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Outline

* Brief overview of
* Interactions of

« Secondary particle production and showers

« Radiation effects typically considered in collider magnet design
* Simulation tools ( )
e Radiation load to superconducting magnets - representative examples:

(final focus magnets)
(final focus magnets)
(solenoids in muon production area, collider ring magnets)




Landscape of present & future high- energy colliders*

#this selection is not a complete list e (¥ Bt

O Fcc
© Muon Collider
= CHEC

. CERN: LHC, HL-LHC ( )
. BNL (US): RHIC, EIC ( )

Rough comparison of sizes, does not show exact placement

 Higgs and electroweak factories

Type Particle Collision Circumf.
. : + - - species energy or length
» Circular or linear e*e-colliders ( )
 Beyond Higgs factories (energy-frontier machines) rccee Circ e+l 91-365GeV  9lkm  Europe
. T+~ . CEPC Circ et+/e- 91-360 GeV 100 km China
* Linear e*e colliders ( ) |
CLIC stage 1 Linear e+t/e- 380 GeV 11 km Europe
° il’ | I Acronyms: ILC250 Linear e+/e- 250 GeV 20 km Japan
C cula pp ( LHC = Large Hadron Collider
. HL-LHC = High-Luminosity LHC
« p*wp collider ~ Relativist |
H IJ' ( RHIC_ = Relativistic Heavy lon Collider CLIC stage 2/3  Linear etle 1.5/3 TeV 29/50 km Europe
EIC = Electron lon Collider
FCC = Future Circular Collider ILC upgrade Linear etle 0.5/1 TeV 31/40 km Japan
. . CEPC = Circular Elec. Pos. Collider _
Red = superconducting rings CLIC = Compact Linear Collider FCC-hh Circ p 81-115 TeV 91 km Europe
ILC = International Linear Collider : .
% /f( SPPC = Super Proton-Proton Collider SPPC Cire 125 Tev 100 km China
Accelerator Systems \§ MC = Muon Collider Muon Collider Circ 3/10 TeV 4/10 km  US/Europe




High Luminosity-Large Hadron Collider (HL-LHC)

« Collides 6.8 TeV protons in four collision points (1/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
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FUTURE
Future Circular Collider (FCC) C COLLIDER
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« 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 1/s=80-115 TeV) — mostly
superconducting magnets

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

Options considered for FCC-hh:
» LTS (Nb3Sn) magnets (14 T dipoles)
» HTS (REBCO) magnets (20 T dipoles)




Muon Collider

BCG vaccin: t !
cattle pp.141 33

« Muon Accelerator Program (MAP) formed in the US in 2011
(now terminated) /wéeNrgiﬁiﬁqn:rl

+ 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 o

> Large aperture/high-field solenoids for the front-end and cooling (HTS) B
> High field magnets (e.g. 16 T dipoles) in the collider ring (LTS or HTS) MUON SHOT

Schematic view of Muon Collider complex:
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Radiation to SC magnets in high-energy colliders

LHC quadrupole cross section

Circulating beams

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

Beam Screen

Cold Bore

Superconducting Coils

Stainless steel Collars

Iron Yoke Laminations

Positron sources nertiature He |l Vessel
Muon sources

Bus Bars

When high-energy particles interact with surrounding materials, they generate
a mixed radiation field composed of and with a
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Interactions of high-energy particles in matter —
lepton machines (1/2) /
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At quyer energies other processes releyant Photo-electric “wof Pair production
(ionizing energy loss, Compton scattering, dominated =~ Compton \dominated
dominated

photo-electric effect)

Lepton machines (e.g. FCC-ee, Muon Collider): €
secondary radiation fields are mainly composed
of electrons, positrons, phOtOﬂS and to a roughly continues until electron/positron

energy falls below below critical energy

lesser extent also neutrons and other hadrons
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Interactions of high-energy particles in matter
hadron machines (2/2)

High-energy hadron on nucleus: g
~ Particle  Meanlife  Main decay mode A P canil
e | =
Fast stage (10%#s) B Protons (p) stable - — T
- (%) " Neutrons (n) 880s n— pe” Ve e ~ EM sh
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Fission products can also
undergo evaporation

ction small)

roughly continues until particle energy
falls below pion production threshold

Residual nuclei can be unstable (radioactive)

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
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Interaction of

Rad|at|0n effeCtS particles with matter
relevant for SC — ~
magnets Instantaneous Cumulative

« Power density in coils « lonizing dose [GyY]
[mMW/cm?]

« Atomic displacements [DPA]
« Power depositionin cold

mass [W]

« Gas production [H/ He appm]

Need to avoid systematic performance Need to avoid premature equipment
limitations due to excessive heat deposition failures (i.e. limited lifetime)
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Radiation transport simulations

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)

S
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pp collision debris (ATLAS)

Benchmarking simulation models

Vast amount of ionization chamber measurements from LHC operation: - Brygiem Tl b gy
many opportunities to benchmark energy deposition simulations ol b e Se TR -
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Radiation to HL-LHC final focus magnets P

Figure credit:@8=LHC project

- proton-proton collision debris  law B) quac
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Radiation to HL-LHC final focus magnets Y

Vacuum chamber

Tungsten-alloy shielding
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Radiation to HL-LHC final focus magnets Y

