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● Charged particle accelerators are engines of 
discovery in a number of areas of science: life 
sciences, matter, energy

● Depending on the area, they are known as “atom 
smasher”, “light source”, “spallation neutron 
source”, “neutrino factory”, “collider”, 
“hadrontherapy ring” and else 

● It has taken close to a century – since the 
emergence of the first founding concepts – for 
accelerators to reach their nowaday’s super high-
tech level and the important place they now 
occupy in research and industry



This “tour of the accelerator planet”

is organized in the following way:

● Some of the main accelerator classes are introduced following their historical chronology (as a 
concept or as a real, operational apparatus), which includes

– (electrostatic accelerators / early XXth century)

– (betatron / 1923)

– linear accelerator - resonant acceleration / 1924-1928

– classical cyclotron / 1929,   AVF cyclotron / 1938 

– (microtron / 1944)

– (synchro-cyclotron - phase stability / 1945)

– synchrotron / 1945,  strong focusing / 1950

– (future: wake-field acceleration, ... / ?)

● We explore these accelerator techniques with

– first, a state-of-the-art, essentially some present top-notch accelerator installations and 
their usage, 

– a bit of history/theory follows: origin, how the idea arose,  

– conclude showing where the technology is heading toward



We'll keep in mind, in addition, since it gives an 
understanding of the evolutions, and of preferred 

technologies depending on the application:

accelerators are “particle factories”

● They are fabricated for producing intense beams of particles:

ions of all sorts, radioactive or not, protons, neutrons, 
neutrinos, photons of all energies from infra-red to gamma, 

etc., 

● For a number of applications : 

search for missing mass, supersymmetries, QCD theory, 
cosmology, cancer treatment, X-lasers, radioscopy, industrial 

ion implantation, security, and on and on



Let’s first take a look at basic optical elements that 
accelerators are made of

● Vacuum pipe / pumping systems: beam do not survive long to gas scattering
● Optical elements:

– Guiding, along beam lines or around ring: magnets, electrostatic deflectors 
– Focusing, to maintain beam confined in the vicinity of optical axis: quadrupoles

● Accelerating systems: radio-frequency cavities
● Beam instrumentation, for control and monitoring

– Position: Beam Position Monitors - BPM
– Energy: radius vs. RF frequency
– intensity
– particle bunch size (beams are actually bunch trains): beam profile monitors
– beam collimation

● A lot of IT, for all of the above.  ML and AI developments blooming
● Case of specialized beams:

– polarized beams: special magnets to manipulate spin, specific command/control instrumentation
– High power: manage power loss along beam lines 
– Beams for medical application
– Etc.



Bending magnets.
They ensure beam steering

Fermilab’s “Integrable Optics” Test Accelerator 



Quadrupoles ensure focusing.
Drift spaces complete the optical landscape

Poles are hyperbolic 
equipotentials:

V = axy

Thus, 

B
x
=ay, B

y
=ax





Accelerating systems
Principle:

LHC RF cavity string   - 7 TeV ring

The box wall is conducting:
Currents circulate at the surface

RF cavities of AGS  - 25 GeV ring

Let’s put some numbers: 
- Energy boost in a cavity can be few keV in  small  ring, 
thus number of turns is 100s MeV

[final]
/few keV

[per pass]
~ million of turns.

- Up to ~MeV in a super-conducting linac, e.g., 0.2 to 1 GeV is a matter of ~800 cavities.



  

(electrostatic accelerators)

(betatron)

LINEAR 
ACCELERATORS
cyclotron

(microtron)

(synchro-cyclotron)

synchrotron

(acceleration techniques of the future) 



Here is one: 
SNS 1.2 GeV super-conducting linac

accelerates H- from 200 MeV  to  1 GeV,
81 RF cavities in 23 cryo-modules



Application of linacs (ex. 1/2)
Neutron production by spallation,

aimed are replacing neutron reactors

● Flux, in modern research reactors, typically:         1015 /cm2/s

● From spallation sources, i.e., accelerators :     1017 /cm2/s

A greater flux reduces the time required to conduct an experiment. 

(We’ll see imilar leap in diverse other sectors, e.g., high photons flux
               from “light source” synchrotron  versus X-ray tubes)

● The two technologies, reactor and accelerator, compete today.
 

Drawback of the reactor method : requires highly enriched U235, 20%, 
in some cases “weapon grade” EU, 93% U235 - potential for proliferation. 
Yet, there are programs to switch to LEU... that's another story !  



SNS, Oak Ridge National Lab. Operates since 2006. 
The largest, highest power, linear, proton accelerator in the world.

