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Introduction 



Particle Accelerators  
to study macro and micro world 
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Unknown Matter 

Known Matter 

DARK MATTER &  
DARK ENERGY 



The structure of  matter… 

CELLS 
Twenty 

per mm 

 DNA  
Five hundred 

thousand 
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Nucleus  
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Particle Accelerators 
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1980 James W. Cronin and 
Val L. Fitch 

Cronin and Fitch concluded in 1964 that CP (charge-

parity) symmetry is violated in the decay of neutral K 

mesons based upon their experiments using the 

Brookhaven Alternating Gradient Synchrotron [28]. 
1981 Kai M. Siegbahn Siegbahn invented a weak-focusing principle for 

betatrons in 1944 with which he made significant 

improvements in high-resolution electron spectroscopy 

[29]. 
1983 William A. Fowler Fowler collaborated on and analyzed accelerator-based 

experiments in 1958 [30], which he used to support his 

hypothesis on stellar-fusion processes in 1957 [31]. 
1984 Carlo Rubbia and 

Simon van der Meer 
Rubbia led a team of physicists who observed the 

intermediate vector bosons W and Z in 1983 using 

CERN’s proton-antiproton collider [32], and van der 

Meer developed much of the instrumentation needed 

for these experiments [33].  
1986 Ernst Ruska Ruska built the first electron microscope in 1933 based 

upon a magnetic optical system that provided large 

magnification [34]. 
1988 Leon M. Lederman, 

Melvin Schwartz, and 
Jack Steinberger 

Lederman, Schwartz, and Steinberger discovered the 

muon neutrino in 1962 using Brookhaven’s Alternating 

Gradient Synchrotron [35]. 
1989 Wolfgang Paul Paul’s idea in the early 1950s of building ion traps 

grew out of accelerator physics [36].  
1990 Jerome I. Friedman, 

Henry W. Kendall, and 
Richard E. Taylor 

Friedman, Kendall, and Taylor’s experiments in 1974 

on deep inelastic scattering of electrons on protons and 

bound neutrons used the SLAC linac [37].  
1992 Georges Charpak Charpak’s development of multiwire proportional 

chambers in 1970 were made possible by accelerator-

based testing at CERN [38].  
1995 Martin L. Perl Perl discovered the tau lepton in 1975 using Stanford’s 

SPEAR collider [39].  
2004 David J. Gross, Frank Wilczek, 

and  
H. David Politzer 

Gross, Wilczek, and Politzer discovered asymptotic 

freedom in the theory of strong interactions in 1973 

based upon results from the SLAC linac on electron-

proton scattering [40].  
2008 Makoto Kobayashi and 

Toshihide Maskawa 
Kobayashi and Maskawa’s theory of quark mixing in 

1973 was confirmed by results from the KEKB 

accelerator at KEK (High Energy Accelerator Research 

Organization) in Tsukuba, Ibaraki Prefecture, Japan, 

and the PEP II (Positron Electron Project II) at SLAC 

[41], which showed that quark mixing in the six-quark 

model is the dominant source of broken symmetry [42].  

 

Year Name Accelerator-Science Contribution to Nobel Prize-

Winning Research  
1939 Ernest O. Lawrence Lawrence invented the cyclotron at the University of 

Californian at Berkeley in 1929 [12]. 
1951 John D. Cockcroft and  

Ernest T.S. Walton 
Cockcroft and Walton invented their eponymous linear 

positive-ion accelerator at the Cavendish Laboratory in 

Cambridge, England, in 1932 [13]. 
1952 Felix Bloch Bloch used a cyclotron at the Crocker Radiation 

Laboratory at the University of California at Berkeley 

in his discovery of the magnetic moment of the neutron 

in 1940 [14].  
1957 Tsung-Dao Lee and Chen Ning 

Yang 
Lee and Yang analyzed data on K mesons (θ and τ) 

from Bevatron experiments at the Lawrence Radiation 

Laboratory in 1955 [15], which supported their idea in 

1956 that parity is not conserved in weak interactions 

[16].  
1959 Emilio G. Segrè and 

Owen Chamberlain 
Segrè and Chamberlain discovered the antiproton in 

1955 using the Bevatron at the Lawrence Radiation 

Laboratory [17].  
1960 Donald A. Glaser Glaser tested his first experimental six-inch bubble 

chamber in 1955 with high-energy protons produced by 

the Brookhaven Cosmotron [18]. 
1961 Robert Hofstadter Hofstadter carried out electron-scattering experiments 

on carbon-12 and oxygen-16 in 1959 using the SLAC 

linac and thereby made discoveries on the structure of 

nucleons [19].  
1963 Maria Goeppert Mayer Goeppert Mayer analyzed experiments using neutron 

