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Introduction

« The LHC: biggest and most powerful particle accelerator ever built

What does it mean?

e Quench limit Bl

15-50mJ/cm?3

Very sensitive machine:
~ 1079 between stored energy
and quench limit!
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Highly efficient collimation system needed for a safe beam disposal at any time!
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Cleaning performance

Main limitations:
1. Interaction with the collimators can causes a change of rigidity
2. Beam losses occur in the first cold dipoles seen
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Performance defined by losses on those magnets w.r.t. on primaries
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~x102 worse cleaning $ ~x5 cleaning improvement

than with p to reach ~20MJ target for Pb
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Crystal assisted collimation for LHC

Four Strip (110) crystals installed in the betatron cleaning insertion: two per beam, one per plane
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Reduction of inelastic interactions :» Reduced losses
B1 B2 at primary stage on limiting locations
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Outline

. Operational deployment
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» First p channeling at the LHC: 450 GeV and 6.5 TeV (PLB 758 (2016): 129—133)
» First Pb channeling at the LHC: 450 Z GeV

« First channeling during energy ramp
» First assessment of cleaning performance with p beams
* First Pb channeling at the LHC: 6.37 Z TeV (EPJC 81 (2021): 1-7)

» First channeling of Xe at 450 Z GeV 6.5 Z TeV, together with
assessment of cleaning performance

* First channeling during squeeze and collision
» First operational use in a physics run (PRApplied 14.6 (2020): 064066)
* Operational tests with 6.37 Z TeV Pb beams (PRAB 27.1 (2024): 011002)

* Crystal collimation baseline HL-LHC upgrade for heavy ions collimation
» Installation of two upgraded device

« Demonstrated x5 improved cleaning with new devices
* Replaced two remaining devices with upgraded version
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Main challenges — Identify channeling

Monitoring of losses at the crystal location as a function of its angle

—— Experimental Data
2.00 —e— Simulations

LHC Collimation
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 Main outcomes:
v" Optimal channeling orientation depending on transverse crystal position (minimum of losses)
v’ Crystalline lattice quality (depth of well due to reduction of nuclear interaction rate)
v Qualitative evaluation of geometrical bending (well extension)
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Main challenges — Validate crystal performance

Monitoring of losses at absorber as a function of its position, while crystal in channeling

Deflection angle [prad]
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 Main outcomes:
v" Multi-turn channeling efficiency depending on transverse crystal position (error function plateau)

v' Geometrical crystal bending (displacement of channeled halo)
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Main challenges — Keep the channeling during ramp
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Piezo goniometers

State-of-the-art control on linear and angular position:

v “O” shaped replacement chamber avoids
impedance issues during high intensity proton beams

v' Stepper motors for linear movements ensures 5 um resolution
(derived from collimation system)

v' Interferometer-based piezo-controller in closed loop for angles:
» RMS angle stability 0.3 = 0.6 prad

» Peak-to-peak angle stability ~1 prad

Replacement chamber
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Operational deployment

cccC Crystals are orchestrated in harmony
(CERN Control Centre) with all the other components of the
FEC Large Hadron Collider!

High level applications for
settings and device handling

edicated Front-End
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Main high level tools for dewce handling

C Expert appllcatlon F

Fast identification of crystalline planes orlentatlon\

aaaaaaaaaaa

osses (Gyls) (x1e-06)

v" Manual handling of devices

- J \U ¥ Loss pattern recognition based on 1D-CNN )

4 Optimization of channeling orientation N [ Operational handling R
VR N P

\ v" Achieved required resolution of 0.1 6, )\ ¥ Settings in LHC database and automated motion )
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lll. 2023 heavy ions run
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Heavily relying on preparatory activities with p beams

Only 4 days dedicated to beam commissioning ' (e.g. optics corrections, crystals characterization, ...)

Peak of ~17.4 MJ achieved! (limitations in injectors and LHC prevented to reach target ~20MJ)

b Never deployed crystal collimation with such high intensity and high energy beams, and for so long!

bConcerns on long term stability due to very tight channeling acceptance at LHC top energy
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Operational configuration for crystal collimation

50 mm

Two producers:
INFN-Fe and PNPI

Absorbers

Design bending
50+ 2.5puyrad=B=310T @ 7 TeV!
Core strategy: adiabatic insertion
v’ Crystal primary stage defining cleaning performance
v' Standard system fully in place to ensure phase space coverage for protection in case of failures
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Commissioning (example vertical crystal on Beam1)

, , 5) Preliminary validation
2) ldentify channeling

via loss maps
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v’ All 4 crystals & full system commissioned in <12h
v' Energy ramp commissioned the 24t Sept.
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Cleaning performance
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Performance stability

« Good overall stability with no loss of reference frame over 5 weeks

Entire heavy ion run performed with only 1 alignment during initial commissioning!

» Issue detected: drifts in time of optimum crystal orientation within a fill

Successfully mitigated at top energy with auto-pilot deployment for a continuous automated optimization

Example horizontal crystal on Beam1  Fi-sunches Example horizontal crystal on Beam1 - sunches
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Potential source: uncontrolled heating by impedance of a goniometer component
leading to a change in crystal orientation not caught by interferometric loop
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IV. Conclusions
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Conclusions

 The LHC: very powerful but very sensitive machine

B Highly efficient collimation system needed for a safe beam disposal at any time!

« Excellent performance of standard collimation system with p beams

B A factor ~x5 cleaning improvement needed to reach target stored energy with Pb beams

« Crystal assisted collimation deployed operationally in the LHC after a long and intense journey

b Several challenges overcome; state-of-the-art hardware, controls, handling, and simulation developed

« First operational use of crystal assisted collimation with up ~17.4 MJ with 6.8 Z TeV beams for 5 weeks in 2023!

B Achieved required improvement of cleaning performance
Good overall operational performance, working on orientation drift with high intensity beams
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Crystals lifetime and damages

» TJest of cystalline structure degradation as function of integrated dose: 2p
1. 9 Crystals characterised at the H8 extraction line from SPS 27 -.///VS
2. Irradiated with 2.5 - 102'cm2 thermal neutrons at SCK-CEN BR2 reactor 776-po
S0, 5

3. Characterisation repeated at H3

* Main outcome:
v" Reduction of single-pass channeling efficiency from ~67% to ~59% with an equivalent dose of >5.5 years of operations

(with both p and Pb)
v Replacement every LS may be envisaged but not strictly needed as multi-turn effect may compensate reduced single-

pass channeling efficiency

£,

» Test of thermo-mechanical stresses in case of accidental irradiation during operations: .
1. 2 Crystal characterised at the H8 extraction line from SPS ’ 0/20
2. lIrradiated at the HiRadMat CERN facility with 2.5x10'3 440 GeV/c protons, with a pulse length of 7.2 us. 79/7
3. Characterisation repeated at H8 ‘2'933

 Main outcome:
v" No reduction of single-pass channeling efficiency observed
v" No macroscopic damage, as cracks, vitrification or deformations in case of accidental beam impact at injection from the
SPS, or due to an asynchronous beam dump at maximum energy.
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