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Abstract

In the next heavy ion runs at the LHC, the cleaning of the
beam halo will rely on crystal collimation. A test system
installed in the collimation cleaning insertion is being up-
graded for the operational challenges of the ion runs. There-
fore, it is crucial to experimentally test the performance of
the newly installed crystal primary collimators. During a
dedicated short Pb ion beam test in 2022, crystal collimation
was tested for the first time with 6.8 Z TeV Pb beams. These
results provide very important input for the configuration of
the Pb ion run at the LHC in 2023. In this paper, the results
and analysis of the crystal measurements in the 2022 ion test
are presented.

INTRODUCTION

At CERN, the Large Hadron Collider (LHC) [1] accel-
erates and collides counter-circulating proton or heavy-ion
beams. The amount of energy stored in the LHC beams is
enough to cause quenches of the superconducting magnets
or even induce damage to machine hardware. To protect
against these risks, a multi-stage collimation system [2-5] is
installed in the LHC. Due to nuclear fragmentation and elec-
tromagnetic processes in the collimator material, collimation
is more challenging for heavy ions than for protons [6-8].
Furthermore, the energy of the heavy-ion beams will be
increased from 6.37 Z TeV to at least 6.8 Z TeV in future
runs, and the stored beam energy will increase by about
50% [9] following the LIU upgrade, compared to 2018. For
these reasons, collimation based on channelling in bent crys-
tals [10, 11] was introduced for heavy-ion operation, as part
of the HL-LHC upgrade baseline [12, 13]. Crystal chan-
nelling [14,15] is a phenomenon where charged particles are
trapped between planes of the periodic crystalline structure.
Bent crystals can be used to guide halo particles onto an
absorber while reducing the probability of inelastic interac-
tions with the atoms of the crystal and thus limiting nuclear
fragmentation.

Considering that crystal collimation is the baseline for
future heavy-ion runs, it is crucial to test its performance
with Pb ions at 6.8 Z TeV. This was possible during a short
low-intensity Pb beam test in 2022 [16], using the machine
configuration for 2022 proton operation [17]. At the time
of the 2022 measurement, there were four crystals of the
strip type [18, 19] available for usage in the LHC, one per
plane and beam. In particular, the two vertical crystals had
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already been upgraded with a design that was not yet tested
with heavy-ion beams. This paper reports on the crystal tests
carried out during the 2022 heavy-ion test and their results.

The crystal measurements follow a standard procedure as
in past tests [20-28]. It includes four main steps: transverse
alignment of the crystal to the beam, followed by angular
and linear scans, as well as the acquisition of loss maps for
different collimator configurations to assess the cleaning
performance. The procedure was performed at injection
energy (450 Z GeV) and at top energy (6.8 Z TeV).

RESULTS OF ANGULAR SCANS

Once the crystal is transversely aligned, the angular scan
is performed by rotating the crystal in the bending plane. It
is done while exciting the beam with the transverse damper
(ADT) [29] and with all collimators upstream of the absorber
open, in order to increase the signal-to-noise ratio. The an-
gular scan allows finding the best orientation for channelling
by observing the signal of the beam loss monitor (BLM) [30]
installed close to the crystal. The signal reaches a minimum
for the optimum orientation, when the channelling efficiency
is highest. Figure 1 shows one example of the BLM signal
as a function of the crystal orientation. Similarly, the opti-
mum channelling orientation was successfully found also
for the other crystals. The shapes of these curves and the
channelling orientation agree well with the ones found in
the previous scans using proton beams [31].

The width of the channelling well, indicated by vertical
dashed lines in Fig. 1, is shown in Fig. 2 for all crystals at
both energies. The narrow width of the well might give rise
to a need of angular re-alignments during longer physics
runs, which could be done using automatic tools [32]. In
Fig. 2, the reduction factor in local losses at the crystal in
channelling orientation is defined as B]lgiAﬁM , where BLM
and BLMuy are the BLM signals in the channelling and
amorphous orientations. Figure 2 shows a similar reduction
factor also for the volume reflection (VR) orientation of the
crystal, when particles are reflected off the crystalline planes
(details can be found in Ref. [11]). The measured reduction
factors are lower than for protons. This is consistent with
similar studies performed in 2018 [25,27]. The differences
between beams and planes come from different standard
system performances, optics and crystal location.

