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Abstract Planar channeling in bent crystals has been
observed in LHC with multi-TeV proton beam in 2015. Two
crystals, mounted on novel high-accuracy goniometers (one
in the horizontal and one in the vertical plane), are integrated
in the LHC collimation system, for studying the feasibility
of the crystal-based collimation scheme. Using this experi-
mental setup, tests with fully-stripped lead ion beams at both
450Z and 6500Z GeV were carried during dedicated LHC
beam time. Planar channeling was observed for the first time
with lead ions at these unprecedented energies surpassing by
more than 1 order of magnitude the previous state-of-the-art
for lead heavy ions and providing an important experimental
basis for future applications of bent crystals in beam manip-
ulations. The set of measurements performed to confirm this
observation, as the local loss reduction in presence of chan-
neling and the evidence of a deflected beam downstream of
the crystal, are presented.

1 Introduction

Planar channeling [1] occurs when hadron beams’ particles
are trapped into the potential well generated by lattice struc-
tures with high crystalline order. For beam manipulations at
the energy scale of interest for this paper, dislocation densi-
ties of the order of one per squared centimeter are typically
required. In this case, the particle motion is governed by the
crystal potential averaged along the crystalline planes [2].
Channeling is possible in a bent crystal if its bending radius is
larger than the critical radius [3]. In this case, channeled parti-
cles can be deflected by the same angle of the crystal bending,
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producing a non-zero deflection of their trajectory. This tech-
nique enables achieving fields equivalent to hundreds of tesla
in volumes of a few cubic millimeters. The bending angle
experienced by hadrons in a bent crystal is expected to be the
same for different energies and charges of the incoming parti-
cles. However, ionization losses and nuclear interaction cross
sections are considerably different for heavy ions and for
protons. The possible usage of bent crystal for beam manip-
ulations of high-energy heavy-ion beams calls for a solid
experimental demonstration that channeling of circulating-
beam halos can be achieved with adequate efficiencies. The
beam measurements presented here surpass by a factor 16
the previous state-of-the-art in terms of beam energies [4].
Crystal channeling with bent crystals can find various
applications to high-energy accelerators. At CERN, this is
being studied as a possible path to improve the halo collima-
tion of heavy ion beams at the Large Hadron Collider (LHC).
In a “crystal collimation system”, bent crystals would replace
primary collimators and coherently steer halo particles onto
a single absorber per beam and per plane (horizontal and ver-
tical). The demonstration of planar channeling at the energy
scales of interest for the LHC is essential before relying on
this technology for the future operations with heavy ions.
Previous relevant results with heavy ions were obtained at
the BNL Relativistic Heavy Ion Collider (RHIC) [5], where
channeling of 100Z GeV gold beams was achieved; how-
ever, these results are not directly usable to conclude on the
LHC beam collimation applications. More recently, channel-
ing was observed with lead-ion beams at the CERN Super
Proton Synchrotron (SPS) [6] at 270Z GeV, confirming pre-
vious measurements at the SPS [4], and indicated promising
results in terms of mitigation of dispersive losses downstream
of the crystals. On the other hand, a direct comparison to the
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multi-TeV energy regime, are presented. Results obtained 5F NN
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After a brief review of the crystal layouts deployed in S

the LHC collimation cleaning area, the experimental proce-
dures to demonstrate the onset of channeling are discussed.
The main results are then presented, showing a selection of
beam measurements and conclusive results that demonstrate
channeling of lead-ion beams at 450Z GeV and 6.5Z TeV.
Finally, some conclusions are drawn.

