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Abstract This study investigates the performance of bent
silicon crystals intended to channel hadrons in a fixed-
target experiment at the Large Hadron Collider (LHC). The
phenomenon of planar channelling in bent crystals enables
extremely high effective bending fields for positively charged
hadrons within compact volumes. Particles trapped in the
potential well of high-purity, ordered atomic lattices follow
the mechanical curvature of the crystal, resulting in macro-
scopic deflections. Although the bend angle remains con-
stant across different momenta (i.e., the phenomenon is non-
dispersive), the channelling acceptance and efficiency still
depend on the particle momentum. Crystals with lengths in
the range of 5to 10 cm, bent to angles between 5 and 15 mrad,
are under consideration for measurements of the electric and
magnetic dipole moments of short-lived charmed baryons,
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such as the A. Such large deflection angles over short dis-
tances cannot be achieved using conventional magnets. The
principle of inducing spin precession through bent crystals
for magnetic dipole moment measurements was first demon-
strated experimentally in the 1990s. Building on this con-
cept, experimental layouts are now being explored for imple-
mentation at the LHC. The feasibility of such measurements
depends, among other factors, on the availability of crys-
tals that exhibit the required mechanical properties to reach
the necessary channelling performance. To address this, a
dedicated machine experiment — TWOCRYST - has been
installed in the LHC to carry out beam tests in the TeV energy
range. The bent crystals for TWOCRYST were fabricated
and tested using both X-ray diffraction and high-momentum
hadron beams at 180 GeV /c at the CERN Super Proton Syn-
chrotron (SPS) extraction lines. Two crystals based on estab-
lished technologies were included in this test. In addition, a
crystal bent via anodic bonding was tested for the first time
with high-energy hadrons to assess its potential for future
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accelerator applications. This paper presents an analysis of
the performance of the three tested crystals and, where pos-
sible, outlines key differences in their properties attributed to
the respective bending techniques.

1 Introduction

Bent crystals can deflect high-energy particles through the
planar channelling process [1]. Deflection by bent silicon
crystals has been successfully utilised as part of the col-
limation system in the Large Hadron Collider (LHC) at
CERN [2,3]. Promising results have also been achieved
recently for other applications, such as slow extraction [4,5],
building on extensive experience with bent crystals in accel-
erators worldwide; see, for example [6—8]. As part of CERN’s
Physics Beyond Colliders (PBC) initiative [9], various appli-
cations of bent crystals for fixed-target (FT) implementations
with multi-TeV beams at the LHC have been studied [10],
including their use for beam extraction [11] and integration
into detection systems [12].

One PBC FT study that generated particular interest
aims to probe the spin of the charm quark. In this scheme,
charmed baryons (e.g. A}) are produced in a fixed target
and subsequently channelled through a long bent crystal,
inducing spin precession. The resulting spin rotation within
the crystal’s strong effective electromagnetic fields enables
measurements of the baryons’ electric and magnetic dipole
moments [13-20]. The experimental setup for this study
utilises two bent crystals: a first, short, crystal to split pro-
tons from the LHC beam halo further away from the beam
core and direct them onto the FT with sufficient separation
from the main beam, and a second, long, crystal to channel
the charmed baryons produced in the beam-target collisions.
This double-crystal configuration is designed to enable FT
collisions concurrently with the high-intensity proton opera-
tion of the LHC, without perturbing the proton-proton lumi-
nosity production at the main LHC experiments. A spin pre-
cession experiment based on this scheme, named ALADDIN
(An LHC Apparatus for Direct Dipole moments INvestiga-
tion), is currently being studied for future deployment at the
LHC [21].

Channelling particles through two crystals in series
(double-channelling) is a challenge requiring the precise
positional and angular alignment of each crystal. Double-
channelling has been demonstrated with 270 GeV protons at
CERN’s Super Proton Synchrotron (SPS) [22]. To prepare
for spin precession experiments like ALADDIN, the proof-
of-principle setup TWOCRYST [23] has been implemented
in the LHC to make the first demonstration of proton double-
channelling at TeV energies in 2025. TWOCRYST incorpo-
rates two bent crystals with specifications optimised for a
full-fledged experiment. The first crystal, the TCCS (Target
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Fig. 1 TCCS bent silicon crystal clamped by its U-shaped metallic
holder

Collimator Crystal for Splitting), has the same parameters as
existing LHC collimator crystals, with a length of 4mm and
a bend angle of approximately 50 urad [24]. A photograph
of a TCCS crystal is shown in Fig. 1. The second crystal,
the TCCP (Target Collimator Crystal for Precession), is sig-
nificantly longer (70 mm), with a bend angle over 100 times
larger (6.9 mrad), making it suitable for studying the preces-
sion of short-lived baryons.

TWOCRYST provides the first opportunity to characterise
such long crystals in the TeV energy range. Particularly the
TCCP, with its length and bend angle being unprecedented for
the LHC, must be well characterised before installation into
the collider. Pre-installation tests include detailed mechani-
cal and visual inspections, X-ray characterisation, validation
of mechanical stability against thermal cycles, mimicking the
bake-out procedures required for integration into the ultra-
high vacuum environment of the LHC, and assessments of
channelling efficiency with hadron beams. This paper reports
the results of the validation of three bent silicon crystals
supplied by INFN-Ferrara for TWOCRYST, with empha-
sis on measurements using high-resolution X-ray diffrac-
tion (HR-XRD) [25] and hadron beams, carried out using
the H8 beamline in CERN’s North Area with a telescopic
detector [26]. The analysis of hadron beams in HS follows a
well-established approach, see for example [27]. Other recent
measurements with crystals producing bends in the multi-
mrad range and the solutions adopted for the data analyses
can be consulted in [20,28].

