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A B S T R A C T

The concept of crystal collimation exploits the peculiar properties of crystalline materials to deflect high-
energy beam particles at angles orders of magnitude larger than what can be achieved with scattering by
conventional materials used as primary collimators. This innovative technique is planned to be used to improve
the collimation efficiency with heavy-ion beams at the Large Hadron Collider (LHC) and its High-Luminosity
upgrade (HL-LHC). The unprecedented proton-equivalent energy range of up to 7 TeV makes this technique
particularly challenging due to the small angular acceptance of the crystal channeling process. This paper
reviews the recent campaign of measurements performed with 6.8 TeV proton beams at the LHC to characterize
the latest generation of crystal collimator devices installed in the machine, in preparation for the deployment
in the upcoming heavy-ion runs.
1. Introduction

The Large Hadron Collider (LHC) [1], part of the accelerator com-
plex of the European Organization for Nuclear Research (CERN), is
designed to accelerate and collide two counter-rotating beams (Beam 1
clockwise and Beam 2 counterclockwise) of protons or heavy-ion nu-
clei. As part of the physics programme of Run 3 (2022–2025), a
dedicated run with Pb ion beams will take place in October 2023
featuring the unprecedented energy of 6.8 𝑍 TeV and 40% higher
intensity compared to previous runs, as shown in Table 1 [2]. These
higher intensity beams have been made available in the context of
the LHC Injector Upgrade (LIU) [3] and High-Luminosity LHC (HL-
LHC) [4,5] projects. Careful handling of beam losses is required to
avoid quenching the superconductive magnets used to focus and bend
the trajectory of the circulating beams [6].

The standard collimation system of the LHC [7], housed in dedi-
cated Insertion Regions (IRs), provides multistage cleaning via a series
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Table 1
Pb beam parameters at the start of collisions in the LHC as achieved in
2018 and as envisaged for Run 3 [2].

2018 Run 3

Beam energy (𝑍 TeV) 6.37 6.8
Total number of bunches 733 1240
Bunch spacing (ns) 75 50
Bunch intensity (107 Pb ions) 21 18
Stored beam energy (MJ) 12.9 19.9
Normalized transverse emittance (μm) 2.3 1.65

of collimator families which progressively outscatter beam halo parti-
cles until they are lost in safe and controlled locations. In the case of ion
beams, however, a large spectrum of secondary nuclei is generated in
fragmentation and dissociation processes occurring at the collimators,
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Fig. 1. Left: Schematic view of the full horizontal goniometer assembly installed on the LHC beam pipe. Right: Detail of the goniometer with its replacement chamber [9]. The
direction of movement of the replacement chamber (1) and of the crystal (2) is shown.
in particular at the primary collimators of the betatron collimation sys-
tem (located in IR7) [8]. Because of their different charge-to-mass ratio
compared to the main beam, these fragments can escape the down-
stream collimation stages, generating losses at other locations around
the ring. This results in a reduced collimation efficiency compared to
proton beams. In particular a potential performance limitation was
identified in the Dispersion Suppressor (DS) around the IR7 collimation
insertion, where fragments generated in the collimators can induce
magnet quenches.

To address these challenges, the innovative crystal collimation tech-
nique will be deployed for the first time in regular operation with
high-intensity heavy-ion beams. The peculiar properties of crystalline
materials, whose atoms are organized in a series of parallel planes,
were studied at CERN for applications to beam extraction at the Super
Proton Synchrotron (SPS) [10,11]. Applications to beam collimation
were pioneered by the UA9 Collaboration and extensively validated at
the CERN accelerator complex in recent years [12–15]. A positively
charged particle with suitable impact conditions can get trapped in
the potential well generated by adjacent planes and can travel through
the crystal with a greatly reduced probability of inelastic interactions
(planar channeling) [16]. A bent crystal can then be used to efficiently
deflect beam halo particles without affecting the beam core [17],
an effect that at the top energy of the LHC is equivalent to that of
a magnetic field of hundreds of Tesla. Even with high-intensity ion
beams, a standard secondary collimator can be safely used to intercept
and dispose of the deflected halo [18].

