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A B S T R A C T

Thanks to its versatility in deploying large kicks with high efficiency, crystal channeling is being integrated
more and more into modern particle accelerators. For example, at the CERN Large Hadron Collider, crystals
are used, or planned to be used for collimation and fixed-target opportunities for the Physics Beyond Colliders
studies. In order to predict and optimize the performance in present and future applications, it is very important
to have reliable simulation tools that integrate the crystal effects on the beam with multi-turn tracking. This
work shows the setup of a simulation including magnetic tracking, detailed aperture models, particle-matter
interactions as well as coherent physics processes in the crystals, using the coupling between SixTrack and
FLUKA. A series of simulation tool benchmarks for collimation of multi-TeV protons has been carried out with
LHC data.
1. Introduction

The Large Hadron Collider (LHC) [1] at CERN is a particle collider
that accelerates and collides two counter-rotating beams of protons or
heavy ions, achieving so far energies of up to 6.8 TeV per charge. In
recent years, due to their ability in deploying large kicks with high
efficiency and potential, Si crystals have been introduced in the LHC.
They are able to trap incoming charged particles between or along
the crystalline planes and axes thanks to the electromagnetic potential
in the regular crystal lattice, while strongly suppressing the inelastic
interactions with the crystal nuclei. This mechanism is called crystal
channeling (CH) [2] and it occurs when particles enter the crystal
with an incident angle below the so-called critical angle, 𝜃𝑐 [3], which
is around 2 μrad for LHC energies of 6.5 TeV with a crystal with a
bending radius of 80m. In the LHC, for crystals with this design bending
radius, the accumulated angular deviation received is equivalent to
a magnetic field of hundreds of Tesla for particles of several TeV.
In addition to channeling, other physical processes occur (Table 1):
within 𝜃𝑐 there can also be amorphous material interactions (AM) and
partial channeling (dechanneling, DC). For larger incoming angles up
to the bending angle, particles may be reflected by the crystalline
plane (volume reflections, VC) or captured back to channeling (volume
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capture, VC). Outside the aforementioned ranges, the crystal acts as
an amorphous material. Further details about the physics of these
processes are found in [2].

One of the most promising usage of crystals in the LHC is for beam
collimation, which stems from the need of shielding the machine (es-
pecially superconducting magnets) from beam losses that could cause
magnet quenches or even damage. For the LHC beam collimation, a
multistage system has been deployed [4–7], using amorphous movable
collimators with most of them installed in the LHC insertion region
7 (IR7). While the collimation system is used both during proton
and heavy-ion operations, due to nuclear fragmentation of ions in the
collimators, the collimation system performs worse for ions than for
protons [8–10]. With the imminent High-Luminosity LHC (HL-LHC)
upgrades [11], the stored Pb beam energy will increase further and
a more efficient collimation system is required [12]. Bent crystals are
being introduced as a part of the LHC upgrade [13] and will be used
as the primary collimation stage to channel halo ions with a reduced
fragmentation rate [13–16]. This will give to the ions a coherent
angular kick such that they later hit deeply into a downstream standard
collimator used as channeled-halo absorber, guaranteeing very small
leakage to the superconducting magnets. This method is particularly
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Table 1
Table listing the crystal processes linked to the indicative particle
incoming angle range. 𝜃𝑖 is the incoming angle, 𝜃𝑐 is the critical angle
and 𝜃𝑏 is the bending angle.
Incoming angle Process

𝜃𝑖 < −𝜃𝑐 AM

−𝜃𝑐 < 𝜃𝑖 < 𝜃𝑐
CH, DC, AM,
VR

𝜃𝑐 < 𝜃𝑖 < 𝜃𝑏 VR, Volume capture (VC), AM
𝜃𝑖 > 𝜃𝑏 AM

suitable for ions, as the load on the collimator used as absorber is
tolerable. Using the same technique for a full proton beam, where
the halo particles can carry up to 1 MW of power, would require a
different and more robust absorber design. This is therefore presently
not considered.

Although crystal collimation is not used in high-intensity proton
runs, they were successfully used to reduce experimental backgrounds
in low-intensity special proton runs [17]. Furthermore, collimation tests
with low-intensity proton beams allows to gain experience with the
operation of a crystal based system and to characterize the installed
crystals [18–26]. Currently, there are four crystals installed in the LHC,
one per beam and plane. They are of the strip kind, i.e. they use the
110 plane of the Miller index [2] to give an angular deviation to the
particles. Historically, quasi-mosaic crystals, i.e. crystals using the 111
plane, have also been used in the LHC [27]. Details for the crystals used
during the measurements discussed in this article are shown in Table 2.
Note that only 3 out of the present and past crystals were used for the
measurements reported here.

