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Abstract

Bent crystals are a mature technology used in several ap-
plications at CERN, such as the crystal-assisted collimation
system for LHC ion operation and reduction of losses during
the slow extraction from the SPS by shadowing the electro-
static septum. In the future, it is planned to measure electric
and magnetic dipole moments of short-lived particles with a
double-crystal experiment in the LHC. To consolidate their
strategic use, CERN has been equipped to produce in-house
bent crystals. Each crystal is required to be fully validated
before its installation by different techniques, such as metrol-
ogy, X-ray diffractometry and characterization with beams.
The latter can measure the bending angle, the torsion, and
the channeling efficiency, which is related to crystal imper-
fections. In this contribution, we present the performance
with beams of the first prototype bent crystals manufactured
at CERN and tested during a measurement campaign in the
North Area.

INTRODUCTION

The use of planar channeling (CH) in mechanically bent
crystals has become an indispensable method for beam ma-
nipulations at the CERN accelerator complex. This phe-
nomenon occurs when charged particles entering the crystal
with incident angles smaller than 6. = /2Upax/pv with
respect to the atomic planes orientation, where Uy, is the
depth of the inter-planar potential, p and v are the particle
momentum and velocity. A full description of coherent phe-
nomena in crystal lies beyond the scope of this paper, so we
refer the reader to previous publications on this topic [1, 2].

Short crystal strips can be cut with respect to specific
Miller indices and are mechanically bent to impart an an-
ticlastic curvature [3]. Such crystals can deflect charged
particles by tens or hundreds of microradians [4, 5].

Anticlastic crystals are used in several applications at
CERN. For example, to improve the collimation efficiency
and reduce power load on sensitive equipment in the LHC,
crystal-assisted halo collimation [1, 2] has been implemented
as a baseline for the 2°°Pb%2* beam operation of the HL-LHC
upgrade. The system relies on primary beam halo cleaning
using bent crystal as primary collimators (TCPCs). The
channeled halo particles are absorbed by a secondary colli-
mator and the cleaning efficiency of the collimation system
benefits from a reduction of inelastic interactions within the
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Table 1: Main Crystal Target Parameters for LHC and SPS
Applications

. Length, Bending Target CH
Ring  Usage [mm] angle, [urad] efficiency
LHC Collim. 4 50.0+2.5 >65%
SPS  Extract. 1 17575 >55%

crystal, thus limiting nuclear fragmentation and decreasing
collimation losses or activation of sensitive equipment.

Using a similar device in the CERN Super Proton Syn-
chrotron (SPS), the beam losses on a wire-based anode of
the electrostatic septum (ZS) are reduced during the reso-
nant slow extraction of 400 GeV/c protons to the North Area.
Such scheme is referred to as the “shadowing”, since the
crystal deflects the protons of the extracted separatrix that
would otherwise impinge on the anode wires [5]. At present,
about 10'%/yr protons are extracted from SPS toward the
existing North Area experimental facility. This mitigation
will be even more necessary in view of the future flux de-
mand of 4 10'° protons on target (POT) per year by the SHiP
experiment [6].

The main parameters of crystal assemblies for LHC and
SPS applications are reported in Tablel [7, 8].

In order to optimize the deployment of crystal devices
in current and upcoming applications [9], a CERN project
was initiated to oversee the entire production chain of bent
crystal assemblies, from the procurement of low-dislocation
crystal wafers to cutting specific crystal strips aligned with
the crystal lattice planes, design of bender systems, and their
final validation and qualification. The first crystal assem-
bly prototypes were designed and assembled in 2023. They
underwent different measurements including metrology, X-
ray diffractometry and characterization with 180 GeV/c sec-
ondary beam in a test facility at the H8 beam line from the
SPS to the North Area [10].

In this paper, we report on the features of first crystal
assembly prototypes measured during beam tests in H8 in
cooperation with UA9 Collaboration [11]. The particle tra-
jectories were reconstructed with the UA9 tracking detector
telescope [12, 13]. Details on analysis methods and evalua-
tion of the crystal defects and impurities are also presented.

