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Abstract

During some periods in its second physics run (2015-
2018), the LHC has been operated with 2°Pb%2* jon beams
at an energy of 6.37 ZTeV. The LHC is equipped with a
betatron collimation system, which intercepts the transverse
beam halo and protects sensitive equipment such as super-
conducting magnets against beam losses. However, hadronic
fragmentation and electromagnetic dissociation of heavy
ions in collimators generate off-rigidity particles, which can
be lost in the downstream dispersion suppressor, putting
the magnets at risk to quench. An accurate modelling of
the beam-induced energy deposition in the collimation sys-
tem and superconducting magnets is important for quantify-
ing possible performance limitations arising from magnet
quenches. In this paper, we compare FLUKA shower simu-
lations against beam loss monitor measurements recorded
during the 2018 298Pb82* run. In particular, we investigate
fast beam loss events, which led to recurring beam aborts
in 2018 operation. Based on these studies, we assess the
ability of the simulation model to reproduce the observed
loss patterns in the collimation and dispersion suppressor
region.

INTRODUCTION

Complementing its rich proton physics programme, the
Large Hadron Collider (LHC) at CERN also stores and col-
lides fully stripped heavy ion beams (298Pb32+) [1]. Heavy-
ion operation typically takes place in the last few weeks
before the regular winter shutdowns. In the second LHC
physics run (2015-2018), a heavy ion energy of 6.37 ZTeV
and a beam intensity of 1.54x10! Pb ions (733 bunches)
was achieved. While the LHC has been designed to store
3.8 MJ per Pb ion beam, it significantly surpassed this value
during Run 2 (12.9 MJ) because of the higher-than-nominal
intensity [2]. The stored energy is expected to reach an even
higher value of 20-20.5 MJ in future runs due to a further
increase of the ion energy (6.8-7 ZTeV) and beam intensity
(2.23x10'! Pb ions, 1240 bunches) [2]. In case of beam
losses, even a small fraction of the stored beam energy can
perturb the LHC performance by leading to superconduct-
ing (SC) magnet quenches, a phenomenon during which a
SC magnet transits from SC to normal-conducting state due
to the heat deposited by particle showers. Therefore, the
LHC is equipped with multistage betatron and momentum
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collimation systems, which are indispensable for protecting
the magnets against unavoidable beam halo losses [3].

The collimation systems are organized in well defined
hierarchies of more than 100 collimators, which are placed
at different transverse positions from the beam. The beam-
intercepting components of collimators, called jaws, accom-
modate blocks most commonly of carbon-fiber composite
(CFC), Inermet-180 (tungsten alloy), or MoGR (from 2022)
[3, 4]. Each collimator is composed of two jaws. Most of the
collimators are located in two insertion regions (IRs), IR7
for betatron cleaning and IR3 for off-momentum cleaning.
Operational experience showed that betatron losses domi-
nate over momentum ones. The betatron collimation system
exhibits a reduced cleaning efficiency in Pb runs compared
to proton runs due to the leakage of secondary fragments to
downstream dispersion suppressor (DS) magnets [5]. These
secondary ions are the result of hadronic fragmentation and
electromagnetic dissociation in collimator blocks, mainly
in the primary collimators, which are the first collimators
intercepting beam halo particles in the collimation hierarchy.
Due to the large dispersion function in the DS, the fragments
are lost in distinct lattice cells depending on their magnetic
rigidity. Once the Pb ion energy and intensity increases
in the future runs, these fragments risk to induce magnet
quenches in case the beam lifetime drops to the design value
of 0.2 h [4].

Numerical simulations are indispensable for understand-
ing and predicting the power deposition in coils of DS mag-
nets. In order to assess performance limitations and quench
margins, an advanced simulation chain has been developed
at CERN for studying collimation losses [6, 7]. The simu-
lation chain couples the particle tracking code SixTrack [8,
9] with the Monte Carlo code FLUKA [10-12]. An initial
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Figure 1: Time profiles of a fast beam loss event measured
with BLMs in Run 2 heavy ion operation (28/11/2018). The
BLMs were located in the IR7 collimation insertion.
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Figure 2: Simulated and experimental BLM signals per Pb ion lost in IR7. The beam direction is from left to right. The
labels MQ, MB, TCP and TCSG represent quadrupoles, dipoles, primary and secondary collimators, respectively.

simulation benchmark of the tool for heavy ion collimation
losses was carried out in 2015, based on beam loss monitor
(BLM) measurements recorded in a controlled beam loss
experiment [13, 14]. In this paper, we present a first com-
parison of simulated BLM signals against measurements
from regular heavy ion operation. In particular, we study
fast beam loss events, which gave rise to recurring beam
aborts in the 2018 heavy ion run (see Fig. 1) [15].