Another relevant application of crystals at the LHC is the so-called
beam splitting for fixed-target experiments, which is being studied
in the CERN initiative of Physics Beyond Colliders (PBC) [28]. The
idea is to use the bending produced by the crystal to create preces-
sion in the short-lived baryons that are large enough to be measured
[29–31]. Beam halo would go through a crystal-target-crystal config-
uration before they reach the detector. Also for this complex appli-
cations, a performing and well-benchmarked simulation framework is
required.

Given these applications and their importance, it is crucial to have
a simulation tool that integrates the crystal physics processes with
particle-matter interactions and multi-turn tracking through an accel-
erator. Such a tool could be used to investigate operational ideas,
quantify expected future performance, find potential performance limi-
tations, and understand experimental results. While the simulations for
proton beams are well advanced and succeeded already in predicting
accurately various applications [3,17,32,33], the planned heavy-ion
collimation requires a multifunctional simulation framework that han-
dles many species of particles. Presently, in conjunction with other
collimation activities, the program SixTrack [34] is used to simulate
the multi-turn evolution of the beam halo intercepted by a crystal-based
collimation system. Detailed information on the physics and benchmark
of that code can be found in [3,32,33].

Since the present crystal simulation tool, SixTrack, is limited to
protons, an effort was undertaken to expand the simulation toolkit
and set up a more general approach, able to handle also heavy ions.
Benefiting from the more detailed physics implementation in FLUKA, a
new simulation framework that combines accelerator tracking and the
coherent crystal interactions has been created. It is built on an existing
framework, called SixTrack-FLUKA coupling [35–37], which is the
standard tool for simulating ion collimation [9,38]. Here, FLUKA [39,
40] is used as the main crystal engine, as well as for generating all
other particle-matter interactions. Compared to the analytical approach
of SixTrack, FLUKA uses a detailed step-by-step microscopic method
within the crystal [41], thus enabling a more realistic tracking. Be-
side the SixTrack-FLUKA coupling, an effort to include the crystal
phenomena in Geant4 and SixTrack is also underway [42,43].
2

Table 2
Crystal specification of the crystals used in this paper.

Name Plane Bending Length Width Height

TCPCH.A4L7 B1H 64.5 μrad 4mm 2mm 50mm
TCPCH.A5R7 B2H 36.4 μrad 4mm 2mm 50mm
TCPCV.A6R7 B2V 51.1 μrad 4mm 2mm 50mm

This paper starts with a description of the simulation framework
itself. It is then followed by benchmark results using proton data:
single-pass crystal benchmark, loss pattern, angular scan, and linear
scan.

2. Simulation framework

The SixTrack-FLUKA coupling [37] provides a framework for active
information exchange between SixTrack [34,44] and FLUKA
[40,45,46]. SixTrack is a 6D symplectic particle tracking code, whereas
FLUKA is a general-purpose Monte Carlo code. SixTrack is used for
tracking in the magnetic lattice, while FLUKA simulates particle-matter
interactions [35,36].

In recent years, a crystal routine, based on the reduction of certain
particle-matter interactions while in channeling, has been developed
and integrated in FLUKA [41,47,48]. Building on that, the SixTrack-
FLUKA coupling has been updated to enable possibility to integrate
crystals as part of the LHC collimation system simulation setup, carry-
ing a special flag and several crystal-specific parameters in the inputs
to activate the crystal physics routine. A typical simulation would start
with a user defined initial distribution in SixTrack. The particles would
be tracked until they reach a collimator, at which point the particle
information is exchanged with FLUKA. FLUKA proceeds to simulate the
interactions within the collimator and the ones that survive would be
sent back to SixTrack. Particles are tracked as long as they are not ab-
sorbed or according to a user defined number of turns. Several changes
and additions were necessary to accommodate crystal collimators —
specific crystal input files, changes to intermediate files responsible
for cross-checking between accelerator lattice elements and collimator
elements in the FLUKA database (FEDB).

