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Foreword 

 Particle accelerators are the main method to bring a small 
fraction of ionized matter to very high speeds, often very close 
to the speed of light with the help of accelerating RF electric 
and magnetic fields to contain them in well defined beams. 

 They are useful for both fundamental and applied physics and in 
technical and industrial fields unrelated to fundamental 
research. 

 Collisions occur at the end with secondary particles either at 
rest or at speeds - in order to analyse physical phenomena 
occurring at the centre of mass energy of the process.  

 Unfortunately for a highly relativistic momentum of a beam 
hitting a target at rest, the resulting centre of mass energy is 
strongly reduced.  

 Collisions between two highly relativistic beams both colliding 
head-on therefore, although more problematic, are a more 
effective way to achieve high energy processes. 
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Presently operating accelerators 

 There are currently more than 30,000 accelerators in operation 
around the world. 

 About 1% of them are large accelerators with beams above 1 GeV 
used in particle physics or as synchrotron light sources for the 
study of condensed matter physics.  

 Smaller particle accelerators are used in a wide variety of 
applications, including 
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 radiotherapy 

 ion implantation 

 industrial processing and 
research and  

biomedical and other low-
energy processes 



The early evolution of particle accelerators 

 The history of particle accelerators had probably its origin at the 
Cavendish Laboratory in Cambridge around 1910.  

 The interest in accelerating particles had its beginnings when 
Ernest Rutherford was astonished to observe that atoms have an 
incredibly small, dense mass at their centre. 

 In a speech at the Royal Society in 1927, Rutherford expressed 
publicly the interest of the scientific community to accelerate 
charged particles to energies greater than those of natural a-
decays in order to disintegrate nuclei with high binding energies. 

 Cockcroft and Walton at Cavendish in 1930  were among many 
scientists wanting to probe experimentally the fundamental 
structure of nuclei. They accelerated protons to 800 keV with a 
multiplier consisting of capacitors and rectifying diode switchers. 

 In 1928Van de Graaff, then at Oxford, became interested in 
machines that could generate and maintain even higher voltages.  
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The Van de Graaf accelerator 

43rd Edwards Lecture, May 2017 Slide# : 5 

 It consisted of two hollow spherical insulated 
conductors, each mounted on glass rods.  

 Two insulated moving silk belts transported 
electricity of opposite charge to the spheres.  

 Charges of opposite signs were transferred 
from the 2 belts and discharged inside the 
insulating spheres through similar needles.  

 The spheres build up charge until spark 
occurs and arcs between the two spheres. 

 By 1933, the first practical Van de Graaff 
generator was in operation at 0.6 MV H2 ions. 

 Today’s Van de Graaff used in particle 
accelerators sustain voltages up to 15 MV 

 The beam energy can doubled utilizing a 
tandem Van de Graaff configuration changing 
sign of particles at highest voltage point. 

Single High voltage sphere 



The  major role of Widerøe 

  The tendency for spark formation did limit the maximum voltage, 
proposing particles to traverse acceleration gaps repeatedly. 

 In 1925, Rolf Widerøe a young Norwegian PhD candidate of the 
Technische Hochshule in Karlsruhe had as a first idea something 
he called an ‘electron beam transformer’ (which would later 
become the betatron)—but it was turned down by his advisor.  

 About the same time he applied RF voltages to many drift tubes 
of different lengths, theorizing that the voltage gain of the 
accelerated particles would be many times the applied voltage. 

 He received his PhD in 1927.  
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Basic operation of Rolf  
Widerøe’s Linac for 

 heavy ion acceleration 



The birth of the cyclotron concept 

 The cyclotron was initially conceived in Germany.  

 It was proposed by Rolf Widerøe at Aachen University in 1926, 
who however rejected the idea as too complicated.  

 In 1927, Max Steenbeck developed this concept at Siemens. 
The first cyclotron patent was filed by Hungarian physicist Leo 
Szilard in 1929, then at the Humboldt University of Berlin. 

 Widerøe had then  published an article in 1929: acceleration of 
particles might be possible with the help of a magnetic field.  

 It was then one more of his ideas to use a uniform magnetic 
field to accelerate repeatedly particles in successive steps. 

 His principle was that normal to a constant magnetic field, the 
frequency of rotation of a non-relativistic charged ion does not 
depend on the radius of the orbit. The greater distances 
travelled by growing orbits are exactly compensated by the 
increased velocity of the ions. 
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The practical realization of the cyclotron 
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 A and B are hollow metal half-cylinders 
alternately charged to a ≈ 1000 V voltage 
by an oscillator  at 10 MHz. 