This paper reviews measurements performed in Run 3 of the LHC
with low-intensity proton beams at the unprecedented energy of 6.8 TeV
with the goal of characterizing a new set of four devices, featuring
newly produced crystals and an upgraded hardware assembly com-
pared to previous installations. While the use of this technology in
regular operation with proton beams (a factor 20 higher stored energy
than ions) is hampered by the need to design a dedicated absorber
capable of withstanding the channeled halo, these tests are extremely
important to have early feedback on the devices in preparation of the
ion run. Section 2 describes the crystal collimator devices presently
installed at the LHC. Section 3 reports the result of the measure-
ments performed with X-rays to validate the geometrical parameters
of the crystals before their installation in the collimator assembly. The
methodology and results of characterization measurements with proton
beams at the LHC are described in Section 4. Finally, the main outcomes
are summarized in Section 5.
2

Fig. 2. Picture of a Si crystal clamped by its metal holder.

2. Crystal collimation hardware

The present crystal collimation setup of the LHC is comprised of a
total of four devices, called Target Collimator Primary Crystals (TCPCs),
one in the horizontal and one in the vertical cleaning plane of each
beam [9]. A 3D model of the full assembly is shown in the left side
of Fig. 1. Each device is composed of a metal holder that clamps a
Si crystal (as shown in Fig. 2), in order to mechanically induce a
secondary curvature of a specified bending of 50 μ rad over a length of
4 mm on the plane selected for particle steering. The holder is installed
on a piezogoniometer which is used to measure and adjust the crystal
orientation. The TCPC linear positioning control system is derived from
that of the LHC collimation system, whereas the angular controls are
based on a novel piezo-actuated rotational stage with interferometry
feedback deployed for the first time in particle accelerators. The angu-
lar controls have a sub-μ rad precision. Such precision is required to
achieve and maintain channeling conditions in the energy range of the
LHC, where the angular acceptance of the channeling process is of the
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Table 2
X-ray measurement of key crystal parameters: miscut, bending and torsion as measured before and after the bake-out (BO) cycles to 250 degrees Celsius used to validate equipment
for ultra-high vacuum compatibility at the LHC. The uncertainty (Unc.) in the measurement accuracy achievable with the Panalytical machine setup is also reported.

Cleaning plane Miscut (μrad) Bending (μrad) Torsion (μrad/mm)

Pre BO Post BO Unc. ± Pre BO Post BO Unc. ± Pre BO Post BO Unc. ±

B1H 1 1 2 54 51 2 −0.9 −0.9 1
B1V 6 5 2 47 49 2 −0.9 −1.1 1
B2H 3 3 2 49 47 2 0.2 0.5 1
B2V 3 3 2 52 52 2 0.6 0.1 1
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Fig. 3. Crystal and holder mounted in the Panalytical X’Pert Machine.

rder of just a few μ rad. The TCPC assembly also includes a movable
eplacement chamber which hides the crystal from the circulating beam
uring standard proton operation, but can be moved out to allow the
nsertion of the crystal close to the beam. A schematic drawing of
he goniometer is shown in the right side of Fig. 1. This design was
onceived in order to minimize the impact on the impedance of the
achine [19].

The first crystal collimation test stand was installed in the LHC dur-
ng Run 2 [20–22], allowing the observation of the planar channeling
rocess at multi-TeV energies for the very first time [14]. Compared to
he original test stand, the latest generation of TCPCs developed inter-
ally at CERN for HL-LHC [9] and deployed already for Run 3 of the
HC, features a number of upgrades aimed at improving the stability
nd reproducibility of the devices in long-term operation. In particular,
he interferometric heads of the crystal orientation readout system were
oved outside the vacuum chamber, allowing maintenance of optical

omponents without the need to open the vacuum tank, and reducing
he risk of radiation damage that could impact the working range of
he goniometer.