The 3D geometrical models of the crystals in the LHC follow closely
the real curved geometries and the crystal lattice properties have been
defined according to the X-ray and single-pass measurements with
protons of LHC crystals [14], excluding the supporting devices, which
do not interfere with the multi-turn dynamics. Since all collimator
geometries exist in a FLUKA Elements Database (FEDB), the new crystal
collimators have also been added in the database. Therefore, crystal
collimators can be included in simulations using the new framework in
the same way as other collimators. Finally, crystal-specific output files
have been added.

During the development of this framework, a few changes to the
crystal routine itself from the FLUKA side have been triggered, e.g. fixes
to simulate high-energy particles accurately.

3. Benchmark results

3.1. Single pass

The first type of comparison consists of exploring in detail single-
pass studies at high energies (LHC proton energy of 6.5 TeV) indepen-
dently of multi-turn effects in the accelerator. Comparison has only
been done between the simulation tools (SixTrack-FLUKA coupling
and the standalone SixTrack routine), as there are no measurements
available at this energy for this kind of study [48]. For this purpose,
6 × 106 6.5 TeV protons uniformly distributed in 𝑥 and 𝑥′ have been
simulated in both codes to hit the crystal face and pass through it only
once. The crystal bends in the 𝑧−𝑥 plane, while the beam travels in the 𝑧
direction. In order to cover from one amorphous regime to the other for
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Fig. 1. Simulated proton angular kick distribution as a function of relative angle
between incoming particles and crystal orientation with SixTrack after a single pass
through the crystal. Protons at 6.5 TeV are considered.

Fig. 2. Simulated proton angular kick distribution as a function of relative angle
between incoming particles and crystal orientation with SixTrack-FLUKA coupling after
a single pass through the crystal. Proton at 6.5 TeV are considered. Subfigures (a) and
(b) compare the final CH boundaries between using small histogram slices – (a) and a
rough section cut – (b).

Fig. 3. Crystal interaction process efficiency summary for 6.5 TeV protons with the
standalone SixTrack and the SixTrack-FLUKA coupling.

this crystal bending, the distribution extends from 10 μrad to 80 μrad in
𝑥′ and from −1mm to 1mm in 𝑥. The crystal used is the TCPCH.A4L7.B1
in Table 2.

The angular kick distribution as a function of impinging angle is
shown in Fig. 1 for the standalone SixTrack and in Fig. 2 for the
SixTrack-FLUKA coupling. A summary of the channeling efficiency and
of the various other coherent and in-coherent phenomena can be found
in Fig. 3.

The two tools classify crystal interactions slightly differently. This
makes quantitative comparisons difficult. Therefore, crystal interac-
tions have been assigned again independently from the tools, where
each particle exiting the crystal has been assigned to a given interaction
process (as shown in Table 1) according to its incoming angle and
angular kick. The incoming particles are perfectly aligned with the
3

Fig. 4. The blue line is the SixTrack simulated B1H crystal angular kick distribution
in VR range with 6.5 TeV protons. The black dashed line is the Gaussian fit of the VR
peak. The incoming angle range is from 2 μrad to 65 μrad (as in Table 3).

Table 3
Crystal single pass study incoming angle boundary division for protons. AM: Amor-
phous; CH: Channeling; DC: Dechanneling; VR: Volume Reflection; VC: volume
capture.

SixTrack [μrad] Coupling [μrad] Processes

−10 – −2.2 −10 – −2 AM
−2.2 – 2 −2.2 – 2 CH, DC, AM
2 – 65 2 – 66 VR, VC
65 – 80 66 – 80 AM

crystal planes when 𝜃𝑖 = 0. The boundaries of the division in incoming
angle can be found in Table 3.

After the division on the horizontal axis, a histogram of received
angular kicks for a selected incoming angle window (Figs. 1 and 2) is
plotted for each interaction process except for the channeling window.
The angular kick distribution is then fitted with a Gaussian function. All
particles within the 3 standard deviations are assigned to the process
linked to that incoming angle range. An illustration of how the analysis
was done is shown in Fig. 4, where the VR region is taken from the
incoming angle range of 2 μrad ≤ 𝜃𝑖 ≤ 65 μrad for SixTrack. The left
peak corresponds to the VR particles and the right peak to the VC
particles. Only the VR peak is being fitted and the occurrences within 3
standard deviations are counted as VR particles, as VC is not included
in FLUKA, thus not comparable. The same method is applied to the
SixTrack-FLUKA coupling.

