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CRYSTALS USING TWO PARTICLE SIMULATION PROGRAMS:
SIXTRACK AND XSUITE

K. A. Dewhurst * F. Van der Veken, P. D. Hermes, D. Mirarchi, S. Redaelli, CERN, Geneva, Switzerland

Abstract

A novel double-crystal experiment is being considered
for installation in CERN’s Large Hadron Collider (LHC) to
measure precession properties of short-lived baryons such
as the Af. The experiment utilises a first bent silicon crystal
of 50 prad to deflect halo particles away from the circulat-
ing proton beam. Further downstream, a second crystal is
installed, which produces a significantly greater bending
angle of 7mrad. While the former is well understood in
simulations and measurements, the latter presents a new
challenge for existing simulation tools. Using particle track-
ing programs, SixTrack and the newly developed Xsuite,
we simulate a single pass experiment to calculate the ex-
pected channelling efficiency of these crystals. The results
serve as a prediction for the performance of prototype crys-
tals recently tested in CERN’s North Experimental Area at
180 GeV, and that are planned to be installed in the LHC in
2025 for use in the multi-TeV energy range.

INTRODUCTION

As part of the Physics Beyond Colliders (PBC) studies at
CERN [1], a fixed-target experiment using two bent crys-
tals is being considered for installation in the Large Hadron
Collider (LHC) [2, 3]. This experiment aims to measure the
spin-precession properties (the electric- and magnetic-dipole
moments) of short-lived A} baryons [4, 5]. The experiment
incorporates two bent silicon crystals. The first crystal, the
TCCS (Target Collimator Crystal for Splitting), will deflect
LHC protons away from the main beam halo onto a tung-
sten target to produce A} baryons. The second crystal, the
TCCP (Target Collimator Crystal for Precession), will be
adjacent to the target, deflecting the produced A} particles
and causing them to precess inside the crystal during their
short lifetime of 75+ ~ 2001fs [6] (at rest).

The TCCS is of the same type as the existing TCPC crys-
tals installed as part of the LHC collimation system [7]
with 4 mm length and 50 prad bend angle. The crystal param-
eters are summarised in Table 1. The modelling of the TCCS
with the simulation tool SixTrack [8] has been benchmarked
against several crystal measurement studies at CERN [9—
13], with convincing agreement between simulation and mea-
surement. The TCCP is required to be considerably longer
to cause significant precession before decay, e.g. 2TeV
(y ~ 2100) Af baryons will travel ~ 120 mm in the experi-
ment rest-frame before decaying. The TCCP is 70 mm long
with a ~ 7 mrad bend angle to cause the required precession
(equivalent to a ~ 6600 T m magnetic field).
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SixTrack is a particle tracking code used and developed
at CERN since 1994. It contains the Monte-Carlo routine
K2, simulating the interaction of protons with matter, in-
cluding physics specific to bent crystals [14—17]. Xsuite
is being developed in Python and C, and is a successor to
SixTrack with additional functionality. It removes reliance
on legacy code in other languages (e.g. Fortran) and im-
plements a modular format, allowing for more streamlined
development and faster simulations [18]. The Xsuite crystal
routine Everest is part of the Xcoll module and contains an
updated methodology of the K2 crystal physics routine [19].
In K2, a crystal is considered as a thin element. In Everest, a
crystal is a thick element where each particle will undergo a
new interaction after a randomly sampled interaction length
until the particle exits the crystal. Thus, Everest is capable
of simulating multiple interactions, which is expected to
provide more accurate simulations of particle channelling
for the long TCCP crystal [20].

As the TCCS is short (4 mm) we expect both approaches
to produce similar results. The longer (70 mm) TCCP crystal
provides the opportunity to test and further benchmark the
new simulation tool in Xsuite. Both the TCCS and TCCP
have been recently tested (publication in preparation [21]) in
single-pass experiments using the H8 beamline in the CERN
North Experimental Area [22] to measure their channelling
efficiencies. In this paper, we provide simulations from both
SixTrack and Xsuite to predict the expected channelling
efficiency for each crystal in these H8 experiments.

