deceleration line for the Drive Beam. The beams collide after a long Beam Delivery
Section (BDS) (collimation, final focus) in one interaction point (IP) in the centre of the complex.

Fig. 2.2: Map showing a potential location for the CLIC accelerator complex

Figure 2.2 shows a possible implementation of this accelerator in the Geneva area. The proportions
become more clear. The generation of the Main Beams, the Drive Beams, and the central collision point
would fall into existing CERN territory, whereas the two 24 m long acceleration tunnels would extend
into the local area as underground installations. The blue dots show the tunnel length needed for a
collision energy of 3 TeV, whereas the pink dots indicate the size of the installation for 500 GeV.

2.1.2 Why Two-Beam acceleration?
In order not to confuse the arguments, no explicit references are given in this section. All important
details are developed in the following sections of this chapter including references.

– The main objective is to build at reasonable cost and at a reasonable size a linear collider for the
Multi-TeV range. This requires a very high acceleration gradient (100 MV/m), which can not be
achieved with superconducting technology.

– For a given breakdown rate there is a very steep scaling between gradient and RF pulse length,
hence the beam pulse has to be limited to about 150 ns. This short beam pulse is the fundamental
design parameter, which has major consequences for the physics analysis of the events, for beam
parameters to achieve the required luminosity, and for the RF power generation.

– In a circular accelerator the counter-rotating beams collide with a high repetition frequency, typi-
cally in the tens of kHz range. The repetition frequency of a linear collider by contrast is typically
only 5–100 Hz. The luminosity necessary for the particle physics experiments has then to be
reached with challenging parameters for bunch charge, beam emittance, and strength of the final
focusing magnets. In the case of CLIC about 300 bunches at high bunch charge spaced by only
0.5 ns have to be accelerated.
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International Linear Collider

Chapter 3

The International Linear Collider

Accelerator

3.1 The ILC Technical Design

3.1.1 Overview

The International Linear Collider (ILC) is a high-luminosity linear electron-positron collider based on
1.3 GHz superconducting radio-frequency (SCRF) accelerating technology. Its centre-of-mass-energy
range is 200–500 GeV (extendable to 1 TeV). A schematic view of the accelerator complex, indicating
the location of the major sub-systems, is shown in Fig. 3.1:

central region
5 km

2 km

positron
main linac

11 km

electron
main linac

11 km

2 km

Damping Rings

e+ source

e- source

IR & detectors

e- bunch 
compressor

e+ bunch 
compressor

Figure 3.1. Schematic layout of the ILC, indicating all the major subsystems (not to scale).

• a polarised electron source based on a photocathode DC gun;

• a polarised positron source in which positrons are obtained from electron-positron pairs by
converting high-energy photons produced by passing the high-energy main electron beam
through an undulator;

• 5 GeV electron and positron damping rings (DR) with a circumference of 3.2 km, housed in a
common tunnel;

• beam transport from the damping rings to the main linacs, followed by a two-stage bunch-
compressor system prior to injection into the main linac;

• two 11 km main linacs, utilising 1.3 GHz SCRF cavities operating at an average gradient of
31.5 MV/m, with a pulse length of 1.6 ms;
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Centre of mass energy: 200-500GeV

Chapter 3. The International Linear Collider Accelerator

3.2 Accelerator Layout & Design

3.2.1 Superconducting RF Main Linacs

The ILC Main Linacs accelerate the beam from 15 GeV (after acceleration in the upstream bunch
compressors) to a maximum energy of 250 GeV. Beam acceleration in each linac is provided by
approximately 7,400 1 m-long superconducting nine-cell niobium cavities (see Fig. 3.2) operating
at 2 K, assembled into ≥ 850 cryomodules. The average accelerating gradient of the cavities is
31.5 MV/m (for 500 GeV centre-of-mass beam energy), with a corresponding quality factor Q0 Ø1010.
A random cavity-to-cavity gradient spread of ±20% is tolerated to accommodate expected mass-
production variations in the maximum achievable gradient. The choice of these key parameters is
the result of over a decade of extensive R&D. The GDE recognised the need to establish expertise
in this technology in all three regions of the world and established the high-gradient programme as
its highest priority during the Technical Design Phase. As a result, extensive worldwide experience
both in the labs and in industry now gives high confidence that these requirements can be routinely
achieved. (See Section 3.3.1 for details.)

Figure 3.2

A 1.3 GHz supercon-
ducting niobium nine-
cell cavity.