2 Layout of LHC crystal setup

The crystal collimation test stand was installed in 2015 in the
collimation betatron cleaning insertion, referred to as IR7 [7].
This is a warm straight section, about 500 m long, that houses
athree-stage collimation system based on primary (TCP) and
secondary (TCSG) collimators and shower absorber (TCLA)
collimators for the betatron halo cleaning [8]. The TCP and
TCSG collimators have jaws made of a carbon fiber compos-
ite (CFC), 60 cm and 1 m long, respectively. The TCLAs are
made of 1 m-long jaws with active parts built with a heavy
tungsten alloy. The crystals are mounted on an assembly that
we refer to as “crystal primary collimator” (TCPC). It con-
tains a high-precision goniometer with sub-prad accuracy
[11] that is mounted on a special tank with an “O” shaped
pipe, which can hide the crystal during the standard opera-
tional activity of the accelerator. This design was conceived
to minimize the impedance of the device for high-intensity

! The value of 50 prad is the target bending angle for optimum col-
limation performance that was however not achieved by the crystal
manufacturers for the first installation, as shown in this paper.
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Fig. 1 Trajectory of channeled halo particles (purple lines) for the hor-
izontal (top graph) and vertical (bottom) crystals for the beam tests con-
figurations at 6.5Z TeV. The envelope of the circulating beam at the
amplitude of the crystal settings (5.5 o in this case) is also given (red
lines). Vertical lines indicate the aperture of the IR7 collimators in the
plane of interest and black lines show the (fixed) aperture other machine
elements

proton operations, when the goniometer is in its parking posi-
tion.

The layout of the LHC crystal setup is described in
detail in [9]. It was optimized for the operation with proton
beams, but it is fully adequate for ion beam tests as well. A
horizontally-bending crystal and a vertically-bending crystal
are installed at the longitudinal positions s = 19,919.24 m
and s = 19,843.82 m, respectively, as shown in Fig. 1 (fol-
lowing the notation to measure the distance from the LHC’s
first interaction point, for the clock-wise “Beam 17, ats = 0).
The optics parameters at the crystal locations are given in
Table 1.

This crystal collimation test stand relies on standard col-
limators to intercept the channeled beams. Specifically, the
secondary collimators used as absorbers for the channeled
halo have layout names TCSG.B4L7.B1, TCSG.6R7.B1
(horizontal) and TCSG.D4L7.B1 (vertical). They are also
indicated in Fig. 1 and Table 1. Note that in most experimen-
tal tests, the TCLA collimator further downstream were kept
closed at their nominal positions to minimize the leakage
of channeled halo during beam tests as well as the leakage
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Table 1 Installation position, collimation plane and main optics param-
eters for the crystal devices (TCPC) and secondary collimators (TCSG)
used as absorbers for the channeled halo. Nominal optics parameters

are used. Longitudinal installation positions are measured from the first
LHC collision point. The position of the middle point of the collimation
insertion, IP7, is at 19994.16 m

Name s (m) Collimation plane Length (mm) Mat. Bending planes B, (m) B, (m) oy (rad) ay (rad) D, (m) D, (m)
TCPCV.A6L7.B1 19,843.62 Ver. 4 Si 111 30.5 281.1  0.24 —2.63  0.08 —0.65
TCPCH.A4L7.B1 19,919.49 Hor. 4 Si 110 342.1 649 —2.05 0.84 —-0.68 —0.27
TCSG.D4L7.B1  19,917.24 Ver. 1000 CFC - 333.0 68.9 —2.01 0.90 -0.67 —-0.29
TCSG.B4L7.B1  19,987.16 Hor. 1000 CFC - 139.8 131.0 1.43 —-1.25 -0.53 —-0.05
TCSG.6R7.B1 20,141.02 Hor. 1000 CFC - 3358 47.0 2.83 0.02 —0.30 0.21

Table2 Setting in units of beam o = /B¢, computed for a normalized
emittance €* = 3.5 wm, at the injection (450Z GeV, “INJ”) and flat-
top (6.5Z Tev, “FT”) energies for the relevant IR7 devices used in the
channeling experiment: crystals (TCPC), primary collimators (TCP),
secondary collimators (TCSG), and shower absorbers (TCLA). Settings
of TCSGs upstream and downstream of the crystals are given separately

Collimator Setting [o]

Crystal collimation test Standard system

INJ  FT INJ  FT
TCPC 5.7 55 Out  Out
TCP Out  Out 5.7 55
TCSG (upstr.) Out  Out 6.7 7.5
TCSG (downst.) 6.7 7.5 6.7 7.5
TCLA 10.0 11.0 100 11.0

of showers generated at the TCSG absorbers. A summary
of IR7 collimator settings deployed during the crystal test
are given in Table 2 and compared to those of the standard
collimation system, both at injection (INJ) and flat-top (FT)
energies. Note that all the TCP and the TCSG collimators
upstream of the crystals are taken out at parking positions
during the crystal collimation experiment.