 .At the correct frequency, the 
alternating voltage would be resonant 
with the angular rotation related to the 
value of the magnetic field rotation.  

 

 
 

 Ernest Lawrence of the University 
of California, Berkeley had read the 
original article in German by Rolf 
Widerøe. 

 A first 4” cyclotron was then 
actually constructed by Lawrence 
and operated in 1932. with his 
graduate student, M. S. Livingston. 

 

 



Widerøe’s betatron’s idea 
 The “betatron” concept is a remarkable method also introduced 

by Widerøe, based only on a single accelerated magnetic field.  

 By Ampere’s law, a time-varying magnetic flux induces along the 
beam an accelerating electric field E, as if the particles were 
the secondary winding in a transformer. For circular orbits of 
radius r ,and a magnet of rotational symmetry, the generated 
electric field is E  = -(r/2)(dB/dt)  
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Both bending and acceleration 
of the particle (electrons) come 
from a magnetic field increasing 

quickly with time.  
 In 1940, the first of a successful chain of betatrons was actually 

built at the University of Illinois by D.W. Kerst.  

 Betatrons were built all over the world up to 300 MeV, largely for 
the purpose of accelerating electrons.  Widerøe resumed his 
work in Zurich on betatrons for medical purposes in 1942. 



The phase stability principle 

 Before 1945, accelerators were all limited in maximum energy.  
 Electrostatic generators such as the Cockcroft-Walton and the 

Van de Graaff were restricted by the limitations imposed by 
high electric fields that could lead to insulation breakdown. 

  The cyclotron was limited by the increase in relativistic mass of 
protons and deuterons to energies above about 25 MeV—the 
increase of relativistic mass above these energies detunes the 
particles from synchronicity and prevents further acceleration.  

 The betatron, while having reached energies of 300 MeV by 
1950, is limited by the rapid increase in energy loss due to 
radiation by the orbiting electrons. The energy loss/turn of 
electrons of energy E and ring radius r is proportional to E4/r. 

 In 1945 a new principle of a phase stability between the 
synchronicity of the orbiting particles and a time-dependent RF 
electric field was given simultaneously by Veksler in the USSR 
and McMillan at the University of California.  
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Syncrotrons for e’s and p’s and Synchro-cyclotrons 
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 Energies achieved by particle accelerators increased at nearly an 
exponential rate. After the voltage multiplier, the cyclotron, the 
betatron, were followed in the late forties by  

The Electron Synchrotron (1947). Particle acceleration takes 
place at one or more gaps around the orbit, where an RF 
electric field is applied with a frequency equal to the one of 
the orbiting electrons. B field ramps up at a constant radius. 

  The Synchrocyclotron (1947), Because RF frequency is 
reduced matching the ions’ decreasing revolution frequency as 
mass increases—potentially higher ion energies are reached.  

The Proton Synchrotron (1952) For protons at a constant 
orbital radius and a growing magnetic field, speed and 
revolution frequency increase over a large spectrum from a 
small value where the protons are injected to a very large 
value at the final acceleration gap.  



The introduction of the “strong focussing”  

 Until 1952, focusing in the transverse plane had a constant 
gradient with a very small tolerance and a large beam aperture. 

 In 1952, Courant, Livingston, and Snyder at BNL proposed a new 
type of transverse focusing, which they called strong, or 
alternating-gradient (AG) focusing. 

 Depending on the size of the uniform gradient across the 
magnetic aperture of individual magnets, particles passing 
through such a field will either focused or defocused.  

 Focusing in one transverse plane will be defocusing in the other 
plane. With a chain of focusing, defocusing and field-free 
magnetic sectors of equal focal strength, the combined focal 
length will be positive and the beam will converge in both planes.  

 The principle of AG focusing completely changed the basic design 
for magnets used in synchrotrons. Magnets and vacuum chambers 
could be made far smaller— with huge savings in cost and size.  
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The beginning of CERN physics 

 However the first AG synchrotron was finished in late 1953 in 
the US by R.R. Wilson at Cornell University. This machine 
operated  at 1 GeV.  

 US Researchers with AG synchrotrons received 3 Nobel prizes in 
physics for the discovery of the J/psi particle in 1976, the first 
example of CP violation in 1980 and in 1988 for the discovery of 
the muon-neutrino.  
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 This new development at BNL had a nearly 
instantaneous effect. A young and brilliant British 
physicist, John Adams initiated the conversion 
into an AG Synchrotron at CERN in 1955 . 