DATA ANALYSIS WORKFLOW

In this section, we cover the main aspects of data analy-
sis of crystals measured with beam. Most of the analysis
steps closely resemble the procedure proposed by Rossi [14].
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A crystal is mounted on a goniometer and, in CH orien-
tation, it deflects the incoming particles in the horizontal
plane. The experimental setup can measure the impact posi-
tions x, y and incoming/outgoing angles #*, §°“ in both
horizontal and vertical planes. To accurately assess crystal
performance across various track impact positions and an-
gles, it’s essential to compensate for macroscopic features
in order to homogenize the obtained dataset.

First, a geometrical cut is applied to select tracks with the
impact position inside the crystal entry face. The torsion of
crystals, ¢, i.e. the twist of the crystal around the vertical
axis, is evaluated and numerically compensated to account
for the track dependence on the vertical impact parameter.
The average offset o of the beam orientation relative to the
crystalline plane is measured to take into account the residual
angular offset with respect to the crystal optimal channeling
orientation. Finally, the mean deflection in amorphous (AM)
orientation is evaluated to zero the deflection distribution.
The final correcting transformations for the parameters of
interest are:

91;’60“' — 9;’1 +(t.y —o0), Sy
A‘gfcorr. - Aex — AGAM9 (2)

where ¢ is expressed in prad/mm and A# 4y is the average
value of the amorphous distribution, i.e. beam particles with
6] > Aby.

Some of these steps require tens of fits of the deflection
angle (A6, = 69" — 6&") distribution that has a Gaussian
shape due to the particle scattering with the material bud-
get along the telescope arms and the intrinsic resolution of
the trackers. For datasets of crystals with good channeling
efficiency (>55%) or large deflection angle, a simple 1D
fitting of distribution was found satisfactory. Otherwise, 2D
Gaussian fitting of impact distribution in (6'", Ad,) plane
needs to be performed to obtain the mean value of Aé,.

The single-pass channeling efficiency is defined as the
ratio of the particle flux in channeling to the total flux in-
side the channeling acceptance, i.e. |6 ™| < k 6,. Two
selection criteria are used, particles within one 6. and, more
strictly, within 6, /2 limit. Further, in the simplest case, we
perform a bi-Gaussian fit of the combined AM and CH pop-
ulations. The efficiency is defined as the ratio of twice the
counts of half channeling peak for AG<™ > AGSH divided
by the size of selection N (6., 6./2).

Figure 1 depicts most of the described steps, skipping
A6 5pr estimate, on a LHC reference crystal datal.

COMPARISON OF ANALYZED CRYSTALS

During the 2023 test campaign, four prototypes underwent
thorough examination: three LHC crystals and one SPS. We
will refer to them as LHC_CR1-3 and SPS_CR?2, respec-
tively. Data for the LHC_CR?2 is omitted, as it was not bent.
Additionally, some of the analyzed assemblies undergo bake-
out, remounting on a translation stage and rebending on the

I Crystal from the same batch of the crystals presently installed in the LHC.
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Figure 1: Major steps of the crystal analysis workflow: a)
Geometric cuts; b) Offset corrections; ¢) Torsion evaluation,
and d) Final fitting procedure for 6./2 selection. The red
vertical line in d) indicates the mean deflection angle.

crystal holder. For measurement runs, these manipulations
are denoted with suffixes “_TH”, “_RM” and “_RB”.

The main properties of LHC_CR1,3 and SPS_CR?2 are
presented in Table 2. From these results, we can see that the
channeling efficiency is similar for all crystals. Each crys-
tal’s properties are very reproducible by analysis methods if
crystal was not rebent. For SPS crystal, however, a smaller
statistical population was used due to more tight geometric
cuts, resulting in a wider spread in values. All crystals did
not meet the required level of channeling efficiency. The
deflection of the first LHC crystal fell below the specified
threshold, while the deflection of the third LHC crystal met
the required criteria. The torsion of the LHC crystals is
within the requirement of <1urad/mm.

Table 2: Main Properties of Examined Prototypes

CH eff.

