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Abstract

Due to the increase in stored beam energy to almost
700 M1J in the High-Luminosity LHC, the safe handling
of any beam losses by the collimation system is more crit-
ical than at the LHC, designed for 362 MJ per beam. The
cleaning performance of the collimation system could be
negatively impacted by imperfections and errors in machine
elements. Errors in collimator jaw positions or angles, optics
and orbit, and machine aperture imperfections can produce
increased losses at sensitive locations. In addition, fast fail-
ure scenarios, such as asynchronous beam dumps, could
cause large single-turn losses, posing a potential threat to
different machine elements, including collimators. In this
paper, simulations with Xsuite were performed to assess the
performance of the collimation system, comparing results
for an ideal machine against scenarios including imperfec-
tions, and predicting the resulting beam losses around the
ring due to an asynchronous beam dump.

INTRODUCTION

Various imperfections can affect the performance of accel-
erators. While the design performance of the collimation
system in protecting the accelerator from beam losses is
initially assessed using simulations in an ideal lattice, it is
important to quantify the impact of realistic errors. In this
context, understanding how imperfections degrade the clean-
ing efficiency and affect loss distributions is a key ingredient
for a robust machine protection strategy.

Previous studies have highlighted the sensitivity of the
LHC collimation system [1-3] to imperfections in both colli-
mator settings and machine aperture [4,5]. Building on these
results, the present work focuses on errors in the upgraded
High-Luminosity LHC (HL-LHC) [6] on collimator jaw tilts,
transverse offsets, and half-gaps, as well as offsets of the
magnet apertures. For each collimator jaw and each error
source, values are sampled from a normal distribution, with
the widths derived from measurements [4]. By repeating the
simulations for many random seeds, the variation of the main
observables for collimation performance, namely the local
cleaning inefficiency and the losses on tertiary collimators
(TCTs) have been studied.

In addition, the LHC is exposed to a range of failure sce-
narios in which beam losses can become critical. Examples
include injection and extraction kicker failures, beam insta-
bilities, and failures of magnets or power supplies. Among
these, failures of the beam extraction system are particu-
larly critical, as they can generate large single-turn losses
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that may damage sensitive equipment, e.g. magnet aper-
tures or tungsten-based collimators such as TCLAs (shower
absorbers) and TCTs.

During a normal beam extraction, 15 horizontal kicker
magnets, called MKDs, rise from zero to full field syn-
chronously during a 3 ps abort gap (about 3% of the revo-
lution period) with no beam passing (see Fig. 1). An asyn-
chronous beam dump (ASDs) occurs when all MKDs fire
synchronously outside of the abort gap, hence giving inter-
mediate kicks to passing bunches that risk to be deflected
onto sensitive elements. In a single-module pre-fire (SMPF),
one of the 15 MKDs fires with beam passing, and the rest of
the kickers re-trigger shortly after. This is potentially more
critical than an ASD as more bunches can be mis-kicked
with the effect depending on which module fires first.
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Figure 1: Illustration of ASD.

In the following two sections, these studies are presented
in detail and summarised in the HL-LHC context.

MACHINE IMPERFECTIONS

The simulations were performed with Xsuite [7], using its
collimation package Xcoll [8] coupled with the default scat-
tering routine everest [9]. Xsuite also features coupling to
FLUKA [10-12], or Geant4 [13, 14], for collimator simula-
tions, but for this study everest was chosen due to its simpler
and faster model.

For the simulations, the optics correspond to the HL-LHC
round optics configuration v1.6, including a new high- g
optics in the collimation insertions (insertion region 3 - IR3,
and insertion region 7 - IR7) and 8* = 15 cm, relaxed
collimators settings as defined in [15], and the following rms
values for the normal distributions of the error parameters:

— Collimator tilts: 200 prad
— Collimator offsets: 180 prad

— Error on collimator centring: 0.17 sigma
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Figure 2: Cleaning inefficiency comparison in IR7 DS clus-
ters ¢ and ¢, clusters between perfect machine and various
configurations of errors. B1H and B1V upper and lower plot
respectively.

— Dipoles aperture offset: x-offset =2 x 1073 mm and
y-offset 1.5 x 1073 mm

Simulations were done using a direct halo hitting the pri-
mary collimator in either the horizontal or vertical plane as
in [5]. Both beams (B1 and B2) were simulated. Several sets
of simulations were done, starting from a perfect machine
without imperfections, and then introducing one error source
at a time to disentangle their effects. For each set of error
sources, 100 different random seeds resulting in different
imperfect machines were sampled, and 100 primary halo
particles were simulated for each machine. The results were
analysed in terms of losses on TCTs and the average cleaning
inefficiency (7) in the clusters of losses in the dispersion
suppressor(DS) downstream of IR7 as in [5]. For each set of
errors, the average and standard deviation over the random
seeds were calculated.

Figures 2 and 3 show the results for the cases without
imperfections, with just tilts (T), tilts and offsets (TC), tilts,
offsets and gaps (TCG), and all error sources combined
including also aperture offsets (TCGA), for  and TCT losses.
Since the B2 results are qualitatively equivalent, only B1 is
shown here. Based on the calculations presented in [15], the
requirementisa g < 5x 107>m~! and TCT losses << 1072.
Although n and TCT losses increase with imperfections
compared to the perfect machine, the values remain within
acceptable limits for all cases, with more than one order of
magnitude of margin below the plastic deformation threshold.