The crystals for this experiment were provided by the
UADO collaboration. Two different silicon crystal technologies
were adopted. A strip (ST) crystal [12] produced by Istituto
Nazionale di Fisica Nucleare (INFN), Ferrara section, [13]
is installed as the horizontal TCPC and a quasi-mosaic (QM)
crystal produced by St. Petersburg Nuclear Physics Institute
(PNPI) [14] as the vertical one. The ST crystal makes use
of the (110) planes that are equidistant while the QM crystal
uses the (111) planes, with a ratio of 1:3 for the distances
between subsequent planes. The two crystals also use dif-
ferent technologies for the holder that produces the desired
geometrical bending: the ST holder uses anti-clastic forces,
and the QM one uses the quasi-mosaic effect to bent the
desired planes. In both cases, the crystal holder confers the
primary deformation that produces the bending of the crys-
talline planes used to deflect charged particles. The design

specification for both crystals was a bending angle of 50 jwrad
and 4 mm of length [9].

Both crystals were specified to have torsion — defined in
units of prad/mm as the variation of the crystalline plane
orientation along the direction perpendicular to the bending
plane — below 1 prad/mm. For the beam conditions at the
LHC, with RMS transverse beam sizes below 200 jum in the
plane orthogonal to the bending plane, effects from torsion
are expected to be negligible. For both crystal technologies,
one would need torsion values in excess of 15-20 prad/mm
to have particles at 1 o outside the channeling acceptance.
Such values seem excluded for the small crystals used for
the LHC, based on previous experience. Also note, that at
top energy, typical half aperture of the primary collimator
cut are below 1.5 mm for both planes, so large transverse
offsets of particles impinging on the crystals are excluded.

The two crystals differ instead for the so called miscut,
which is defined as the angle of the crystalline planes with
respect to the surface facing the beam. The miscut should be
minimised in order to avoid that particles close to the surface
experience deflection angles different than the design bend-
ing angle. The ST crystal is claimed by the manufacturer
to achieve a miscut below 10 prad while the QM crystal is
at levels of about 40 prad. The ST crystals are built with
techniques that promise surface roughness values down to
levels of a few atomic layers, at least locally (see for exam-
ple [15]). No such measurements are available for the QM
crystals, although an extensive literature on tests at lower
energies than the LHC case discussed in this paper, indicates
no significant performance differences between the two crys-
tal types (see for example [6]).

3 Experimental procedures and beam conditions
The demonstration of channeling of circulating beam halos
relies on two key measurements that are schematically illus-

trated in Fig. 2:

(1) Crystal angular scans, with the crystal transversally
placed into the halo as primary aperture restriction, con-

@ Springer
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Fig. 2 Illustrative view of the crystal angular scan (1) and of the col- g 400 2 3
limator linear scan (2) that are used to demonstrate experimentally é’ @
the onset of channeling. Angular scans are used to find the optimum 200 1
channeling orientation when nuclear losses are minimized. Collimator :
scans probe the distribution of the channeled halo and the de-channeling o J L1 L1 L1 0
region 13:00 15:00 17:00 19:00 21:00

sists in varying its angular orientation. The onset of chan-
neling isidentified as a drop of the local losses that occurs
when the channeling planes are parallel to the halo tra-
jectory, as in this condition the nuclear interactions are
at a minimum.

