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Abstract Future upgrades of the CERN Large Hadron Col-
lider (LHC) demand improved cleaning performance of its
collimation system. Very efficient collimation is required
during regular operations at high intensities, because even a
small amount of energy deposited on superconducting mag-
nets can cause an abrupt loss of superconducting conditions
(quench). The possibility to use a crystal-based collimation
system represents an option for improving both cleaning per-
formance and impedance compared to the present system.
Before relying on crystal collimation for the LHC, a demon-
stration under LHC conditions (energy, beam parameters,
etc.) and a comparison against the present system is consid-
ered mandatory. Thus, a prototype crystal collimation system
has been designed and installed in the LHC during the Long
Shutdown 1 (LS1), to perform feasibility tests during the
Run 2 at energies up to 6.5 TeV. The layout is suitable for
operation with proton as well as heavy ion beams. In this
paper, the design constraints and the solutions proposed for
this test stand for feasibility demonstration of crystal col-
limation at the LHC are presented. The expected cleaning
performance achievable with this test stand, as assessed in
simulations, is presented and compared to that of the present
LHC collimation system. The first experimental observation
of crystal channeling in the LHC at the record beam energy
of 6.5 TeV has been obtained in 2015 using the layout pre-
sented (Scandale et al., Phys Lett B 758:129, 2016). First
tests to measure the cleaning performance of this test stand
have been carried out in 2016 and the detailed data analysis
is still on-going.

1 Introduction

The present collimation system of the LHC [2] has achieved
excellent cleaning performance with an inefficiency of about
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1 x 10~* and ensured safe operation without quenches from
circulating beam losses with stored beam energies up to
270 MJ at 6.5 TeV [3,4]. Although this performance is very
satisfactory, further improvements are deemed necessary for
the high-luminosity upgrade (HL-LHC) of the LHC [5-8]
that aims at achieving about 700 MJ stored energies. Also
note that the halo cleaning efficiency is drastically reduced
with heavy ion beams, where a worsening of a factor about
100 is observed with respect to proton beams.

The possibility to use a crystal-based collimation system
represents an option for improving both cleaning perfor-
mance and impedance of the present system (main limita-
tions with HL-LHC beams [9]). Crystal collimation relies
on using bent crystals instead of primary collimators to steer
halo particles onto one single absorber, as opposed to the
present multi-stage collimation system, which is based on
massive amorphous blocks of material to intercept halo par-
ticles. Experimental results obtained with proton and lead
ion beams at the super proton synchrotron (SPS) [10-14] in
the framework of the UA9 experiment are very promising.
However they are not considered exhaustive enough to pro-
pose a crystal collimation scheme as a baseline for future
upgrades. A demonstration of this novel scheme in the LHC
conditions, in particular a direct comparison of the clean-
ing efficiency achievable with the two systems, is considered
mandatory. Also note that SPS tests were carried out only
in static conditions (coasting beams), whereas known LHC
limitations require an efficient collimation process through-
out the whole operational cycle (injection, ramp, squeeze,
collision).

In this paper the design of a crystal collimation system that
enables beam tests at the LHC is presented. After an intro-
duction of basic concepts of crystal collimation and a com-
parison of this novel scheme to the present one, the design
goals and constraints for installation into the LHC are dis-
cussed. A solution conceived to fulfill all the requirements is
presented. Optimized crystal parameter are studied to allow
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Fig. 1 Working principle of the present collimation system

beam collimation tests in all relevant LHC conditions. Lay-
outs proposed for feasibility tests of crystal collimation at the
LHC are then presented. Finally the expected performance,
as assessed in simulations, is presented and compared to that
of the present LHC collimation system.

The installation of the layouts discussed here was carried
out in 2015, in the ring of the LHC beam 1. Preliminary
feasibility tests were performed in the first part of Run 2, and
the first observation of crystal channeling at the record beam
energy of 6.5 TeV was obtained [1]. First tests to measure
the cleaning performance of this test stand have been carried
out in 2016 and the detailed data analysis is still on-going.