 In 1959, the CERN Proton Synchrotron (CPS) was 
brought online, eventually reaching 28 GeV, later 
followed in 1960, by the Brookhaven Alternating-
Gradient Synchrotron (AGS 33 GeV)  



From accelerators to colliders 
 Accelerators are research tools accelerating particles to very 

high kinetic energy and letting them interact with other 
particles. Two different methods are used:  

Fixed target setup: A beam of particles (the projectiles) is 
accelerated with a particle accelerator, and as collision 
partner, one puts a stationary target into the beam path. 

Collider: Two beams of particles are accelerated and the 
beams are directed against each other, so that the particles 
collide while flying in opposite directions.  

 The collider setup is harder to construct but has the great 
advantage that according to special relativity the energy of a 
collision between two particle beams hitting each other is orders 
of magnitude higher if velocities are near the speed of light. 

 The collider has been given serious consideration as for many 
subjects by Widerøe, who received a patent for the idea in 1943. 
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Original collider’s patent by Wideröe, 8th Sept 1943 

During rough war times, a patent was the  
only way to communicate the notion ! 

but not published until 1952. 



The first electron positron colliders 1964 
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 For a stationary target 
and a beam of energy E>> 
mc2 ;  Ecm (2Emc2)1/2. 

 In the more effective 
colliding beams set-up, 
with two accelerated 
beams, each of energy E, 
directed against each 
other, we have Ecm = 2E 

 Gain ratio [(2E)/(mc2)]1/2 

 The first colliding e+-e- 
were built in the early 
1960s: ADA in Frascati 
near Rome and VEP-1 in 
Novosibirsk (USSR) 



The first hadron (proton-proton) collider 
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 Construction of the first 
hadron (proton-proton) 
collider, called Intersecting 
Storage Rings, began at CERN 
(Switzerland) in 1966. The 
collider was operational in 
1971. 

 The radius of the ring was 150 
m with 8 crossing points of the 
two counter-rotating proton 
beams at an angle of 15 deg. 
Its highest c. of m. energy has 
been 63 GeV. 

 A stack of a DC current of up 
to 50 A has been stored from 
protons from the CERN-PS.  



The Livingston plot 
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e+-e- 
 colliders 

Hadron 
 colliders 

 The” Livingston” plot 
showing the evolution of 
accelerator laboratory 
energy from year 1930 until 
today 

 Progress is measured by 
the acceleration to (1) 
higher energies, (2 ) new 
technology and (3) ideas 

 The energy of colliders is 
plotted in terms of the 
laboratory energy of 
particles colliding with a 
proton at rest to reach the 
same centre of mass energy 
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The difficult transition toward colliders 

 Main conceptual progress in the fifties 
  MURA in the US (O’Neill, Piccioni) 
Frascati (Bruno Touschek) 
Novosibirsk (Gersh Budker) 

 Two great scepticisms: 
 low event rates and 
higher beam-gas background 

 “Brute force” method: accidental encounter of 2 objects of cross 
section area ( ≈ 10-34 cm2) within beams radii of r ≈ 0.01 cm. 

 Colliding beams event rate R(events/sec) for an event cross 
section  is given by the formula: 
 
 

 
 Very large n1n2 luminosity product 
 
 

R = n1n2 fo( ) s A( )   A =  "beam  area" =  pr
2

/ 4   

s pr
2( ) » 3 ´10

-31



Powerful limitation due to the Liouville’s theorem 

 Already at MURA in the fifties it was realised that some beam 
phase-space compression may be often necessary going from 
the source to the collision point.  

 The Liouville theorem states that whenever there is an 
Hamiltonian (i.e. any force derivable from a potential) then the 
six dimensional phase space of the beam (qi, are positions and pi 
conjugate momenta)  are preserved, namely, DV/dt =0.  

 This is a very powerful constrain since both magnetic and 
electric fields in accelerators (conservative forces) are 
generally all derivable from an Hamiltonian  
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¶H

¶pi

 ;  ˙ p i = -
¶H

¶qi
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Hamiltonian formalism  

The rate of change of Volume is equal to the volume integral of its divergence 



Removing the Liouville theorem with a drag force 

 Therefore we need some kind of dissipative non-Liouvillian drag 
force working against the particle speed and not derived from 
an Hamiltonian. Let us add a dissipative drag force F(r,t) to the 
previous equation: 

43rd Edwards Lecture, May 2017 Slide# : 21 

 Dissipative, drag force 

 Since: dp = F dt, integrating we get dV/V = (2 /p) dp 
or Vf/Vi = (Pf/Pi)2  

 i.e. phase-space and momentum are both reduced. If 
an accelerating cavity is replacing the lost momentum 
p, one can compress phase-space.  



