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particlephysics
Experimental

2. a few things about 
particle accelerators



Why accelerating and colliding particles?

• Probe smaller scale

• Produce heavier particles
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High energy Large number of collisions

• Detect rare processes

• Precision measurements

Aren’t natural radioactive processes enough? What about cosmic rays? 



Luminosity
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Number of events 
in unit of time

[L2][t-1] [L-2 t-1]

σ(pp à H+X) ~ 20 pb1034 cm-2 s-1

In a collider ring…
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What particle to accelerate and collide?

• Stable (charged) particle
ü Electron/positron
ü Proton/antiproton

• Secondary beams of charged or neutral particles
ü (Anti)neutrinos

ü Muons

ü Photons
ü Charged pions

ü Kaons

ü …
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what particle should we use? 



Particle accelerations for dummies

• Only longitudinal component of electrical field matters

• Time-varying electrical field to change energy
• (Static) magnetic field cannot change particle momentum…

• … but can be used to bend its trajectory!
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(non-relativistic) 
Lorentz Force 

time variation of 
kinetic energy 



A brief history of particle accelerators – part 1
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(inspired by “A brief history and review of accelerators” by P.J Bryant https://cds.cern.ch/record/261062/)

https://cds.cern.ch/record/261062/


Cockcroft and Walton's apparatus 
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Van de Graaff electrostatic generator 
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Two-stage Tandem accelerator 
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A brief history of particle accelerators – part 2
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RF linear accelerator (LINAC)
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Ln

Wideore: k=1, L<λ

n n+1



LINAC lenght

• Example:
ü proton (A=1) with E = 1 MeV (β = 4.6 10-2) 
ü if νRF = 7 MHz proton will travel about 1m in half a RF cycle

• Total LINAC length increases dramatically with speed
• A possible solution would be to increase νRF

• … but at very high νRF open tube structure radiates too much energy!

Marco Delmastro Experimental Particle Physics 12

Total LINAC length

energy gain per gap ion atomic number

final particle energy



RF cavities
• The problem can be solved by 

closing the structure as a cavity…
• Cavities can be joined

• Choosing k=2 currents on walls 
cancel, and walls can be eliminated
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k=1 k=2



Alvarez structure
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k = 2 , νRF ~100 MHz , λ < L
protons β ~ 1 for E ~ 10 GeV electrons β ~ 1 for E ~ 10 MeV

already at those energies v~c à drift tube length can stay constant!



Example: Fermilab LINAC
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(Syncro) Cyclotron
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weak focusing

for relativistic particle cyclotron frequency 
should be adjusted to speed/energy 
(syncro-cyclotron)



Berkeley syncro-cyclotron (p, E = 340 MeV)
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The road toward syncrotrons
• Problems in RF acceleration in the 1940s…

ü Linacs
• Poor RF sources; electron tube technology 

was yet in its infancy

ü Cyclotrons
• Relativistic effects à asynchronous RF 

• Advancements during WW2

ü High power microwave tubes for the 
radars were put to practical use

• Magnetrons and klystrons

ü Discovery of the phase stability principle
in RF acceleration 

• Veksler (1944) and McMillan (1945) 

ü Cyclotron à synchrocyclotron 
à synchrotron 
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• Particles of different energies have 
differences in velocity and in orbit 
length
ü particles may be asynchronous wrt

RF frequency 

• RF field have however a restoring 
force at a certain phase, around 
which asynchronous particles be 
captured in bunches



Syncrotron
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3 GeV protons 
BNL ~ 1950



Storage rings
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Fixed target vs. collider
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How much energy should a fixed 
target experiment have to equal 
the center of mass energy of 
two colliding beam?



Bending: dipoles

Marco Delmastro Experimental Particle Physics 22

Bx = 0
By = B
Bz = 0

By
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LHC dipoles
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Focusing (defocusing): quadrupoles
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Bx = -g x x
By = -g x y
Bz = 0

g[T/n] = field gradient
Focusing in one direction, defocusing in the other

FO-DO
array
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Syncrotron radiation
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energy lost per revolution

electrons vs. protons

It’s easier to accelerate protons to 
higher energies, but protons are 
fundamentals…



e+-e- vs. hadron collider
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5-10



Low Q High Q

ValenceSea

Sea

• protons have substructures 
ü partons = quarks & gluons
ü 3 valence (colored) quarks bound by gluons
ü Gluons (colored) have self-interactions
ü Virtual quark pairs can pop-up (sea-quark)
ü p momentum shared among constituents