For the channeling window, smaller sub-slices of the order of 0.2
to 0.4 μrad in 𝜃𝑖 are taken, because rough rectangular boundaries as
the ones shown in Fig. 2 subfigure (b) would include particles that are
not fully channeled. Hence, the approach that gives the boundaries in
Fig. 2 subfigure (a) is preferred. For each slice, a histogram of angular
kicks is plotted and one Gaussian curve is fitted for the channeling
region and another for the amorphous region. All particles in between
the channeling and amorphous bumps are counted as dechanneled
particles. All particles that do not fall within any of the boundaries
found are considered scattered particles. Volume captured particles
have not been included in the scattered particles, as this process has
not yet been included in the FLUKA routine for high energy particles.
The difference between the initial and the final number of particles
corresponds to the ones absorbed by the crystal.

Overall, Figs. 1 and 2 agree well, despite using different tools.
The main differences that can be noticed between the two routines
are the lack of volume capture in FLUKA, a different distribution for
volume reflection in angular kick (Fig. 5), and a different distribution
in incoming angle for the dechanneled particles (Fig. 6). Presently,
because there is no experimental single-pass data at this energy, it is
not possible to determine the correct approach.
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Fig. 5. Comparison of simulated VR distribution in angular kick for the B1H crystal
with 6.5 TeV protons. The incoming angle range is 2 μrad =< 𝜃𝑖 =< 65 μrad. The
blue curve is SixTrack-FLUKA coupling simulation and the orange curve the SixTrack
simulation, whereas the dashed orange and red lines are their respective Gaussian fits.

Fig. 6. Comparison of simulated DC in incoming angle for the B1H crystal with 6.5 TeV
protons. The range is −2μrad =< 𝜃𝑖 =< 2 μrad and −10 μrad =< 𝜃𝑘𝑖𝑐𝑘 =< 50 μrad. The
blue curve is SixTrack-FLUKA coupling and the orange curve SixTrack.

3.2. Simulated loss pattern at the LHC

Having assessed the single-pass crystal treatment of the FLUKA rou-
tine, we now assess the crystal as it is inserted in a circular accelerator,
which also contains other collimators.

As the purpose of these studies is to improve the LHC collimation
performance, one of the methods used to benchmark the multi-turn
accuracy of the simulation is the same as used previously for assessing
the performance of the standard collimation system [6], quantified
by the relative leakage out of the collimators to sensitive elements.
Collimation cleaning efficiency is measured 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 [49] are used to measure local losses. The measured loss maps
are normalized to the instantaneous change in beam intensity, or beam
flux of lost particles. The simulation setup is used here to reproduce the
measured loss maps with crystals.

As it is computationally intensive to simulate the entire beam
including the beam core, which typically does not interact with the
collimation system, only the beam halo is simulated. The full diffusion
process that brings the halo onto the collimator is also not simulated.
Instead, the starting conditions are such that the halo particles have
already an amplitude sufficiently large to hit the collimators. The
4

Fig. 7. Measured (top), SixTrack-FLUKA coupling simulated (middle) and SixTrack
simulated (bottom) loss map from the B1H 2018 proton test at 6.5 TeV (𝛽∗ =1m).

starting distribution is approximated to a pencil beam at an assumed
depth from the collimator edge (impact parameter, 𝑏) and generated
as in [6]. A pencil beam is a point-like distribution in the phase
space. The simulated distribution has 60 × 106 protons and 𝑏 = 1μm.
This impact parameter is consistent with previous diffusion studies
[50–52] but nevertheless carries a large uncertainty. It has a 1 nm
spread in 𝑥 and a 0.1 μrad spread in 𝑥′. The impact of variations in the
starting distribution is still to be explored in detail. It is very unlikely,
though, that the simulation results are strongly dependent on small
variations of 𝑏. The rest of the set-up closely follows the one used during
measurements.

The benchmark case is a LHC B1H loss map with a crystal (spec-
ifications in Table 2) in channeling orientation for 6.5 TeV protons,
measured on the 12th of September 2018 with a 𝛽∗ of 1m and all
collimators upstream open. Details of the measurement, along with
the optical setup and collimation configurations, can be found in [14].
For simulated loss maps we calculate the local cleaning inefficiency as
𝜂(𝑠) = 𝐸(𝑠)