(2) Linear scans of the downstream collimator absorber are
performed when the crystal is at the optimum angular
orientation. The jaw intercepts first the channeled halo
and then is moved further in, across the “empty” space,
until it reaches the circulating beam core. This produces
a sharp loss spike upon reaching the primary beam halo.

Both measurements produce very characteristic distribu-
tions of losses versus crystal angle and collimator position,
described in the following, that only occurs if channeling
is present. Local losses were measured using the standard
Beam Loss Monitoring (BLM) system of the LHC [16] based
on ionization chambers. The LHC BLM system is ideal
for these measurements because it has a good sensitivity
and each monitor is capable to measure losses as small as
10~7 Gy/s. The measurements were performed while induc-
ing controlled losses that were in all conditions well above
the BLM noise at the monitors of interest.

The beam tests were performed by using several low-
intensity bunches both at injection and at flat-top energy, with
the standard machine configuration for ion beams in the 2015
(injection only) and 2016 LHC runs [17]. In standard condi-
tions, the single-beam lifetime at the LHC typically exceeds
100 h and thus the instantaneous losses — i.e., the flux of
particles impinging on the crystals — are too low to perform
with sufficient resolution the measurements described above.
Therefore, the LHC transverse damper [18] was used to
excite the beam transversally to increase, in a controlled man-
ner, loss rates. This is done by adding on selected bunches a
gated white-noise excitation, of tunable amplitude, that blows
up the beam emittance. This enables one to achieve controlled
primary beam losses on crystals and/or collimators. Several
low-intensity bunches were accelerated to flat-top energy and
selectively excited to perform different sets of measurements.

@ Springer
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Fig. 3 Beam intensity in charges (blue, left axis) and energy (red, right
axis) as a function of time during the beam measurements, performed
on Nov. 29th, 2016

The excitation settings were empirically tuned to produce
sustained losses during the time needed to complete angu-
lar and linear scans (up to several minutes are needed for
high-accuracy angular scans). The excitation window was
enlarged in time to act on three adjacent bunches. An example
of beam current versus time during a beam test at top energy
is given in Fig. 3 to illustrate how loss rates were tuned.

During measurements, the crystal acts as a primary colli-
mator and intercepts all primary beam losses. The expected
impact parameter of single ions impinging on the crystal —
defined as the distance from the crystal surface facing the
beam at the first interaction — is estimated to be well below
10 pm (see for example estimates in [19]). The crystal inter-
cepts only a small fraction of the phase-space ellipse of the
beam distribution and this constrains severely the angular val-
ues of impinging particles. At 5.5 o and 6.5 Z TeV, impact
parameters values above 50 pm would be required to cause
angles of impinging particles above the acceptance for chan-
neling. Effects from the angular distribution can therefore be
neglected in first approximation.

Measurements at top energy presented here were obtained
during one single fill that lasted about 4 h, see Fig. 3. An initial
setup at 450Z GeV allowed to rapidly establish the reference
channeling orientations for both crystals and to perform a
few key measurements before ramping up the beam made
of 18 bunches for the measurements at 6.5Z TeV. The total
beam intensity was of about 10'! charges. The efficient setup
of these tests also profited from previous measurements done
with proton beams (see for example [10]) when key hardware
preparatory tests could be performed.

4 Measurement results

The results of the first precise measurements of crystal angu-
lar scans at injection energy are shown in Fig. 4 for the
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Fig. 4 Local beam losses normalized to the beam flux, and to the BLM
signal in amorphous-like orientations, as a function of the crystal angle
for the horizontal strip (top) and vertical quasi-mosaic (bottom) crystals.
Scans were performed at 450Z GeV

horizontal (ST) and the vertical (QM) crystals, respectively.
Beam losses measured at adownstream BLM of each crystal,
normalized to the flux of primary beam losses and to the BLM
signal recorded well outside the channeling orientation, are
given as a function of the crystal angle. This normalization
shall give measurement values close to 1, independently of
the rate of primary beam losses, when the crystal is not in
channeling. We call this condition “amorphous-like” orienta-
tion because in this case no coherent interactions are observed
and thus the interaction of the hadron beam with the crystal is
equivalent to that of an amorphous silicon block of the same
dimensions.

