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Colliders & accelerators 

Colliders & accelerator applications:
• different collider types & their limits

• Large Hadron Collider

• beam-beam effects

• electron cloud

• LHC dipoles & protection

• stochastic & electron cooling

• muon collider

• linear colliders

• ILC & CLIC

• FCC

• applied accelerators
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Different collider types

Gradient-focusing created at MURA (US,1956): beams
focused sufficiently for head-on collisions (”colliders”).
• first 2-ring electron-electron colliders (one beam
clockwise in one ring & another beam anticlockwise in 
seperate ring; collisions at crossing point of both rings): 
VEPP-I (Russia)1965 & Stanford-Princeton (US) 1966.
• same 2-ring scheme adopted for first large proton-
(anti)proton ring 30 GeV + 30 GeV, ISR at CERN 1971.
• 1960’s: single ring collider with electrons & positrons
going opposite directions in same guide field. Example: 
PETRA@DESY (Germany) 1978, PEP@SLAC (US) 
1980,Tristan@KEK (Japan) 1987 & LEP@CERN 1989.
• apply single ring to protons & antiprotons (”pbar”)        
but pbars much more difficult to produce than positrons
(~106 protons ® 1 pbar) + pbars accumulated during
hours. ”Cooling” to compress antiprotons to bunches
Þ S𝑝�̅�S@CERN 1981; Tevatron@Fermilab (US) 1987:     
Ecm (~ 2 TeV) large but luminosity limited by # of pbar’s.
• next quest for higher energy: Large Hadron Collider 
(LHC) at CERN, 2-ring proton                                                  
-proton collider with max.                                                  
Ecm = 14 TeV; first                                                      
collisions autumn 2009.  
• HERA at DESY 1990:                                                                    
a new collider type:                                                               
2-ring electron/positron-
proton collider with Ee± =                                                               
30 GeV & Ep = 920 GeV

(E.Wilson)
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Different collider types
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Large Hadron Collider
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two ring pp collider in 
27 km ex-LEP tunnel

since 2022: proton-proton at 13.6 TeV
2015-2018:
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LHC injection

overview of CERN accelerator complex

50 MeV -
1.4 GeV
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1.4 - 26 GeV

26 - 450 GeV

450 GeV
- 7 TeV
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LHC crossing angle

In 2024: 320 µrad with
25 ns bunch spacing
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~ 280 m
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Beam-beam tune shift

A coherent Coulumb force btwn 2 colliding bunches
give (linear) defocusing effect of one bunch on other
(like one bunch would see other as an optical lens).

Þ change transverse focusing property of accelerator
and observed as a spread of the transverse tune 𝒬.
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To avoid instabilities 𝒬 spread shouldn’t be more than
one percent for colliding proton beams. For electrons
factor 10 more 𝑑𝒬 allowed since synchrotron radiation
damping protects against slowly growing instabilities. 

𝑑𝒬 formula essentially contains same variables as 
luminosity L formula so difficult to increase L without
increasing 𝑑𝒬. L increase realized by making b* as 
small as possible, # of bunches as large as possible
& increase Npart/bunch to limit imposed by instabilities.

NB! ¶(d𝒬) / ¶Ecm µ 1/E but
¶sinterest. phys. / ¶Ecm µ 1/E2
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where 𝑟! = classical radius of particle
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𝜎 = bunch width
r = distance
btwn bunches(formula valid for round beams & equal N) 
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Electron cloud
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Increases with reduced
bunch spacing & incre-
ased bunch intensity→
emittance increase & 
larger beam instability

Remedy 1: ”scrubbing” 
runs (removing residual
gas molecules inside 
LHC vacuum chamber)

Remedy 2: low electron emittance coating of vacuum chamber inside.
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LHC lattice
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~ 280 m

(IP)

Regular LHC FODO cell 

Each LHC arc/octant (2.45 km) 
contains 23 such FODO cells

Straight section length: 545 m
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Transverse beam dynamics

Particle transport programs for accelerators, like MADX,      
used to determine ”optical functions” (effective length 𝐿'33, 
magnification 𝜈 & dispersion 𝐷) to estimate displacement
of proton from closed orbit at any position 𝑠 as function of  
transverse origin (𝑥∗, 𝑦∗) and scattering angles (𝜃5∗, 𝜃6∗) at    
IP & longitudinal momentum loss (𝜉 = ⁄𝑝7 − 𝑝8'&9 𝑝8'&9):
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Tool used for predicting acceptance
for protons scattered little (~ 𝜇rads)  
or lost a bit of momentum (𝜉 ~ few
%) in collision & later measured in 
”Roman  Pots” far away from IP (> 
200 m) close to the outgoing beam. 
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Superconductivity