Alternatives for non-Liouvillian processes 

 Therefore we may need some kind of dissipative non-Liouvillian 
drag force working against the particle speed and not derived 
from an Hamiltonian..  

  Several non-Liouvillian alternatives are possible with 
accelerating RF cavities replacing the losses,:  
  Synchrotron radiation, powerful for electrons and 

positrons, in which photon radiation emitted inside the beam 
is dissipating the local momentum spreads in the three 
directions, compensated by RF acceleration which recovers 
only the clean longitudinal component of the momentum.  

  Electron cooling, in which a collinear electron beam bath 
travelling with the same speed of the particles is in contact 
with the circulating beam, removing its momentum spread. 
The method has been conceived by Budker in 1966, and 
experimentally confirmed in Novosibirsk in 1974-75. 

Ionization cooling: dE/dx losses are added to the beam like 
for instance in cooling of muon beams 

.  
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However stochastic cooling is a Liouvillian cooling ! 
Stochastic cooling (Van Der Meer). This is taking advantage of 

the fluctuations inherent in a finite number of particles.  
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At each passage, the “kicker” 
 corrects the average value 
 of the fluctuations as measured 
by the “pick-up” to zero.  
 

Before Cooling

After Cooling

The points which contain a particle are  

individually pushed closely together. 

 Liouville’s theorem is fulfilled ! 
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Antiproton Accumulator (AA) and Antiproton Collector (AC) 
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Antiproton cooling in 2 sec ! 



Luminosity evolution of P-P and Pbar-P colliders 
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Proton-proton 

Proton-antiproton 

Proton-antiproton 

Proton-proton 



The continuous progress in event rates 

 The number of events per unit time is equal to the product of the 
relevant cross-section times a quantity called luminosity.: 
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 Over 50 years, the performance of the colliders has increased 
more than 6 orders of magnitude and reached a record of 
>1034cm-2s- 1. At such luminosity, one can produce 100 events/y 
for a reaction cross section of 1 femtobarn (fb)=10-39 cm2

.: 

hadrons (pp) 

e+e- 



CERN Accelerator Complex in 2016 
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The CERN complex in the Geneva area 
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The tunnel of LHC 

43rd Edwards Lecture, May 2017 Slide# : 30 

The huge dimensions of LHC are evident from its tiny curvature  



Accelerator control room 

43rd Edwards Lecture, May 2017 Slide# : 31 



The Fermilab complex in the US 
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Accelerators have been fundamental in Astro-particle physics 

 Today the Cosmos is characterized by an immense variety of 
individual configurations.  But shortly after the “Big Bang” it was 
remarkably uniform. Therefore the re-creation with high energy 
accelerators of a tiny configuration represent a realistic model. 
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 COBE, WMASS and PLANCK 
space-crafts have recorded. 
cosmic microwave background 
radiation (CMB) after 4x105y, 
the oldest moment in which 
visible light and matter 
separated out and the Cosmos 
become transparent to light. 

 
 

 

 

 

 

 
 

 Changes due to non uniformity of the Cosmos were of order ≈10-5 

 Huge previous evolutions have taken place already before then  

 Particle accelerators of growing energies are therefore the main 
tool to study events at earlier times near the “Big Bang”. 



The evolution of the Cosmos after the “Big Bang” 
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Astronomically  
visible events 

Accelerator 
 generated 

experimental  
simulations 

Theoretical 
simulations 

Relic radiation  
decouples from matter 

Today’s particle 

 accelerator limit 

Increasing accelerator 
 energies for sh

orter 
 tim

es
 

We 

 are here 

10—12s 



The success of the Accelerators in Particle Physics 

 The Standard Model of particle physics is a monumental 
scientific achievement describing three of the four fundamental 
forces in the Universe (electromagnetic, weak, and strong 
interactions), as well as classifying all known elementary particles. 
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 It had a "remarkable" success in 
discovering with the help of particle 
accelerators a huge number of 
fundamental processes. 

 However it cannot be a complete 
description of all elementary 
particles and of their interactions, 
since many phenomena - including  
gravity - are still missing.  

 It does not incorporate dark matter 
and energy, the accelerated 
expansion of the Universe and 
neutrinos with non-zero masses.  