Three bent crystals were produced and tested for
TWOCRYST: one for splitting and two for precession, each
using different bending technologies. This paper describes
the design of these crystals and presents the results of the
characterisation measurements carried out before installation
in the LHC. Both X-ray and particle beam measurements are
used to determine the bend angle ), and its variation across
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Fig. 2 Supports for the deformation of the silicon crystal wafers. The
TCCP (left) is clamped in a specially-shaped metallic holder. The
TCCPA (right) is anodically bonded to a silicon-based glass lens [32]

the entrance face of each crystal (quantified by the torsion
7). Particle beam measurements also provide the channelling
efficiency e, of the crystals, which can be compared with
simulations. These results, particularly the channelling effi-
ciency, are used to assess the suitability of each crystal for
incorporation into the TWOCRYST experimental setup.

2 Bent crystal designs

The three crystals measured as part of the TWOCRYST effort
include a baseline TCCS and TCCP, which are mounted using
conventional metallic holders, and a third crystal using a
novel anodic bonding technique developed at INFN-Ferrara.
We refer to this third crystal as the TCCPA: Target Collimator
Crystal for Precession — Anodic.

All three crystals are manufactured from prime silicon
wafers. The TCCS bending mechanism exploits the anticlas-
tic deformation of a ‘strip’ crystal [29,30] while the TCCP
and TCCPA crystals are designed to induce bending directly
along the crystal surface. Both the baseline TCCS and TCCP
are deformed by clamping them into specially shaped sup-
ports; a technique first used in experiments designed to
extract the beam circulating in the SPS at CERN [31]. These
metallic holders with U-shaped cross-sections are shown in
Figs. 1 (TCCS) and 2 (TCCP). The TCCP holder design was
optimised to minimise aperture constraints for the LHC cir-
culating beam, requiring special machining of the clamps
facing the beam, see Fig. 2 (left).

The anodic bonding technique [32] used for the TCCPA is
a process widely employed in the fabrication of Silicon-On-
Insulator (SOI) structures in modern microelectronics [33].
In this process, a silicon wafer is brought into contact with a
glass substrate and subjected to high voltage and elevated
temperature, causing mobile ions in the glass to migrate
and create a strong electrostatic bond at the interface. This
method allows highly uniform and permanent bonding across
the full contact surface, providing homogeneous curvature of
the crystal without the need for mechanical clamping. These
features are expected to be beneficial for bending longer crys-
tals, as they promise more homogeneous bending, expected

Table1 Design properties of the three crystals tested for TWOCRYST.
The expected properties of the TCCS and TCCP are taken from the
functional specification [34]

Crystal TCCS TCCP TCCPA
Crystal material Si Si Si
Bending plane (110) (110) (110)
Length [mm] 4 70 70.5
Width [mm] 35 8 22.5
Height [mm] 2 2 2

Bend radius p [m] 80 10 53
Bend angle 6, [mrad] 0.05 7.0 13.3

6r, at 180 GeV/c [urad] 13.3 12.9 12.5

to result in better channelling efficiencies, and better torsion
control.

The TCCPA tested in the framework of this work is shown
in Fig. 2 (right). It is a long crystal of approximately 70 mm
but has a smaller bending radius than the TCCP and, there-
fore, a stronger deflection of around 13mrad. This study
reports the first test of an anodically bonded silicon crys-
tal using a high-energy hadron beam. To our knowledge, this
is also the first time that such a bonding method has been
applied to bent crystals intended for use in hadron accelera-
tor applications at multi-GeV energies.

The design properties of the three crystals are summarised
in Table 1.

3 Channelling in bent crystals

Charged particles passing through a crystal with an ordered
lattice structure experience an intense electromagnetic field,
for example, of the order 5 GeV cm~!insilicon [1]. As theo-
retically explained by Lindhard [35], when a charged particle
has a small incident angle, 6;,, relative to the crystallographic
planes or axes, it experiences the effect of a continuous poten-
tial that traps the particle between the planes. These phenom-
ena are called planar and axial channelling, respectively.
For channelling to occur, the incident angle must be
smaller than the Lindhard (or critical) angle, beyond which
the transverse momentum exceeds the height of the potential
well. In a straight crystal, the Lindhard angle is given by [1]

. 2Uy
QL_‘,pﬂc’ ()

where Uj is the potential well depth, p is the particle momen-
tum, B is the relativistic particle velocity, and c is the speed
of light in vacuum. Positively charged particles can undergo
planar channelling in crystals with a diamond cubic structure
(e.g., C, Si, Ge) and will follow the naturally straight crys-
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Fig. 3 Possible particle interactions with the lattice channels of a bent
crystal. These are labelled (1) channelling, (2) dechannelling, (3) vol-
ume capture, and (4) volume reflection. A fifth interaction, amorphous
(Coulomb) scattering, also occurs independently of the channelling
planes

talline lattice [1]. By mechanically bending the crystal, the
lattice planes become curved, causing any particles chan-
nelled between the planes to follow this curved trajectory.
Therefore, it is possible to deflect particles by an angle equal
to the crystal bending angle 6p,.

For bent crystals, the effective potential-well depth
decreases with increased bending per unit length [1]. The
potential-well depth Uy scales with a factor (1 — p./ 0)2,
where p is the bending radius and p, is the critical bending
radius, beyond which channelling cannot occur. The Lind-
hard angle then becomes

~(1-re) 2
o-(-2)

with the critical radius being

. E
B U’ (xc) .

