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Accelerator Applications
Many uses of accelerators exist or are considered
Å Colliders for particle physics
Å Linacs or rings for fixed target experiments
Å Rings and linacs as light sources
Å Medical accelerators, e.g. for cancer treatment
Å Security applications, e.g. scanners at ports
Å Driving nuclear reactors
Å Military applications
Å Χ
They can have a mixed use, e.g. the LHC provides particle collisions and fixed target collisions

Plenty of colliders have operated for particle physics and hopefully there will be more in the future
Will focus on one example for each type
Å The LHC and HL-LHC as the current flagships, which push the energy frontier
Å The colliders proposed for the ESPPU as the most advanced concepts of their type

Å FCC-ee is the preferred option, if feasible and competitive
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1928: First linear accelerator (in Aachen)
1964: first electron-positron collisions (in Frascati)
1966-1971: ISR, first proton-proton collider
Today: several colliders (LHC, Super KeKbΣ Χύ



Projects
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Electron-positron Z up to 230/240 GeV
FCC-ee can be upgraded to ttbar

pp (hh) around 85+ TeV    muons up to 10 TeV                               

electron-hadron         electron-positron Z to 240/380 GeV

upgrades up to 1.5 TeV (CLIC)
maybe more with new technlogy



Estimated Costs
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Particle Accelerator Fundamentals

Accelerate charged particle: force is given by

Typically particles are accelerated to 
gain energy using RF cavities that have 
longitudinal fields

Typically particles are guided on the trajectory 
by magnetsthat have transverse fields

RF and magnetsare key technologies and typicallydrive the cost
But manyother technologies are alsoimportant
Å Vacuum, beaminstrumentation, cryogenics, machine protection, collimation, CLIC 

stabilisationand alignment system, ...
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Collider Particle Choices
Å Hadron collisions: compound particles

ï Protons or ions

ï Mix of quarks, anti-quarks and gluons: variety of processes

ï Parton energy spread

ï QCD processes large background sources 

ï Hadron collisions  Ý can typically achieve higher collision energies

Å Lepton collisions: elementary particles

ï Sofaralways electrons and positrons

ï Muons are an option but have limited lifetime

ï Collision process known

ï Well defined energy

ï Lepton collisions  Ý precision measurements

Å Photons also possible
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Hadron Colliders
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LHC
I guess, everybody is familiar
Operation started 2008
Å Some event happened
Producing physics since 2010 
in the LEP tunnel
Higgs discovery 2012
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Two multi-purpose experiments
Å ATLAS and CMS

Two specialisedexperiments
Å ALICE and LHCb
Å Combined with injection

Other insertions
Å Betatroncleaning
Å Momentum cleaning
Å RF insertion
Å Dump insertion



FCC-hh Layout

ÅExact four-fold symmetry (FCC-ee layout)
ÅFour experiments (A, D, G, & J)
ÅTwo collimation insertions
Åbetatroncleaning (F)
Åmomentum cleaning (H)

ÅExtraction insertion + injection (B)
ÅRF insertion + injection (L)
ÅLast part of transfer lines in the ring tunnel, 

using normal-conducting magnets
ÅCompatible with LHC or SPS as injector

Injection
Injection

transfer lines proposed to be 
installed inside FCC-hh ring tunnel

Beam dump

Betatron collimationMomentum
collimation

RF
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Nominal Key Parameters

LHC HL-LHC FCC-hh

Cmsenergy [TeV] 14 85

Luminosity [1034cm-2s-1] 1 5 (lev.) 30

Machine circumference 26.7 90.7

Arc dipole field [T] 8.33 16

Bunch charge [1012] 1.15 2.2 1.0

Beta-function [cm] 30 (g. 55) 15 (u. 10) 30

Bunch distance [ns] 25 25 25

Background events/bx 27 135 1020
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Dipole Basic Concept
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Need two apertures with opposite field to bend both proton beams
If the beams had different signs of charge one aperture could be sufficient

