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•Brief overview of high-energy collider landscape 

• Interactions of high-energy particles in matter

• Secondary particle production and showers

•Radiation effects typically considered in collider magnet design

• Simulation tools (Monte Carlo radiation transport codes)

•Radiation load to superconducting magnets - representative examples:

•High-Luminosity LHC – HL-LHC (final focus magnets)

• Future Circular hadron-hadron Collider – FCC-hh (final focus magnets)

•Muon Collider (solenoids in muon production area, collider ring magnets)



Operational and upcoming (2030+) high-energy colliders

• CERN: LHC, HL-LHC ( 𝒔=13.6-14 TeV)

• BNL (US): RHIC, EIC ( 𝒔=20-140 GeV)

Different options for future colliders are presently being 

studied (timeline could be from 2040s*)

• Higgs and electroweak factories

• Circular or linear e+e- colliders ( 𝑠=90-380 GeV)

• Beyond Higgs factories (energy-frontier machines)

• Linear e+e- colliders ( 𝒔=few TeV) 

• Circular pp ( 𝒔=O(100) TeV) 

• µ+µ- collider ( 𝒔=O(10) TeV) 

Landscape of present & future high-energy colliders#
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Rough comparison of sizes, does not show exact placement

#this selection is not a complete list

Type Particle 

species

Collision 

energy

Circumf.

or length

Where

Proposals for future machines: Mature Higgs factory studies

FCC-ee Circ e+/e- 91-365 GeV 91 km Europe

CEPC Circ e+/e- 91-360 GeV 100 km China

CLIC stage 1 Linear e+/e- 380 GeV 11 km Europe

ILC250 Linear e+/e- 250 GeV 20 km Japan

Proposals for future machines: Beyond Higgs factories

CLIC stage 2/3 Linear e+/e- 1.5/3 TeV 29/50 km Europe

ILC upgrade Linear e+/e- 0.5/1 TeV 31/40 km Japan

FCC-hh Circ p 81-115 TeV 91 km Europe

SPPC Circ p 125 TeV 100 km China

Muon Collider Circ µ+/µ- 3/10 TeV 4/10 km US/Europe

Acronyms: 

LHC = Large Hadron Collider 

HL-LHC = High-Luminosity LHC 

RHIC = Relativistic Heavy Ion Collider

EIC = Electron Ion Collider

FCC = Future Circular Collider 

CEPC = Circular Elec. Pos. Collider 

CLIC = Compact Linear Collider

ILC = International Linear Collider

SPPC = Super Proton-Proton Collider

MC = Muon Collider

*some earlier, some later

Red = superconducting rings



The LHC is presently the highest-energy particle collider

• Collides 6.8 TeV protons in four collision points ( 𝒔=13.6 TeV) 

• The HL-LHC upgrade will increase the collision rate (luminosity) in the 

ATLAS and CMS detectors (from 2030)

• Most of the LHC ring (27 km) is composed of SC magnets (all LTS):

➢ Mostly NbTi-based (e.g. 8.7 T bending dipoles)

➢ New Nb3Sn-based quadrupoles (and other magnets) will be 

installed near ATLAS/CMS

High Luminosity-Large Hadron Collider (HL-LHC)
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Future Circular Collider (FCC)
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Options considered for FCC-hh:

➢ LTS (Nb3Sn) magnets (14 T dipoles)

➢ HTS (REBCO) magnets (20 T dipoles)

The Future Circular Collider (FCC) study led by 

CERN is developing a staged collider program 

for 2045-2090 

• Stage 1: FCC-ee (Higgs, electroweak & top factory 

with 𝒔=91-365 GeV) – only a few 

superconducting magnets

• Stage 2: FCC-hh (energy frontier proton-proton 

collider with 𝒔=80-115 TeV) – mostly 

superconducting magnets

91 km ring



Muon Collider
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doi.org/10.1140/epjc/s10052-023-11889-x

Proposal and studies for muon colliders exists since decades, several 

R&D efforts in the last 15 years

• Muon Accelerator Program (MAP) formed in the US in 2011                   

(now terminated)