For an average of 31.5 MV/m operation with the nominal beam current of 5.8 mA, the optimal
matched QL is ≥ 5.4◊106. This corresponds to a cavity fill time of 925 µs, which, added to the
nominal beam pulse width of 727 µs, gives a total RF pulse length of 1.65 ms.

The cavity package includes the cavity mechanical tuner, which is integrated into the titanium
helium vessel of the cavity, and an adjustable high-power coupler. In addition to a slow mechanical
tuner (used for initial tuning and slow drift compensation), a fast piezo-driven tuner is also included
to compensate dynamically for the mechanical deformation of the cavity caused by the RF pulse,
known as “Lorentz-force detuning”.

The cryomodules (Fig. 3.3) that make up the Main Linacs are 12.65 m long. There are two types:
a Type A module with nine 1.3 GHz nine-cell cavities and Type B with eight nine-cell cavities and
one superconducting quadrupole package located at the centre of the module.

Figure 3.3. Longitudinal cross section of an ILC cryomodule (Type B).

The cryomodule design is a modification of the Type-3 version developed and used at DESY
in the FLASH accelerator as well as the 100 cryomodules currently being produced by industry for

12 ILC Technical Design Report: Volume 1

1.3GHz, Nb SC cavity, 
2K, ~1m each 

1.3GHz, 10MW,1.65ms, 5-10Hz, multi-beam klystron: 426/461—>567

The International Linear Collider Technical Design Report, 2013 



2.2 Light sources and spallation neutron sources
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14.1 Liénard-Wiechert Potentials and Fields for a Point Charge
• Electromagnetic fields Fαβ(x)
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Retarded Liénard-Wiechert Potentials and electromagnetic fields
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• Engines of Discovery-A Century of Particle Accelerators, by Andrew Sessler and Edmund Wilson, World Scientific, 2006

• A Brief History of Particle Accelerators, Poster, Review of Accelerator Science and Technology, by A. Chao and W. Chou 

Accelerator Light Sources：Synchrotron Radiation and Free Electron Laser
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An example of the synchrotron radiation light source:  Diamond



An example of the synchrotron radiation light source- LCLS



The pump-probe experiment at SR and FEL  x-ray sources



Spallation neutron sources
In nuclear physics, spallation is the process in 
which a heavy nucleus emits numerous 
nucleons as a result of being hit by a high-
energy particle, thus greatly reducing its atomic 
weight.

Neutron imaging

Neutron diffraction
Neutron small-angle 

scattering (SANS) 

• Courtesy  from CK Loong

https://en.wikipedia.org/wiki/Nuclear_physics
https://en.wikipedia.org/wiki/Nucleon
https://en.wikipedia.org/wiki/Subatomic_particle
https://en.wikipedia.org/wiki/Atomic_weight
https://en.wikipedia.org/wiki/Atomic_weight


ISIS and DIAMOND (RAL, UK) 



SNS

• Journal of the Korean Physical Society, Vol. 54, No. 5, May 2009, pp. 1925-1930 



Nuclear physics School for Young Scientists (NUSYS2024)

• Fan Ruirui, Nuclear physics School for Young Scientists (NUSYS2024) 

8

CSNS Beam History

5262h4884h4687h4054h 4995h

The neutron beamtime 5262 hours and the availability 97%，reach the best operation
level in world

160kW  2024.3.16

Beam power 100kW

2024/8/2 Nuclear physics School for Young Scientists (NUSYS2024) 8

Two round per year

CSNS



2.3 Medical, industrial, radiation processing and security applications

• Hamm, Robert W.; Hamm, Marianne E. (2012). Industrial Accelerators and Their Applications. World Scientific. ISBN 978-981-4307-04-8.

updated to 2012

• Feder, T. (2010). "Accelerator school travels university circuit" . Physics Today. 63 (2): 20. Bibcode:2010PhT....63b..20F. doi:10.1063/1.3326981

It has been estimated that there are approximately 30,000 accelerators worldwide

Accelerators in the World

APPLICATIONS NUMBERS

Research machines (>1GeV) 1

Radiotherapy 44

Ion Implantation 41

Industrial processing and 
research

9

Biomedical and other 4
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https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2010PhT....63b..20F
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1063%2F1.3326981


Radiotherapy

• X-ray or  -ray

• Electron

• Proton

• Heavy ion (carbon) 

• Neutron (BNCT)

γ
Single strand breaks

Double strand breaks

Depth-dose as a function of thickness of water layer 
for X-rays with energies of 5, 10, 20, 30 and 35 MeV

Depth-dose distribution in a water phantom 
for electron beams 

Depth dose in water for 190MeV deuterons and 
187MeV protons 
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1959

Co-60 
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gamma rays 

1951

4-25 MeV Electron Linac 

1953

~200 Betatron

~10,000Linacs(+IP,CT,MRI,PET…., 
and FLASH)

3D Imaging technologies CT MRI
1990 2000 2010
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vacuum towards the target (anode) by an essentially constant potential 
electrostatic field supplied by the X ray generator. 