E| AGSH

2 Meas. 6.12) x t
o) [Yo] [prad]  [prad/mm]
Z 7858 50.4+0.40 46.0+0.15 0.4
O 781_RM 50.8+0.27 46.20.12 0.3
O 7882 RM 50.2+021 46.4+0.09 0.2
T 7885 RM  50.6£0.20 46.5+0.08 0.3
S 7773 50.8+0.25 49.6+0.11 0.15
O 7774 51.0£0.27 49.8+0.10 0.18
O 7917_TH 50.3+021 49.8+0.10 0.10
T 7919 TH 50.3:0.22 49.7+0.10 0.07
a 7783 51.9+0.80 185+0.40  11.4+1.6
B 7927 TH 5234089 1864040  12.8+3.3
g’j‘ 7984 RB  50.5+1.13 192096  18.0+1.6
% 7985_RB  48.7+127 193+0.86  18.3+2.3

THPS: Thursday Poster Session: THPS
MC7.T20 Targetry and Dumps




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-THPS39

3820

MC7.T20 Targetry and Dumps

THPS39

THPS: Thursday Poster Session: THPS

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


15th International Particle Accelerator Conference,Nashville, TN

ISBN: 978-3-95450-247-9

- LHC crystal target
)
g 60
[}
°
c
©
£
5 55
“
‘©
=
s
A -
e 50
17
T
(s}
45
40 4
LHC_CR1 LHC_CR3 SPS_CR2
LHC target zone
1.15 SPS target zone
$ Meas. 1
| & Meas.2
o 110 & Meas. 3 I :{
B @ Meas. 4
o 1.05 1
°
c
©
<5 1.00 :[ } ‘{
=
@
Q
% 0.95 { {
=
K
0.90 4
0.85 A

LHC_CR1 LHC_CR3 SPS_CR2

Figure 2: Channeling efficiency (top) and bending angles
(bottom) for analyzed LHC and SPS crystals with |6| <
0. /2 selection. Targets are shown for 180 GeV/c protons.

The SPS crystal had the correct bending angle. however
due to a larger length (1.1 mm) it developed a large torsion
due to extra deformation in its bender as highlighted in the
table. A visual summary of these results is shown in Fig. 2.

INDICATION OF ADDITIONAL
SILICON DOPING & DEFECTS

All examined crystals, whether bent or unbent, featured
decreased channeling efficiency near the edges of the lateral
surfaces. An example of this issue is demonstrated in Fig. 3
where a 2D scan was performed to estimate the channeling
efficiency of the SPS crystal. For this analysis, the initial
geometric cuts in horizontal and vertical planes were meshed
to investigate local crystal properties. Each bin had its local
corrections following Eq. 1. A significant decrease of the
efficiency was observed within 200 um from the lateral edge.
These defects suggest potential shortcomings in the cutting
procedures or polishing employed by the manufacturer.

The channeling efficiency of measured crystals was signif-
icantly lower than the LHC reference crystal (65 % for 6. /2).
This suggested the presence of crystalline lattice defects or
overall impurity of the new crystals. To back up this as-
sumption, the rate of volume reflection (VR) was evaluated
for LHC_CR3 and compared with LHC reference crystal,
Fig. 4. The volume reflection process unlike channeling
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Figure 3: 2D scan of SPS crystal for 8. selection.
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Figure 4: Difference in VR rate for LHC CR3 and reference
crystal. Only tracks with A6, between -21.5 and -38.5 prad
were considered in comparison.

is not strongly affected by crystal macroscopic features, so
closely linked to the purity of the crystal and the level of
defects. The provider later confirmed that the silicon strips
were boron-doped, which is consistent with the efficiency
reduction.

CONCLUSION & OUTLOOK

After one year of R&D, the first in-house-made prototype
of LHC and SPS crystals were successfully assembled and
analysed using metrology, X-ray, and beams. The analysis
framework provides consistent results across consecutive
experimental runs. The reduced efficiency measurement is
compatible with doped silicon strips, as confirmed by the

provider. The project is on schedule to master the technology.

The priorities for 2024 include manufacturing assemblies
with undoped crystal, improving the strip machining, and
optimizing the lifecycle of the assembly process.
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