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The Large Hadron Collider (LHC)

CMS = 8 arcs (~3 km)
Totem = 8 straight sections (~700 m).
= Two-in-one magnet design
RF Dump = 4 interaction points (IPs): IP1, IP2, IP5, IP8

= |[P2 / IP8: beam injection
= |[P6: beam dump region
= |[P4: RF (acceleration)

Momentum Pt7 [I [I Betatron =IP3/IP7:beam cleaning systems
cleaning cleaning
Nominal and achieved key LHC parameters
Pt8 Design 2018 2024
* Injection energy (TeV) 0.45 0.45 0.45
LHCb Top energy (TeV) 7 6.5 6.8

Particles per bunch, /r (1011) 1.15 1.2

Number of bunches per beam 2808 2560 2352
Stored beam energy, Ep (MJ) 362 300
Beam current (A) 0.58 0.48 0.74
Transverse emittance (um) 9,75 2.1
Colliding beta function, £~ (m) 0.55 0.30

underground
tunnel
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Present performance at 6.8 TeV

— ATLAS —CMS —ALICE —LHCb

22000 §
20000 3
18000 3

—r
L,
o O
o O
o O

12000 3
10000 +H—F——————r——-F——— [ o
8000 3
6000 3
4000 3
2000 3
0:

Luminosity [Hz/ub]

| ]

2024-05-23 2024-05-24 2024-05-25 2024-05-26

= Levelled luminosity at 2.1 x 10°*cm2s" ("limited” by cryogenics at triplets) o 4
Levelled on experiments pile-up around 60.

= Bunch current 1.6 x 10"p, limited to minimise risks of RF finger damage X 1.4
= Beam stored energy at 6.8TeV: ~430MJ (2023). X 1.2
= Emittance typically below 2um in all planes Xx1.9
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Circulating beamé

- Cleaning insertion > —Arc(s)— — IP —

It fulfils various critical roles

— betatron halo cleaning (IR7)
off-momentum cleaning (IR3)
Inner triplet and detector protection (IR1/2/5/
Disposal of physics-debris products (IR1/2/5
Injection protection (IR2/8)
Beam-dump protection (IR6)

Run 3 system: more than 100 collimators!
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Collimation cleaning performance at 6.8 TeV
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HL-LHC target parameters

Parameter Nominal LHC HL-LHC 25ns
(design report) (standard)
.. Beam energy in collision [TeV] 7 7| LHC Ma gnet system
L U 2,2E4+11 LHC injector complex;
Ny 2808 2760 . .
- —y sieal  HL-LHC new collimation
Beam current [A] 0,58 1,1
Half Crossing angle [prad] 142,5 250
Minimum B” [m] 0,55 0,15 HL-LHC triplet magnets
€, [um] 3,75 2,50
g, [eVs] 2,5 3,03
Piwinski parameter 0,65 2,66 o
Peak Luminosity without crab-cavity [cm™ s™] 1,00E+34 8,1E+34 HL-LHC crab cavities
Virtual Luminosity with crab-cavity: Lpeak*R1/RO [cm™s™] - 1,70E+35 HL-LHC new collimation
Events / crossing without levelling and without crab-cavity 27 212
' Levelled Luminosity [cm™s™] - 5,0E+34*
{Events / crossing (with leveling and crab-cavities for HL-LHC) ’ 27 131 Machine o pe ration &
|Leveling time [h] (assuming no emittance growth) ¢ . 7,2 3Vai | 3 bl | Ity
n,/ injection 288 288
g, at SPS extraction [pum] > 3,5 2,1 LHC iniECtOr COmpleX

Lead ion beams (Run 3) L o : - |
I [108Pb] : 0.7 — 1.8 Collimation upgrade pillars: (1) better cleaning efficiency;

N 592 — 1240 (2) impedance reduction; (3) cleaning collisional debris at
HHD I ﬁ@ E,IMJ]  :3.8 — 205 higher luminosity. Both protons and ions!