• described by p structure functions

• Parton energy not ‘monochromatic’
ü Parton Distribution Function

• PDF = q(x,Q2), q = u,d,s,..g

• Kinematic variables
ü Bjorken-x: fraction of the proton 

momentum carried by struck parton
• x = pparton/pproton

ü Q2 : 4-momentum2 transfer

Marco Delmastro (experimental) LHC physics 33

Q2 = (pe
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fin)2
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pe
fin

•p

Valence

About the inner life of a proton



Cross sections at a proton-proton collider
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Example: to produce a particle 
with mass m = 100 GeV

p
ŝ =

p
xaxbs

<latexit sha1_base64="xfAOCqqEj6MthfigEr6A3/TkqDE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIq6EYounFZwT6gDWEynbRDJw9nbqQlZO3GX3HjQhG3foE7/8Zpm4W2HrhwOOde7r3HiwVXYFnfRmFpeWV1rbhe2tjc2t4xd/eaKkokZQ0aiUi2PaKY4CFrAAfB2rFkJPAEa3nD64nfemBS8Si8g3HMnID0Q+5zSkBLrnnYVfcS0u6AQKqyDF/imTByCR65HlaZa5atijUFXiR2TsooR901v7q9iCYBC4EKolTHtmJwUiKBU8GyUjdRLCZ0SPqso2lIAqacdPpKho+10sN+JHWFgKfq74mUBEqNA093BgQGat6biP95nQT8CyflYZwAC+lskZ8IDBGe5IJ7XDIKYqwJoZLrWzEdEEko6PRKOgR7/uVF0qxW7NNK9fasXLvK4yiiA3SETpCNzlEN3aA6aiCKHtEzekVvxpPxYrwbH7PWgpHP7KM/MD5/AKbRmto=</latexit>

� =
X

a,b

Z
dxadxbfa(x,Q

2)fb(x,Q
2)�̂ab(xa, xb)

<latexit sha1_base64="cY2gCRsaSkYkfD5/jgBCCXWpFSA="></latexit>

p
ŝ

<latexit sha1_base64="+ZtmNZV3MiH9jEHXVvvGfbbRLc4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAcka5idzCZDZh/O9Cph2f/w4kERr/6LN//GSbIHTSxoKKq66e7yYik02va3VVhZXVvfKG6WtrZ3dvfK+wctHSWK8SaLZKQ6HtVcipA3UaDknVhxGniSt73x9dRvP3KlRRTe4STmbkCHofAFo2ik+55+UJj2RhRTnWX9csWu2jOQZeLkpAI5Gv3yV28QsSTgITJJte46doxuShUKJnlW6iWax5SN6ZB3DQ1pwLWbzq7OyIlRBsSPlKkQyUz9PZHSQOtJ4JnOgOJIL3pT8T+vm6B/6aYijBPkIZsv8hNJMCLTCMhAKM5QTgyhTAlzK2EjqihDE1TJhOAsvrxMWrWqc1at3Z5X6ld5HEU4gmM4BQcuoA430IAmMFDwDK/wZj1ZL9a79TFvLVj5zCH8gfX5A4TMkyw=</latexit> = 100 GeV
p
s

<latexit sha1_base64="8makPqjg2OptdLP5SX849sbTL+4=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/cA2lM122y7dbOLuRCgh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLYikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4LxzdRvPXFtRKTucRJzP6RDJQaCUbTSQ9c8akxTk2W9UtmtuDOQZeLlpAw56r3SV7cfsSTkCpmkxnQ8N0Y/pRoFkzwrdhPDY8rGdMg7lioacuOns4szcmqVPhlE2pZCMlN/T6Q0NGYSBrYzpDgyi95U/M/rJDi48lOh4gS5YvNFg0QSjMj0fdIXmjOUE0so08LeStiIasrQhlS0IXiLLy+TZrXinVeqdxfl2nUeRwGO4QTOwINLqMEt1KEBDBQ8wyu8OcZ5cd6dj3nripPPHMEfOJ8/caqRaw==</latexit>

= 14 TeV à xaxb
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= 0.007



ALEPH @ LEP
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ATLAS @ LHC

A Zàe+e- event at LEP and ad LHC



Pile-Up
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PU = number of inelastic interactions per 
beam bunch crossing



Zàμμ event with 25 reconstructed vertices
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April 15th, 2012

~5 cm



Production of secondary beams
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Production of secondary beams
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Future colliders? ILC
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Future colliders? CLIC
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Future colliders? Muon collider
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Experimental Particle Physics



Get curious, inform yourself on the future!
• European Strategy for Particle Physics

ü http://europeanstrategyupdate.web.cern.ch

• Physics Briefing Book : Input for the European Strategy 
for Particle Physics Update 2020
ü https://arxiv.org/abs/1910.11775
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http://europeanstrategyupdate.web.cern.ch/
https://arxiv.org/abs/1910.11775