FAST LOSS EVENTS IN RUN 2

Fast beam loss events were recorded during the 2018
heavy ion run, leading to peak loss rates up to a factor of 100
higher than in normal operation [15]. All events occurred on
the clockwise rotating beam (Beam 1). The events consisted
of multiple loss spikes, which repeated with a 8-12 Hz fre-
quency and exhibited different amplitudes. Each spike lasted
about 20-30 ms. Two BLM signals recorded during one of
the events (28/11/2018) are shown Fig. 1. In red is a BLM
located near the primary collimator, which first intercepts
the transverse beam tail. In blue is a BLM located further
downstream at a secondary collimator, which intercepts sec-
ondary showers and fragments from upstream collimators.
The same oscillations could be seen on all BLMs in the IR7
hierarchy of Beam 1. The events exceeded the BLM abort
threshold after multiple oscillations, causing a protection
dump during 6 out of the 48 planned physics fills [15].

Before any physics run, the betatron cleaning system is
qualified by intentionally creating high losses in the horizon-
tal or vertical planes using the transverse damper (so-called
loss map). It was observed that the beam loss patterns during
the fast loss events observed in operation are qualitatively
the same as the beam loss map for horizontal losses around
the ring, but with a difference in magnitude. This indicates
that the fast loss events generate betatron losses, which were
correctly captured by the collimation system.

BENCHMARK OF BLM SIGNALS

In order to benchmark the simulation chain, BLM re-
sponse simulations were performed for the 2018 machine
configuration. In this year, asymmetric settings were used
for the right and left jaw of the Beam 1 primary collimator
(50 and 5.50, where ¢ is the transverse beam size as de-
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fined in [14]). These asymmetric gaps, which were needed
for reducing the leakage to a tertiary collimator, effectively
resulted in a one-sided beam cleaning at the horizontal pri-
mary collimator. Secondary collimators and active absorbers
were positioned at 6.5¢ and 100 (both jaws), respectively.
As initial condition, it was assumed that the 208Pb82+ halo
impacts at a certain distance from the edge of the primary
collimator’s right jaw (horizontal plane). The actual impact
parameter is not well known and might vary between loss
events. Here a value of 1 ym was assumed, because it leads
to the highest fragment leakage to the DS [7, 14]. In Fig. 2,
the simulated BLM signals in IR7 and the adjacent cold
region (blue curve) are compared to the measured BLM
signals (red curve). The measurements were averaged over
the different loss events described in the previous section.
For each event, the dose values were time-integrated over
the loss duration and normalized by the number of ions lost
in IR7 during this event. The number of lost ions is the
main cause of uncertainty in the study as the losses were
close to the achievable resolution of the beam current trans-
formers. The experimental error bars in the figure give the
standard deviation of normalized signals from the different
loss events. The statistical error of simulation results is a few
percent for the highest signals in the IR, but can reach 20%
in the DS, which is sufficient for comparing BLM patterns.

An excellent agreement spanning a few orders of magni-
tude can be observed between simulated and experimental
BLM signals. Nevertheless, some discrepancies are found
around the primary collimators (around 200 m upstream of
IR7) and in the DS (300-450 m downstream of IR7) and the
arc (around 560 m). As can be seen in the figure, the simula-
tions overestimate the signals near the primary collimators
by about a factor five. In order to assess the possible cause
of this overestimation, we investigate the effect of different
impact conditions below. In the DS (cells 9 and 11), the
simulations are about a factor of two lower than the measure-
ments. A factor 5 underestimation is observed in cell 13 and
could be due to the very localized loss location making it
very sensitive to any imperfections (e.g. magnet alignment).
The different discrepancies found in this study were to some
extent also observed in the previous benchmark based on
the controlled beam loss test in 2015 [13, 14]. The underes-
timation in the DS was, however, a factor 2.5 larger in the
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Figure 3: Simulated and measured BLM pattern around the
primary and the first secondary collimators. The yellow
and blue curves take into account the spread of multi-turn
impacts on the primary collimator, whereas the green dots

assume that all ions always impact on the same position.