MQXF (N bgsn) - Hadron fluence spectra in the Q1B inner coils (for 3000 fb'1)
1 0 F T T T T R | T T T ™3 - -
i NPr?tons E Pions dominate above
16 | eutrons l
10" £ Charged pions 200 MeV
. Charged kaons ]
o~ 107 F
e : Neutrons (<20MeV)
S 10' i nevertheless DPA
S ,a13
s 10
S 102
ol | | ™ Fluence accumulated
_ over full HL-LHC era
1 01 0 | P Ll ol Al | P | PR PR
1071072 107"° 107® 10 107* 102 10° 102 10* /
Energy (GeV)

Q1b inner coils (averaged over coil volume):

Neutrons Protons Charged pions Charged kaons
1.1x10'7 cm™ 8.3x101 cm 1.7%10% cm 1.2x10'4 cm

SZ I
CERN SY ¥ STIN:
\\ Accelerator Systems N A



Like for HL-LHC, the final focus
guadrupoles near the FCC-hh
detectors are exposed to the highest
radiation load in the FCC-hh ring

- proton-proton collision debris

FUTURE
CIRCULAR
+ COLLIDER

Cumulative dose and DPA in Q1 coils after
full FCC-hh era 30 ab! (with 4 cm internal
tungsten shielding):
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International
UON Collider
Collaboration

150 - J- Manczak, D. Calzolari

Chicane composed Nedtrons
| . 100 | Charged pions
of resistive solenoids - qénoid Pherons
(HTS)
_ 50 I S shei g
- £
Superconducting S Ll
solenoids (HTS) >
-50
-100 | Figure: two protons on tarzet - sec. particles with E,;,>1MeV
0 200 400 600 800 1000 1200 1400 1600
z (cm)
20T
Tungsten shielding with - 5 GeV proton beam (2 MW) on graphite target rod

.......... : UETRCIER EFErE * Production of charged pions = captured by solenoid

-------- Graphite target and fields (20 T peak field at target) = decay into muons
Primary proton beam ta rget vessel

Target vessel \:‘ QV

Beam window v

« Only atiny fraction of the power is converted into useful
muons - most of the power dissipated in target area

« Significant radiation shielding needed to protect
magnets

Graphite
target rod

o
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UON Collider
ollabqration

Radiation to solenoid around n/u production target m

J. Manczak, D. Calzolari

5x10° DPA

Target vessel

Solenoid DPA-NRT (5 years)
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Radiation to muon collider ring magnets %%o;;
Picture shows thce(:)IIaboration
horizont_al plane of

a generic arc section
(dipoles only)

40

Magnets

20

Decay neutrinos:
irrelevant for
radiation load to
machine

X (cm)
5

Decay e": bent

« Collider ring: circumference of 10 km, B=16T it::;arrg:,:he
 Muons are unstable - t,,=0.1s at 5 TeV \
i . 80 , Similar picture

* Decay e’ are a very Slgmflcant source of 0 500 | 1000 1500 2000 2500 3000 3500 4000 applies to p+

radiation in the collider ring - 500 W/m z (cm)
« Continuous shielding inside magnets Inside magnets: " y

needed along the full ring to reduce heat * Secondary EM / ' e carries on

load and radiation damage cascades (€, €", ) HWw, w, average 35%of

* Neutron production <::e' muon energy
(photo-nuclear

= . .
= Sy 7}’;\ interactions)
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Radiation to muon collider ring magnets il

Assuming 5 years
with 140 days of
operation per year

lonizing dose (MGy) in coils (5 years) DPA (NRT) in coils (5 years)
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Conclusions

e 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

* | 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
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Radiation to solenoid around m/p production target =~

Target vessel
Solenoid

100

50

Graphite target rod
-100

Water (few cm) +

Tungsten
Boron carbide (0.5 cm)

shielding

Assuming 5 years with 140 days
of operation per year
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Comparison of selected circular colliders

Operational Possible future project Possible future project

_ Large Hadron Collider (LHC) Future circular colliders (FCC) Muon Collider (MC)
I R BT rechn | wcisatey) | mcwsioTey

Type Hadron collider Lepton collider Hadron collider Lepton collider

Particle species p* p* e-/e+ p* W=/t W=/t

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

Bunches/beam 2350 2760 11200 ... 64 1 1

Bunch intensity 1.6x10%? 2.2x10%! 2.16x10% ... 1.48x10!! 1.0x10%! 2.2x10%2 1.8x101?

Circumference 26.7 km 90.66 km 4.5 km** 10 km™*

collider ring

Collider ring Mostly SC Mostly SC Mostly NC, except final Mostly SC Mostly SC Mostly SC

magnets [LTS (NbTi)] [LTS (NbTi + few  focus [LTS (NbTi) or HTS  [LTS (Nb3Sn) or HTS [LTS (Nb3Sn) or [LTS (Nb3Sn) or HTS
Nb3Sn magnets)] considered] considered] HTS considered] considered]

Dipole field collider 81T 8.1-8.33T 61 mT 14T-20T 10T 16T

ring (arcs)

SC magnets in None Only for positron source Possibly for pre- In front-end, cooling section, and

injector complex (solenoid) [HTS] accelerators and accelerators

and transfer lines? transfer lines

* Also ion collider (parameters not shown)
** The rapid cycling synchrotrons of the injector have a larger circumference
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