No beam, collimator or machine parameter is changed,
other than the crystal orientation, during this measure-
ment. Movements are performed with angular resolution of
0.1 prad. The goniometer accuracy is of about 1 prad. The
rotational velocity is 1 prad/s at 450 Z GeV and 0.2 rad/s
at 6.5 Z TeV where the critical angle is smaller. A decrease
in local losses is clearly seen for both crystals at a specific
angle. This orientation providing minimum losses, defined as
the zero of the abscissa in the graphs, corresponds to the opti-
mal position for channeling. The crystal planes are parallel
to the beam envelope at 5.5 o (see Table 2). This reduc-

tion of losses can only be explained by the onset of coherent
channeling that partially suppresses the interactions of halo
particles with the material compared to the amorphous-like
orientation, since particles are travelling in a relatively empty
space between crystalline planes. This characteristic loss pro-
file is a direct demonstration of channeling, which was never
established before for lead ion beams at 450Z GeV.

It is noted that the angular region between about —60
and —10 prad in the top graph of Fig. 4 exhibits reduced
losses compared to the amorphous-like orientations at either
extremity of the angular scan. This corresponds to the vol-
ume reflection phenomenon where particles impinging on the
convex crystal surface are bounced back by the potential of
the crystalline planes [20]. In this example, losses are reduced
to about 50-60% of the amorphous-like losses.

The observations of channeling were also made in similar
measurements carried out at 6.5Z TeV, which are reported
in Fig. 5. Channeling is also very clear in this case although
the BLM signal is more noisy. This is because losing the
beam at top energy entails long procedures to re-establish
the same conditions, thus lower loss rates were induced than
what could be afforded at injection. The width of the region
of around the angle for minimum losses, is narrower than
at injection energy because the critical angle for channel-
ing is 3.8 times smaller, i.e. only about 2.5 prad. These
measurements also demonstrate that the hardware developed
for the LHC is adequate for channeling tests in the multi-
TeV regime, confirming the excellent performance that was
achieved in proton beam tests.

Aloss-reduction factor can be measured between the crys-
tal amorphous-like and channeling orientations, using BLMs
immediately downstream of the crystals. The loss reductions
are presented in Table 3, for both crystals and both beam ener-
gies, using the complete set of available data (see [21,22] for
a complete overview of available experimental data). It is
noted that these factors are achieved for the collimator set-
tings in Table 2. The dependence of the local reduction factor
on collimator settings around the ring are subject of other
ongoing studies, see for example the results at the SPS [23].
Specifically, this reduction factors are not directly related
to the collimation cleaning performance that, for a system
complex like the LHC collimation system, depends on the
settings of all collimators around the ring.

Figure 6 shows the dependence of the local losses at the
TCSG absorber as a function of the jaw positions. This mea-
surement was recorded for the vertical case, with the crystal
set at the position for optimum channeling. Similar measure-
ments are available for the other crystal, at both energies,
showing qualitatively a similar behaviour [23]. These data
can be used to calculate the crystal’s bending angle using the
beam transport matrix formalism. The crystal kick in prad,
Bcry, €.g. in the horizontal plane, can be expressed as a func-
tion of the transverse position of the channeled halo at the

@ Springer
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Fig. 5 Local beam losses normalized to the beam flux, and to the BLM
signal in amorphous-like orientations, as a function of the crystal angle
for the horizontal crystal. The scan was performed at 6.5Z TeV with
the horizontal crystal on Beam 1

collimator absorber as:

Xeoll — %L_‘;;l (COS ® + Qery sin §0) Xery

Ocry = ; — Xy, (D)
o« RV Bery Beoll Sin @ o

where ¢ is the betatron phase advance between crystal and
absorber, x and x” are the transverse coordinates and « is the
Twiss parameter (see Table 1). The labels “cry” and “coll”
indicate the crystal and the collimator, respectively.