• CERN-led International Muon Collider Collaboration (IMCC)

formed in 2022, with the goal to study the feasibility of a 𝒔=10 TeV muon 

collider

• Superconducting magnets are key for the entire Muon Collider complex

➢ Large aperture/high-field solenoids for the front-end and cooling (HTS)

➢ High field magnets (e.g. 16 T dipoles) in the collider ring (LTS or HTS)

Schematic view of Muon Collider complex:

https://doi.org/10.1140/epjc/s10052-023-11889-x


Radiation to SC magnets in high-energy colliders

7

When high-energy particles interact with surrounding materials, they generate 

a mixed radiation field composed of different particle types and with a 

wide energy spectrum

Beam particles circulating in an accelerator/collider can be lost or 

can emit secondary particles → radiation to magnets, for example:
• Hadron collider ring (e.g. HL-LHC, FCC-hh, SPPC): 

➢ Proton-proton collisions in detectors

• Electron/Positron collider ring (e.g. FCC-ee, CEPC)

➢ Beam-beam effects (radiative Bhabha, Beamstrahlung)

➢ Synchrotron radiation emission

• Muon collider ring

➢ Muon decay

Superconducting magnets can also be subject to radiation in other 

parts of a collider complex, in particular in particle sources:
• Positron sources

• Muon sources

Circulating beams



Interactions of high-energy particles in matter –
lepton machines (1/2)
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High-energy (≥ 10s MeV) electrons, positrons and 

photons generate electromagnetic showers 

(Bremsstrahlung emission and pair production)

Lepton machines (e.g. FCC-ee, Muon Collider): 

secondary radiation fields are mainly composed 

of electrons, positrons, photons and to a 

lesser extent also neutrons and other hadrons 

Credit: PDG

At lower energies other processes relevant 

(ionizing energy loss, Compton scattering, 

photo-electric effect)

Neutron (and other hadron) production 

possible (≥ 5-10 MeV) due to photo-

nuclear interactions



Interactions of high-energy particles in matter -
hadron machines (2/2)

9

High-energy hadrons are subject to nuclear collisions, which 

give rise to hadronic showers and further to electromagnetic 

showers  

Hadron machines (HL-LHC, FCC-hh, but also hadron-driven particle sources like muon sources): 

secondary radiation fields are mainly composed of protons, neutrons, pions, photons, electrons/positrons

In rest frame



Radiation effects 
relevant for SC 
magnets  
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Interaction of 

particles with matter

Cumulative Instantaneous

• Power density in coils 

[mW/cm3]

➢ Can lead to magnet quenches 

(not destructive but can limit 

machine performance)

• Power deposition in cold 

mass [W]

➢ Heat needs to be evacuated by 

the cryogenic system 

(performance limitation, cost)

• Ionizing dose [Gy]

➢ Can affect material properties of 

organic materials (coil insulation, 

spacers, …)

• Atomic displacements [DPA]

➢ Can affect the properties of 

superconductors (Tc, …)

➢ Can affect structural materials

• Gas production [H / He appm]

➢ Can lead to void formation, …

Need to avoid systematic performance 

limitations due to excessive heat deposition

Need to avoid premature equipment 

failures (i.e. limited lifetime)

Depending on the machine, 

different effects might be 

dominant

Internal rad shielding 

needed in many cases

Shielding

Coils

HL-LHC MQXF Nb3Sn magnet



Radiation transport simulations
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Monte Carlo radiation transport studies are fundamental for quantifying the 

radiation environment and for designing shielding for new colliders 

• Studies need to start early in the design phase of new machines

• Various codes exist (FLUKA, Geant4, MARS, PHITS), which enable a 

coupled transport of hadrons and leptons

• FLUKA is used the standard tool for CERN machines and facilities (from 

targetry studies to beam losses in present and future colliders)

➢ Power deposition 

➢ Radiation damage (DPA and gas production)

➢ Particle yield optimization for particle production sources

➢ Radiation field and background characterization

➢ Radiation to electronics

➢ Radionuclide production and residual dose rates



ionization chambers

1500 cm3, N2 gas (@1.1bar) 