Why 1.9 K in stead of 4.5 K (i.e. HERA-like)?
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e.g. particles hitting the magnet
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LHC dipoles

Magnetic
field lines
in 2-in-1 
design

Dipole magnet 
field map

Energy stored in one dipole = 2 (B2/µ0) Vdipole » 7.6 MJ      
Total stored energy in all 1232 LHC dipoles: 9.4 GJ   «
Total stored beam energy: EprotonNbunchNpart/bunch » 410 MJ 
(max. in 2024)
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LHC dipoles

Magnetic 
field lines 
in 2-in-1 
design

Dipole magnet 
field map

Energy stored in one dipole = 2 (B2/µ0) Vdipole » 7.6 MJ 
For all 1232 dipoles: 9.4 GJ  « Stored beam energy: 
Eproton Nbunch Npart/bunch » 360 MJ (´ 200 w.r.t. Tevatron)Dipole installation in 
LHC tunnel

NiTi cable in Cu matrix

• at 7 TeV: Imax = 11850 A; 
magnetic field = 8.33 T
• weight = 27.5 tons
• length = 15.18 m at room 
temperature (T), ~10 cm 
shorter at operating T (1.9 K)
• acceptable loss limit (pre-
vent DT > 2 K): 10 mW/cm3

Dipolar vertical 
field generated by 
2D cosθ current

Particle Physics Experiments 2025
Colliders & accelerator applications  



Kenneth Österberg V/14

LHC dipoles

injection phase
12 batches from 

SPS (every 20 sec)
one batch 216 / 288 

bunches

To limit T increase at quench:

Current taken 
by a ”bypass 
diode” capable 
of withstanding   
12 kA for 150 s
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@Ebeam = 7 TeV

@Ebeam = 450 GeV

• distribute energy evenly in 
magnet by force-quenching
• switch off magnet << 1 s
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LHC summary

Quadrupoles also two-in-one design
• at 7 TeV: Imax = 11850 A; gradient field = 225 T/m
• weight = 6.5 tons; length = 3.1 m

0.3  m

1.4 – 1.6 × 1011

Lpeak≈ 2.1 × 1034 cm-2 s-1

2350

40 MHz

11 µm

2.3 - 2.9 µm rad

410 MJ

0.52-0.59 A
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11.245 kHz

2024 numbers:

LHC luminosity calculator: 
https://lpc.web.cern.ch/lumiCalc.html

ℒ =
𝑁#$%&/()*+,- 𝑓 𝑁()*+,

4𝜋𝜎.∗𝜎0∗
𝐹

https://lpc.web.cern.ch/lumiCalc.html
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Collimators / beam dump

about 8 m

High radiation 
environment 
close to IP’s Þ
collimators to 
protect magnets

LHC collimators graphite 
– to limit impedance Z

beam absorber 
(graphite)

concrete shielding

!"#$%&'
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~35 cm      
beam profile   
in beam dump
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LHC first start
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1. start
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LHC second start
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2. start: First proton proton collisions in CMS 23.11.2009
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LHC optimization
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Constant improvement of luminosity by increasing 𝑁8:#;<, 
𝑁=&%>/8:#;< & decreasing 𝛽∗ and increase of beam energy.
Careful optimization of optics & beam parameters to get
largest ℒ?#>'$%&>'@. Regularly Lpeak » 2.1 * 1034 cm-2 s-1.

30.03.2010: 7 TeV proton proton collisions in CMS

(2018)
constraints: 
quadrupole  
triplet heating, 

pileup, 
beam-
beam 
𝑑𝒬,

vacuum    
chamber 
aperture
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LHC performance & plans
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After Run 3 again a long maintenance period (LS3) to 
prepare for the next phase, high luminosity LHC (HL-LHC) 
with increased luminosity by factor ~ 4 in Run 4 (2030 à)

we are here ~ 150 fb-1 in 2025-26

𝑠 = 14 TeV?

LHC has had
Run 1 (2010-
12) at 𝑠 =      
7 and 8 TeV
and Run 2 
(2015-18) at  
𝑠 = 13 TeV. 

Now Run 3 
(2022-26) at  
𝑠 = 13.6 TeV

is in full speed.

