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Basic accelerator concepts
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Toy Accelerator
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Injection and filling 
of the machine
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constant orbit 
during hours or days

Interaction 
point(s)

RF

Collimation

Collimation

Beam 
collimation



Newton-Lorentz force describes the interaction of charged particles 
with electro-magnetic fields: 

⃗F =
d ⃗p
dt

= e( ⃗E + ⃗v × ⃗B )

Lorentz force

Magnetic fieldElectric fieldParticle charge

Particle 
instantaneous 

velocity

Transverse Motion
Perpendicular to the direction of 
motion. 
Used to keep circulating orbit and 
beam steering.

Longitudinal Motion
Parallel to the direction of motion. 

Used to accelerate charged particles.
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Acceleration
Acceleration has to be done by an electric field in the direction of the motion
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Apply an E-field which is reversed while the particle travels inside the tube. 

Build the acceleration with one or more series of drift tubes with gaps in 
between them. 



Transverse Motion: trajectory
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In order to keep circular trajectory, Lorentz force should compensate the centrifugal force

Radius

B

B

Because particles need to follow a circulate 
trajectory the magnetic field should increase 
proportionally to the particles momentum.

ρ ≈ 2.8 Km ≈
0.65 × 26.7 Km

2π

B[T] ≈
7000 GeV/c
0.3 × 2.8 Km

= 8.33T

LHC Nominal dipole field 8.33 T

0.3B[T] ≈
p[GeV/c]

ρ[m]
Magnetic Rigidity



Transverse Motion: trajectory
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Transverse Motion: trajectory
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LHC

Mettere immagine più bella LHC con disegni esperimenti

Cavità risonanti 400 , magneti Nb-Ti superconduttivi a 1.9 K per 8.33 T  

Collisioni protone-protone a 14 TeV fino circa 2040

16 Radiofrequency cavities at 400 MHz
1232 Superconductive Nb-Ti magnets at 1.9 K, 

generating a magnetic field of 8.33 T
Proton-proton collision at 14 TeV until 2040



The Future Circular Collider (FCC) 
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ρ ≈ 10.4 Km ≈
0.65 × 100 Km

2π
B[T] ≈

50000 GeV/c
0.3 × 10.4 Km

= 16.11T

FCC Nominal dipole field (Nb3Sn) 16.11 T

Proton-proton collision at 100 TeV  9



Proton-proton collision

Electron-positron collision
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Accelerating electrons (positrons)

Energy loss by synchrotron radiation of 
charged particles bent by a magnetic field 

ΔE ≃ ( E
m )

4

×
1
R

e-
B

photon

Proton mass ~2000 me Muon mass ~200 meElectron mass me: 0.5 MeV

Energy loss reduced 
by a factor

( 1
2000 )

4

≈ 6 ⋅ 10−14 ( 1
200 )

4

≈ 6 ⋅ 10−10

Energy loss reduced 
by a factor

 2.75 GeV/turn lost at 
LEP for E = 105 GeV 
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Linear e+e- collider

ILC accelerator unit:
9 cells niobium cavities oscillating at 1.3 GHz 

with an average accelerating gradient of 31.5 MV/m
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ILC colliding e+e- at 500 GeV, 
main Linac accelerates electrons (positrons) from 15 GeV to 250 GeV: 
 
                                                                               

100[TeV]/31.5[MeV/m] > 3000 Km

2 × 235[GeV]/31.5[MeV/m] ≃ 15 Km

we cannot have a linear  
proton-proton collider

ILC at 500 GeV 
is 31 Km long 

International linear collider (ILC)

× 2
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The collider luminosity is the proportionality factor between the number  
of events per second and the cross section

dN
dt

= ℒ ⋅ σ

E

Linear vs. circular e+e- colliders

Given by physics

Given by the machine



 15Fine degli esperimenti ad LHC

Possible scenarios of future colliders
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How far can it go?

Anno di costruzione

E
ne
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ia

 [
G

eV
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• Muon mass ~200 me → no 
synchrotron radiation in circular 
acceleration: possible to accelerate 
muons at higher energies in circular 
colliders  

• All beam energy available in 
collision → a 14 TeV muon collider 
would be able to collide elementary 
particles at energies similar to the 
ones of a 100 TeV proton collider  

• A 14 TeV muon collider can be 
housed in the 27 Km LHC tunnel 
→ no need to drill half Europe!

Colliding muons?
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Everything starts from an 
hydrogen source…

…but there is no muon source

Where are the muons?
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In the LEMMA scheme 45 GeV positrons annihilate with the electrons of a beryllium 
target: a beam of muons and antimuons with collimated energy and emission angle can 
be obtained.  

Novel proposal for a low emittance muon beam using positron beam on target, arXiv:1509.04454v1
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The LEMMA Project
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The particle 
sea…

A selection of particles 
listed by the particle 
data group. 

How can we tell them 
apart in our detector ?!
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A particle detector is an (almost) irreducible representation 
 of the properties of these particles.

Out of ~ 400 particles only ~  20 have a  
 
 

by far the most relevant are:

cτ > 500 μm

e+−, μ+−, γ, π+−, k+−, K0
s , K0

L, p+−, n

The particle sea…



Reconstructed energy 
from 100 GeV pions  
 

Calorimeters are particle detectors used to reconstruct particle energies by means of total 
absorption.

Showers induced by hadrons are made of two 
components: 
Em component: electrons, positrons and photons 
(from                decays).
Non-em component: charged hadrons, neutrons, 
invisible energy.

π0 → γγ

Dual read-out calorimetry
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Dual read-out calorimeters
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Proudly made at University of Pavia and INFN Sezione di Pavia
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LHC

HEP before the LHC

What next for particle physics?
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FCC? CLIC? ILC? Muon  
collider?

CEPC/SPPC?

HEP after the LHC

What next for particle physics?
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Backup
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Plasma Wakefield

What is a plasma?
Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

Rb+

e
e

e

e

e

e

e

Example: Single ionized rubidium plasma

• Plasma wave/wake excited by 
relativistic particle bunch 

• Plasma e- are expelled by space 
charge force 

• Plasma e- rush back on axis

Plasma wavelength ~1 mm

Driver beam
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Accelerating for e-

Decelerating for e-

Focusing for e-

Defocusing for e-

Example: npe = 7x1014 cm-3 (AWAKE)  ➔ EWB = 2.5 GV/m
Example: npe = 7x1017 cm-3  ➔ EWB = 80 GV/m

e-

How strong can the fields be? 

Plasma Wakefield Acceleration (PWFA)

EWB = 96
V
m

npe

cm−3
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AWAKE (CERN)

AWAKE has demonstrated during Run 1 
(2016-2018) that electrons can be 
accelerated to 2 GeV in 10 m using the 
CERN SPS 400 GeV proton beams.

npe /1014cm−3

μ E
/G

eV

E. Adli et al. (AWAKE Collaboration), 
Nature 561, 363–367 (2018) 


