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Abstract

With the higher stored energy envisioned for future heavy-
ion runs in the LHC and the challenging fragmentation as-
pect of heavy-ion beams due to interaction with collimator
material, the need arises for even more performing collima-
tion systems. One promising solution is crystal channeling,
which is used in the HL-LHC baseline and starts with Run IIT
for heavy-ion collimation. To investigate an optimal config-
uration for the collimation system, a well-tested simulation
setup is required. This work shows the simulations of chan-
neling and other coherent effects in the SixTrack-FLUKA
Coupling simulation framework and compares simulated
loss patterns with data from previous beam tests.

INTRODUCTION

The Large Hadron Collider (LHC) [1] at CERN collides
both proton and heavy-ion beams. Due to the high stored
beam energies, beam losses could cause quenches of su-
perconducting elements or even damage. In particular, to
keep control of the continuous beam losses during operation
due to diffusive effects, instabilities, collisions and other
mechanisms that deviate particles from the nominal orbit, a
multi-stage collimation system has been put into place [2-5],
with the main betatron collimation system installed in the
LHC insertion region 7 (IR7). Previous studies showed that
the cleaning inefficiency is about two orders of magnitude
worse for Pb ions than for protons [6-8]. Hence, heavy-ion
collimation is more critical, even if the planned stored beam
energy is about a factor 30 smaller than for protons.

To improve the ion collimation performance facing the
imminent HL-LHC upgrades [9-11], where the stored beam
energy will be increased from about 13 MJ to 20 MJ, an
increase of a factor of three in cleaning efficiency would
be needed. For this, the so-called crystal collimation [12,
13] will be used starting from 2022. This method exploits
the electromagnetic potential in the crystalline structure of
a bent silicon crystal to guide the incoming particles. This
mechanism is called crystal channeling [14, 15] and it occurs
when particles enter the crystal with an incident angle below
the so-called critical angle [13]. For channeled particles a
bent crystal acts as an ideal septum by deflecting channeled
particles onto a downstream absorber [16] with an equivalent
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field strength of hundreds of Tesla, while circulating particles
passing close to it are not affected.

After numerous studies, four strip crystal collimators have
been installed in the LHC, one per beam per plane. The
specifications of the crystals are shown in [17, 18].

Crystal collimation has been demonstrated to work also
for protons with low-intensity beams [19]. However, the
present standard collimators cannot be used as absorbers
with LHC’s high-intensity proton beams, which is why this
technique is presently not considered for operational use.

Simulations are crucial in understanding, mitigating and
optimizing critical collimation losses. Previously, a com-
plete simulation framework for heavy-ion collimation using
crystals including standard interactions with other collima-
tors and a precise 6D tracking did not exist, thus heavy-ion
crystal collimation could not be studied systematically. This
paper presents an extension of the existing simulation frame-
work for standard ion collimation studies to include crys-
tals, as well as benchmarks and simulation results on proton
and heavy-ion crystal collimation including full coverage of
multi-turn effects.

SIMULATION FRAMEWORK

The newly built simulation framework relies on the exist-
ing SixTrack-FLUKA coupling [20-22], which is the stan-
dard tool for simulating ion collimation [7, 23]. This package
provides a framework for active information exchange be-
tween SixTrack [24] and FLUKA [25-28]. SixTrack is a
6D symplectic particle tracking code, whereas FLUKA is a
general-purpose Monte Carlo code. SixTrack is used for the
tracking in the magnetic lattice, while FLUKA simulates the
particle-matter interactions in collimators [20, 21].

A crystal routine has been developed and been recently in-
tegrated in FLUKA [29-31]. Building on that, the SixTrack-
FLUKA coupling has been updated to include crystal colli-
mators, carrying a special flag and several crystal-specific
parameters in the inputs to activate the crystal physics rou-
tine. Geometry models of the LHC crystals which follow
closely the real curved geometries have been implemented.
Auxiliary components such as the holders have not been
implemented, as they are much smaller than conventional
collimator supporting systems and their contribution is likely
small for tracking purposes since particles are not expected
to impact on them. The properties of the crystal lattice have
been defined according to the most recent X-ray and hadronic
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measurements of LHC crystals [18, 32]. The channeling ori-
entation of the crystal with respect to the beam is precisely
calculated and implemented, and it can be customized for
each simulation case. Finally, crystal-specific output files
have been added.

A few changes to the crystal routine itself have been trig-
gered by this work, e.g. fixes to simulate high-energy parti-
cles accurately [25].

PROTON BENCHMARK RESULTS

To benchmark the new implementation, we start with pro-
tons, since the results can be compared against a multitude
of experimental data and a different, independent crystal
routine for protons that only exists in the standard version
of SixTrack [12, 13]. Detailed information on the physics
and benchmark of the routine can be found in [33-38]. We
first study LHC measurements taken in 2018 at 6.5 TeV [39],
using a 4 mm crystal of ~65 urad bending angle as primary
collimator. The collimation cleaning efficiency was assessed
by observing the beam loss pattern around the ring during
provoked losses (so-called loss maps). Around 4000 beam
loss monitors (BLMs) placed around the LHC [40, 41] were
used to measure local losses. Measured loss maps shown
are normalized to the sum of all recorded values.

We compare simulated and measured loss maps for the
horizontal plane of Beam 1 at 6.5 TeV (2018 configuration).
Simulated loss maps are normalized by the total energy lost
around the ring and by the element length (so-called cleaning
inefficiency, ) [4]. The initial distribution is a pencil beam
with 60 x 10° protons impacting at 1 pm from the edge
of the crystal. A detailed description of the measurement
performed on the 12! of September 2018, along with the
optical setup and collimation configurations can be found
in [32, 39].
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Figure 1: Measured (top), SixTrack-FLUKA coupling sim-
ulated (middle) and SixTrack simulated (bottom) loss map
for 2018 proton run at 6.5 TeV.
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Figure 2: Measured (top), SixTrack-FLUKA coupling sim-
ulated (middle) and SixTrack simulated (bottom) loss map
around IR7 for 2018 proton run at 6.5 TeV.