. Validation of crystal parameters with X-rays

X-ray Bragg diffraction can be used to measure and precisely char-
cterize key geometrical parameters of bent crystals, by accessing
nformation on the orientation of the lattice planes. X-rays have wave-
engths of similar size to the spacing between atoms within the crystal
attice and by using crystal diffraction based on Bragg’s law it is
ossible to understand how the orientation of the planes behaves across
he structure of the crystal. As a result, the bending angle, torsion
associated with a twist effect created by the holder) and miscut angle
defined as the angle between the crystalline planes and the crystal
urface) can be measured. Particularly relevant is the measurement
f the miscut, which was found in simulation to have an effect on
3

a

he expected LHC cleaning performance [23]. This information is not
ccessible through measurements with hadron beams that are typically
erformed in the CERN-SPS North Area facilities [24,25]. Through
ifferent X-ray measurements across the crystal surface, several scans
re performed in order to obtain a map of the Bragg peak from a
attice plane. The bending angle and miscut angle are then calculated
y analyzing the shift of the angular peak over the width of the crystal.
imilarly, the torsion is obtained by extending the analysis to the
eight of the crystal. The parameters of bending and torsion are also
ccessible in hadron-beam tests [26], however such tests are complex
nd resource-demanding. The possibility to perform a pre-selection of
he crystals through a complete X-ray characterization is an important
sset for the identification of the best candidates to be also tested
ith hadron beams. To be noted that the X-ray validation process is

epeated after a standard bake-out (BO) applied to the LHC equipment
o 250 degrees Celsius, to ensure the long term stability of the crystal
nd holder. It is important to recall that tests with hadron beams are
evertheless a crucial part of the crystal characterization and validation
rocedure, as they provide the unique opportunity to measure the
ingle-pass efficiency of the channeling process before installation in
he LHC. More details on the experimental and analysis procedure of
hese measurements can be found in [25,26].

A Panalytical X’Pert X-ray diffractometer [27], see Fig. 3, combined
ith a custom autocollimator for crystal angular orientation feedback,
as used to perform the measurements, resulting in the values and
ncertainty in measurements given in Table 2.

. Characterization measurements with proton beams at the LHC

Characterization measurements were carried out with low-intensity
roton beams at the injection energy of 450 GeV and at the top
nergy of 6.8 TeV, following the well established procedures defined
n previous tests at the SPS and at the LHC [13–15,28,29]. Data for
hese measurements are collected via the Beam Loss Monitoring (BLM)
ystem [30], which consists of more than 3900 ionization chambers
laced around the accelerator ring at likely or critical loss locations to
etect products of nuclear interactions of beam particles with machine
lements. Due to the physics of the interaction processes at play, crystal
ollimation produces peculiar loss patterns that allow measuring the
eometrical properties and channeling efficiency of a crystal device.

After the replacement chamber of each TCPC is moved out, the
rystals are inserted towards the beam using a beam based alignment
rocedure similar to what is done for standard collimators [31]. Each
rystal is moved until the corresponding BLM detects a sudden loss
pike, signaling that the primary beam halo has been touched and thus
he crystal has become the primary bottleneck of the ring. After this
irst step is completed, all collimators upstream of the crystal and all
econdaries located between the crystal and the corresponding absorber
f the channeled halo, are retracted. This is done to remove other
lements that can generate particle showers and thus have cleaner BLM
ignals at the location of the crystal and of the absorber. Addition-
lly, primary beam losses on the collimation system are increased by
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Table 3
Measured crystal parameters with proton beams at injection and at top energy. Due to time constraints, no measurements could be performed
with the Beam 1 horizontal crystal at top energy.

Cleaning plane 450 GeV 6.8 TeV

Bending angle [μrad] Channeling efficiency Bending angle [μrad] Channeling efficiency

B1H 47.5 ± 2.5 82 ± 15% n.a. n.a.
B1V 45.2 ± 2.3 75 ± 26% 47.4 ± 2.4 68 ± 17%
B2H 47.1 ± 2.4 86 ± 18% 45.4 ± 2.3 70 ± 11%
B2V 52.1 ± 2.5 87 ± 19% 49.1 ± 2.5 73 ± 21%
Fig. 4. Normalized BLM signal measured at the crystal location during an angular scan
(vertical crystal, Beam 1) with proton beams at 6.8 TeV. The raw BLM signal measured
at the absorber location is also shown.