Run 3 so far 
almost 200 fb-1

ℒ!"#$%&'#$()*+*,)*-+

≈ 3000 fb-1 ?
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Luminosity

Ultimate challenge to high
energy colliders:  production
rate of ”interesting” inter-
actions fall as ⁄1 𝑠 (∝ 𝐸+1- ),   
Þ improve luminosity factor
100 for each factor 10  
energy increase i.e.           
distance at which
structures seen ∝ ⁄1 𝐸+1.

(E.Wilson)

= luminosity
Strategy for maximal
luminosity: beam area A =                                                 
4𝜋𝜎.∗𝜎0∗ ∝ 𝛽.,0∗ as small as                                                       
possible Þ minimaze 𝛽3∗ & 𝛽,∗ =                                  
vertical/horizontal 𝛽 at interaction point (IP) & maximize
bunch frequency 𝑓( (= # of bunches ´ 𝑓%43) & 𝑁#$%&/()*+,
Often use more complete formula taking into account
large differences in 𝑁#$%&/()*+, in beam 1 & 2 e.g. 𝑝�̅�
colliders & in emittance of horizontal & vertical planes: 

where factor 𝐹 accounts for geometrical reduction due
to non-perfect head-on collision & crossing angle at IP.
Particle Physics Experiments 2025
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Antiproton production & cooling

Threshold for antiproton (”�̅�”) production from fixed
target ~ 6 GeV. Usually proton energies ~25 GeV
used with ~ 1000 protons needed to produce a �̅�.  
Only ~ 1/1000 of produced �̅� within collectable
angles & momenta Þ need intense proton bunches
(1011-13) & accumulate over ~105 bunches to make
a �̅� bunch (« few hours -1 day). �̅�’s must be stored
in a small storage ring with large aperture & ”cooled” 
not to immediate overflow aperture. Process called
”cooling”. Needed phase space reduction ~109. 

(E.Wilson)

Stochastic cooling (van der Meer 1972)
Transverse cooling of single particle. Transverse
position measured by fast beam monitor & sent across
accelerator to defecting plates correcting orbit by a     
kick (phase advance ~90°).                                             
Momentum cooling of                                                            
single particle. Pickup
measures revolution
frequency. If                                                                             
frequency too
high, apply
positive voltage
on cavity when
particle passes.                                                                              
If too low, apply
negative voltage
on cavity when
particle passes.
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Stochastic cooling

At the pickup:

After kick: rogue 
nearer center

After 1 turn: particle
sample has changed
due to mixing & a new
correction is applied.

After many turns: now
rogue centered after
many kicks & mixings.

(E.Wilson)

What happens when one has many particles? Take
average & correct according to that. Particles have
different momenta & revolution frequency so samples
will mix & on average correction for offset particles will
go in right direction & for onset particles correction will
be random. Key that slip factor 𝜂 large & that pickup
sample time short (# of particles seen by pickup small).

Particle Physics Experiments 2025
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Electron cooling

Electron cooling (Budker 1967)

(E.Wilson)
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Electron cooling 
apparatus. 
Electron              
cooling faster  
than                    
stochastic but 
needs to be          
done at a                
rather low  
momentum.

Idea of electron cooling simple: a bunch of heavier 
particles, antiprotons/ions, travel through a constantly 
renewed electron beam with ~ same velocity so that 
ions transfers their energy to electrons (equipartition 
of energy). If electron velocity spread small, ion 
velocity spread becomes even smaller (µ 1/mass).
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Muon collider

(E.Wilson)

(E.Wilson)Muon collider of a few TeV a 
competitive option for a future 
lepton collider. At those  
energies muon decay delayed   
to several tens of ms.          
Contrary to electrons, muons not 
limited by synchrotron radiation.

muon decay length:
[ ] !"#$%&'())*+ !=µλ

Key is to be fast: produce,                        
cool, accelerate & collide muons      
before decay. Once they decayed     
have another bunch set ready to be 
injected. Muons obtained from pion   
decay in flight, lots produced as a 
proton beam hits a target. Overall 
scheme of a muon collider shown. 
Muons accelerated in multiturn   
linacs before injection into collider. 