! The efficiency for X ray production in the superficial and orthovoltage 
energy range is of the order of 1% or less. Most of the electron kinetic 
energy deposited in the X ray target (~99%) is transformed into heat and 
must be dissipated through an efficient target cooling system.

! To maximize the X ray yield in the superficial and orthovoltage energy 
range the target material should have a high atomic number Z and a high 
melting point.

! With X ray tubes, the patient dose is delivered using a timer and the 
treatment time must incorporate the shutter correction time (see Section 
6.16), which accounts for the time required for the power supply 
components to attain the steady state operating conditions.

! The X ray tube current is controlled by a hot filament emission of 
electrons, which, in turn, is controlled by the filament temperature 
(thermionic emission). For a given filament temperature the X ray tube 
current increases with the tube (anode) voltage, first rising linearly with 
voltage in the space charge limited region and saturating at higher 
voltages when all electrons emitted from the cathode are pulled to the 
anode.

FIG. 5.2.  Typical therapy X ray tube (reprinted from Johns, H.E., and Cunningham, J.R., 
with permission).

View of a medical betatron mfd 
by Brown Bover (Switzerland) The first linear electron accelerator 

was installed at Hammersmith 
Hospital, England, in 1952, (8MeV); 
First orientable linear accelerator—

the orthotron (1954,   4MeV)

MLC (Multi Leaf 
Collimator)�

1974

Microtron

2016
FLASH with dose 

rate > 40Gy/s



Proton and Heavy Ion Radiotherapy
4-5	m�proton�	

6-9	m�proton�	
18-25	m�Carbon�	
	

Cyclotron (normally proton, Carbon）

Continuous Wave Beam

Fixed Energy (Need Energy reduction 

device）

Synchrotron  (proton, Carbon Ion）

Pulsed Beam, adjustable energy
Delay for adjusting ( Injection/extraction/

acceleration)



The Synchrotron of at Loma Linda University

Accelerators for Proton and Heavy Ion Radiotherapy

Room Temp.  Magnet, IBA C230  B=2.2T  （200 tons）

Mevion S250 with SC magnet

B=9T （20 tons）

Cyclotron on Gantry, B=11T（17 tons）

Still River Systems Inc.

From 1994, four systems manufactured by Mitsubishi 
have been installed and another three systems under 
construction  

http://global.mitsubishielectric.com/ , (2010).  

Synchrotron therapy systems

Mitsubishi: Proton type (70 - 250 MeV) 

Proton (70 - 250 MeV) /carbon (70 - 380 MeV/u) type.

Cyclotron therapy systems



E!=1.47 MeV 

ELi-7=0.84 MeV 

"-ray 

!�particle 

Thermal neutron 

Li-7 

B-10 

BNCT(Boron Neutron Capture Therapy)

Accelerators for radioisotope production

Cyclotron, linacs, FFAG and electrostatic machines are 
commonly used to produce isotope medicines.

The power-efficient Cyclone-30 isotope-producing cyclotron, 
2.7 m in diameter and 2.8 m high.  Image credit: IBA.



Non-Destructive Test (NDT)

2 Chuanxiang Tang 
 

Much efforts have been devoted to improve the 
capability of cargo inspection system during the 
past years, due to the increasing demands from the 
customs. For anti-smuggling, the difference of 
shapes of items in the container can tell most of the 
smuggling cases. But if we want to distinguish 
illicit drug, explosive and nuclear materials and 
other illegal items from others, materials must be 
identified by their effective atomic number and 
density. Dual or Multi-energy x-ray and neutron 
technologies are commonly used for material 
identification purpose. And some new concepts are 
also investigated for special material identification, 
such as nuclear resonance fluorescence (NRF) 
imaging [2]. 

2.   Cargo inspection technologies 

Cargo x-ray inspection is an important part of the 
non-destructive testing (NDT) applications of low 
energy electron accelerators [3]. And because of 
the demands of homeland security, accelerators for 
cargo inspection has vastly exceeded for other 
NDT applications. 