Vertical field= horizontal deflection [I/ ƳŀƎƴŜǘ ŎƻƴŎŜǇǘ όά/ƻǎƛƴŜ ¢ƘŜǘŀέύ
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LHC: E=7 TeV, ́=2.8 km, B = 8.3 T,FCC-hh: E=50 TeV, ́=10.6 km, B = 15.6 T

r =
T

0.3GeV

E

B



High-field Magnet Technologies
Superconducting magnets reach highest fields
Å Limited by current flow, magnetic field, stress in conductor

Three main technologies for the cables

NbTi(niobium-titanium)
Å is standard, used in LHC limited to O(8 T), 2-4 K operation

Nb3Sn (niobium-tin)
Å can reach O(14-16 T), 2-4 K operation
Å but difficult technology and needs to mature further
Å expensive
Å Used in some points for HL-LHC
Å Foreseen for FCC-hh also in arcs

HTS (high-temperature superconductor, often REBCO)
Å can likely reach O(20 T) or more in dipoles, 2-20+ K operation
Å in solenoids > 30 T demonstrated
Å very expensive, but cost is coming down fast

Cut through a NbTicable 
with superconductor 
embedded in copper, so 
some remaining 
conductivity in case of a 
quench
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Luminosity

Luminosity determines the event rate: Rate = luminosity x cross section

Luminositydepends on the geometrical overlap of the colliding beams

Bunch charge (N2=N1N2)

Horizontal rms beam size
(Gaussian beam)

Vertical rms beam size
(Gaussian beam)

Number of bunches times 
circulation frequency
= collisions per second
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F

Somewhat less than one
All sort of detail



Hadron Collider Luminosity Drivers
Use high beam current

Risks:
Å High stored energy and losses
Å Impedance and electron cloud
Å Aperture should be minimised for dipole cost
Å High synchrotron radiation load due to high beam 

energy

Make small emittance and large charge

Limited by emittance growth, 
imperfections and particle losses

Squeeze the beam as much as possible
Mitigate more collision debris due to higher 
luminosity and energy

For integrated luminosity:
Å Fast turn-around critical for luminosity
Å Minimise time for stops etc.
Å High availability with more components than LHC
Å Maximising current also maximises time between new fills
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Some Key HL-LHC Ingredients 

Improved collimators 
design and material
Tolerate larger N

Additional collimators to protect 
arcs
Stronger dipoles to make space 
for additional collimators
Tolerate larger N

Higher field focusing 
magnets at experiments
Decrease beta-function

Crab cavities to reduce 
luminosity reduction by 
crossing angle
(recent first tests in SPS)

Civil engineering and 
more cryogenics
Tolerate increased N

And many more
LƴǎǘǊǳƳŜƴǘŀǘƛƻƴΣ ǾŀŎǳǳƳΣ ŀǾŀƛƭŀōƛƭƛǘȅΣ Χ
hǇǘƛŎǎ ŘŜǎƛƎƴΣ ŜƭŜŎǘǊƻƴ ŎƭƻǳŘΣ ƛƳǇŜŘŀƴŎŜǎΣ Χ
Mostly to tolerate larger N

Injector upgrade
Increase N
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Improved detectors
Tolerate larger luminosity



Interaction Region and Final Focus Design
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Beamsize at IP: 3.5 microns

Beamsize at IP: 7 microns

Making a smaller beam at the IP 
requires more aperture in the magnet, 
makes the design ore challenging

HL-LHC compared to LHC:
Å aperture from 7cm to 14 cm
Å BQ from 210 to 140 T/m
Å move from NbTito Nb3Sn 

FCC-hh example
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Lattice property Beam property

Particle coordinates 
at one location

Particle coordinates 
at other location

Area ʁ does not 
change



Interaction Region and Final Focus Design
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Total collision debris per experiment

Å O(2 kW) for LHC

Å O(10 kW) for HL-LHC

Å O(500 kW) in FCC-hh

LHC final triplet magnets have to be replaced due to the 
accumulated radiation

Shielding is required and further increases magnet 
aperture

Shield (TAS)
Magnets

FCC-hh example

In LHC / HL-LHC 400 to 800 MJ per beam

In FCC-hh 8 GJ kinetic energy per beam
Å Airbus A380 at 720 km/h
Å 2000 kg TNT
Å 400 kg of chocolate