[ ] !"#$%&'()*+, !=µτ

Key to good luminosity:   
single pass cooling;rough 
in monochromator & finer 
via ionization cooling, i.e. 

making beam go 
through thin absorbers & 
afterwards accelerate it. 
Doesn’t work for hadrons 

or electrons.
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Circular vs linear 
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Potential future colliders 
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Timelines
for

potential
future
colliders
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Linear colliders

Circular electron-positron colliders near their limits with 
LEP due to synchrotron radiation.Possible road forward
is a linear collider, where e- from one linac collide with 
e+ (target produced by e- beam) from another linac head-on.

Generic linear collider:

Contrary to circular colliders in a linear collider a fresh
batch of particles accelerated for each encounter Þ
continuously renewed beam power, high RF system
efficiency & large voltage gradients in accelerating
cavities to reduce linac lengths (< ~20 km) Þ high-
frequency linac structures to minimize stored energy
& maximize accelerating gradient Þ much smaller
accelerating cavities Þ more sensitive to instabilities. 

Moreover develop RF power sources at frequencies
far beyond those used for modern telecommunication.
Particle Physics Experiments 2025
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LC luminosity

Linear collider
luminosity: 

where 𝑓%4# repetition frequency (of bunch trains) & 𝐹56
geometrical beam-beam enhancement factor ~ 2. To 
limit power consumption 𝑓%4# = few – 100 Hz  (« LEP:         
~ 44 kHz) Þ sufficient high L requires nm size beams !!        
(LC: sxsy » (60-500) ´ (1-5) nm2« LEP: sxsy » 130 ´ 6 µm2)
beam-beam effects:  
-strong self-focusing in electric field of opposing bunch.      
-strong photon emission (”beamstrahlung”) ⇒ smearing
of collision energy, reduced by very flat beams (sx »sy).

luminosity & energy
limited by available
power & efficiency

to feed electrical power to beam.  Electrical power at           
most a few hundred MW. eplug ® RF » 30 - 40 %  &          
eRF ® beam » 20 - 60 % (CLIC 2-beam scheme ~ 95 %). 
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Luminosity lepton collider 
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ILC

International Linear Collider (ILC) core technology: 1.3 
GHz superconducting RF cavity also used for European
XFEL (currently in operation). Cavities installed in a cryo-
stat cooled at 2 K & operated at gradient 31.5 MV/m.

8000 cavities

ILC Baseline Configuration for 500 GeV

1 TeV
36.5 MV/m

50 km

500 GeV
31.5 MV/m

31 km

web-site
https://ilchom
e.web.cern.ch

Particle Physics Experiments 2025
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Technology 
ready for 
construction

XFEL= X-ray free-electron laser

More info: https://www.nature.com/articles/s42254-019-0044-4

https://ilchome.web.cern.ch/
https://ilchome.web.cern.ch/
https://www.nature.com/articles/s42254-019-0044-4
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Compact Linear Collider (CLIC)
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Key feature: 2-beam acceleration scheme; drive beam
(DB) deccelerated to produce RF for main beam (MB) »
”transformer” (high current & low field ® low current & high field)

web-site with further info:
https://clic.cern/

More info: https://www.nature.com/articles/s41567-020-0834-8

Operation at room 
temperature, despite 
higher losses higher 
gradient 72 MeV/m

https://clic.cern/
https://www.nature.com/articles/s41567-020-0834-8
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LC summary
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Compromise between the two technologies operating 
at ~80 K: “Cool Copper Collider” (C3) developed in US 
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LC summary

Particle Physics Experiments 2025
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No European decision yet: preparation phase postponed, 
currently continued CLIC technical development & optimization
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At CERN: FCC (Future Circular Collider):

In China: CEPC / SppC (Circular Electron 
Positron Collider, Super proton-proton Collider)

Qinhuangdao*(�� �*

easy*access*
300*km*east**
from*Beijing*
3*h*by*car*
1*h*by*train*�

Yifang*Wang*

CepC,%SppC%

“Chinese(Toscana”(

100%km%%
50%km%%

CEPC
• e+e- collider  

𝑠 = 90-360 
GeV

• focus Higgs

SppC
• Hadron 

collider to  
later be 
installed in  
same tunnel

• 𝑠 = 75-125  
TeV

FCC-hh
• pp collider 𝑠 =80 -115 TeV 
• Ion option
• Defines infrastructure

FCC-ee
• Potentially e+e- first 

𝑠 = 90-365 GeV

FCC-eh
• additional option 

Potential future circular colliders

Particle Physics Experiments 2025
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Future Circular Collider (FCC)
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Future Circular Collider (FCC)

web-site with future info: https://fcc.web.cern.ch/

https://fcc.web.cern.ch/
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Future Circular Collider (FCC)

More info: https://www.nature.com/articles/s41567-020-0856-2

Technology still being developed

https://www.nature.com/articles/s41567-020-0856-2
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Future Circular Collider (FCC)
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Circular Eelectron Positron Collider (CEPC)
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Circular Eelectron Positron Collider (CEPC)
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CEPC / European Strategy

Third update of 2006 
strategy:
2013, 2020
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Accelerator applications

Accelerators have very wide applications - started from  
needs in basic research on fundamental constituents.