HL-LHC collimation upgrade

IR collimation: Completely new \
layouts and collimator designs:
IR1+IR5: incoming and outgoing.
Full remote alignment system

(FRAS) / Crystal-assisted collimation (Pb ions) \ LSZ

4-8 bent crystals, 50 yrad bending
IP7 (betatron cleaning)
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beams from ion physics 155, Momentum Betatron  Tcsesi | Impedance reduction: low-impedance,
Toseas | | rosess  Cleaning cleaning  roseair [T ross ey high robustness secondary collimators:
’ : : TCSG.B5R7
TToLAASLS rosoasry| | 1SS DERT coated MoGr and coated Gr
: - TCSG.E5R7 ) .
" Cinba resshenr | | JesseRr Un-coated MoGr primary collimators. L S 2 +L S3
TCLA.7L3 T_(E%%CG?§7 T(SLL:&?S; — . , ‘
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TCLA.ATR7 ¢ ~

LS: Long Shutdown
LS2: 2019-2021 LS2+LS3

| 53+ 2026-9029 WP5 devices to be installed:
) ) fConsoIidation (not HL): low-impedance / I—82 1 4 movable CO”imatOrS
primaries (material from WP5), renew

controls, maintain / replace rest of system &geas I—83 30 new CO”“ nators
[ ] ° £ -
HILCUm0 ) ’ cEn) — + 12 fixed masks (IR1/5)
HL-LHC PROJECT 7
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HL-LHC collimation upgrade

IR collimation: Completely new \
layouts and collimator designs:
IR1+IR5: incoming and outgoing.
Full remote alignment system
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Crucial upgrades took place
in LS2: LHC Run 3 operation

already profiting!

J

LS2+LS3

-
Consolidation (not HL): low-impedance
primaries (material from WP5), renew

controls, maintain / replace rest of system
.

WP5 devices to be installed:
LS2: 14 movable collimators
LS3: 30 new collimators

+ 12 fixed masks (IR1/5)

S. Redaelli, ICHEP2024, 18/07/2024




Upgrades that took place in LS2
— Dispersion suppressor collimators, 1R2
— Low-impedance secondaries (coated), IR7
— Low-impedance primaries, |IR7
— Passive absorbers for IR7
— Crystal primary collimators in IR7 (2022-2023)
22 collimators built, 18 for installation (4 spares)

6 crystal collimators (spares)

Pictures: I. Lamas, C. Bahamonde

4 Impedance reduction: low-impedance, high )
robustness secondary collimators: coated MoGr
Un-coated MoGr primary collimators.
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TCSG.4R3 Momentum
cleaning
L3

TTTTTT

TCSGA4LT

Betatron TCSG.AALT

sssssss cleaning

TTTTTTTT

“‘ ) \ A collimation: Secondary
Very successful | beams from ion physics

collaboration across

several groups in
the ATS sector!

,/
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New low-impedance collimators (MoGr)

Molybdenum-graphite (MoGr), novel material developed:
- X5 better conductivity than carbon fibre composite (CFC)
- X100 with Mo coating

Un-coated MoGr for primary collimators, Mo-coating for secondary collimators

S. Redaelli, ICHEP2024, 18/07/2024




New low-impedance collimators (MoGr)

Molybdenum-graphite (MoGr), novel material developed:

- X5 better conductivity than carbon fibre composite (CFC)

- X100 with Mo coating

Un-coated MoGr for primary collimators, Mo-coating for secondary collimators

MoGr+Mo CFC

« Comparison ongoing with models ongoing,

|_|| m , CERN _ L -
‘HL-LHC PROJECT \\/)l results In Run 3 are very pr0m|3|ng! S. Redaelli, ICHEP2024, 18/07/2024
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New collimation system in interaction regions
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Prototypes of “X” collimators
TCLPX extremity, top view
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Operational configuration for Pb ion run

Crystal scheme — “adiabatic”
insertion in to the betatron system

CRY — Si crystal (4mm)
TCPTCSG%TCSG __________ ICLA . bent to 50urad is
equivalent to
- ~300T at 7TeV!
IR7 collimation region
;850 - gg'/;gflyp‘r’mﬁ’%’%iﬂimamr See talks by N. Canale for an
TCS = secondary collimator
%%’A 2 ?ehrct)ivavreyr gc?lﬁg?rgz%rrs (in experiments) introduction and by F. Hermes for

other applications at the LHC

Scope: improve collimation cleaning for heavy ion beam
Technology tested extensively at the LHC energy during Run 2,
before deploying a new system with 4 crystals in |IR7.