 



Accelerator’ driven Standard Model of elementary particles 
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Major discoveries of the Standard Model with accelerators 

 At SLAC: Stanford Linear Accelerator Center, in California, 
where the charm quark (also discovered at Brookhaven) and tau 
lepton were discovered. 

 At BNL: Brookhaven National Lab, in New York, where  
simultaneously with SLAC the charm quark was co-discovered 

 At Fermilab: Fermi National Laboratory Accelerator, in Illinois, 
where the bottom and top quarks and the tau neutrino were 
discovered. 

 At CERN: European Laboratory for Particle Physics, crossing 
the Swiss-French border, where the W and Z particles and the 
Higgs particle were discovered. 

 At DESY: Deutsches Elektronen-Synchrotron, in Hamburg, 
Germany where gluons were discovered. 
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The latest Nobel Prize winning CERN discovery ! 

 CMS and Atlas have observed at the CERN LHC collider a 
narrow line of high significance at about 125 GeV mass, 
compatible with the Standard Model Higgs boson.  

ATLAS: mH = 125.5 ± 0.2 (stat) ± 0.6 (sys) GeV      
CMS:   mH = 125.8 ± 0.4 (stat) ± 0.4 (sys) GeV 

 Searches have been performed in several decay modes, however 
always in the presence of very substantial backgrounds.  

 Experimental energy resolutions have been so far much wider 
than any conceivable intrinsic Higgs width.  

 A lepton collider will be needed to follow the LHC discovery.   

 Experiments also excluded other Higgs bosons ≤ 600 GeV. 

 With this Higgs mass, the electroweak vacuum is meta-stable, 
but with a lifetime longer than the age of the Universe.  

 The Standard Model may be valid without new physics all the 
way up to the scale when gravitation becomes important. 
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The LHC observation of the Higgs at 125 GeV 
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CMS ATLAS 

Signal and background in the H -> 2 g channel 
Observe the small amplitude of the signal/background 



Further study of  the Higgs signal beyond the LHC 

 A comprehensive study of the Higgs sector requires necessarily 
another accelerator after the LHC. Two main alternatives are: 

 e+e- colliders at L > 1034, with huge dimensions and cost, namely 

a ≈ 100 km ring (4 x LHC), but limited to √s < 250 GeV, thus 
missing many Higgs-strahlung and Higgs-Higgs boson diagrams  

a Linear Collider (ILC), eventually to √s ≈ 1 TeV and ≈ 50 km. 
This is a major new technology which needs to be developed. 

 Projects will all vastly exceed LHC in cost and time schedule.  

 m+m- rings at a much lower cost and in a much shorter time 
schedule and which may easily fit within the existing CERN site, 
but requiring the R&D development of compression in phase space 
of muon beams, with two potential main m+m- alternatives: 
 the s-channel  resonance and L > 1032 at the Higgs mass in 

order to study cleanly its narrow width with no backgrounds; 
A higher energy collider ring, eventually up to 1 TeV and L > 

1034 to study all other Higgs processes of the scalar sector. 
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Huge size options for future circular rings 

 Two explicative examples of e+e- Circular Rings are CEPC from 
China (circumference 54 km, 2x LEP) and FCC-ee from CERN 
(circumference 100 km, 3.7x LEP), wth an expectation of about 
106 Higgs in 10 years of operation, essentially from e+e- -> HoZ.   

  Such a large luminosity and a synchrotron beam power of the 
order of 100 MWatt (corresponding to an electricity consumption 
of 500 MWatt) are realized with a very large number of e+e- 
bunches (2 x 50 bunches for CEPC) and a very small vertical 
betatron focal radius of ≈ 1 mm (it was 50 mm for LEP2). 

  Like it has been the case of LEP/LHC, in both instances and 
especially in China, the e+e- phase is to be followed, by a 
subsequent phase of pp collisions with SC magnets of very high 
field (15 -20 Tesla) and approaching the pp limit of 50 to 100 
TeV, about 10 x LJC. 

 Very long range world-wide  projects of huge costs and times. 
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Options for circular e+e-  
Higgs factories are becoming 

popular around the world 

LEP3 2011 

SuperTristan 2012 
LEP3 on LI, 2012 

LEP3 in Texas, 2012 

FNAL site filler, 2012 
West Coast  

design, 2012 

Chinese Higgs  

Factory, 2012 

UNK Higgs  

Factory, 2012 

Slide# : 42 43rd Edwards Lecture, May 2017 F. Zimmerman  

Huge e+ e- rings, about 4 times the LHC. 