Pe 3
U'(x.) is given as 5.7GeV cm™! for the (110) plane in sil-
icon [1], using the Moliere approximation for the poten-
tial [36]. We assume Ug = 16 eV for silicon [1]. This results
in Lindhard angles of 13.3 prad for the TCCS, 12.9 urad for
the TCCP and 12.5urad for the TCCPA, at E = pfBc =
180 GeV /c. These calculated values are also listed for refer-
ence in Table 1.

Evenifimpacting conditions for channelling are respected,
particles may undergo other interactions, for example, amor-
phous (Coulomb) scattering, dechannelling, volume capture,
or volume reflection [1]. Figure 3 illustrates these differ-
ent interactions. Amorphous scattering is an elastic inter-
action between an incoming particle and a lattice atom; a
possible interaction process with any bulk material. Dechan-
nelling occurs when an initially channelled particle escapes
the potential well before reaching the end of the crystal;
the particle trajectory is deflected by < 6. Each crystal
in this study has a length greater than the nuclear dechan-
nelling length (~ I mm at momenta of 180GeV/c) and
shorter than the electronic dechannelling length (~ 100 mm

@ Springer

at 180GeV/c), as shown in Table 1. In this regime, which
is still not fully explored experimentally, dechannelling is
predominantly caused by multiple scattering with the atomic
nuclei [37]. Volume capture allows a particle initially outside
the channelling condition to enter channelling, e.g., by los-
ing energy through scattering. Volume reflection can occur
when a particle approaches the crystal bending plane close
to the tangent, i.e., when the incident angle is in the range
01 < O < Op. Volume reflection causes particles to be
reflected in a direction opposite to the bending direction of
the crystal.

In a final fixed-target experiment, achieving sufficient pre-
cession is essential for maximising statistics. This requires
both the TCCS and TCCP crystals to have suitable chan-
nelling efficiencies. The properties of the TCCS crystals are
well-established, thanks to experience gained from their use
for LHC beam collimation [3]. However, the performance
of the novel TCCP crystals presents an unprecedented chal-
lenge. In both cases, the channelling efficiency, €ch, is defined
as the fraction of particles channelled by the crystal, Ny, rel-
ative to the total number of particles with the potential to be
channelled, Ny, meaning those with an incoming angular
range within one Lindhard angle or :I:%OL:

N,
€enl%] = —

x 100. 4)

tot

4 Characterising the crystals with X-rays

Before the hadron beam tests, the deformation of the crystal
strips was measured using high-resolution X-ray diffraction
(HR-XRD) [25]. This technique is used to assess the defor-
mation of the front surface and the uniformity of the bending
radius. Deformations of the entry surface cause variations in
the optimal crystal-beam angular alignment as a function of
the transverse impact positions. A preliminary X-ray assess-
ment is crucial in selecting an appropriate crystal for the
hadron tests, particularly for the long crystals. However, the
entry surface deformation is best observable in the hadron
beam tests, as shown in Fig. 9.

Non-uniformities in the bending radius typically increase
the risk of dechannelling of particles that meet the chan-
nelling conditions at the entrance of the crystal [38,39]. The
results of bending radius measurements using X-rays along
the crystal length are shown for both TCCP and TCCPA
in Fig. 4. The uniformity of the bending radius along the
full length of the TCCPA crystal is remarkable. This can be
attributed to the use of the precisely manufactured glass sub-
strate, which applies the bending force uniformly across the
entire surface of the crystal. In contrast, the TCCP exhibits
significant variation in bending radius along its length, par-
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Fig. 4 Bending radius along the crystal in the direction of the beam,
z. The measured bending radii are shown for both long crystals: TCCP
(black) and TCCPA (red)

ticularly at the ends. This variation arises as the clamping
forces are applied only at the edges, and steel substrates can-
not be manufactured with the same precision as glass. At
both crystal ends, the bending radius is more than twice the
target value of R = 10 m. While these larger values are not
necessarily the main cause of channelling efficiency loss, this
aspect needs to be studied further.

5 Characterising the crystals with 180 GeV hadron
beams

5.1 Experimental setup

Each crystal was tested at the H§ beamline in the North Area
at CERN, which is driven by 400 GeV protons extracted from
the SPS. This beamline operates with a beryllium target, and
a spectrometer selecting 180 GeV hadrons [40]. These sec-
ondary beams are roughly composed of 30% 7 ™ mesons and
70% protons.

For the characterisation with hadrons, each crystal is
mounted on a goniometer, shown in Fig. 5, which provides
precision control of the linear and angular crystal position
relative to the incoming beam. An initial alignment of each
crystal with the hadron beam is carried out using an align-
ment laser, mirror and beam splitter. Each crystal is mounted
so that channelled particles are deflected in the x-plane. Fig-
ure 5 shows the TCCS crystal during the laser alignment.
Four silicon detectors, two upstream and two downstream
of the crystal, are used to track the incoming and outgoing
particle trajectories. The distance between the two down-
stream detectors is adjusted to optimise measurements based
on each crystal’s bend angle. For crystals with larger bend
angles, up to approximately 14 mrad, a shorter distance is

Fig. 5 Initial laser alignment of the TCCS crystal. The crystal is
clamped into a bent position by the U-shaped metallic holder and
mounted on a goniometer. The red laser light is visible on the crys-
tal and holder. The silicon detector (T3) is visible downstream

T1 T2 crystal T3 ca c5
Single aE ¥
particIeJr

9 [

in
A L

o :.r.=
T 0 9.219.64 10.12 14.975 20.82 z[m\]