RESULTS OF LINEAR SCANS

With the crystal at the optimal channelling orientation, the
downstream absorber, intercepting the channeled particles,
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Figure 1: Normalized measurement of the BLM signal as a
function of the B1V crystal orientation angle at 6.8 Z TeV.

Channeling Width

Reduction factor CH
= 4s0ZGev
- GazTy

Reduction Factor VR

~
o

2.0

4507 Gev.
587GV

G
=)
1

=
S
I=EN]
o W

)
=
=3

G
Channeling Width [urad

~
=
o

5
w

Reduction factor [a.u.]
Ay
S

&
Reduction factor [a.u.]
Reduction factor [a.u.]

Reduction factor [a.u.]

S

~
=
19

Channeling Width [urad]

NN W w
&

-

0 1.0
B1H B1V B2H B2V

1
BIH B1V B2H B2V

0.0
BIH BLV B2H B2V

Figure 2: Channelling width and nuclear interaction reduc-
tion factors linked to crystal channelling (CH) and volume
reflection at injection energy (450 Z GeV—blue) and top
energy (6.8 Z TeV—green).

is slowly moved out and inserted back. This allows recording
the beam profile of the channeled halo at the absorber using
its nearby BLM. As for the angular scan, the collimators
upstream of the absorber are opened. The BLM signals on
the absorber as a function of the absorber position are used
to derive an estimate of the crystal bending angle and the
multi-turn channelling efficiency of the crystal. Due to time
constraints, only the newly installed vertical crystals, which
had not been tested with ions before, were measured with a
linear scan at 6.8 Z TeV.

The results are shown in Fig. 3. The bending angles agree
with those identified in the previous proton scans [31]. How-
ever, the multi-turn channelling efficiency, which was more
than the 70% in the proton scans, was found with ions to
be only 34% for the B1V crystal and 57% for B2V. The
cause of this reduction is being investigated, but as shown
in the following section, the obtained cleaning efficiency
with these crystals is anyway very good. The lower multi-
turn channelling efficiency is hence not expected to have
a sizeable negative impact on the tolerable ion beam loss
rates.

RESULTS OF LOSS MAPS

Loss maps have been gathered for various collimation
configurations using crystals as well as the standard system.
The reference emittance used was equivalent to 3.5 um for
protons. The configurations include crystals in channelling
(CH) or amorphous orientation (AM) and different settings
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Figure 3: Linear scan of Beam 1 vertical crystal (top) and
Beam 2 vertical crystal (bottom) is plotted together with ex-
ponential fit of the dechannelling range, the error function fit
of the channelling range and the extrapolated Gaussian beam
halo. The crystal bending angle and channelling efficiency
are reported in the yellow boxes.

Table 1: Collimator openings in IR7 of the loss map config-
urations tested.

Setup TCPC TCLA  Upstream collimators
Standard OouT Nominal Nominal
Cl 475 CH Nominal Nominal
C2 475 CH 8 Nominal
C3 45CH 8 Nominal
C4 4775CH Nominal ouT
C5 475 AM  Nominal Nominal

of the crystal (TCPCs), the collimators upstream of the crys-
tal in IR7 and the other collimators. The settings are reported
in Table 1.

During a loss map acquisition, single bunches are excited
with the ADT to create artificial losses on the collimation
system. After setting up the full crystal collimation system,
the residual loss pattern around the full ring is observed on
BLMs. The efficiency of the beam cleaning is concluded
based on the leakage of losses to cold elements.

To quantify the cleaning performance we define a cleaning
inefficiency 7 for crystal collimation measurements:

BLM
T] =

Vtot

, D

where BLM is the BLM signal at any position in the ring
and vy is the measured particle loss rate. As an example,
the B1V loss maps with the standard and crystal collimation
systems are in shown respectively in Figs. 4 and 5. In both
cases the maximum losses occur in the dispersion suppressor
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(DS) directly downstream of the collimation insertion at the
cold elements, where ion fragments are lost due to their
different rigidity with respect to the main beam. As can
be seen, these losses are significantly lower with crystal
collimation, and it can also be seen that other losses at cold
elements around the ring are reduced.
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Figure 4: Whole ring B1V loss map (top) and IR7 zoom
(bottom) with standard collimation system.