2 Multi-stage and crystal-based collimation systems
2.1 LHC multi-stage collimation

An illustrative picture of the working principle of the present
collimation system is given in Fig. 1. The present LHC sys-
tem [2,3] is composed of 44 movable ring collimators per
beam, placed in a precise multi-stage hierarchy that must
be maintained in any machine configuration to ensure opti-
mal cleaning performance. Two LHC insertions (IR) are
dedicated to collimation: IR3 for momentum cleaning, i.e.
removal of particles with a large energy offset (cut from
dp/p ~ 0.2% for zero betatron amplitude); and IR7 for beta-
tron cleaning, i.e. continuous controlled disposal of trans-
verse halo particles. Each collimator insertion features a
three-stage cleaning based on primary collimators (TCP),
secondary collimator (TCSG) and absorber (TCLA). In this
scheme, the energy carried by the beam halo intercepted by
TCPs is distributed over several collimators (e.g. 19 colli-
mators are present in the betatron cleaning insertion). Dedi-
cated collimators for protection of sensitive equipment (such
as TCTP for the inner triplets), absorption of physics debris
(TCL) and beam dump protection (TCSP) are present at spe-
cific locations of the machine. A detailed description of these
functionalities goes beyond the scope of this paper and can
be found in [2]. The complete collimation layout of the LHC
is shown in Fig. 2.

The main limitation of the present system is represented
by the level of cleaning inefficiency in the IR7 dispersion
suppressor (IR7-DS). Protons experiencing single diffrac-
tive interactions in the TCPs are lost at the first dispersive
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Fig. 3 Working principle of the crystal collimation system

peak arising from the first dipoles downstream of the IR7
straight section (i.e. IR7-DS), because of their momentum
offset. These protons are typically not intercepted by TCSGs
because of their small transverse scattering angle in the TCPs.
A similar limitation occurs for ion beams collimation. Ion
fragments produced by the interaction of heavy ions with
TCPs are also lost in the IR7-DS [15].

This system requires multiple collimators (11 TCSGs and
5 TCLAs per beam) to catch efficiently the secondary halo
out-scattered by the primary collimators. This increases the
collimation contribution to the machine impedance, which
could lead to beam instabilities.

2.2 Crystal-based collimation

The crystal collimation concept is shown schematically in
Fig. 3. It relies on coherent steering of halo particles onto a
single massive absorber per plane by using crystal channel-
ing. Ideally, only one crystal per plane is needed, with an asso-
ciated absorber of channeled particles. Crystals are placed at
the edge of the beam envelope as with the present TCPs, and
angularly oriented to position the crystalline planes at the
entry point parallel to the beam direction. The main advan-
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tages of a crystal collimation system are a significant reduc-
tion of losses in the IR7-DS and an important decrease of the
machine impedance. The present collimation system repre-
sents about the 90% of the resistive wall impedance budget of
the LHC [16], which is mainly due to the 19 collimators in the
IR7. Thus, the fewer collimators surrounding the beam in the
case of crystal collimation would lead to a drastic reduction
of the resistive wall impedance of the entire machine.

The improved cleaning performance is mainly due to the
reduced inelastic interaction rate at the crystal compared to
TCPs. Channeled particles travel in a relatively empty space
between crystalline planes. Moreover, the deflection given to
channeled particles is defined by the crystal bending. There-
fore, large bending leads to large impact parameter on the
absorber, increasing its effective length seen by the impact-
ing particles and therefore reducing out-scattered protons that
could emerge with a significant energy offset.

On the other hand the acceptance of the channeling process
is very small at LHC maximum energy. The critical angle is
of the order of about 2.5 prad at 7 TeV (i.e. maximum angle
with respect to the crystalline planes to undergo channeling).
Thus, the location of crystals in the lattice of the machine has
to provide an angular distribution of impacting particles that
is smaller than the critical angle to ensure stable channeling.
The layout presented here allow to reach angular distributions
below 1 prad at 7 TeV. The possibility to build goniometers
with sub-prad resolution [17,18], made it possible to ful-
fill the required constraints on angular stability for crystal
channeling at LHC maximum energy. However, experimen-
tal demonstration at such a high energy is mandatory.