Fig. 6 Experimental layout employed on the H8 beamline for the crys-
tal test. Two telescope detectors (T) are located upstream of the crystal
and used to track the position and incidence angle 6, = arctan ﬁij
of the incoming particles. A telescope (T) and a chamber (C) detector
are located downstream of the crystal. Chamber C5 was used with the
TCCS crystal, whereas chamber C4 was used with the larger bend-angle
crystals; the TCCP and TCCPA. Also here, the lever arm between two
detectors Az is combined with the change in transverse position Ax to
obtain the outgoing angle 0y, = arctan 3—;‘. The trajectory of a single
particle deflected by the crystal (blue) is shown passing through the
detectors. The z-positions are given at the detectors’ centres and the

crystals’ upstream edge

used to ensure accurate tracking of the deflected particles.
This method follows an established approach for measuring
silicon crystals at H8 [41-43]. Figure 6 shows an overview
of the experimental layout.

Two types of silicon microstrip detectors are employed
in the experiment and are commonly referred to as “tele-
scope” (T) and ”beam chamber” (C) detectors. While both
are silicon trackers, the labels reflect differences in geometry,
thickness, and intended application rather than fundamental
technology. To ensure consistency with existing documenta-
tion and earlier studies, we retain this nomenclature through-
out the paper. The telescope detectors comprise 384 strips,
with a 50 um strip width, providing a 1.92 cm x 1.92 cm sen-
sitive area and 5 pmto 10 wm resolution, depending on ori-
entation [26,44]. The beam chamber detectors comprise 384
strips, with a 242 um strip width, providing a sensitive area
of 9.3cm x 9.3 cm, and spatial resolution of 30 um [45,46].
Telescope detectors were used as the first three detectors (T1,
T2, T3) to benefit from their fine spatial resolution. A cham-
ber detector (C4 or C5) was used as the most downstream

@ Springer
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detector, exploiting the larger sensitive area to capture both
the main beam and the channelled beam of hadrons. Cham-
ber C4, located closer to the crystal, was used with the larger
bend-angle crystals (TCCP and TCCPA) and C5, further
downstream, was used with the TCCS crystal.

After an initial laser alignment, three sets of measure-
ments were collected for each crystal, yielding the reference,
amorphous, and channelling datasets. To obtain the refer-
ence dataset, the crystal was moved out of the beam, and
data were recorded without the crystal present — allowing
the beam profile to be observed directly in each detector.
The crystal was then inserted, and a linear scan was per-
formed to centre it within the beam. Once centred, the crys-
tal was slightly rotated to induce amorphous scattering. Since
only particles impacting the bulk of the crystal are scattered,
the crystal edges could be identified from this amorphous
dataset. Subsequently, the optimal channelling orientation
was determined via an angular scan. Finally, while the crystal
was aligned in this optimal orientation, high-statistics chan-
nelling data (> 1 x 10° events) were recorded. This proce-
dure was repeated for each of the three crystals.

5.2 Analysis procedure

The collected data were analysed independently at CERN
and INFN Milano, compared and validated. The data analysis
follows a three-step approach. In the first step, the reference
data, collected without interactions with the crystal, are used
to find the relative positions of the tracking detectors. This
is done either by defining the origin (0, 0) position of each
tracker in (x,y) from the mean position of the passing parti-
cles, or using an alignment algorithm, based on Millepede-
11 [47,48], which additionally takes into account the rotation
of the three downstream detectors (T2, T3, C4/5) in the x—y
plane.

In the latter approach, the alignment parameters p are the
x and y offsets of the last three detectors and their rotations
around the z axis. The coordinates at the first detector and
the longitudinal z positions of the other three detectors are
fixed. The alignment parameters are determined via the min-
imisation of a x 2 calculated using the tracks of the alignment
dataset

2
K2 = Z [Xm; aj;i (w)] ’ )
; i
where xy,; is the measured hit position, X, is the expected
hit position based on the parameters u, and oy, is the experi-
mental position resolution for the i-th track. The longitudinal
z translation of the detectors and their rotations around the x
and y axes are second-order effects; therefore, they are not
taken into consideration. The parameters g obtained by this
approach are subsequently used to correct the detector posi-
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tions for the analysis of the datasets recorded with crystals
in place.

In a second step, the data recorded with crystals in amor-
phous orientation are used to find the edge of each crys-
tal in the deflection plane x. The incoming track of each
particle passing T1 and T2 is tracked to the z-position of
the upstream face of the crystal to give the incoming x-
positions. Each particle’s incoming and outgoing angles are
similarly determined using position data from each pair of
upstream and downstream detectors. Plotting the deflection
A0y = Oy — i against position x, shows a clear transition
between weakly deflected particles (due to multiple scatter-
ing in the air or detector materials) and those with significant
deflection due to amorphous scattering with the crystal. This
process identifies the crystal edges in the x-plane and verifies
the measured width (20 mm) of each crystal. All particles out-
side the defined crystal edges, and thus with zero channelling
probability, are removed from the channelling dataset.

Finally, the high statistics channelling data, collected with
the crystal in the channelling orientation, are used to deter-
mine the channelling efficiency for the three crystals, as
defined in Eq. 4. The parameter N, only includes those par-
ticles with the potential to be channelled, i.e., those impact-
ing the crystal with an incoming angle in the bending plane
within one Lindhard angle; & %HL. As the Lindhard angle 67,
depends on the crystal properties, it differs for each crystal.
The values of 6, for the three crystals relative to 180 GeV /c
pions, and calculated following [1], are reported in Table 1.
These values are used to remove particles with unsuitable
angles from the channelling dataset and, in turn, the chan-
nelling efficiency calculations.