CRYSTAL CHANNELLING ROUTINE:
XSUITE, EVEREST

v

Channel <

Dechannel

Nuclear interaction

Figure 1: Logic of the Everest crystal routine in Xcoll. Solid
arrows indicate the particle travels a distance (calculated path
length) before the next interaction. Dashed arrows indicate
the next process in the simulation without travel.
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Table 1: Crystal Parameters

Crystal Bend angle Bend angle Length
(specification [23])  (simulated) [mm]

TCCS 50 to 55 prad 50 prad 4

TCCP 6.0to 7.5 mrad 6.9 mrad 70

When a charged particle enters a crystal, it may be cap-
tured between crystalline planes and channelled, or undergo
amorphous (Coulomb) scattering [24]. In either case, the
particle will travel some distance into the crystal before its
next interaction with the crystal lattice. In Everest, for each
potential crystal interaction (e.g. nuclear interaction, dechan-
nelling, volume interaction, exiting the crystal) [24] a path
length is determined from random sampling of a probability
function. The shortest path is taken by the particle, and the
corresponding most probable interaction is assumed to take
place. The process repeats until the end of the crystal is
reached. A flowchart of the Everest crystal routine logic is
shown in Figure 1. In the case of short crystals, only one
interaction calculation may occur.

CHANNELLING EFFICIENCY: SINGLE
PASS EXPERIMENT

Charged particles that enter a silicon crystal with a suitable
energy and incoming angle can be captured in the potential
well between the crystalline planes and channelled [24]. Par-
ticles with the potential to be channelled by a bent crystal,
enter within a critical angle [24]

cri 2U
Oorss = (1 _ pT) Nea (1)

that depends on bending radius p of the crystal, the potential
well depth U and the energy of the incoming particles E. A
critical bending radius p,;; is defined from properties of

the crystal lattice
Perit = % (djp - aTF) , (2)
where d, is the inter-planar distance and ar is the screening
length from the Thomas-Fermi atomic model [25].

To simulate the H8 single pass experiments, a Gaussian
distribution of 1 x 107 particles was initialised in x, y, p, Py
(see Table 2) at the entrance of a crystal in the chosen sim-
ulation tool and compared to the distribution at the crystal
exit. H8 can provide two beams that are utilised for crys-
tal efficiency measurements; a 180 GeV pion beam and a
400 GeV proton beam (see Table 2). We consider particles
impacting the crystal, that have angles within either i%@cm
or +6.,i;, and report the simulated channelling efficiency
for each combination of crystal and beam in Tables 3 and 4.

SHORT CRYSTAL COMPARISON - TCCS

To calculate the channelling efficiency, the change in an-
gle caused by the interaction with the crystal was plotted,
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Table 2: Beam Distributions with Transverse Gaussian Pro-
file

Particle Energy oy, 0xp,yp
pion 180GeV 2mm 60 prad
proton 400GeV Imm 10prad
sim. + detector res. data
80000{ — sim + det. res. guassian fit

--- mean = 49.7 prad
simulation data
—— sim. guassian fit

600001 ...... mean = 49.9 prad

particles N

400001

no

200004

0 20 40 60
angular deflection in x A8, /urad

Figure 2: Angular deflection in x of 180 GeV particles for
the TCCS crystal with data cut at +6.,;;, where 0.,;; =
13.3 prad. Data from a SixTrack simulation with (red) and
without (blue) the effect of the detector resolution. A Gaus-
sian fit is made to the right side of the channelled peaks.

as in Figure 2. Channelled particles form a peak (right)
around the bend angle of the crystal. Particles undergoing
amorphous scattering have on average zero deflection and
those undergoing volume reflection have a negative deflec-
tion angle; a combination of these two processes form a peak
close to O urad (left). Between the two peaks, the histogram
is populated by dechannelled particles, i.e. those leaving
channelling before the end of the crystal. The channelling
efficiency is given by the proportion of channelled particles
compared to the total particles suitable for channelling;

no. particles channelled
total no. particles

€en[%] = x100.  (3)

Table 3: Simulated TCCS Channelling Efficiency

Energy Cut Simulation = Channelling
[GeV] [prad] tool efficiency [%0]
180 6.65 SixTrack 79.2+0.2

6.65 Xsuite 81.4+0.3
13.3 SixTrack 68.6+0.2
13.3 Xsuite 68.8+0.2
400 4.45 SixTrack 77.2+0.1
4.45 Xsuite 79.1£0.1
8.9 SixTrack 69.2 +£0.1
8.9 Xsuite 69.9 + 0.1

The number of channelled particles was estimated by per-
forming a Gaussian fit mainly to the right side of the chan-
nelled peak to discount the background of dechannelled par-
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Figure 3: The angular deflection in x of 180 GeV particles for the TCCP crystal with data cut at the critical angle of 12.9 urad
(log scale on y-axis). Data from an Xsuite simulation is shown with the effect of the detector resolution. A Gaussian fit,
made to the channelled peak, returns the expected bend angle of 6.9 mrad and gives a channelling efficiency €., = 32 + 1 %.

ticles. The fit parameters were used to calculate the number
channelled particles enclosed by a full Gaussian.