ï Run 25,000 km to spent calories
Å O(20) times LHC
Å Can drill 300 m long hole in copper

FCC pattern 

LHC pattern 
(same scale)



LHC Operation Cycle

The LHC obtains its beam froma chain of injectors

Typically few hours to fill and several hours of luminosity
In HL-LHC will limit luminosity to avoid too much background in the 
detector
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HL-LHC operation:
Limit the luminosity to limit the background

Luminosity run:
protons are being lost



Electron-positron Colliders
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Electron-positron Luminosity

Linear collider have polarisedbeams 
(80% e-, ILC also 30% e+)

Energy dependence:

At low energies circular colliders look good
Å Reduction at high energy due to 

synchrotron radiation
Å Loss per turn

At high energies linear colliders excel
Å Luminosity per beam power roughly 

constant
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Circular 
colliders

Linear colliders



Linear Collider Principle
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Note:
[ƛƴŀŎǎ ƳŀƪŜ ƛǘ άŜŀǎȅέ ǘƻ Ƴŀƛƴǘŀƛƴ polarisedbeam

One linear collider existed sofar: SLC



Examples of ILC and CLIC Main Parameters

Parameter Symbol [unit] SLC ILC CLIC

Centre of mass energy Ecm [GeV] 92 250 380

Luminosity/IP L [1034cm-2s-1] 0.0003 2.7/2 4.4/2

Luminosity in peak L0.01 [1034cm-2s-1] 0.0003 1.0 1.3

Polarization (e-/e+) [%] 80/0 80/30 80/30

Gradient G [MV/m] 20 31.5 72

Particles per bunch N [109] 37 20 5.2

Bunch length z̀ώ˃Ƴϐ 1000 300 70

Collision beam size x̀,y [nm/nm] 1700/600 516/7.7 149/2.0

Bunches per pulse nb 1 1312 352

Bunch distance ɲǘ[ns] - 554 0.5

Repetition rate fr [Hz] 120 10 100
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ILC Main Linac Unit

Accelerating cavities
O(65%) of linac length

Accelerating cavitiesBeam guiding quadrupole
Beam position monitor
Corrector kicker
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ILC Cavities
Superconducting cavity (Ni at 2 K)
Standing wave structure
RF frequency is 1.3 GHz, 23 cm wavelength
Length is 9 cells = 4.5 wavelengths = 1 m

klystron load damping antenna

Pulsed operation:
5 x 1.6 ms pulses per second
Gradient is 31.5 MV/m

In rings typically
Å no pulsing
Å lower frequencies (400 MHZ in LHC)
Å lower gradient (O(<20 MV/m))
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Cavity Performance and Limits

Control of material

Nitrogen infusion

High pressure rinsing

BakeoutElectropolishing
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Theoretical gradient limit is 50-60 MV/m
Å But can quench at lower gradient
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XFEL industrial 
production following 
ILC baseline process

ILC TDR acceptance

Q0-value can degrade with 
gradient, which pushes limits 
of cryogenics

Cavities perform differently, 
through away the worst



Note: Pulsed Operation

0.9ms 0.73ms

5 RF pulses of 1.6 msper second (1312 bunches in 0.73 ms):

Need energy in cavity to make the gradient
Å Each bunch takes out small fraction of the energy
Å Use many bunches in a train and refill between bunches

Losses from stored energy in cavity walls requires pulsed operation
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Note: Cryogenics

   

Pcryo =
1

h

Troom - Tsource

Tsource

´ Ploss

Pcryo » 700´ Ploss

Cavities have small losses

Pulsed about 1W/m

But cooling costly at low temperatures

Remember Carnot:
   