𝐸𝑡𝑜𝑡𝑎𝑙𝛥𝑠
, with 𝐸(𝑠) being the energy deposited as a function of

position 𝑠 in the ring.
Fig. 7 compares the measured and the simulated loss maps. Black,

red, and blue bars represent the losses on the collimators, warm sec-
tions and superconducting (cold) sections respectively. The SixTrack-
FLUKA coupling shows an excellent agreement with the SixTrack stan-
dalone routine, where it should be noted that SixTrack has a higher
energy cut (threshold below which a particle is no longer transported)
and therefore gives less warm losses around 𝑠 = 20150 m. Above the
measurement noise level, a good qualitative agreement of the measured
loss pattern with the SixTrack-FLUKA coupling can be observed. A
more 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. Previous studies have
shown that an order-of-magnitude discrepancy can be expected only
due to the difference in response of BLMs at different locations [6].
Further discrepancies can be expected from the fact that a single
particle loss can cause showers that affect several BLMs. The particle
shower propagation to the BLMs is more pronounced in the warm re-
gions, which explains these higher measurement values. With a detailed
FLUKA shower propagation simulation, it is also possible to simulate
power deposition, such as in [53]. However, this is out of the scope of
this paper. Both losses on the IR7 cold magnets and on the rest of 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. Furthermore, the
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Fig. 8. Measured (top), SixTrack-FLUKA coupling simulated (middle) and SixTrack
simulated (bottom) loss map from the 2018 proton test at 6.5 TeV, as in Fig. 7 but
zoomed around IR7. The crystal can be found at 19 919.5m and the absorber at 19 987m.

Fig. 9. Angular scan illustration.

high simulated loss at 𝑠 = 19919.5 m in Fig. 8 representing the crystal
cannot be directly compared with the measured data, as the simulation
result is normalized to the length of the crystal, which is two orders of
magnitude shorter than the other collimators.

Finally, regarding the different treatment of volume processes and
dechanneling between the two tools mentioned in the previous para-
graph, the accuracy of reproducing the volume processes are not of
capital interest to the operations of the LHC, as channeling is the chosen
regime. Furthermore, in view of the collimation setup, the doubt on
the DC distribution may potentially be a small issue, as long as the
downstream absorber has an aperture small enough to capture most of
the dechanneled particles that have smaller angular kick together with
the CH particles.

3.3. Angular scan

After the multi-turn benchmark with the crystal in the best orienta-
tion, we study so-called angular scans that are performed to assess the
loss pattern at other crystal orientations. The crystal is rotated with
respect to the incoming beam such that the incoming angle changes
(a representation is shown in Fig. 9), and the BLM signal close to the
crystal is recorded as a function of the angle. The signal at different
angles is then normalized by the signal acquired at the orientation
where the crystal acts as an amorphous material. The scan ranges over
angles where the crystal is in the orientations for channeling, volume
reflection, or amorphous scattering, giving rise to variations in the rate
of inelastic interactions at the crystal, and hence also the local BLM
signal [3].

A comparison of angular scan was made between measured data
and the simulation from the two crystal routines. The machine config-
uration is the one described in Section 3.2 with 6.5 TeV protons in the
B1H plane.

The angular scan simulation follows the same method and statistics
as loss maps. However, instead of simulating only the case when the
crystal is in optimal orientation, other orientations are also simulated
5

Fig. 10. Measured BLM data from 2018 (blue) [14,21], SixTrack-FLUKA coupling
simulation (orange), and SixTrack simulation (green) of the local losses at the
TCPCH.A4L7.B1 crystal during an angular scan with 6.5 TeV protons.

and other loss maps created. The crystal orientation stretches from
one amorphous orientation to the other as outlined in Table 1. The
energy absorbed in the crystal at every orientation is then normalized
to the energy absorbed in the amorphous crystal. This is done both for
SixTrack and the SixTrack-FLUKA Coupling. The simulation results are
compared to the measured data in Fig. 10. The measurement conditions
are described more in detail in [21].

A qualitatively good agreement among the three sets of data is
observed. The difference in channeling well depth at the sharp mini-
mum with respect to the measured data can in part be explained by
imperfections that are not considered in simulation, e.g. changes in
impacting angle due to orbit drifts or inherent to the excitation used
to create losses. However, in the middle volume reflection section,
approximately from −70 μrad to −10 μrad, there seems to be a small
underestimation of the measurement by SixTrack and a small overesti-
mation by the SixTrack-FLUKA coupling. This discrepancy, not seen in
previous SixTrack studies [27], needs further investigation.