beams produced by the University of Chicago 

cyclotron in 1947 to measure the nuclear binding 

energies of krypton and xenon [20], which led to her 

discoveries on high magic numbers in 1948 [21].  
1967 Hans A. Bethe Bethe analyzed nuclear reactions involving accelerated 

protons and other nuclei whereby he discovered in 

1939 how energy is produced in stars [22]. 
1968 Luis W. Alvarez Alvarez discovered a large number of resonance states 

using his fifteen-inch hydrogen bubble chamber and 

high-energy proton beams from the Bevatron at the 

Lawrence Radiation Laboratory [23]. 
1976 Burton Richter and 

Samuel C.C. Ting 
Richter discovered the J/ particle in 1974 using the 

SPEAR collider at Stanford [24], and Ting discovered 

the J/ particle independently in 1974 using the 

Brookhaven Alternating Gradient Synchrotron [25].  
1979 Sheldon L. Glashow, 

Abdus Salam, and 
Steven Weinberg 

Glashow, Salam, and Weinberg cited experiments on 

the bombardment of nuclei with neutrinos at CERN in 

1973 [26] as confirmation of their prediction of weak 

neutral currents [27]. 

24 Nobel Prizes in Physics that had direct 

contribution from accelerators…plus one! 

A.Chao and E. Haussecker "Impact of Accelerator Science on Physics Research", 
published in ICFA Newsletter, Dec 2010; & submitted to the Physics in Perspective Journal, Dec 2010. 



Nobel Prize in Physics 2013 

The Nobel Prize in Physics 2013 was awarded jointly to François Englert 

and Peter W. Higgs "for the theoretical discovery of a mechanism that 

contributes to our understanding of the origin of mass of subatomic 

particles, and which recently was confirmed through the discovery of the 

predicted fundamental particle, by the ATLAS and CMS experiments at 

CERN's Large Hadron Collider”. 



The Three Frontiers 
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ACCELERATOR DEVELOPMENT 

Historically, HEP has depended on advances in 

accelerator design to make scientific progress 

linac  cyclotron  synchrocyclotron  synchrotron  collider 

(circular, linear) 

Advances in accelerator design and performance require 

corresponding advances in accelerator technologies 

Magnets, vacuum systems, RF systems, diagnostics,... 

Accelerators enable the study of particle physics 

phenomena under controlled conditions 

Costs & time span of today’s accelerator projects are high 

International co-operation and collaboration are obligatory 

 



Colliders – Energy vs. Time 
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Evolution of Accelerators 
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CERN Accelerator Complex 



The LHC Arcs 



Road beyond Standard Model 

   through synergy of 

 

hadron - hadron  colliders  (LHC,HL-LHC,HE-LHC) 

lepton - hadron    colliders  (LHeC) 

lepton - lepton     colliders  (LC (ILC or CLIC) ) 

 

Next Decades 



THE SUB-FERMI SCALE (2010-2040)? 

pp, AA 
  

LHC, HL-LHC,  
HE-LHC,      
V-LHC? 

 e+e- 
  

TLEP, LEP3, 
SuperTRISTAN, 
Linear Collider 

(ILC, CLIC) 

 

 
ep 

   

LHeC, 
eRHIC, EIC 

 



Linear Accelerator 

 Synchrotron radiation for e- 

or e+ for energies > 

100GeV / beam practically 

preclude use of circular 

accelerators. 

 For such energies, linear 

accelerators have to be 

used. 

 ILC (conventional) or CLIC 

(two beam acceleration)  



Lightning:  requires  > MV/m over many tens of meters to initiate it  



Your (old CRT) TV is an 

accelerator 



A TV as an Accelerator 

e- 

Accelerate 

Bend 



Rutherford fired the starting pistol 

 At the Royal Society 

in 1928 he said: 

 

 “I have long hoped 

for a source of 

positive particles 

more energetic than 

those emitted from 

natural radioactive 

substances”.  
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Electrostatic Accelerators 

The Cockcroft-Walton 

 Based on system of 

multiple rectifiers. 

 Voltage generated by 

cascade circuit 

 

 Voltages up to ~4 MV. 

 Beam currents of several 

hundred mA with pulsed 

particle beams of few s 

pulse length. 
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Electrostatic Accelerators 

 Example of 

electrostatic 

accelerators - “Van de 

Graaff”. 

 

 Tandem is a version 

with charge exchange 

in the middle. 

 

 With any electrostatic 

accelerator, it is 

difficult to achieve 

energy higher than 

~20 MeV (e.g. due to 

practical limitations of 

the size of the 

vessels).  



Accelerator complexes start 

from a source of particles 

 Electron gun 

 Heated cathode 

 Thermionic emission  

 Electrons extracted by electric field 

 

 Photo electron gun 

 Laser kicks electrons out 



Ion Sources 

 A source of positive or negative ions  

can be produced using electric 

discharge in gas.  