To predict the data recorded in single-pass experiments,
the detector resolution was included in the analysis. The
telescope used in the 2023 measurement is expected to have
a 3.5 prad resolution for the incoming angle using silicon
telescopes [26] and a 7.2 prad resolution for the outgoing
angle using a combination of a silicon telescope and a beam
chamber [27] detector. To simulate the effect of the exper-
iment resolution, a random noise signal (Gaussian with o
equal to the resolution) was added to the data for incoming
and outgoing angle. Figure 2 shows the effect of the detec-
tor resolution. A simulation without the detector resolution
(blue) gives a higher peak and larger estimate of €., = 71 %,
whereas with a spread caused by the detector resolution (red),
the measured efficiency is lower €.;, = 69 %. In both cases
the Gaussian fit recovers the expected crystal bend angle of
50 prad to the nearest prad.

Propagation of statistical uncertainty, assuming o = VN
on the height of each histogram bar, suggests < 0.5% uncer-
tainty on the channelling efficiencies for the TCCS, as re-
ported in Table 3. However, a larger uncertainty arises from
the selection of data in the channelled-peak fit, e.g. vary-
ing the lower limit by +4 prad altered the channelling effi-
ciency by +1% for the TCCS. This larger uncertainty should
be considered in comparisons with measurements. Ta-
ble 3 summarises the channelling efficiencies for the TCCS
with 180 GeV and 400 GeV particles and cuts at i%Qcm and
+0.,i;. All values reported in Table 3 include the detector
resolution. As expected, the results from both simulation
tools SixTrack and Xsuite agree within a few percent.

LONG CRYSTAL COMPARISON - TCCP

The same approach to simulation and analysis was taken
for the TCCP. Initial x-ray analysis suggests the manufac-
tured TCCP has a bend angle of 6.9 mrad [28]; we used this
value in our simulations.

Figure 3 shows the angular deflection of particles interact-
ing with the TCCP in an Xsuite simulation. The amorphous
and channelled peaks are well separated, and the background
of dechannelled particles is low compared to the TCCS. The
calculated channelling efficiencies are shown in Table 4. As
expected, the TCCP has a lower efficiency than the TCCS,
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Table 4: TCCP Channelling Efficiency

Energy Cut Simulation  Channelling
[GeV] [uprad] tool efficiency [%0]
180 6.45 SixTrack 36.6+£0.2

6.45 Xsuite 374+0.2
12.9 SixTrack 30.9+£0.1
12.9 Xsuite 31.2+0.1
400 4.15 SixTrack 48.0+£0.1
4.15 Xsuite 48.4+0.1
8.3 SixTrack 42.8+0.1
8.3 Xsuite 42.5+0.1

as the smaller bend radius decreases the channelling po-
tential well in the crystal and the greater length provides
more opportunity for particles to dechannel. Surprisingly,
there is little difference in channelling efficiency resulting
from SixTrack and Xsuite simulations for the TCCP. The
differences in the crystal physics routines do not seem to
have a considerable impact for the chosen simulation setup.
The simulations reported here assume a perfect crystal; well
aligned to the incoming beam, with uniform bend radius,
and no amorphous edge layer or miscut on the crystal face.
The channelling efficiencies reported, therefore, provide an
upper bound for the expected channelling efficiency from
measurement of the real crystals.

CONCLUSION

Both the simulation tools SixTrack and Xsuite include
crystal routines enabling them to track particles through bent
silicon crystals. SixTrack assumes crystals as thin-elements,
whereas Xsuite can take a thick-element approach for longer
crystals. We have used both tools to simulate the single-pass
channelling efficiency for two crystals; the 4 mm TCCS and
70 mm TCCP, which are considered for installation into the
LHC for a fixed-target experiment. Both simulation tools
produced similar predictions for the channelling efficiency,
verifying that both are suitable tools for similar future stud-
ies. The results provide a useful upper-bound of the expected
channelling efficiencies to compare with experimental mea-
surements from the H8 beamline at CERN.
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