The analysis method for the channelling efficiency varies
among the three crystals due to their distinct characteristics.
Specifically, the effect of torsion, 7, — the variation of the
crystalline plane orientation along the direction (y) perpen-
dicular to the bending plane (x) — must be accounted for when
measuring the channelling efficiency. The different orienta-
tions of the crystallographic planes along the crystal front
surface influence the angular range in which particles can be
channelled, i.e., the cut at :I:%QL may not be centred on zero,
but a correction parameter 8y = 6y(y). The TCCS crystal has
the smallest bending angle, a smaller impact surface and neg-
ligible torsion by construction; values are typically smaller
than 1 urad mm™~!. For this reason, the channelling efficiency
can be extracted from the whole sample of particles impact-
ing the crystal surface within 6y £ %GL, giving Nyo. The
number of channelled particles N, can be identified from
their deflection angle Af,, as shown by the labelled regions
in Fig. 7. The channelling efficiency is calculated in several
iterations varying 6y until the highest efficiency is found,
representing the best alignment of incoming particles with
the crystalline planes. For the longer crystals, the TCCP and
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Fig. 7 Angular deflection of the particles impacting the crystals as a
function of the incident angle to the crystalline plane. The upper plot
shows the TCCS, the middle plot shows the TCCP, and the lower plot
shows the TCCPA. The colour scale indicates the particle count in each
pixel. The different interaction regimes are labelled (1) channelling, (2)
dechannelling, (3) amorphous, and (4) volume reflection. The separa-
tion between amorphous and volume-reflected regions is less obvious
in the lower two plots due to the scale required for the large (mrad)
deflections of the TCCP and TCCPA

TCCPA, the effect of the torsion is not negligible and must
be incorporated into the analysis.

In the cases of the TCCP and TCCPA crystals, the effect
of the torsion has been corrected by dividing the data sample
into square bins, as a function of the impact position on the
crystal surface. It is noted that in the case of the precession
crystals, 8y = 6p(x, y). The deflection angle A6, is used to
identify the channelled particles for each bin. The angular
shift parameter 6y is then varied to find the maximum chan-

30001/ Cut at 6,/
€n =619 0.5%
2500 H8 data 2023: TCCS
—— Gaussian fit
E 20001 " Fit mean 48.2 + 0.1 pyrad |
=
£
8 1500
g
1000
500
0

—-40 -20 0 20 40 60 80 100
Angular deflection A8, [urad]

Fig. 8 Distribution of the angular deflection of particles which impact
the TCCS crystal within half the Lindhard angle (13.3/2) prad. The bin

width is 0.9 prad, calculated from 3.49¢ /(N %) [49,50], where o is the
standard deviation of the fit and N is the sample size in the fitted peak.
The right peak includes the channelled particles. Dechannelled parti-
cles receive a deflection between zero and 6, so are spread between the
two peaks. A Gaussian fit made to the right side of the channelled peak
(from 40 to 80 rad) has a mean of 48.2(0.1) wrad and standard devi-
ation of 12.1 wrad. The area enclosed by the full Gaussian curve con-
tains 61.9(0.5)% of the impacting particles, revealing the channelling
efficiency of the TCCS

nelling efficiency €., for each bin, producing a 2D map of
torsion variation across the crystal surface. The effect of tor-
sion is then corrected using the parameter 6y found for each
bin.

Examples of measured data are given in Fig. 7 for the
TCCS (top), TCCP (middle) and TCCPA (bottom). The dif-
ferent particle interactions can be identified in overlapping
regions on the plots of deflection A6, againstincoming angle

Oxin-

5.2.1 Splitting crystal (TCCS) results

Figure 8 shows the deflection angle distribution for the TCCS
crystal. The channelled particle peak is visible centred on
48 jrad, close to the design bending angle 6, of 50 purad [34].
The left peak contains a distribution of amorphously-
scattered and volume-reflected particles. Dechannelled parti-
cles occupy the region between the two peaks. A Gaussian fit
is made to the right side of the channelled peak to reduce any
contribution from dechannelled particles. The area under the
fitted Gaussian gives the number of channelled particles N
for the channelling efficiency calculation. The channelling
efficiency of the TCCS, derived from the measurement using
this approach, yields eCThCCS = 61.9 £ 0.5%. This value is
also reported in Table 2.

5.2.2 Precession crystal (TCCP and TCCPA) results

For the cases of the TCCP and TCCPA crystals, the data
sample is divided into sub-samples as a function of the par-
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Table 2 Measured properties of the three crystals. Torsion was not
measured for the TCCS due to the negligible effect

Crystal €ch [%] Op [prad] 7y [wrad/mm]
TCCS 61.9+£0.5 48.2+£0.1 -
TCCP 15.8+0.1 6921.3£0.6 24.4+0.2
TCCPA 15.7+0.2 13295 +2 4.6+0.2
1.04 -5
T 102 60
§ 1.00 =T
& 098 _wé
3 0.96 £
2 0.4 Ty
? 0.92 g
% 0.90 e
08856 2.08 2.10 212 2.14 216

y at crystal surface [cm]

55
-g 0.94 -60
O —
m i)
) -65
S 0.92 i
= -0
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T 090 s
7 ol
E -80 g
< 0.88 o
X -85
0.86 -90

2.000 2.025 2.050 2.075 2.100 2125 2150 2.175 2200
y at crystal surface [cm]

Fig. 9 Torsion map of the entrance surface of the TCCP (top) and
TCCPA (bottom) crystals. The angle shift quantifies the orientation
offset of the crystallographic planes along the surface with respect to
the theoretical one. Despite the smaller bending angle, the TCCP crystal
torsion is less homogeneous than that of the TCCPA

ticle impact position on the crystal surface. For each sub-
sample, the channelling efficiency is derived by calculating
the ratio of the particles under the channelled peak and the
total number of particles considered in the selected angu-
lar range. In this case, the two peaks (VR and channelled)
are very well separated, and the dechannelled background is
negligible, because it is spread over a much broader angu-
lar range. The angular range for which particles are con-
sidered is defined, as for the TCCS, as all particles within
—1/2 61 < 6y < 1/2 61, see Fig. 10. This allows identify-
ing the orientation with the maximum channelling efficiency,
corresponding to the orientation of the channelling planes of
the crystal.