EXTRACTION FAILURES

The simulations use the same HL-LHC v1.6 optics, with re-
laxed collimator settings, and both beams are simulated. The
workflow consists of simulating several Gaussian bunches
separately, considering only those bunches that are affected
by the rising kicker field and kicked at amplitudes of poten-
tial concern for the aperture. This corresponds to a specific
time window, since initially the kick introduces only small
perturbations to the bunches, which are then fully deflected
on their second turn, while at later times the MKDs become
strong enough to kick the bunches cleanly to the dump chan-
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Figure 3: TCTs in IR1 and IRS losses comparison between
perfect machine and various configurations of errors. B1H
and B1V upper and lower plot respectively.

nel without any aperture losses. To define the strength of the
MKDs, measurements from actual accidental firings were
used, as reported in Ref. [3, 16]. In total, about 60 bunches
were simulated, with 5x 10® macroparticles per bunch. Fig. 4
shows the full lossmap produced by summing the losses over
all bunches and normalising to the actual expected bunch
intensity of 2.2 x 10! protons/bunch.

The main objective of this study is to quantify the safety
margins for the collimator half-gaps, which are already safe
in this nominal configuration, as will be shown in the results
below. In this context, the simulations aim at assessing the
sensitivity of the system to imperfections by modifying the
relative margins between collimators and investigating how
large these changes can be before the losses become relevant.
A critical input to identify if unsafe conditions occur is the
damage limit of collimators and other affected elements in
terms on number of protons lost. Reference [17] indicates
that to avoid plastic deformation of the tungsten, these losses
must remain < 5 x 109 protons.

Among the collimator hierarchy, the TCDQs and TCSPs
are the primary protection devices in the dump region, posi-
tioned to intercept the beam in the event of an asynchronous
beam dump and thereby shield the downstream aperture and
sensitive elements. Additionally, the tungsten-based TCTs
and TCLAs are relatively non-robust and must be protected
from large single-turn losses that could lead to plastic defor-
mation or damage. A dangerous situation can therefore arise
either if the TCDQs/TCSPs are too far away from the beam,
or if the sensitive tungsten collimators TCTs and TCLAs
come too close to the beam halo.

To prove these two regimes, three different scans were
performed: the TCDQs/TCSP were opened in steps of 20,
while the TCTs and TCLAs were closed in steps of 1¢. This
scan strategy allows us to systematically evaluate how the
safety margins change with respect to both the protection de-
vices in the dump region and the tungsten-based collimators,
and to identify the operation windows in which the system
remains robust against fast failure scenarios.
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Figure 4: Lossmap for a Bl ASD at 7 TeV. HL-LHC v1.6 round optics with 15 cm g* and relaxed collimator settings.

Figures 5-7 show, respectively, the losses on various colli-
mators in the scans of TCDQ, TCLAs and TCTs, for a perfect
optics without errors. The Beam 2 results are more critical
since Beam 1 has IR7 right after the dump in IR6, allowing
for a better energy deposition in this case. Therefore, only
Beam 2 is presented here. In all the figures, only the colli-
mators with highest losses in each family are included, these
being the primaries (TCPs), secondaries (TCPs), TCLAs
and TCTs. The least critical case is that of the TCTs. Start-
ing from nominal settings of 11.4 ¢, the horizontal TCT in
IRS approaches the plastic deformation threshold at 3-4 ¢
tighter setting. For the TCLAsS, the results indicate that these
collimators can be safely closed down by about 2.5-3 ¢. In
contrast, opening the TCDQs impacts several downstream
collimators, including the TCSGs and TCLAs. Since the
latter are tungsten-based, the limiting factor in this scan is
the load on the TCLAs, in which case the damage limit is
reached at a 2.5 ¢ more open TCDQ setting.
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Figure 5: Proton losses on various collimators as a function
of TCDQs/TCSP half-gap opening, for a B2 SMPF at 7 TeV.

CONCLUSIONS AND OUTLOOK

The simulations presented in this work show that, even when
realistic machine imperfections are taken into account, the
HL-LHC collimation system operates well within the re-
quired safety margin for both cleaning inefficiency and TCT
losses. For the imperfection scenarios considered, the av-
erage values over many imperfection seeds remain below
the reference limits, with the worst case configuration still
reasonably below the critical thresholds. This indicates that,
for normal operation, the expected background from tertiary
collimators should remain low for the HL-LHC experiments.
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Figure 6: Proton losses on various collimators as a function
of TCLAs half-gap closing, for a B2 SMPF at 7 TeV.
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Figure 7: Proton losses on various collimators as a function
of TCTs half-gap closing, for a B2 SMPF at 7 TeV.

In the context of fast failure scenarios for a perfect machine,
the analysis of a single-module pre-fire of one extraction
kicker confirms that the settings of tungsten-based collima-
tors such as TCLAs and TCTs are robust with sufficient
safety margins. For the TCTs, the jaws can be closed by up
to about 3-4 ¢ from their nominal setting before expected
beam losses during the studied failure reaches the plastic de-
formation limit. The TCLAs can be closed down to 2.5-3 ¢
without exceeding the same limit. If the TCDQs are opened
beyond 2.5 ¢, losses on TCLAs become too high. The re-
sults provide clear guidance for defining safe operational
settings for the collimators in the HL-LHC, in the presence
of realistic machine errors. Future work could extend the
study to include errors in the ASD, additional failure types
and different HL-LHC optics configurations, in order to fur-
ther refine the robustness of the collimation system and to
support the design of more flexible, yet safe, high-luminosity
operation scenarios.
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