3 Design goals and constraints

Various studies have been carried out to integrate a crystal test
stand in the present betatron collimation system [19,20] for
first feasibility tests. This requires addressing satisfactorily
various aspects:

e A demonstration of crystal channeling with good effi-
ciency of high energy hadron beams, up to 7 TeV.

e A demonstration that crystal collimation can improve the
cleaning efficiency in the IR7-DS for both proton and lead
ion beams, with respect to the present system.

e A comparison with respect to the performance of the
present collimation system in the LHC, throughout the
whole operational cycle.

e A validation of the energy scaling of coherent processes
in bent crystals at the still unexplored LHC energy, and a
confirmation of how cross-sections of nuclear point-like
interactions in bent crystals evolve at such a high energy.

The final layout is based on two crystals installed in the
IR7 betatron cleaning insertion of beam 1, for horizontal and
vertical collimation tests. Horizontal and vertical crystals are

placed on the external and top side of the machine, respec-
tively.

Other important constraints for the design, e.g. on longi-
tudinal positions, come from space availability in the present
collimation insertion, at locations where optics parameters
are optimised for crystal collimation. To minimize impacts
on the present tunnel infrastructure, crystals are mounted on
standard collimator supports and use a similar fast plug-
in technology [21]. Slots already equipped with collima-
tor supports, prepared for future upgrades that will only be
deployed beyond 2018, were available and therefore consid-
ered for installation. These longitudinal positions ensure also
the presence of other infrastructure required, such as control
cabling.

Other important considerations that were implicitly taken
into account in the design work, which are not discussed in
detail in this paper, are the need to minimize radiation to
personnel during installation and later maintenance of the
crystals and to ease fast interventions on the hardware. For
example, if different installation locations provide similar
performance, those at lower radiation doses are chosen.

4 Optimisation of crystal parameters and lattice
position

Restrictions on available longitudinal positions, in connec-
tion with betatron settings of the full collimation chain, have
a significant impact on crystal parameters. For example, the
same cleaning efficiency could be achieved with different
bending angles, provided that different betatron settings of
the TCSGs are used to intercept the channeled halo parti-
cles. More subtly, rates of single diffractive events in crys-
tals are related to the channeling efficiency, crystal length and
beam loss in the IR7-DS. Ultimately, optimum combination
of crystal parameters and installation position must ensure:

1. Improved cleaning performance in the IR7-DS compared
to the present collimation system.

2. Interception of channeled halo particles with present sec-
ondary collimators with adequate margins from fixed
magnet aperture.

3. Sufficient offset of the channeled beam at the selected
TCSG, compared to the beam envelope defined by the
crystal aperture.

4. Compatibility with crystal collimation tests at all beam
energies, from 450 GeV up to 7 TeV.

4.1 Installation position

Semi-analytical tools based on linear beam transport have
been developed to evaluate quickly feasibility of different
crystal-based layouts. Using particle accelerator physics the-
ory itis easy to demonstrate that, ideally, the best basic layout
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consists of a crystal at a location with zero divergence and an
absorber placed at /2 phase advance, because of two main
reasons: (1) a value of the Twiss parameter & ~ 0, i.e. beam
envelope parallel to closed orbit, can allow to move the crystal
only linearly during the energy ramp, in order to maintain the
channeling condition during adiabatic damping of the beam
emittance. If « # 0 the angular orientation of the crystal also
has to vary accordingly to the beam envelope shrinking as a
function of energy. (2) A phase advance (Aps—_g,) of about
7 /2 between the crystal and the selected collimator used to
intercept the steered halo, ensures the maximum shift of such
particles at the secondary collimation stage with respect to
trajectories of unperturbed particles. The trajectory of parti-
cles experiencing an angular kick () at s can be described
using the transfer matrix formalism. If a crystal is installed
at s1, and assuming o ~ 0, the trajectory of a kicked particle
is described by:

x(s) = | 5 ((Ss])) cos(Apts—s))x(s1)