Ploss = const
1

Q0

´ G2

The typical heat load of 1 W/m
Ý about 1 kW/m power 

consumption for cryogenics

Average RF power: 1.6kW/m (3kW/m)
Power into beam about 0.7kW/m 

D. Schulte,  Colliders, EDIT, March 2026 27



CLIC Accelerating Structure (1.5 and 3 TeV)

12 GHz, 23 cm long, normal conducting
Loaded gradient  up to 100 MV/m, limited by breakdown
Ý Allows to reach higher energies
Ý 140,000 structures at 3 TeV

But strong losses in the walls
Ý 50 or 100 RF bursts per second
Ý 240 ns, 60 MW, 312 bunches
Ý Power during pulse 8.5 x 106 MW (3000 x ILC), 

O(100,000) klystrons?

Power flow
- 1/3 lost in cavity walls
- 1/3 in filling the structure and into load
- 1/3 into the beam

Average RF power about 3 kW/m
About 1 kW/m into beam
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CLIC Two-beam Concept

100 A drive beam

1.2 A main beam

Total instantaneous power of O(10TW)

100 A drive beam

1.2 A main beam

2m
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CLIC: The Basis
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Long train of drive beam bunches is 
chopped and merged to short intense 
trains



DRIVE BEAM 
LINAC

COMBINER
RING

CLIC Test Facility (CTF3)

DELAY 
LOOP

CLEX

TBL

Two Beam 
Module
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Beam-beam Effect

½ ŘƛǊŜŎǘƛƻƴ ώ˃Ƴϐ

Dense beams focus each other
Ý emitt beamstrahlung

Beam-beam force on

Typically aim for O(1)
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Note: Background

Note at multi-TeV:
Beamstrahlungand virtual photons can turn into 
pairs in strong field (coherent pair production 
and trident cascade)

Colliding virtual and beamstrahlung
photons can produce electron-positron 
pairs (incoherent pair production) 
O(105) per bunch crossing
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FCC-ee Design Considerations

Electron-positron collider for Z, WW, ZH and with 
upgrade tt production

Consistent with later implementation of hadron 
collider
Å Long tunnel

Option for four high-luminosity experiments
Å Use four-fold symmetry

Civil engineering studies ongoing

Alternative solution is LEP3
Å Re-use of LHC tunnel
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Beam particles emit important synchrotron radiation

At 182.5 GeV (maximum energy), loss of 10.4 GeV or ~6% per turn

Design choice: limit radiation power to 50 MW per beam, 100 MW total

Lower intensity at higher energy => lower luminosity

Synchrotron radiation in FCC-ee

Parameter Z WW ZH Tt

Ecm [GeV] 91.2 160 240 365

E [GeV] 0.0394 0.374 1.89 10.42

N [1010] 21 15 12 15

nb 11200 1780 440 60

I [mA] 1270 137 27 4.9

Beamsize[µm/nm] 8.8/36 20/47 13/37 50/40

L [1034 cm-2s-1] 144 20 7.5 1.4
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*At 230 GeV

Note: Beams collide with crossing 
angle

LEP3: L [1034 cm-2s-1] 40 6.20 1.6* -



Layout

Double ring e+e- collider

Two or four experiments

Å Asymmetric Interaction Region layout and 
optics to limit synchrotron radiation towards 
the detector 

Å Horizontal crossing angle of 30 mradand crab 
waist collision scheme

Perfect 4-fold superperiodicityallowing 2 or 4 
IPs; 

Synchrotron radiation power 50 MW/beamat 
all beam energies

Top-up injection scheme for high luminosity

Å Implies booster synchrotron in collider 
tunnel
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Beam Lifetime

Beam lifetime is short (18-200 minutes)
Å Bremsstrahlung
Å Beamstrahlung
Å Χ

Short beam lifetime requires top-up injection
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Parameter Z WW ZH tt

Ecm [GeV] 91.2 160 240 365

L [1034 cm-2s-1] 141 20 5 1.25

Beam lifetime [60s] 50 42 100 100

L lifetime [60s] 22 16 14 12

Bunchlength[mm] 5.6 3.5 3.4 1.8

Bunchl. w. BS [mm] 15.5 5.4 4.7 2.2

Fun fact:

Bremsstrahlung cross section and 
proton-proton are both around 100 mb

Hence can only get int L = 10 / b per 
particle

Muons do better, since bremsstrahlung 
cross section is much smaller



Top-up Injection

Inject small bunches next to circulating bunches

They will merge due to synchrotron damping
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Super KEKb

3 km double ring,
top-up injection 

ǿƻǊƭŘΩǎ ƘƛƎƘŜǎǘ ƭǳƳƛƴƻǎƛǘȅ 
4.7x1034 cm-2s-1 & lowest b*

e+e- collider

Å by
* = 0.8 mm demonstrated

ÅCollision with large crossing angle compensated by sextupoles schemes (as in DAFNE and as foreseen in FCC-ee) 
ÅDesign luminosity not reached so far due to intensity limitation (fast beam losses) in Super KEKB 

Design parameters
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FCC-ee Technologies

Cost effective magnets

Two-in-one design of dipoles and 
quadrupoles

Optimised windings to reduce cost and 
power consumption

Optimised RF cavities
Single cells at low energy:
Å Low voltage but high current
Four-cell cavities at high energy:
Å Low current but high voltage
High frequency at highest energies

Efficient klystrons, based on design ideas for CLIC
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Muon Colliders
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Muon Collider Concept

42
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Short, intense 
proton bunch

Protons produce 
pions which decay 

into muons which are 
captured

Ionisation cooling of 
muon in matter

Acceleration to 
collision energy

Collision

¢ƘŜ Ƴŀƛƴ ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƘŜ ǎƘƻǊǘ Ƴǳƻƴ ƭƛŦŜǘƛƳŜ ˍ Ґ ʴ Ȅ нΦн ˃ǎ
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Muon Cooling Principle
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Energy loss = cooling Multiple scattering = heating

High field solenoids minimisebeta-
function and impact of multiple 
scattering



MICE: Cooling Demonstration

44

D. Schulte,  Colliders, EDIT, March 2026

Principle of ionisationcooling 
has been demonstrated
Use of data for benchmarking is 
still ongoing

Nature vol. 578, p. 53-59 (2020)

More particles at smaller 
amplitude after absorber is 
put in place

More complete experiment with 
higher statistics, more than one 
stage required

Integration of magnets, RF, 
absorbers, vacuum is engineering 
challenge

44



Muon Cooling Technology
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MAP proved gradient
Å Initial RF designs
ÅMore RF design ongoing 

to optimise beamloading

Challenges:
ÅNC RF cavities in magnetic field (30 MV/m)
ÅHTS magnets (up to 40 T in final cooling)
ÅBright beam hard on absorbers and windows

ÅCan evaporise liquid hydrogen

MuCooldemonstrated >50 
MV/m in 5 T
ÅH2-filled copper
ÅBe end caps

6D cooling cell engineering design almost ready

Key conclusions:
ÅReady to ramp-up effort, in particular 

prototyping and experimental work, also 
beamdynamics

ÅNeed RF test stands for experimental 
optimization

ÅFirst window tests performed with protons
ÅUse of H2 gas in final absorbers
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Physics and Detector Concepts
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MUSIC
(MUonSystem for 
Interesting Collisions)

MAIA
(Muon Accelerator
InstrumentedAperatus)

Key conclusions:
Full simulations show good physics performance 
with near-term technology in spite of BiB
Å But important improvements are possible

Need strong R&D for optimization and integration 

Proper investment crucial to enable exploitation 
of full muon collider potential in available time 
using new technologies, AI, and ML

Challenges:
Å High-energyleptondetector

requirements
Å Background from muondecayand 

beam-beam effects(BiB)
Å 60,000 decaysper m and 

bunchcrossing(500 W/m)
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LHeC
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Electron-hadron collider: LHeC/FCC-eh

DS

Jorgen 
5ΩIƻƴŘǘ Ŝǘ ŀƭΦ

Note: HERA, based on two 
rings operated at DESY