LEP3, TLeP, 
 FNAL site-filler +,,,, 



TLEP tunnel in the Geneva area 
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LHC 

TLEP 



80 km ring in 

KEK area 

Super Tristan 
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KEK 

25.4

km 



CEPC in China 
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 The 54 and 70 km circumference  CEPC (e+e-) and SppC (proton) 
options at Qinghuangdao about 300 km east of Beijing. 

CEPC (e+e-) only  

7 B$ by Swiss estimates   



The Linear Collider options: ILC, CLIC, NLC, JLC + 
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ILC, CLIC, NLC, JLC +… 

 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 energy √s is 200–500 GeV (extendable to 1 TeV).  

The total footprint for 500 GeV is ∼31 km. To upgrade the machine to Ecms = 1 TeV, the linacs 

and the beam transport lines would be extended by another ∼ 22 km up to 53 km  



Sensitivity for the Higgs of ILC collider 

LHC  300 fb-1 

 

Ring or ILC1 250 GeV 
250 fb-1 

 

ILC 500 GeV         
500 fb-1 

 

ILCTeV 1.0 TeV   
1000 fb-1 
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 In order to be fully effective, the energy of an ILC should be 
increased progressively from 250 GeV to ≈ 1 TeV, with 
correspondingly longer structures and higher powers.  

arXiv:1207.2516v3 [hep-ph] 1 Apr 2013 

1 


 u
n
c
e
rt

a
in

ty
  

Unambiguous discovery requires 5  

+ 1% 



The s-channel Higgs production in a m+m- collider 

 The direct Ho cross section is greatly enhanced in a m+m-  

collider when compared to an e+e- collider, since the s-channel 
coupling to a scalar is proportional to the lepton mass. 

 Like in the well known case of  the Z0 production, the Ho scalar 
production in the s-state offers conditions of unique cleanliness 
. 

 A unique feature of such process — if of an appropriate 
luminosity — is that its actual mass, its very narrow width and 
most decay channels may be directly measured with accuracy.  

 Therefore the properties of the Higgs boson can be detailed 
over a larger fraction of model parameter space than at any 
other proposed accelerator method.  

 A particularly important conclusion is that it will have greater 
potentials for distinguishing between a standard SM and the 
SM-like Ho of SUSY or of other than any other collider. 

43rd Edwards Lecture, May 2017 Slide# : 48 



Leading processes for the Higgs resonance 

 Signal and background for H → bb, WW∗ at a energy resolution  
R = 0.003%. folded with a Gaussian energy spread ∆ = 3.75 MeV 
and 0.05 fb-1/step and with detection efficiencies included.  
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  Effective pb at the √s resonance 
for two resolutions R and with the 
SM branching fractions = H → bb 
56% and WW∗= 23%  

arXiv:1210.7803 [hep-ph]. 



Ionization cooling for a muon collider 

 This method, called “dE/dx cooling" closely resembles the 
synchrotron compression of relativistic electrons — with the 
multiple energy losses in a thin, low Z absorber substituting 
the synchrotron radiated light.   

 The main feature of this method is that it produces an 
extremely fast cooling, compared to other traditional 
methods. This is a necessity for the muon case. 

 Transverse betatron oscillations are “cooled” by a target 
“foil” typically a fraction of g/cm2 thick. An accelerating 
cavity is continuously replacing the lost momentum. 

  Unfortunately for slow muons the specific dE/dx loss is 
increasing with decreasing momentum.  In order to “cool” 
also longitudinally, chromaticity has to be introduced with a 
wedge shaped  “dE/dx foil”, in order to reverse (increase) 
the ionisation losses for faster particles.   
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Eatimated performance for the Ho-factory 

 Two asymptotically cooled m 
bunches of opposite signs collide 
in two low-beta interaction 
points with b*= 5 cm and a free 
length of about 10 m, where the 
two detectors are located. 

 The bunch transverse rms size 
is 0.05 mm and the m-m tune 
shift is 0.086.  

 A luminosity of 5 x 1032 cm-2 s-1 
is achieved with 1 x1012 m/bunch. 

 The SM Higgs rate is ≈ 44’000 
ev/year in each detector. 