The channeled beam is intercepted when the jaw is moved
from its outermost position closer to the circulating beams.
This is indicated by the rise of losses at position larger than
about 40 prad in Fig. 6. A fit of this profile with an error
function can be used to evaluate the position of the chan-
neled beam at the collimator and, through Eq. (1), the crystal
bending angle. This amounts to 39.8 + 0.4 jurad in this case.”

At positions even closer to the circulating beam, there is a
region of nearly flat losses where only dechanneled particles,
or particles that are interacting in other ways with the crystal,
are intercepted in addition to the channeled halo. This region
continues until the jaw becomes closer to the beam than the
crystal itself. It intercepts in this case the primary halo. This
breaks the channeling mechanism and produces a sharp loss
spike at the TCSG, which is now the primary scatterer. The
summary of bending angle measurements obtained with this
method is summarized for both crystals in Table 3, were the
average angles from the different available measurements are
reported. Both crystals differ by about 20 % from the design
angle of 50 prad.

2 The fit with the error function is applied in the range where the first
rise of losses versus collimator position is observed, i.e. in the range
above 2.6 mm in the abscissa of Fig. 6.

@ Springer

Table 3 Reduction factors of local losses in channeling and crystal
bending angles computed from different data sets. The average values
are presented with the error evaluated as the RMS of available data sets.
Bending angles are computed as averages of measurements at injection
and top energy

Crystal Reduction factor Bending angle (j.rad)
Injection Flat top
B1-H 6.1 £0.5 83+1.2 62.6+0.4
B1-V 5.6£0.8 6.2+23 40.0£0.3
Local Transverse Position at the absorber [mm]
20 1.5 2 2.5 3 3.5 4 4.5 5 5.5
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Fig. 6 Beam losses as a function of jaw position and the equivalent
deflection at collimator position, recorded at the TCSG.D4L7.B1 dur-
ing a linear scan with vertical crystal in channeling orientation. The col-
limator used as absorber has an active jaw of 1 m of CFC (see Table 1)
that does not stop all the energy carried by the channeled halo, but is
adequate for the measurement of deflection angle

5 Conclusions

Channeling of fully stripped Pb ion beams (Z = 82,
A = 208) was observed for the first time at the CERN
Large Hadron Collider at the unprecedented beam ener-
gies of 450Z GeV and 6.5Z TeV, in dedicated machine
experiments carried out in 2015 and 2016. Measurements
were performed with bent crystals exploiting quasi-mosaic
or anti-clastic deformations, for vertical and horizontal halo-
channeling studies, respectively, using the crystal collima-
tion setup installed in the LHC. Channeling is demonstrated
through measurements of reduction of beam losses imme-
diately downstream of the crystals during angular scans as
well as through linear scrapings of the channeled halo. At
6.5Z TeV, measurements indicated a reduction factor of
local losses of 6.2 2.3 and 8.3 £ 1.2 for the quasi-mosaic
and the strip crystals, respectively, between channeling and
amorphous-like orientations. The measurement uncertainty
is high because of the limited available statistics that at this
stage does not allow to firmly conclude on systematic differ-
ence between the two crystal types. It is important to recall
that this local loss reduction factor is not directly related to the
collimation cleaning performance for a machine as complex
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as the LHC, where details settings of many other collimators
around the ring must also be taken into account.

Measurements of the separation between channeled halo
and primary beam indicate bending angles of 40.0 &= 0.3 prad
and 62.6 £ 0.4 prad for vertical and horizontal crystals,
respectively. This is consistent with the results of measure-
ments carried out with proton beams and indicates errors
in the achieved crystal bending with respect to the target
value of 50.0 prad, which will have to be improved for future
installations. These results provide an important step towards
the implementation of crystal collimation for ion beams at
present and future multi-TeV hadron colliders. On the other
hand, the understanding of differences between the two crys-
tals is under further investigations, in particular the fact that
the strip crystal solution using the plane 110 provides better
reduction despite of the larger bending angle.
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