2.1.   Basic Principle 

A typical cargo inspection system is consisted of 
the x-ray source, detector array, data acquisition, 
timing, moving, safety interlock and image 
reconstruction (figure 1). Depending on the 
operation modes�the cargo inspection systems can 
be divided into fixed, re-locatable and mobile 
systems.  A fixed system is normally used at the 
big seaport with large number of standard-size 
containers, with a permanent building specially 
designed for the inspection system.  Re-locatable 
ones have a structure for shielding the scattered x-
ray, which can be dissembled and moved to another 
location. In a mobile system, all things are carried 
by a truck, which need a safety area to be set up 
during its scanning. According to the scanning 
mechanism, cargo inspection systems can be 
separated into stationary and moving gantry. 
X-ray radiation safety is a key issue in the cargo 
inspection system, which must obey the radiation 
safety laws of the user country or region. 

 
Fig. 1 The schematic diagram of a cargo inspection 
system 

In x-ray imaging, if the intensity of the x-ray 
before its interaction with the units to be tested is 
D0, it will be attenuated to D after it passing the 
units. Let µ be the linear attenuation coefficient of 
material, which is a function of the material 
property and x-ray photon energy.  Equation 1 
shows change of the x-ray intensity for the case in 
figure 2. 

 
1 1 2 2( )

0
x xD D e µ µ− +=                      (1) 

 
Fig. 2 Illustraion of x-ray beam passing through 
different materials 

The x-ray intensity D is detected by a detector, 
which can transfer it to electric signals.  In a cargo 
inspection system, a digital image processing unit 
can generate the imaging of the difference of the x-
ray attenuation, and reconstruct the shape of the 
materials to be inspected. 
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X-ray attenuation in materials

X-ray is mostly used for NDT, and linacs and betatrons are as the 
high energy  (>MeV) x-ray sources.  X-ray tubes can be considered 
as DC high voltage electron accelerators. They accelerate electrons, 
electron beams hit an target to generate x-ray.

Electrons, protons and neutrons can also be used to do imaging. 
And each of them has their special advantages.



Dry powder fire
extinguisher Beer Wire-tyre Small tyre Flour Fruit Cobble

Liquefied
petroleum

 gas cylinder

Chain hoist

Diesel oil
barrel

TV set

Mechanical
component

Pistol Salt Sugar

Pure material samples include
lead, iron, aluminum and
polythene with different
mass-thickness such as 70,
60, 50, 40, 30g/cm2

Two rifles and a pistol Lead blocksLead block PolytheneAluminum

An image of dual energy cargo inspection



Accelerators as The X-ray Sources

PXB - 6 by 

Tomsk 

Polytechnic 
University

On-axis magnetic 
coupled bi-period 
structures used in 
Tsinghua university

Side coupled 
structures

6 MeV

SW Linac

by THU

Betatron Linear Accelerator
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	 Irradiation is the process to change molecular structure of an item, which is exposed to radiation. 

	 In common usage it refers specifically to ionizing radiation, and to a level of radiation that will 

serve specific purpose.

-#.%'/01&0'2 X-rays, gamma rays, electron beam

34#''&5&1#$&*+2% 

            Food irradiation,

            Sterilization for medical devices, 

            Industrial irradiation
!"#$6'%&7/*($#+$%5*(%8((#)&#$&*+,


	 Beam Power:  Processing capacity

	 Plug to Beam efficiency: Processing capacity, Cost-effectiveness ratio

   Beam energy: depth of the product

 Irradiation 
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Food Irradiation
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Industrial irradiation

Vulcanization of rubber , e.g. cross-link

Pollution Control , e.g. NOx and SOx

Material modification , e.g. carbon-fiber

 or semiconductor

Surface processing , e.g. Gem & Glass



ELV and ILU developed by BINP
Two kinds of widely used irradiation accelerators in Asia: ELV-DC high voltage type, and ILU based on RF acceleration.

The electron beam power of ELV-12 can reach 
400kW with electron energy of 0.6-0.9MeV, and 
the electron energy of ELV-8 can be 1.0-2.5MeV 
with beam power of 90kW .

ILU covers the energy range from 0.6MeV to 5 
MeV, and the maximum beam power is 50 kW. A 
5MeV/300kW ILU accelerator is developing now. 

Yu.I. Golubenko, et al, “Electron Accelerator of ELV-Type And Their Worldwide Application”, APAC2007,THPMA118.  
V.L. Auslender, et al,  “Industrial High Energy Electron Accelerators Type ILU”, Proceedings of RuPAC 2008, P367(2008). 



Rhodotron
Rhodotron is an IBA company’s patent product. Its operating principle is shown in the following figures. The electrical field is radial 
and oscillates at a frequency of either 107.5 or 215 MHZ.

Its beam power can reach 150 kW ( 10MeV)
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