previous study. This can partly be explained by the choice of
a larger impact parameter in the previous simulation; track-
ing studies indicated that an impact parameter larger than
1 pm reduces the leakage to the DS [7, 14]. The present
results show that even the worst case impact parameter still
leads to an underestimation in the DS. In addition, the pre-
vious benchmark was performed for Beam 2, which can be
subject to a different leakage than beam 1.

SENSITIVITY TO INITIAL CONDITIONS

In order to probe the sensitivity of BLM signals at the
primary collimator to the beam loss conditions, different
sub-um impact parameters were studied. Figure 3 presents
BLM patterns around the primary and first secondary colli-
mators, considering impact parameters of 0.1 gm and 1 gm
on the primary, respectively. The results show only a little
dependence on the initial condition. The reason is that the
impacts are smeared out by the multi-turn beam dynamics,
considering that not all Pb ions will be subject to an inelastic
nuclear collision or to electromagnetic dissociation during
the first impacts. As a consequence, the ions can make sev-
eral turns in the machine and can impact at a larger position
with respect to the collimator edge in subsequent turns. A
lower initial impact parameter increases the number of turns
after their first impact and leads to a more diluted impact
distribution. This increases the average impact parameter
and therefore the BLM signals are very similar between the
different cases.

The figure also shows a non-physical case (green dots),
where the spatial spread of multi-turn impacts on the pri-
mary collimator is not simulated. Instead, Pb ions surviving
the impact and making another turn in the machine were
artificially loaded again at their initial position on the pri-
mary (0.1 pm from the edge). This study case shows smaller
discrepancies of BLM signals near the primaries and the first
secondaries, possibly indicating that the multi-turn spread in-
side the right jaw of the primary collimators is overestimated
in the other simulations (blue and yellow lines) .

ISOTOPE LEAKAGE

Figure 4 shows the energy loss map on the DS aperture,
identifying the contributions of some of the most abundant
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Figure 4: Energy loss map on the DS aperture downstream
of the betatron cleaning insertion. The most abundant heavy

isotopes are shown.

heavy fragments with a magnetic rigidity allowing them
to reach the DS. Those particles are the ones responsible
for the subsequent particle showers that produce the BLM
signals. The losses in the different cells are dominated by
different Pb and Tl isotopes, with a mix of lighter fragments
(not shown) in the first loss cluster. The loss position is
closely correlated with the magnetic rigidity and therefore
the ion species. Heavier isotopes of a given element are lost
further downstream. For example, the losses in cell 13 are
composed of Pb2%¢ ions, while lighter Pb isotopes are lost
in cells 9 and 11. Considering the systematic differences
between simulated and measured BLM signals, the energy
loss map suggests that the underestimation of measurements
in the DS is not due to a single isotope species, but can
likely be attributed to multiple ones. In one of the most
exposed magnets (MB.B9R7 in Fig. 4), both light and heavy
fragments are possibly underestimated. This would indicate
that the discrepancy between simulation and measurements
is probably not due to individual isotope production yields
in collimators. As observed in proton collimation studies
[13], the reason for the discrepancies could be a possible
underestimation of the leakage in general, probably caused
by machine imperfections, which are not accounted for in
the simulation.

CONCLUSIONS

Based on fast beam loss events observed in Run 2 oper-
ation, this paper presented a benchmark of the SixTrack-
FLUKA coupling for heavy ion beam collimation. Taking
into account the complexity of ion-matter interactions and
fragment production in collimators, the simulation chain
yields a satisfying agreement with measurements, which
gives confidence in our understanding of operational beam
losses. In particular, the simulation reproduces BLM signals
in the dispersion suppressor within a factor of two. This is an
important finding since the fragment leakage to DS magnets
remains the main bottleneck for heavy ion collimation.
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