 An arrangement with at least 
two detector positions is 
reccomended. 
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Proton energy 5 GeV 

Proton power 4 MW 

Event rate 50 c/s 

Protons/pulse 10^14 ppp 

Muons, each sign  6 x10^12 pp 

Cooled fraction 0.16  

Final momentum 62.5  GeV/c 

Final gamma 589.5  

Final muon lifetime 1.295 ms 

Colliding, each sign 1 x 10^12 pp 

Collider circumf. 360 m 

Transverse emittances 0.04  mm rad 

Bunch transv, rms  51.  µ 

Long emittance  1  mm rad 

No of turns 1110  

No effective turns 555  

Crossing/sec  27760  

Luminosity 5 x10^32  cm-2 s-1 

Cross section 1.0 x10^-35  cm2 

Ev/y(10^7 s) 44’000  
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Colliders beyond the energy of LHC: which new methods ? 

 Our forecast on the future of colliders beyond the 2030’s will 
require several  assumptions. We will base our predictions on the 
assumption that the field will stay approximately within the 
current financial limits, but exploring new methods and directions 

 The world’s particle physics research budget is today about 3 B$, 
about 1.5 % of the total spending in basic research of ≈ 200 B$. 
In turn the global R&D funding of some 1400 B$ is 2% of the 
total GDP of 70’000 B$ 

 Standard Colliders with 10 times the LHC energy and 100 x the 
luminosity (1036) may be feasible but require costs and dimensions 
proportional to energy since the current gradient based on radio-
frequency waves is limited by electrical breakdowns. 

 A Laser wake-field accelerator method (LWFA), still at his 
infancy, may use a powerful Laser pulse to create an electron 
plasma “wake” and much greater accelerations. Gradients of 
order of GV/cm are theoretically possible.   
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Laser driven electron energy acceleration 
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Energy gain 
4.3 GeV  
over 9 cm  

(140 TeV (10 x LHC) in 3 km ?) 



The many other applications of accelerators. 

 The giant research accelerator like CERN's Large Hadron 
Collider in Geneva, with its 27 km is only the tip of the iceberg 

 An accelerator can shrink a tumor, produce cleaner energy, spot 
suspicious cargo, make a better radial tire, clean up dirty drinking 
water, map a protein, study a nuclear explosion, design a new 
drug, make a heat-resistant automotive cable, diagnose a disease, 
reduce nuclear waste, detect an art forgery, implant ions in a 
semiconductor, prospect for oil, date an archaeological find, 
besides discovering the secrets of the Universe  

 Medical and industrial markets exceed $3.5 billion/y, and are 
growing at more than ten percent annually. Digital electronics now 
depend on particle beams for ion implantation, creating a $1.5 
billion annual market for ion-beam accelerators. All the products 
that are processed, treated or inspected by particle beams 
represent a collective annual value of more than $500 billion.  
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Different  activities 

 Many nations have now recognized the potential for future 
applications of accelerators. European, US and Asian nations 
are already applying next-generation accelerator technology to 
current-generation challenges. 

  For instance in March 2010, the Belgian government approved 
$1.3 billion for the MYRRHA project. an accelerator-driven 
system for producing nuclear power and transmuting nuclear 
waste that decays much faster into a stable non-radioactive 
form. The project will create 2000 long-term jobs.  

 In China and Poland, accelerators are turning flue gases into 
fertilizer; and Korea operates an industrial-scale water-
treatment plant using electron beams.  

 Cancer patients in Japan and Germany and other European 
countries can now receive treatment with light-ion beams, and 
clinical centers with multiple ion beams.  
43rd Edwards Lecture, May 2017 Slide# : 56 



Accelerators for transmuting nuclear waste 

 The spent fuel from a light-water reactor  
must last about 1 million years to match 
the toxicity of natural uranium. 
Transmuting these isotopes into shorter-
lived products would reduce this time to 
less than 500 years. 

 An accelerator-driven subcritical system is 
ideally suited to burn the most problematic 
isotopes in spent fuel with a high-power 
proton accelerator to generate neutrons in 
a dense metal target. 
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 A key challenge facing the nuclear fuel cycle is reducing the 
radio-toxicity and lifetime of spent nuclear fuel  In the US 
alone,reactors will generate as much as 100,000 tons of total 
spent fuel over their lifetimes.  

 , , 



Accelerators for fusion energy 

 Nuclear fusion is potentially a clean and safe energy source. Two 
approaches are being developed worldwide:  

 low-pressure/long-confinement-time devices using magnetic 
field confinement;  

and very-high-density/short-confinement-time devices using 
inertial confinement.  

 Accelerator technology plays a key role in both, either as a 
supporting technology in certain aspects of plasma fusion, or as 
the central component for ion-beam-driven inertial fusion. 