SNS is based on a 1 GeV,
H- linear accelerator

A gain of 
1200 Mev in 
kinetic energy, 
over 180 m

i.e., an average
7 MeV/m

that’s the sate-of-
the-art

A 180 m long,
2K frigidaire 

10~20 MV/m

SNS linac super-conducting RF cavity



Experiment 
stations 

around the 
target

Heavy-metal,
spallation target 
in this building

(liq. Hg)

Synchrotron ring 
(“accumulator”)

H- linear accelerator

Commissioning 2006

SCL linac length m 180

Kinetic energy GeV 1

Beam power MW 1.4

Repetition rate Hz 60

Duty factor (df) % 6

Peak current (Ip) mA 23

Average current mA 1.4 = Ip x df ~ 23[mA] x 6[%]

Ring accumulation turn
s

1060

Ring peak current A 25 I = Qf  =  ppp * e / (C/c) 

Ring bunch 
population

ppp 1.5 1014

Pulse length at target μs 0.7



Free-Electron Lasers

FEL

Interest :  
- laser-like, high energy (e.g., X) photon beams

Applications:
- applied research (condensed matter, ...)
- particle beam manipulations (e.g., beam cooling)

Application of linacs (ex. 2/2)



FLASH SASE FEL INSTALLATION,
 HAMBURG

150 m

Operation started 2005
World record brightness 2007
European X-FEL followed: 2.1 km linac, 17.5 GeV, Å/fs pulses. Started 2017



A long string (meters) of                                                   
          ~cm scale magnetic periods.                                  
                            Wiggles the e-beam over                       
                                           a few meters 

~1GeV 
electron 

linac

Undulator radiation
[Motz et als., Stanford, 1953]

Monochromatic light spot,

wavelength,  λ ~ λu/(2γ2)

λu~ cm and  γ=2000*E[GeV]

→ λ~ nm laser beam

In an FEL, the undulator is embedded in a resonant 
cavity, just as a laser medium.

[Madey, Stanford, 1976]



A derivative: SASE-FEL
Self-Amplified Spontaneous Emisson 

● Principle : the longitudinal density of the ~10s μm long e-bunch 
modulates into a set of short sub-bunches, each with length~λ.

● Thus : partial radiation coherence, 
power from sub-bunch ~(Ne)2 rather than (incoherent) power~N e2, 

i.e., high brightness highly collimated femtosecond X-ray pulses.
Can make life science X-movies !



Linear acceleratorsLinear accelerators

where they come fromwhere they come from





First Wideroe's linac

Ising’s principle of 



1968
Contribution in elementary 

particle physics





Going where, nowadays ?



Linac length, overall m  

Kinetic energy GeV 2 proton

Beam power MW 5

Repetition rate Hz 14

Duty factor (Df) % 4

Pulse current (Ip) mA 62.5

Average current mA 2.5 Ip x Df ~ 38[mA] x 6[%]

 Pulse length at target ms 2.86

* More sns: ESS, the EU spallation source *

ESS, 
Lund, 
Sweden
Jan 2019

Construction started 2014; first users 2023
~400



150 m

16~20MeV/u

* Intense beams of rare isotopes - FRIB *
A new scientific accelerator facility for 
nuclear science, in East Lansing, 
funded by the U.S. DOE, Michigan State 
University,  and the State                       
of Michigan.

Construction started 2014

Completion 2022

4K



* ENERGY * 
ACCELERATOR-DRIVEN SUBCRITICAL REACTOR

,  Belgium



5



A Higgs factory - mass 125 GeV

~50MV/m

* High Energy Physics *
The international linear                                                                  
e+e- collider, a long history in itself.
Objective 2030s ?



  

(electrostatic accelerators)

(betatron)

linear accelerators

CYCLOTRONS
(microtron)

(synchro-cyclotron)

synchrotron

(acceleration techniques of the future)

 



High power, PSI,  600 MeV, 1.4 MW, CW



1966: SIN early Design – Feb. 1974:1st 100 A beam

The 590 MeV Ring Cyclotron

The old 72MeV
Philips injector

Nowaday's
72MeV injector



Proton beam on SINQ:
575 MeV / 51 MHz
p-Current: 1.5 / 1.6 mA 
Power: 0.8 - 0.9 MW

● Target bulk shielding

Neutron production at SINQ 

Total Power Deposition 
in Target Assembly

~ 575 – 610 kW



Ref.: Proceedings of CYCLOTRONS 2010, Lanzhou, China, 
REVIEW ON CYCLOTRONS FOR CANCER THERAPY,Yves 
Jongen#, IBA, Louvain-la-Neuve, Belgium

Ref.: https://www.psi.ch/protontherapy/center-for-proton-
therapy

Protontherapy at the PSI 
national research center

(uses a 250 MeV 
superconducting cyclotron)

Spot-scanning technique, developed at PSI

Through the scanning and superposition of dose-spots of 
a proton pencil beam, the desired dose distribution can be 
built up, and the dose can be precisely tailored to the         
3-dimensionnal shape of the tumour. 