+ 0y B(s)B(s1) sin(Aps—y,). ey

To fulfill the two conditions above, dedicated optics for the
LHC-IR7 insertion would have to be produced. Even if this
was possible with present magnet layout, the overhead for
beam tests would become too large if new optics were to be
commissioned. It was therefore decided to design optimized
layouts for the existing and already commissioned IR7 optics
[22]. After a first identification of suitable installation loca-
tions based on space and infrastructure availability, a sub-set
of possible locations, crystal parameters, and collimator set-
tings is determined based on semi-analytical tools.

Only the final layouts are discussed here, leaving for inter-
ested readers the detailed description of multiple layouts
studied that can be found in [23]. Figures 4 and 5 show the
trajectories followed by particles channeled (solid line) and
scattered (dashed lines) at the crystal as a function of s, start-
ing from 6 o beam envelope, for the vertical and horizontal
planes, respectively. Both injection (a) and maximum energy
(b) cases are considered. The projection of collimator aper-
tures on the plane of interest is also shown, together with the
aperture model of the IR7 insertion. Several observations can
be made:

e Positions close to @ ~ 0 are obtained (proximity to a
plateau of the B function).

e At maximum energy the angular cut applied by the
selected TCSG is about 5 prad (i.e. all particles that
acquired a deflection larger than 5 prad due to the inter-
action with the crystal are intercepted by TCSG).

e Atinjection energy the angular cut applied by the selected
TCSG is about 20 jrad.
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Fig. 4 Vertical trajectories of channeled halo particles (solid gray line)
and mechanical aperture of the beam pipe (black) versus longitudinal
position along the betatron cleaning insertion. The crystal, shown by
the orange line, sits on the six betatron sigma beam envelope shown
by the red lines. The bold gray line indicates a crystal kick of 50 prad
while the dashed ones range from zero to 100 prad in 5 prad steps.
Injection a and 7 TeV b cases are given

4.2 Crystal bending angle

The maximum bending allowed corresponds to the maximum
kick for which the trajectory of the deflected halo is never
closer than a safe distance from the beam pipe. This dis-
tance is determined by considerations of possible uncertain-
ties, beam parameters and aperture tolerances. Operational
experience during the LHC Run 1 indicated that the aper-
ture model used is adequate, the maximum shift of a closed
orbit is below 2 mm, and the beta beating is below 10% [24].
Beams are dumped by the interlock system when a drift of a
closed orbit of 2 mm is measured. Thus a conservative mar-
gin of 5 mm as the minimum distance between the trajectory
of channeled halo particles and the beam pipe is taken.

For the vertical layout, the vertical TCSG used to intercept
the channeled halo particles is upstream of the vertical aper-
ture restriction. Thus, the channeled halo will be intercepted
by such a TCSG before reaching unsafe distances from the
magnets, at any energy.
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Fig. 5 Semi-analytical studies regarding the horizontal crystal loca-
tion: a at 450 GeV, b at 7 TeV. The same notation as in Fig. 4, but
applied to the horizontal plane

For the horizontal layout a similar situation is obtained
using the collimator settings shown in Fig 5. However, at
maximum energy it is possible to intercept the channeled
particles by using only the last TCSG shown in Fig 4b. This
configuration will allow tests with a minimal set of collima-
tors in place, but poses a constraint on the maximum deflec-
tion allowed that is of about 65 prad to avoid risks of touching
the fixed magnet aperture.