Fig. 5. Normalized BLM signal measured at the absorber location during a linear scan
(horizontal crystal, Beam 2) with proton beams at 6.8 TeV. The position of the absorber
jaw is measured from the beam axis. The error function fit on data and the plateau of
the measured profile are also shown. The vertical dashed lines indicate the estimated
location of the beam envelope (left side) and of the center of the channeled beam
(right side).

using the Transverse Damper (ADT) to induce a controlled emittance
blow-up. In these conditions, two types of measurements are then
performed [29].

During an angular scan, the aligned crystal collimator is rotated at
constant speed along the deflection plane. The probability of different
interaction processes between halo particles and the crystalline lattice
changes with the relative orientation of the crystal with respect to the
beam halo. During this movement, a peculiar behavior is observed in
the signal recorded by the BLMs located close to the crystal and down-
stream absorber. When the crystal is in the orientation that maximizes
4

the probability of channeling, and thus minimizes the probability of
inelastic interactions with the atoms of the crystalline lattice, losses
recorded at the location of the crystal are reduced. Conversely, losses
at the location of the absorber increase as more and more halo parti-
cles are deflected towards it. This characteristic pattern identifies the
optimal channeling orientation, to be used as a reference for long-term
use in operation. An example measurement is shown in Fig. 4 for the
vertical crystal of Beam 1 at 6.8 TeV. The reference orientation was
successfully identified for all four crystals both at injection and top
energy, as shown in detail in Appendix A. The width of the channeling
well is related to a quantity called critical angle, which defines the
acceptance of the process and is calculated as:

𝜃𝑐 =

√

2𝑈𝑚𝑎𝑥
𝑝𝑣

(

1 −
𝑅𝑐
𝑅

)

, (1)

where 𝑈𝑚𝑎𝑥 is the height of the potential well generated by neighboring
crystalline planes, 𝑝 and 𝑣 are the momentum and speed of the incom-
ing particle, 𝑅 is the bending radius of the crystal and 𝑅𝑐 is the critical
radius of the crystal, a parameter that quantifies the maximum allowed
bending radius over which the channeling process becomes impossible
due to the deformation of the potential well. For the LHC case, the
critical angle is of the order of 10 μ rad at 450 GeV and of the order of
2 μ rad at 6.8 TeV. Finally, the width of the full region with reduced
signal of the crystal BLM is proportional to the bending angle of the
crystal, validating this geometrical parameter.

In a linear scan, the crystal collimator is set at the previously
identified optimal channeling orientation, while the jaw of the absorber
that intercepts the deflected halo is retracted from the beam. In this
condition, the halo is intercepted by the downstream collimators, which
are kept at their nominal settings. The jaw is then progressively inserted
back towards the beam, while losses at its location are continuously
monitored. As the jaw starts intercepting the deflected halo, the cor-
responding BLM signal starts to increase until it reaches a certain
plateau level. The scan is interrupted when the jaw touches the primary
beam, as signaled by a massive spike in the BLM signal. By fitting the
rise of the BLM signal with an error function, corresponding to the
integral of the intercepted Gaussian beam coming out of the crystal,
it is possible to estimate the displacement of the deflected beam with
respect to the primary beam envelope. For the purpose of this analysis,
the fitting function only accounts for the contribution of the Gaussian-
shaped channeled beam, i.e. the initial rise of the integrated profile.
Other contributions to the shape of the measured loss profile after
the channeled beam has been fully integrated, due to other kinds
of interaction processes with the crystal, are discussed in [28]. The
displacement is then converted into a measurement of the bending
angle 𝜃 via transfer functions describing the trajectory of the circulating
particles:

𝜃 =
𝛥𝑧 − 𝑛

√

𝜀𝛽2(cos𝜑21 − 1)
√

𝛽1𝛽2 sin𝜑21
, (2)

where 𝛥𝑧 is the distance between the center of the deflected beam and
the primary beam envelope measured at the location of the absorber, 𝑛
is the distance of the crystal from the center of the beam (expressed



Nuclear Inst. and Methods in Physics Research, A 1060 (2024) 169062M. D’Andrea et al.