 Atoms are stripped of their electron(s) 

and the ions are then extracted. 



Space Charge Effects 

 Coulomb forces are especially 

important at low energy - 

“space-charge” effects. 

 Compensated by adjusting 

electrode shapes and use of 

solenoids. 

bu 



DC versus AC 

 

 



Wideröe Linear Accelerator 

 Observations 

 Energy is proportional 

to number of stages i 

traversed by particle. 

 The largest voltage in 

entire system is never 

greater than Vmax 

 Arbitrary high energies 

without voltage 

discharge. 
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          CERN LINAC1 



Cyclic Accelerators 

 In 1931 Lawrence 

designed a “cyclotron”, a 

circular device made of 

two electrodes placed in a 

magnetic field. 

 Cyclotrons can accelerate 

(e.g.) protons up to 

hundreds of MeV. 

Lawrence’s cyclotron 

Cyclotrons cannot accelerate to higher energies due to relativistic effects  



Synchrotrons 

 Synchrotrons can 

accelerate to much 

higher energies. 

 LHC is synchrotron 

 Limitation of 

synchrotrons (especially 

for electrons) is due to 

“synchrotron radiation”. 



Mark Oliphant & the Synchrotron 

   “Particles should be constrained to 

move in a circle of constant radius 

thus enabling the use of an 

annular ring of magnetic 

field...which would be varied in 

such a way that the radius of 

curvature remains constant as the 

particle gains energy through 

successive accelerations by an 

alternating electric field applied 

between coaxial hollow 

electrodes.” 

      Mark Oliphant, Oak Ridge, 1943 

With Ernest Rutherford in 1932 

1 GeV machine at Birmingham University  



Focusing 

 Focusing is needed to confine 

the orbits.  

 First accelerators had “weak 

focusing” – focusing period is 

larger than the perimeter. 

10 GeV weak-focusing 

Synchrophasotron built in 

Dubna in 1957, the biggest and 

the most powerful for his time. 

Its magnets weigh 36,000 tons 

and it was registered in the 

Guinness Book of Records as 

the heaviest in the world. 



Weak Focusing vs Strong Focusing 

 Weak Focusing 
 Field with gradient 

 

 

 Strong enough to provide 

vert. focusing & defocusing 

in hor. plane not strong 

enough to swamp natural 

radial focusing from 

centrifugal forces. 

 Magnet poles shaped to 

provide constant gradient 

towards outside. 

 

 Strong Focusing 

(early 1950s) 
 Focusing improves as 

strength of alternating 

component of gradient 

increases. 

 c.f. optical analogy of 

alternating focusing by 

equal convex and 

concave lenses. 

 Reduces beam’s 

excursions – 

 BNL AGS & CERN PS 

up to 30 GeV. 



 “Strong focusing” alternates 

focusing-defocusing forces 

(provided by quadrupoles) to give 

overall focusing in both X & Y 

planes.  

Transverse 

trajectories  

200-m diameter ring, weight of magnets 3,800 tons 

CERN's Proton Synchrotron, 

was the first operating 

strong-focusing accelerator. 

 

Strong focusing allows use of more compact 

magnets, thus achieving many times larger 

energy with the same cost. 



Steering the Particle Beams 
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Superconducting Magnets 
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LHC – 25-year Project 
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F0D0 Lattice 

 Quadrupole focuses in one 

plane and defocuses in the 

other. 

 To keep beam within 

envelope, quadrupoles 

arranged to focus alternately 

in each plane. 

 Called `F0D0‘ (Focusing-

Defocusing) lattice. 

 At Collider, lattice slightly 

more complex as space 

needs to be created for 

experiments/utilities.  
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Beam Size 
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The Mini-beta Principle 

Standard arrangement of focusing magnets around IP 



RF Cavities 
 ...are used in almost all modern 

accelerators... 

 In an RF cavity the particles “surf” on an 

electromagnetic wave that travels in the 

cavity. 

 



Charge and Current 
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Beam Stored Energy 
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Beam Lifetime 
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Synchrotron Radiation 
 Caused by field 

“left behind” during 

motion on a curved 

trajectory 

 Energy loss per 

meter is 

proportional to g4 

and to 1/R2 

 Can be both 

harmful and useful 

Field lines 

Field left 
behind 

E.g. at LEP the electron loses few % of its energy every turn  



Use of Synchrotron Radiation 

 Synchrotron radiation 

light sources exploit this 

feature to create 

scientific instruments. 

 Example – Diamond light 

source & Australian 

Synchrotron. 

 Special magnets 

(undulators) are inserted 

to further enhance the 

synchrotron radiation. 