Acknow.: Bent crystal for HL-LHC
produced by INFN-Fe and PNPI S. Redaelli, ICHEP2024, 18/07/2024
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Measured crystal collimation cleaning
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The HL-LHC HEL design

The HELSs for beam collimation cannot
” / on core from e-beam asymmetries. materialise for LS3 given the situation in EU
‘_@@' O ot on proton orbit from boncing and the cancellation of Russian in-kind.
Earliest installation in LS4 — removed
} from the present scope of HL-LHC.
9 .z0. Actively pursuing halo limitation studies,
e and presently re-assessing the needs.

Electrons — “§” shape to compensate effects

, Dipole
| corrector (p)

collector

This is a small accelerator!
- Cryogenics and magnetic system;
- Electron gun and collector;
- Electron and proton beam diagnostics; «
- Vacuum system;

HiLUMm .) ﬁE/RW - Support and alignment systems.

S S

__Talk yesterday
by WPI3

Hollow electron beams can control the halo diffusion and
population, enhancing the collimation performance.
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FCC-hh collimation

|n FCC_hh, faCtOr ~30 hlgher Cold aperture, superconductors Cold aperture, superconductors
stored beam energy than in | oas poverupia 87141 ; ~ 30-100 Wi
LHC design & collimation __—— —"E

. B 7T V, 362 MJ
e)(tremely Cha"englng! E— Beam: 42-60 TeV, 7-10 GJ
Also: higher energy > smaller G ]

gaps > Iimpedance constraints

~ Simulated cleanrng performance
Using multi-stage system as in LHC, with shorter o —3
primaries, additional absorbers and dispersion 10 — .‘.‘.‘.’.‘.t‘.:.‘::‘.‘::.".i.
suppressor collimators 10 o
- 10~ %
Very challenging to achieved good cleaning E. s 3
performance = further optimization to be done " o il
................................................................. =
10 }:-
Important with thermo-mechanical studies of impacted 07 w‘ """" h """" ‘“ """ ‘[ 3
CO"imatorS to See that they SurVive . l')‘ "()('l()!) »l(l(')()() (‘()(')()() S0000 %
s [m]

Courtesy R. Bruce
See G. Perez talk on FCC-hh design S. Redaelli, ICHEP2024, 18/07/2024
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Comparison of lepton collider

M. Hofer, FCC-oee Z

g 10'1 M. Moudgalya
« FCC-ee is the FCC first stage e*e- collider S o
> 90.7 km circumference, tunnel compatible with FCC-hh 3
> 4 beam operation modes, optimized for production of different particles: % 10°} ~2 orders of  recQezn
Z (45.6 GeV), W (80 GeV), H (120 GeV), tthar (182.5 GeV) : fi— magnitude >
« FCC-ee presents unique challenges & 107 i v &
> Unprecedented stored beam energy for a lepton collider: up to 17.5 MJ méeam Energy [GeV] o
,' in the Z operation mode (45.6 GeV) ‘
' > Highly destructive beams betatron off-momentum |
> Beam halo collimation indispensable to protect the machine A A
| ! | | '
from unavoidable beam losses o _“ gy L R |
« Dedicated straight section for beam halo collimation il Ey : Hor. coll. | e C
> Two-stage betatron and off-momentum collimation system . 4000 - — p, | T ek - 1.0
in one insertion E | H05 =
> Ensure protection of the aperture bottlenecks = 2000 [N ~ oo R
in different conditions O ‘ A N ‘ "‘ Lo
33(I)OO 33%00 34(I)OO 34500 35000

S [m]




Conclusions

Reviewed the LHC collimation needs and performance
Excellent performance, enabling LHC operation well beyond design parameters!

The HL-LHC upgrade required an improved beam collimation on various fronts

New challenges mainly related to increased beam current and higher peak luminosity

Main pillars: lower impedance; better cleaning (ions); better detector protection and physics debris
Two-stage approach for collimation upgrade enable performance boost already in Run 3.

New technologies and designs were developed and are already being tested f

Novel materials for low-impedance collimation solutions, without and with coating

Crystal collimation of heavy-ion beams
New warm collimators in the cold dispersion suppressor region
Novel 2-in-1 design to address the challenges of the new HL-LHC experimental insertions

This provides a solid base for collimation solutions for future projects

FCC-hh collimation well defined, profiting from key solutions for HL-LHC
FCC-ee collimation design actively being worked on