10-10

- 1 B Warm
> 10-
i Beam E Cold
— 10712 EEm Collimator
E B Roman pot
E 10713 ‘ i
E 10-14 ‘ i
=
41071 ‘
S 10-16
i ‘ | T |
10-17 !
0 5000 10000 15000 20000 25000

'-F_MIM—W+W||MEMHHW4}H‘W

10-10

BEAM 1 VERTICAL (lead ions in LHC), timestamp: 2022-11-19 15:34:14, plotted at 15:34:43
S 10-11| FLAT_TOP 6800GeV DS region
i Crystals at 4.75
= 1012
4 1.0e-13 m-1
210783 Mo e
@
Z 10 |
=] 10 14
m
= 10718 ‘ ‘
=) -16
| | il

10717 L
19400 19600 19800 20000 20200 040

S [m]

Figure 5: Whole ring B1V loss map (top) and IR7 zoom
(bottom) with crystal at 4.75 o.

To compare 7 in different configurations we define the
global cleaning improvement GC = %m
max (Nstandard) 1 the maximum 7 over the cold parts in
the ring for the standard system without crystal, and
max (7erystal) is the maximum cold 7 in a crystal configu-
ration. The performance is improved by crystal collimation
if GC > 1. The performance of the different collimation
configurations have been compared using GC in Fig. 6.

There is an excellent improvement of about a factor of 5
for the previously untested vertical crystals in all cases. Only
for the loss map with the crystal in amorphous orientation

where

TUPM: Tuesday Poster Session: TUPM
MC4.T19: Collimation

ISSN: 2673-5490

JACoW Publishing
doi: 10.18429/JACoW-IPAC2023-TUPM120

6
m 1 = BlH
5 oo mm BV
I B2H
A . Bav
(ORFOINN | ) IR | (I U ) N O —
o3
2,,, ,,,,,,,,,,,,,,,,,,,,

C1

c4

Figure 6: Measured GC for the different crystal collimation
configurations tested in 2022, detailed in Table 1.

the performance was worse than the standard system, which
is expected. The horizontal crystals provide an improvement
of about a factor of 2.5, which is smaller than what was
found with the 2018 setup [18,33]. This may be due to the
difference in primary collimator settings in the loss maps
with the standard system (in the 2018 tests, an asymmetric
opening was used [7]). Furthermore, due to the limited
allocated time, none of the collimation systems were fully
optimized. The smaller observed improvement does not
represent an issue for the 2023 run, as these crystals have
been replaced by new devices.

CONCLUSION

Crystal collimation will be used in future Pb ion operation
at the LHC, starting with the 2023 run foreseen at a new
record energy of 6.8 Z TeV. This article describes the first
beam measurements of the crystal collimation performance
with Pb ions at 6.8 Z TeV, and specifically the first tests with
Pb ions of two newly installed crystal collimators.

Tests to characterize the crystal itself as well as the col-
limation performance have been carried out. Specifically,
angular scans have been performed for all four crystals both
at injection energy (450 GeV) and top energy (6.8 Z TeV),
while linear scans have only been performed for the two new
crystal at top energy. The angular scan results agree with
results obtained using protons earlier in the year. However,
in the linear scans, despite finding the same bending angle
as in the proton scans, a lower channelling efficiency than
for protons was observed.

In the cleaning performance tests, the newer vertical crys-
tals gave excellent improvements (about a factor of 5) from
the standard collimation, while the older horizontal crystals
gave an improvement of about a factor 2.5. However, this
might be due to the fact that the standard system used for the
comparison had a slightly different configuration and was
more performing in the new test. For the horizontal planes,
crystal performance was measured with different crystals to
the ones that will be used in the 2023 run. To conclude, these
tests give confidence in the crystal collimation performance
and provide essential inputs to the 2023 LHC heavy-ion run.
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