FLUKA model

Benchmarking simulation models
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Vast amount of ionization chamber measurements from LHC operation: 

many opportunities to benchmark energy deposition simulations

Betatron halo collimation 

pp collision debris (ATLAS)

pp collision debris (LHCb)

Agreement between FLUKA 

simulations and measurements 

typically within several 10%



Radiation to HL-LHC final focus magnets
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The new HL magnets near the 

ATLAS and CMS detectors will be 

exposed to the highest radiation 

load in the entire HL-LHC ring 

→ proton-proton collision debris

Q1
Q2a

Q2b
Q3

D1

CP

Q1
Q2a Q2b Q3 D1

vacuum 

Figure credit: HL-LHC project

MQXF nominal operation (7 TeV): 

16.23 kA, 132.2 T/m; 11.3 T Bpeak

Q1-Q3



Radiation to HL-LHC final focus magnets
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Nb3Sn Nb3Sn Nb3Sn NbTi

Figure credit: C. Garion

Tungsten-alloy shieldingCooling 

channels

Vacuum chamber

Beam 

screen

No annealing due to thermal 

cycles of magnets considered

Cumulative dose and DPA in triplet coils after 10 yrs – 3000 fb-1 (with 

0.6-1.6 cm internal tungsten shielding):

DPA-NRT Ethr=40eV

With cm tungsten shielding, 

dose and DPA acceptable

F. Cerutti, M Sabaté-Gilarte



Radiation to HL-LHC final focus magnets
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Fluence accumulated 

over full HL-LHC era

Neutrons Protons Charged pions Charged kaons

1.1⨯1017 cm-2 8.3⨯1014 cm-2 1.7⨯1015 cm-2 1.2⨯1014 cm-2

Q1b inner coils (averaged over coil volume):

Pions dominate above 

200 MeV

Neutrons (<20MeV) 

nevertheless DPA

MQXF (Nb3Sn)



Radiation to FCC-hh final focus magnets

16

Q1
Q2

Q3

Cumulative dose and DPA in Q1 coils after 

full FCC-hh era 30 ab-1 (with 4 cm internal 

tungsten shielding):
Like for HL-LHC, the final focus 

quadrupoles near the FCC-hh

detectors are exposed to the highest 

radiation load in the FCC-hh ring

→ proton-proton collision debris

With 4 cm shielding, dose 

and DPA remain high

B. Humann, I. Besana



Muon collider front end (muon production)
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• 5 GeV proton beam (2 MW) on graphite target rod

• Production of charged pions → captured by solenoid

fields (20 T peak field at target) → decay into muons

• Only a tiny fraction of the power is converted into useful 

muons → most of the power dissipated in target area

• Significant radiation shielding needed to protect 

magnets

Captured π+/-/µ+/-

Figure: two protons on target → sec. particles with Ekin>1MeV

35 cm
80 cmTarget vessel

Graphite 
target rod

Beam window

J. Manczak, D. Calzolari



Radiation to solenoid around π/µ production target
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Solenoid

Graphite target

Target vessel

Tungsten 
shielding

Water (few cm) + 
Boron carbide (0.5 cm)

35 cm
120 cm

35 cm

Cumulative dose and DPA around target with 35 cm shielding (after 5 yrs):

1 DPA
105 MGy

DPA in HTS 

coils is mainly 

due to neutrons 

(5x10-3 DPA →

3x1019 n/cm2)

50 MGy
5x10-3 DPA

Assuming 5 years with 140 days 

of operation per year

Ethr=40eV

Ethr=90eV

With 35 cm shielding, dose 

and DPA remain high

Thermal 

neutrons 

captured 

by boron

J. Manczak, D. Calzolari



Radiation to muon collider ring magnets
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Magnets
Picture shows the 

horizontal plane of

a generic arc section

(dipoles only)

Decay e-: bent 
towards the 
inner side

Synchrotron photons
emitted by decay e-
towards inner and outer
aperture

Decay neutrinos: 

irrelevant for 

radiation load to

machine

Inside magnets:

• Secondary EM 

cascades (e-, e+, γ)

• Neutron production 

(photo-nuclear 

interactions)

Similar picture 

applies to µ+

e- carries on 

average 35% of

muon energy

Vacuum

• Collider ring: circumference of 10 km, B=16T

• Muons are unstable → τav=0.1s at 5 TeV

• Decay e-/+ are a very significant source of 

radiation in the collider ring → 500 W/m

• Continuous shielding inside magnets 

needed along the full ring to reduce heat 

load and radiation damage



Radiation to muon collider ring magnets
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Cumulative dose and DPA in coils of arc dipoles 

after 5 yrs (with 3 cm thick tungsten shielding):

Assuming 5 years 

with 140 days of 

operation per year

S
im

u
la

ti
o
n
 c

u
t 
e

- /
γ

<10-4 DPA20 MGy

Ethr=90eV

Ethr=30eV

With 3 cm shielding, dose 

and DPA acceptable

No annealing due to 

thermal cycles of 

magnets considered

DPA in HTS coils is mainly 

due to neutrons (10-4 DPA 

→ 2x1017 n/cm2)



Conclusions
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• Superconducting magnets in high-energy collider facilities are exposed to mixed 

radiation fields (hadrons, electrons/positrons, photons)

• Radiation damage studies (Monte Carlo transport simulations) are essential 

from the early design phase of a machine

• I many cases, the ionizing dose in the coils (insulation materials) is driven by 

secondary photon/electron fields produced in secondary EM cascades

➢ can reach excessive values, but can often be well reduced with shielding  

• Displacement damage in superconductors is often dominated by secondary 

neutrons despite the mixed radiation fields 

➢ shielding evidently more difficult; understanding of acceptable limits is 

essential for the design of new collider facilities



home.cern



Radiation to solenoid around π/µ production target
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Solenoid
Target vessel

Tungsten 
shielding

Water (few cm) + 
Boron carbide (0.5 cm)

35 cm
120 cm

35 cm

Secondary particle fluence

around target:

Graphite target rod

Assuming 5 years with 140 days 

of operation per year
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Comparison of selected circular colliders
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Large Hadron Collider (LHC) Future circular colliders (FCC) Muon Collider (MC)

LHC (2024) HL-LHC FCC-ee FCC-hh MC ( 𝒔=3 TeV) MC ( 𝒔=10 TeV)

Type Hadron collider Lepton collider Hadron collider Lepton collider

Particle species p* p* e-/e+ p* µ-/µ+ µ-/µ+

Particle energy 6.8 TeV 6.8-7 TeV 45.6 … 182.5 GeV 40.5 – 57.5 TeV 1.5 TeV 5 TeV

Bunches/beam 2350 2760 11200 … 64 1 1

Bunch intensity 1.6x1011 2.2x1011 2.16x1011 … 1.48x1011 1.0x1011 2.2x1012 1.8x1012

Circumference 
collider ring

26.7 km 90.66 km 4.5 km** 10 km**

Collider ring 
magnets

Mostly SC
[LTS (NbTi)]

Mostly SC
[LTS (NbTi + few 
Nb3Sn magnets)]

Mostly NC, except final 
focus [LTS (NbTi) or HTS 

considered]

Mostly SC
[LTS (Nb3Sn) or HTS 

considered] 

Mostly SC
[LTS (Nb3Sn) or 
HTS considered] 

Mostly SC
[LTS (Nb3Sn) or HTS 

considered] 

Dipole field collider
ring (arcs)

8.1 T 8.1-8.33 T 61 mT 14 T - 20 T 10 T 16 T

SC magnets in 
injector complex 
and transfer lines?

None Only for positron source 
(solenoid) [HTS]

Possibly for pre-
accelerators and 

transfer lines

In front-end, cooling section, and 
accelerators

* Also ion collider (parameters not shown)

** The rapid cycling synchrotrons of the injector have a larger circumference

Operational Construction Possible future project Possible future project