3.4. Linear scan

Lastly, a benchmark using linear scans is performed. In that case, the
crystal is kept in channeling orientation, while the absorber is slowly
moved towards the beam starting from an open position where it does
not intercept the channeled halo (Fig. 11), to gradually intercept it and
reconstruct its profile with an error function from the BLM signal. After
the absorber has moved beyond the point where it intercepts the entire
channeled halo, the BLM signal at the absorber continues to rise slowly,
as the absorber approaches the beam, until a spike of high losses occurs
at the beam core boundary. This slow rise prior to this point is caused
by intercepting particles that are dechanneled at smaller angular kicks
or see the crystal as an amorphous material.

Linear scans are used to estimate experimentally the multi-turn
channeling efficiency and the bending angle of the crystal. The multi-
turn channeling efficiency is defined as 𝑁CH∕𝑁𝑡𝑜𝑡, where 𝑁CH is the
number of particles channeled over all the turns the particles remain
circulating and 𝑁𝑡𝑜𝑡 is the total number of the particles impacting on
the crystal at the first turn. The ratio between the theoretical plateau
level of the error function and the level before the absorber attains the
beam core represents the multi-turn channeling efficiency, while the
inflection point of the error function gives the bending angle.

The data taken come from the 2022 machine development B2V
crystal tests with 6.8 TeV protons. The optics and collimation settings
can be found in [54,55]. The experimental data are normalized to
the beam loss rate and to the level of the BLM signal just before the
absorber intercepts the core (occurring with the absorber at the same
𝜎 aperture as the crystal), as it gives the intensity of the entire beam
halo that impacted the crystal.
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Fig. 11. Linear scan illustration.

Fig. 12. Measured (black) and simulated (SixTrack — red, SixTrack-FLUKA Coupling
— blue) B2V crystal linear scan for 6.8 TeV proton.

To simulate this case, a pencil beam with 3 × 105 protons and 1 μm
impact parameter on the crystal was used. The absorber has been closed
to the same 𝜎 aperture of the crystal (5.2 𝜎), and the distribution of the
particles on the absorber has been recorded. The particle distribution
on the vertical axis is then integrated from the open position of the
collimator (+∞) to all intermediate points and normalized to the total
number of protons impacting the crystal. The results are shown in
Fig. 12.

The simulated results show a reasonable reproduction of the BLM
signal, considering that the sustained loss rate of the beam over
time is noisy and that we are simulating a perfect machine. The
SixTrack-FLUKA Coupling gives a multi-turn efficiency of approxi-
mately 87%, which is a closer reproduction of the measured one at
around 70%±15%, whereas, for SixTrack’s simulation, this is almost
10% higher. The differences from the two tools may come from the dif-
ferent scattering treatment [39,56,57], given the satisfactory agreement
seen in Fig. 3.

4. Conclusion

A simulation framework that is based on the existing coupling be-
tween the magnetic tracking in SixTrack and particle-matter interaction
in FLUKA has been built for crystal studies in particle accelerators. With
the inclusion of coherent effects from bent crystals on the beam in the
SixTrack-FLUKA Coupling, using the step-by-step microscopic FLUKA
model of crystal interactions, the new framework can treat different
particle types in a general way, as opposed to previous multi-turn tools,
in particular the built-in SixTrack routine, that can handle protons
only. On the other hand, the SixTrack framework has been extensively
benchmarked against measurement data from different machines and,
for proton beam, it represents the present state-of-the-art for multi-turn
crystal simulation processes. The new simulation setup has thus been
benchmarked with the built-in routine in SixTrack for protons, and with
high-energy 6.5 TeV proton data from the LHC. Benchmark studies
include single-turn and multi-turn studies. For multi-turn studies, the
focus has been put on beam collimation usages, such as particle loss
patterns. Crystal characterization studies, such as angular and linear
scans, have also been benchmarked.
6

Overall, all the benchmark results are satisfactory and no striking
discrepancies with measured data were found. It is concluded that the
new framework is thus suitable for extensive usage for protons in the
investigated parameter range. Minor differences have been identified
between the SixTrack-FLUKA Coupling and the standalone SixTrack
routine. However, these differences are difficult to explore since there
are little or no experimental data at this energy and precision. For
future studies, these differences may be explored further, e.g. by using
single-pass measurements at lower beam energies. In particular, a
benchmark with experimental data should be done for other particle
species, especially heavy ions, for which crystal collimation will be used
in future physics runs at the LHC. For this application, it is crucial
to have a working simulation code, and the presented simulation
framework provides a very important step towards that direction.
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