Figure 1 compares measured and simulated loss maps.
Black, red and blue bars represent the losses on the colli-
mators, warm sections and superconducting (cold) sections
respectively. Above the measurement noise level, a good
qualitative agreement of the measured loss pattern with the
SixTrack-FLUKA coupling can be observed. However, a
detailed quantitative comparison is not possible here since
the simulations show lost particles and the measurements
show the energy deposition at the BLMs from the induced
shower. The particle shower propagation to the BLMs is
more pronounced in the warm regions, explaining these
higher measurement values. Both, losses on IR7 cold mag-
nets and on the collimators show good agreement, except

for a slight underestimation of the simulation compared to .

data for the collimator cluster around s = 20100 m, which
may be due to upstream showers. Additionally, the high bar
in simulation at s = 19919.5 m in Fig. 2 representing the
crystal cannot be directly compared to the measured data,
as the simulation is normalized to the length of the crys-
tal, which is two orders of magnitude shorter than the other
collimators.

The SixTrack-FLUKA coupling shows also an excellent
agreement with the SixTrack standalone routine (Figs. 1and
2), where it should be noted that SixTrack has a higher energy
cut and hence gives less warm losses around s = 20150 m.

So-called angular scans are performed to assess the scat-
tering out of the crystal for various crystal orientations. The
crystal is rotated with respect to the incoming beam, and
the BLM signal close to the crystal is recorded as a function
of angle. The absorption at different orientation angles is
then normalized by the amorphous absorption. The scan
ranges over angles where the crystal is in the orientation
for channeling, volume reflection, or amorphous scattering,
giving rise to variations in the rate of inelastic interactions
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at the crystal, and hence also the local BLM signal [13]. The
measurement is described in [39].

The simulation results from the SixTrack-FLUKA cou-
pling are compared both to measured data and SixTrack
simulations in Fig. 3. A reasonable agreement among the
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Figure 3: Angular scan of a 65 urad crystal for measured data
(blue), SixTrack-FLUKA coupling (orange) and SixTrack
alone (green) [32, 39].

three sets of data is seen, especially concerning the sharp
minimum, which corresponds to the situation where the
crystal is in channeling orientation, where the inelastic in-
teractions are reduced to the minimum. The discrepancy
with respect to the measured data can in part be explained
by imperfections that are not considered in simulation and
that the simulated inelastic nuclear interactions are not di-
rectly comparable to BLM signals. However, in the middle
volume reflection section, approximately from -70 urad to
-10 prad there seem to be an underestimation by SixTrack
and an overestimation by the SixTrack-FLUKA coupling.
This discrepancy, not seen in previously studies [19], which
may originate from using an ideal model of the collimation
system, is under further investigations.

ION BENCHMARK RESULTS

A similar comparison to measured loss maps from 2018
with crystals as primary collimators has been carried out for
Pb ions at 6.37 Z TeV. More information about the measure-
ment done on the 27" of November 2018, the optical setup
and collimation system settings can be found in [32, 42].
In the SixTrack-FLUKA coupling, an initial distribution of
6 x 10° 208Pb32+ jons was simulated.

The measured and simulated loss maps are shown in
Figs. 4 and 5.  'When excluding the background noise,
the simulated loss pattern reflects well what is seen from
the measured BLM signals including the losses in insertion
region 3 (around s = 7000 m). The zoom of IR7 in Fig. 5
shows that the highest three clusters in the superconducting
region around s = 20300 m, s = 20400 m and s = 20530 m
in the measured data plot are reproduced up to the same
order of magnitude in simulation. Sudden spikes such as
the one around s = 400 m are due to the aperture treatment
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Figure 4: Measured (top) and simulated (bottom) loss map
for 2018 Pb run at 6.37Z TeV.
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Figure 5: Measured (top) and simulated (bottom) loss map
around IR7 for 2018 Pb run at 6.37 Z TeV.

in SixTrack and should not be attributed to crystal perfor-
mance. Concerning the losses on the collimators, for heavy
ions there is a small underestimation for the collimators
around s = 20100 m as seen for protons. However, the same
caveats apply as for protons on the short crystal length and
that the simulation comparison does not include the shower
development, which is particularly important for the BLMs
at warm magnets and collimators in IR7. Such a comparison
is discussed in [43].

CONCLUSION

The high energy stored in the Large Hadron Collider beam
makes any beam losses potentially dangerous. These can be
controlled with a multi-stage collimation system. In particu-
lar, compared to proton collimation, heavy-ion collimation
has shown to be about two orders of magnitude less efficient.
To improve the collimation efficiency in future heavy-ion
runs, so-called crystal collimation is planned in the baseline.

A simulation framework for crystal collimation with ions
was needed. Based on the existing tools in the SixTrack-
FLUKA coupling, this paper presents the development of
such a tool. The crystal collimator element has been inserted
and other supplementary changes have been made. Simula-
tions of loss maps with crystal collimation with both protons
and, for the first time, heavy-ions, have been compared to
past experimental data and for protons also with results from

MC4: Hadron Accelerators
T19: Collimation



13th Int. Particle Acc. Conf.
ISBN: 978-3-95450-227-1

ISSN: 2673-5490

another simulation tool. Overall, a good agreement has been
found, with remaining minor discrepancies currently being
investigated.
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