The 2D torsion maps obtained for both crystals are shown
in Fig. 9. These values are then fitted using a linear interpola-
tor along the x and y in the entire crystal surface to extract the
continuous distribution of the map. The average values for
the torsion on the y direction of the two crystals are reported
in Table 2. The torsion along the x direction is negligible;
therefore, it is not reported. The torsion of the TCCPA crys-
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tal is lower by a factor of five with respect to the TCCP,
which is an excellent result and shows the anodic-bonding
technique is promising for large-angle bent crystals.

The final efficiency curve is computed after applying
an angular shift to the incoming direction of the particles,
accordingly to the value of the torsion map at their impact
position on the crystal surface. This way, we obtain a global
efficiency curve for all the particles in our dataset. The two
curves for the TCCP and TCCPA crystals are shown in
Fig. 10. The peak efficiency values computed for all three
crystals are reported in Table 2. For the case of the TCCPA
crystal, the procedure to remove the torsion effect is more
effective than in the case of the TCCP. This is visible in the
peak of the efficiency curve in Fig. 10, which is perfectly
centred at zero.

The bend angle 6, of all the crystals is computed by fitting
the channelling peak and extracting the mean of the peak. In
this case, the background due to the dechannelled particles is
negligible, as is shown in Fig. 11. The value obtained agrees
with the technical specifications in Table 1.

The measured peak efficiency of the TCCP crystal yields
15.8%. This is discussed in detail and compared to simula-
tions in the next section.

The measured efficiency of the TCCPA crystal is compa-
rable to that of the TCCP. This is a remarkable result, con-
sidering that the bending angle is almost twice as high as for
the TCCP.

With a measured efficiency of 61.9 £ 0.5 %, the TCCS
crystal performs similarly to crystals used for beam collima-
tion [3].

6 Simulations of the hadron beam experiment

To predict the expected channelling efficiency in the bent
crystals, simulations of the hadron beam test were carried out
by using the crystal routine [51-53] integrated into the par-
ticle tracking code Xsuite [54]. Simulations are important to
draw conclusions on the quality of the crystals as measured in
hadron-beam validation, as poor channelling efficiency val-
ues can indicate issues with the crystal quality. Xsuite is a
simulation package recently developed at CERN, designed to
replace various tracking codes, including SixTrack, the pre-
viously used code for crystal collimation simulations [51].
Xsuite employs a modular format with just-in-time compila-
tion of C into Python, enabling more streamlined develop-
ment and faster simulations. The crystal simulation routine
in Xsuite is an updated implementation of previous models,
incorporating multiple interactions along the length of the
crystal [55,56]. Comparative simulations of the single-pass
experiment performed in the H8 beamline, using both Six-
Track and Xsuite, are reported in [57]. In this paper, we focus
on Xsuite simulations, as the multiple-interaction feature is
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Fig. 10 TCCP (top) and TCCPA (bottom) crystal efficiency as a func-
tion of the incoming angle, after application of the torsion correction.
The value of the peak is the efficiency of the crystal when it is perfectly
aligned to the beam

expected to benefit the study of longer crystals such as the
TCCP and TCCPA.

6.1 Simulation setup and analysis approach

To simulate the particle channelling experiment, a beam dis-
tribution of 107 particles is initialised at the crystal entrance
with Gaussian transverse profiles of oy, = 2 mm and
oy,y = 60prad based on the hadron beam distributions
(reference dataset) measured in the H8 beamline. Xsuite is
incapable of simulating pion beams, so only protons are sim-
ulated. They have the same unit positive charge and interact
with the crystalline potential in a similar way.

The physics implementation of the crystal routine in
Xsuite [56,57], under the package Xcoll, inherits from the
SixTrack K2 crystal routine [24,52,53,58,59]. The routine
can be divided into two blocks: one for the coherent crystal
effects and one for the scattering part. The scattering routine
uses the existing implementation for regular scatterers. The

10-1 4

1072

Normalised counts

1073 4

(') 10'00 20IOO 30‘00 40'00 5().00 60‘00 70'00
Angular deflection A8y[urad]

1072

Normalised counts

1073 4

(I) 20b0 40‘00 60‘00 80b0 10600 12600
Angular deflection A6y[urad]

Fig. 11 Distribution of the angular deflection of particles which impact
the TCCP (top) and TCCPA (bottom) crystal within half the Lindhard
angle

interactions include multiple Coulomb scattering, Rutherford
scattering, deep inelastic scattering, nuclear elastic scatter-
ing, etc. [52]. For coherent crystal effects, the cross sections
and ionisation losses are scaled. The logical implementation
of the coherent effects can be found in [57], while the various
crystal interactions are determined by a series of probability
calculations [24,52,53,58,59].