Particle Physics Experiments 2025
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Recent review:
arXiv:2407.10216

U. Amaldi
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Applications of accelerators outside HEP

Commercial & industrial applications:

Particle accelerators - world wide

Particle Physics Experiments 2025
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From B.L. Doyle et al., Sandia Nat. Lab. report 2018-5903B 

PBT = 
proton 
beam 
theraphy
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medicine: 

• isotope production for tomography (”imaging”); 
mainly cyclotrons producing isotopes of 18F for 
positron emission tomography (PET)

• radiotheraphy - treatment of cancer tumours; 
mainly electron linacs producing x-rays. Easy to 
make intensive x-ray beams that can be well focused 

• proton/ion theraphy - treatment of cancer tumours 
deep in body (especially brain) or small tumours in 
sensitive organs (i.e. eyes). Better energy deposition 
profile than x-rays & able to make nm tumour surgery 

Medical applications

Particle Physics Experiments 2025
Colliders & accelerator applications  
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Cancer therapy

Particle Physics Experiments 2025
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Ion implantation

• Ion implantation: Ion implantation involves irradia-
tion of solids by beams of energetic ions emanating 
from particle accelerators. Typical energies employed 
on the order of 100 keV. Typical depths of penetration 
on the order of several 1000 angstroms, depending on 
energy, ion type & target material. In ion implantation, 
virtually any atomic species                                           
can be embedded to any                                                 
solid. Semiconductors like                                                 
silicon can alter conductivity                                                
by introducing small quantity                                                        
of dopant atoms like boron,                                                
arsenic and phosphorus.                                                    
Important to accurately                                                       
control number of implanted                                           
dopants & to place them at                                                            
desired depth. Ion implantation                                  
equipment typically consists                                                                  
of an ion source,                                                                           
an accelerator &                                                                        
a target chamber.                                                                 
Ions of desired                                                                
element produced                                                           
& accelerated to                                                                
a high energy.                                                                      
Magnet selects                                                               
desired beam &                                                                     
directs it towards                                                              
the material to                                                                       
be implanted. 
Particle Physics Experiments 2025
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Element analysis

Particle Physics Experiments 2025
Colliders & accelerator applications  



Kenneth Österberg V/49

Nuclear transmutation

Transmutation of nuclear waste: Nuclear waste from 
nuclear reactors is stored in storage pools, but nowa-
days storage pools start to be filled completely & radio-
active materials in waste have half-life period of million 
years. As alternative to deep underground repository,   
a new concept ADTT (Accelerator Driven Transmuta-
tion Technology) to dispose spent nuclear fuel is being 
developed. Aim: reduce half-life period of radioactive    
waste to a few centuries. Conceptual basis is to use 
neutrons to transmute radioactive elements such  as 
Plutonium and Neptunium to products with lower half-
life. Accelerator based conversion can also be used to                                                                       
destroy                                                                           
plutonium                                                                              
from                                                                                  
weapons                                                                          
& reactor                                                                              
fuel                                                                                              
sources                                                                                          
by                                                                                       
producing                                                                          
products                                                                                
with lower                                                                             
half-life.                                                                                      
Can burn                                                                                   
up to                                                                                         
98 % of                                                                                      
plutonium                                                                                         
-239 & 
90% of neptunium-237 from explosive material. 
Particle Physics Experiments 2025
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Applications of accelerators outside HEP

 Synchrotron Light 

5'-exonuclease from 

bacteriophage T5.

 Heavy ion fusion
Laser beam simulation

 Ion beams 
Etched ion tracks in 

polymer foil.

 Spallation Neutron 
diffraction 

Structure of HighTc

Superconductor

 Proton therapy 

Gantry 

 

 Surface treatment

 Sterilisation

 Polymerisation

 Nuclear waste handling 
…

Particle Physics Experiments 2025
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