Medical cyclotrons by 
IBA industrial company

Application of cyclotrons (ex. 2/2)



Cancer tumor treatment  “protontherapy”

Application of cyclotrons (ex. 2/2)

Bragg peak
Spread out Bragg peak

3D conformal irradiation



Where cyclotrons Where cyclotrons 
come fromcome from



For his 
invention 
of the 
cyclotron

1939



zz z

z



The “encouraging” comment...



… smarter  !

1930s

2000s



Cyclotrons, 

going where 

nowadays ?



MORE HIGH POWER ?
   

* ACCELERATOR-DRIVEN SUBCRITICAL REACTOR *
- BNL -



On-going discussion : which is optimal in the ADS 
application ? 



MEDICAL BEAMS,  ISOTOPE PRODUCITON
   

New, S2C2 technology, MEDICYC, NICE (F)
250 MeV, super-compact, first beam 2016



(electrostatic accelerators)

(betatron)

linear accelerators

cyclotrons

(microtron)

(synchro-cyclotron)

synchrotron
acceleration techniques of the future



synchrotron
Basic

Fancy, ~GeV light source style

Synchrotron radiation in bonus!

Beam focusing + guiding:

+
QUADRUPOLE LENS



LIGHT SOURCES



How this started



NSLS2 3 GeV synchrotron, 
BNL

Started 2015



Nuclear research

1 of the 2  
LARGE COLLIDERS

ON THIS PLANET

 



RHIC



RHIC



RHIC



RHIC



RHIC

https://en.wikipedia.org/wiki/Cyclotron


RHIC



RHIC



RHIC



HEP
The largest collider: LHC

Construction started ~2000, first run : 2009
Energy 6.5 TeV per beam, 13 TeV CM

Discovery of Higgs Boson announced in 2012

10,000 people from 113 
different countries 
contribute to science at the 
LHC



CERN
LHC and 
injectors



“2-in-1” design Interconnecting magnets



LHC SUPERCONDUCTING RF CAVITIES



CONTROL ROOM



ATLAS DETECTOR



CMS 
DETECTOR



Synchrotrons, 

where from ?



1944-Veksler; 1945-McMillan: 
discovery of phase stability - “longitudinal focusing”.

This is how it works.



Vaccum chamber of GE 
synchrotron [Ref.:Alamy.com

70 MeV synchrtron, GE

The first  "racetrack" sybnchrotron 
with straight sections, 300 MeV 

electron, University of Michigan, 1949.

1946, Aug.: First synchrotron operation, 8 MeV 

proof-of-principle, by Goward in Woolwich, UK

1947: First observation of 
synchrotron light (SR), not fully 

understood (spectrum etc.) - Julian 
Schwinger would develop a full theory 

of SR in a circular accelerator

Cyclotron style “weak Cyclotron style “weak 
focusing” optics, at that time focusing” optics, at that time 
(dipole index 0<k<1)(dipole index 0<k<1)



STRONG FOCUSING :    Invented in 1950STRONG FOCUSING :    Invented in 1950

Strong index |k|>>1 + alternating gradient (k<0, k>0)

Compare the dipoles:

Cosmotron, 3 GeV: 
1.22mx0.22m vacuum 

chamber

PS (1959), 30 GeV: few cm 
diameter vacuum chamber

Hyperbolic gap, V=a xy
BF                   BD



What’s next ?



eRHIC e-A collider at BNL
    

Want to join ?



And then... ?

Anything after 27 km long fridge,

100 m underground

LHC ?



The answer is “yes”
Three-quarter century HEP projects:

China’s
CEPC + CppCCERN’s

FCC-ee + FCC hh collider
Circumference 100 km. 
exe/125GeV,  pxp/100TeV 



THANK YOU THANK YOU 
FOR YOUR FOR YOUR 
ATTENTIONATTENTION



BACKUP SLIDES



ELECTROSTATIC
ACCELERATORS



atoms

Electrons (<100 keV) were the first projectiles [PJB] – Wimshurst type machines
● 1895 Lenard, e scattering on gas
● 1913 Franck and Hertz, excite electron shells by e bombardment

Natural (several MeV)

● 1928: Gamov predicts tunnneling: few 100keV H+ would suffice to penetrate nucleus

● 1928: Cockcroft and Walton start designing an 800 keV H+ generator, encouraged by Rutherford.





1951
Pioneer work 
on the 
transmutation 
of atomic 
nuclei by 
artificially 
accelerated 
atomic 
particles.
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