n
r
(
l
t
m
i
t
a
T
o
f
a
m
b
c
a
d
i
e
i
t
r
c
t
c
r
f
a

in units of beam r.m.s. size), 𝜀 is the beam emittance (the nominal
ormalized value of 3.5 μ m is assumed), 𝛽 is the Twiss parameter
elated to the transverse size of the beam at the location of the crystal
1) and absorber (2), and 𝜑21 is the phase advance between the two
ocations. The ratio between the signal recorded just before touching
he primary beam and the plateau of the error function gives an esti-
ate of the efficiency of the multiturn channeling process. An example

s shown in Fig. 5. Linear scans were performed at injection and at
op energy, as shown in detail in Appendix B. The measured bending
ngle and multiturn channeling efficiency are reported in Table 3.
he uncertainty of these estimates is calculated as the propagation
f the contributions due to the measured quantities, to the optical
unctions [32] and to the error function fit. The measured bending
ngle is compatible the specification of 50 ± 2.5 μ rad given to the
anufacturers, resulting from detailed analytical studies as a trade-off

etween different requirements for operation at the LHC [33]. When
ompared to the X-ray results in Table 2, however, measurements
t the LHC give a systematically slightly smaller value, although the
ifference is still within the uncertainty. The origin of this discrepancy
s currently under investigation. The measured multiturn channeling
fficiency is of the order of about 70% or higher in all cases, which is
n line with expectations from previous measurements [29,34]. Given
he complexity of the measurement and the varying data quality,
eflected in the relatively large uncertainty, these estimates are to be
onsidered as indicative figures. Due to the limited commissioning
ime with protons available in 2023, linear scans with the horizontal
rystal on Beam 1 could only be performed at injection. However, a
ough estimate of the bending angle at top energy can be extracted
rom the width of the angular scan profile, confirming measurements
t injection. Furthermore, the performance in terms of channeling
5

efficiency at injection is comparable to that of the horizontal crystal
on Beam 2. In light of these observations, no issues are expected
for the horizontal crystals at top energy, despite the lack of direct
measurements.

5. Conclusions

At the beginning of Run 3 of the LHC, an extensive campaign of
crystal collimation tests with proton beams was successfully carried
out at injection and at at the unprecedented top energy of 6.8 TeV.
This allowed the full characterization of the upgraded crystal collimator
devices built for HL-LHC in preparation for long-term operation with
heavy-ion beams. The orientation that maximizes the probability of
the channeling process was successfully identified in all cases, while
the measured bending angle and multiturn channeling efficiency were
found to be well within expectations.
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Appendix A. Angular scans performed at injection and at top energy

Figs. A.6 and A.7 collect the angular scans performed for all crystals with proton beams at injection and top energy respectively. The plots
show the BLM signal recorded at the location of the crystal during the rotation. The signal is normalized by the instantaneous rate of lost particles
during the measurement, and then further normalized by the average level of the flat edges of the scan.

Fig. A.6. BLM signal at the crystal location recorded during angular scans performed for each crystal with protons at 450 GeV. The parabolic fit of the channeling dip is also
shown.

Fig. A.7. BLM signal at the crystal location recorded during angular scans performed for each crystal with protons at 6.8 TeV. The parabolic fit of the channeling dip is also
shown.
6
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Appendix B. Linear scans performed at injection and at top energy

Figs. B.8 and B.9 collect the linear scans performed for all crystals with proton beams at injection and top energy respectively. The plots show
the BLM signal recorded at the location of the absorber during its progressive insertion. The signal is normalized by the instantaneous rate of
lost particles during the measurement, and then further normalized by the saturation level of the losses recorded just before touching the primary
beam. The jaw position is measured from the beam axis. Due to time constraints, this measurement could not be performed at top energy for the
horizontal crystal of Beam 1.

Fig. B.8. BLM signal at the absorber location during linear scans performed for each crystal with protons at 450 GeV. The error function fit of the signal profile is also shown.

Fig. B.9. BLM signal at the absorber location during linear scans performed for each crystal with protons at 6.8 TeV. The error function fit of the signal profile is also shown.
7
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