 Accelerators also play a central role in the development of 
materials required by both fusion and fission technologies with 
for instance of the International Fusion Materials Irradiation 
Facility, or IFMIF, with the challenging accelerator technology 
that supports it. 
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Accelerators for cleaner air and water 
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 Accelerators for treating flue gas need ~0.8 MeV beam energy 
and ~1 megawatt total installed electron beam power per 100-
megawatt plant.  

 For use in water treatment, the beam energy is less than 5 MeV, 
with beam power ranging from 0.4 megawatts for a small plant to 
20 megawatts for a large water-treatment plant.  

 Pilot plants exist or are under development in Poland, Bulgaria and 
China and an industrial-scale water treatment is in Korea. 

 The treatment begins with a conditioning tower (1) that cools the 
flue gas. The cooled gas moves into an accelerator (2), where an 
electron beam triggers a chemical reaction (3) to convert the 
sulfur dioxides and nitrogen oxides into ammonium sulfate and 
ammonium nitrate. The electrostatic precipitator (4) removes the 
sulfate and nitrate as products to be sold to fertilizer companies. 
The clean gas goes out the chimney stack (5). 



Accelerators for Medicine 

 Circular and linear electron accelerators have been developed for 
clinical use in radiation therapy of tumours - already since the 
thirties - with the aim of achieving a high radiation dose in the 
tumour and as low as possible dose in the adjacent normal tissues. 

 The treatment of a tumour needs a radiation dose of about 60 Gy 
which is given usually in daily fractions of one to two Gy.  

 Today, from a region with a population of about one million, about 
6000 patients per year need treatment for cancer. Half of them 
are treated by surgery, the other half with ionizing radiation.  

 About two thirds of these patients can be cured, but a large 
number cannot be treated satisfactorily. The unintentional 
radiation reactions in the normal tissues adjacent to the tumour, 
however, very often lead to the death of the patient. 

 New types of radiations such as neutrons, negative pions, protons 
and heavy ions are therefore being studied. 
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Example of accelerator driven  Ion Therapy 

 The Heidelberg Ion Therapy Facility has ion capability from 
protons to carbon. It includes two fixed-beam rooms and one 
rotating gantry suitable for carbon beams.  
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T. Haberer, Heidelberg  



Reparable and irreparable DNA lesions 
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 By the passage of an ionizing particle 
lesions in the DNA letters as well as in 
the backbone of the DNA may occur, 
some are reparable, others irreparable 

 There is evidence of a natural repair of 
the radiation damage in living cells.  

  Single strand breaks are reparable. 
Double staggered-ended breaks are also 
reparable if diagonal in the DNA.  

 The ends of a double strand local break, 
diffuse away from each other very 
quickly and therefore are irreparable.  

 Densely ionizing radiations, (alpha 
particles or protons) are preferable 
with preferentially irreparable lesions.  

,  

 

Reparable 

Irreparable 



Proton driven medical therapy 

 As of January 2016, there are over 45 particle therapy facilities 
worldwide. This represents a total of more than 121 treatment 
rooms available to patients. More than 96,537 patients had been 
treated. 

 HIMAC, the Heavy Ion Medical Accelerator in Chiba, Japan, 
began in 1994 followed by many additional compact Accelerators.  
In Germany, the Heidelberg Ion-Beam Therapy (HIT) Center 
opened in 2009. In Italy, France, Austria and China many ion-
beam centers are under construction or operation. 

 However the issue of when, whether, and how best use either 
surgery or proton therapy is still controversial.  For instance, in 
the case of prostate cancer, the most common indication for 
proton beam therapy, no clinical study directly comparing proton 
therapy to surgery, brachytherapy, or other treatments has 
shown any additional clinical benefit for proton beam therapy.  
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Conclusions 

 Particle colliders have been in the forefront of scientific 
discoveries for more than half a century. The accelerator 
technology has progressed immensely, while the beam energy, 
luminosity, facility size and the cost have grown by several orders 
of magnitude. Essential contributions have expanded many 
different fields of applications. 

 A quick glance shows that since the 1930’s, the energies achieved 
by particle accelerators have grown exponentially with time, with 
an increase by a factor of ten every seven years. 

 These increases were always due to new ideas, and development 
and use of new technologies.  

 As we look to the future, one thing is certain: as long as we 
continue to make use of new technologies and ideas, new particle 
accelerators will continue to unpack unique and fundamental 
properties in Science and Technology 
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Thank you ! 
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