The simulation assumes perfect crystals with uniform
bending, and no torsion, miscut, or amorphous layer at the
crystal entrance/exit surfaces. Therefore, it provides an upper
bound for channelling efficiency expected from experimental
measurements.

After the simulated beam profiles are recorded, the
expected angular resolution of the detector system is applied
to the incoming and outgoing angles as a post-processing
step, as done in previous similar analyses [24]. The expected
resolution of 4.5 urad for incoming angles and 7.2 prad for
outgoing angles is an estimate, based on simulations, with
the main contribution arising from multiple scattering in the
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Fig. 12 Xsuite simulation result, showing the angular deflection of par-
ticles which impact the TCCS crystal within half the Lindhard angle.
The bin width is 2.5 prad, consistent with Fig. 8. A Gaussian fit per-
formed on the channelled peak data has a mean of 49.8 urad and stan-
dard deviation of 12.2prad. The area enclosed by the full Gaussian
curve contains 76.9 % of the deflected particles

air surrounding the crystal and each detector. This resolu-
tion is applied as a random noise signal by convoluting the
incoming and outgoing trajectories from the simulations with
a Gaussian of standard deviation o equal to the resolution.

The channelling efficiency is derived based on the his-
tograms of the angular deflection. A Gaussian fitis performed
on the right side of the channelled peak, in full analogy to the
analysis of the measured data. The simulated distribution of
angular deflection in the TCCS is shown in Fig. 12. It is the
equivalent of the data shown in Fig. 8, used to estimate the
measured channelling efficiency.

A small difference in simulated and measured channelling
efficiency is expected due to the different masses of protons
and 7 *-hadrons. The dechannelling length depends on the
normalised particle velocity 8 and on the logarithmic scaling
of the ionisation energy loss [1]:

256 pﬂC AaTF dp

Lij=—. . ,
4= 9p2 1n(2m91c2y> _1 Ziremec?

(6)

where y is the Lorentz factor of the incident particle, m,
the electron mass, r. the classical electron radius, atp =
0.194 x 10~'%m the Thomas—Fermi screening radius of the
crystal atoms, d, = 1.92 x 1079 m the interplanar spacing
between the Si(110) planes, and Z; the charge number of
the incident particle. The quantity I ~ 172 ¢V is the mean
ionisation potential of silicon [1].

Using this formula, one can compute the ratio of dechan-
nelling lengths between 7 +-hadrons and protons. For parti-
cles at a momentum of 180 GeUc, the dechannelling length
for 7 *-hadrons is approximately L7 " = 9cm, compared
to Lg = 10cm for protons. This implies that 7 *-hadrons
dechannel slightly more rapidly than protons. The ratio of
the expected experimentally obtained channelling efficiency
nm for the mixed H8 beam (as used in the experiment, com-
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Table 3 Simulated channelling efficiency, €gm, for each crystal using
Xsuite compared with the measured channelling efficiency, €exp. For
comparison, two different values of the interplanar crystal potential are
used in simulations. The simulated efficiencies reported here are, for the
long crystals, reduced by 3% to take into account the reduced efficiency
expected for the mixed 180 GeV 7 +-hadron and proton beams

Crystal Opena [urad] €sim [%] €exp [%]

TCCS 50 74.8 61.9+0.5
TCCP 7000 36.6 158 £0.1
TCCPA 13300 29.2 159+0.2

posed of approximately 30% w and 70% protons), com-
pared to the efficiency n, for a pure proton beam (used in the
simulation), can be estimated as:

__L_ 7 _L

O.3><exp( x >+O. xexp( L§>
n '
P exp <__LL§>

For the TCCP and TCCPA crystals (each 7cm long), this
ratio evaluates to approximately 97%, and for the shorter
TCCS crystal (4mm in length), it exceeds 99%. The sim-
ulation results reported in the following sections include a
corresponding correction to account for the fact that the sim-
ulations were performed assuming pure proton beams, while
the actual H8 beam consists of a mixture of hadrons.

(N

6.2 Simulation results
6.2.1 TCCS Crystal

A summary of the simulations and a comparison with the
experimental results is provided in Table 3. For the TCCS
crystal, the simulated efficiency is found to be 74.8%,
whereas the measured efficiency is 61.9+£0.5%. The simula-
tion thus overestimates the channelling efficiency compared
to the experimental result. Several factors may contribute
to the observed difference between simulated and measured
efficiencies. One possible explanation is an underestimation
of the detector resolution in the simulation. Sensitivity stud-
ies indicate that if the angular resolution of the detectors is
assumed to be 9 prad instead of the originally simulated val-
ues, the simulation result would align more closely with the
measured efficiency.

Past measurements [60] of comparable crystals have
reported a broad range of measured efficiencies, between 52
and 69%. The measured efficiency for the TCCS crystal in
this study remains well within this range, although it does not
reach the performance of the crystals used for beam collima-
tion. The discrepancy between the simulated and measured
efficiency could therefore be attributed to inherent differ-
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ences in crystal quality, minor surface imperfections, or vari-
ations in experimental conditions. The crystal is nevertheless
deemed suitable for installation into the LHC.

6.2.2 TCCP and TCCPA Crystals

The performance of the TCCP and TCCPA crystals shows
a larger discrepancy between simulation and measurement
compared to the TCCS crystal. For the TCCP, the simu-
lated channelling efficiency is 36.6%, whereas the measured
efficiency is significantly lower at 15.8%. Similarly, for the
TCCPA, the simulated efficiency is 29.2%, compared to the
measured value of 15.9%. This discrepancy is notably larger
than for the TCCS crystal and cannot be attributed to differ-
ences in detector resolution alone. For the larger deflection
angles, compared to the TCCs, the impact of the resolution,
being in the prad range, is expected to be small.

To investigate this discrepancy, various sensitivity stud-
ies are performed within the simulation framework. Dif-
ferent initial beam distributions are tested, and the sensi-
tivity to detector resolution is re-evaluated. These studies
showed only a small dependence on resolution, with a 0.25
percentage-point change per prad of resolution degradation.
Additionally, variations in beam parameters (e.g., beam size)
resulted in notable efficiency changes only when applying
drastic modifications that would be unrealistic to assume
under experimental conditions. It should also be noted that
there is currently limited experience with Xcoll in the con-
text of this particular type of long crystal, as benchmarking
so far has primarily been performed against the performance
of short crystals, such as the TCCS.

Both crystals exhibit lower channelling efficiencies than
predicted by simulations, with a larger discrepancy observed
for the TCCP. This is counterintuitive, as the TCCPA bends
the particle trajectories by nearly twice the angle of the TCCP
and would typically be expected to suffer greater efficiency
loss. A plausible explanation is that the TCCP has a more pro-
nounced variation in bending radius along its length, whereas
the TCCPA features a relatively uniform curvature. Such
inhomogeneities can disrupt the coherent motion of chan-
nelled particles and reduce efficiency.

This hypothesis cannot currently be verified in simula-
tions, as no available tool can model crystals with spatially
varying bending profiles. The better-than-expected perfor-
mance of the more strongly bent TCCPA supports the idea
that bending homogeneity plays a critical role. Further stud-
ies and simulation developments are needed to quantify the
expected impact.

It should be noted that the simulation tool incorporates
fundamental physical concepts of a Monte Carlo frame-
work, including the commonly used concept of dechan-
nelling length, and has been benchmarked against crystals
of several millimetres in length. However, the TCCP and

TCCPA crystals are an order of magnitude longer than those
previously studied. One possible explanation for the discrep-
ancy is that dechannelling due to small non-conformities may
occur more frequently in longer crystals than in the TCCS,
making the overestimation of channelling efficiency in a sim-
ulation assuming a perfect crystal more pronounced. Since
the Xsuite code does not explicitly model local imperfec-
tions that could contribute to dechannelling along the crys-
tal length, the simulation may overestimate the efficiency of
longer crystals more significantly than shorter ones.

Further investigations and benchmarking against other
Monte Carlo tools will be performed to identify potential
sources of the observed differences. The findings further
underline the scientific interest in understanding the crys-
tal channelling behaviour in the LHC, as this could deliver
crucial input to further improve existing simulation tools.

7 Conclusions

The TWOCRYST experiment aims to demonstrate the feasi-
bility of using bent crystals for double channelling at the LHC
in the TeV energy range. In preparation for its implementa-
tion, three silicon bent crystals — TCCS, TCCP, and TCCPA
— were produced and extensively tested at the CERN SPS
extraction lines with 180GeV hadrons. The crystals were
characterised using both high-resolution X-ray diffraction
and hadron beam measurements, providing detailed insight
into their bending angles, torsion profiles, and channelling
efficiencies. The experimental results were compared with
Monte Carlo simulations performed using Xsuite.

The TCCS crystal exhibited a measured channelling effi-
ciency of 61.9 £0.5%, in good agreement with expecta-
tions based on previous measurements of crystals with the
same specifications used for LHC beam collimation. The
TCCP and TCCPA crystals, which feature longer lengths
and significantly larger bending angles, showed a measured
channelling efficiency of 15.8% and 15.9%, notably lower
than the corresponding simulations, which predicted 36.6%
and 29.2%. Unlike the TCCS, this discrepancy cannot be
attributed to detector resolution effects alone. Further stud-
ies, including benchmarking against other Monte Carlo tools
and incorporating more detailed crystal deformation mod-
els, will be conducted to refine the predictions. The TCCPA
crystal is not planned to be used in TWOCRY ST, because its
features are not in line with the design specifications, which
require a deflection angle of roughly 7mrad. Also, a dedi-
cated validation will have to be done before the installation
can be envisaged. For example, the radiation tolerance of
anodically bonded crystals has not yet been directly tested in
the context of beam-induced damage. As mentioned before,
the anodic bonding process used for the TCCPA is identical to
the manufacturing of Silicon-On-Insulator structures, which
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are widely used in modern electronic components operat-
ing reliably in various radiation environments. Failures in
radiation-damaged electronics are typically not attributed to
the SOI bonding layer itself. Nevertheless, further dedicated
studies would be required to quantify the long-term radiation
resistance of anodic bonded bent crystals in high-radiation
accelerator environments.

The tests show that this anodic-bonding technology has
a very strong potential for particle accelerator applications
because the TCCPA crystal was demonstrated to provide
smaller torsion and larger channelling efficiencies.

Despite the discrepancies in absolute channelling effi-
ciency values, both TCCS and TCCP were deemed suit-
able for installation in the LHC for the TWOCRYST exper-
iment. The TCCS meets expectations based on past experi-
ence with collimation crystals, while the TCCP, despite its
lower measured efficiency, still demonstrates feasibility for
spin-precession beam experiments planned by TWOCRYST.
These results in fact, strengthen further the need to assess the
performance at higher energies, as close as possible to those
of a final LHC experiment. The results obtained in this study
will be complemented by measurements in the multi-TeV
energy range and used as input for future high-energy appli-
cations of bent crystals, including for the ALADDIN exper-
iment, and help refine simulation models for long crystals in
high-energy accelerators.
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