For operation with circulating beams, one must take into
account that repeated passages through the crystal, with
angles slightly modified each time by the previous passage,
can lead to channeling also when the crystal has a small tilt
with respect to its optimal orientation. In the LHC with 7 TeV
beams this tilt is found to be about 5 pirad from numerical
simulation, i.e. slightly more than twice the critical angles at
such an energy (6, ~ 2.5 prad), and also observed experi-
mentally [1]. This tilt with respect to the beam envelope gives
an additional deflection to channeled particles on top of the
one given by the crystal bending. Even though any misori-
entation must be minimized for efficient crystal collimation,
this additional kick must be taken into account to ensure
machine safety during angular scans that will be performed

in experimental tests. Hence a margin has to be included
in the final choice of requested bending. Thus, to perform
safe angular scans at maximum energy a margin of ~ 46,
(i.e. ~10prad) is adopted. The maximum crystal bending
allowed is therefore decreased to 55 prad.

The minimum crystal bending is determined by requiring
a confinement of the channeled beam on the TCSG front face,
at injection energy. This minimum value can be evaluated by
considering the crystal as a point-like source of the beam
formed by the channeled halo [23,25]. The full spot size
(ocn) on the absorber is given by the angular acceptance of
the channeling process (i.e. the critical channeling angle 6,.):

Och = 2'90\/ IB(SAhs).B(SCry) Sin(AﬂAhs—Cry)- (2)

At 450 GeV the critical angle is about 9.7 prad. Thus, given
the angular cut of 20 prad provided by the selected TCSGs
(see Sect. 4.1) a minimum bending of 30 prad is needed for
the full confinement of the channeled beam on the absorber
front face. Taking into account the supplementary deflection
due to the multi-turn process, a margin has to be included to
ensure the full confinement during a complete angular scan.
In contrast to the maximum energy case, the risk at injection
energy is to channel halo particles when the total deflection
given is not enough to reach the secondary collimator. Given
the reduced risks for the machine safety at injection energy,
a slightly relaxed margin of ~36, (i.e. ~30 prad) is adopted.
Adding this margin to the angular cut provided by the selected
TCSGs, the minimum bending required is therefore 50 prad.

In conclusion, to ensure the full confinement of the
extracted beam spot on the absorber and safe distance with
respect to machine aperture at any energy and any layout
configuration, the required crystal bending is in the range of
50—55 prad.

4.3 Crystal length

The key parameters of a bent crystal are its length (/) and
bending angle (6), which define its bending radius (R) as
R = 1/6. The more crystals are bent (i.e. the smaller is
R), the more particles are forced to oscillate in proximity to
the crystalline planes, therefore increasing the probability of
inelastic interactions with the nuclei. The minimum bend-
ing radius below which the potential well disappears and
channeling is no longer possible is called the critical bend-
ing radius (R.), and undesired nuclear interactions become
predominant for bending radii R < 3R, [26]. Thus, bend-
ing radii R > 3R, were considered to provide a “smooth”
particle steering needed to reduce as much as possible the
probability of inelastic interactions. This condition calls for
long crystals. On the other hand, the probability of inelastic
interactions increases with the number of oscillations per-
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Table 1 Critical channeling angle (6,), oscillation period (1) and criti-
cal bending radius (R,) for silicon crystals at typical energies of interest
for our purpose

Energy (Gev) 0. (prad) A (jum) R. (m)
450 9.7 61.9 0.8
6500 2.6 235.4 11.7
7000 2.5 244.3 12.6
- A 197 ©305 §
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i = ] Multi-turn channeling efficiency ’ 5 96.8 = = 0.48 8
5 34| ——a—- Nuclear interaction rate in crystal 1 S 4046 £
2 n3E Lo 966 2 3044 E
-—‘O = L] i — = 47 -
E A A 3 7 —
2 nfE e 1964 £ 04275
T 3 ek Jo62 5304 ~
= E LT ° 1 =—0.38
= 30 T e = ==
@ F k- 1% 23036
= 29 ] = 3
— 285 P ® —958 57034
E o j956§§0.32
276 0 e T =03
3 35 4 4.5 5
1 [mm)]

Fig. 6 Integratedlossesinthebeam 1 IR7-DS (black), multi-turn chan-
neling efficiency (red) and nuclear interaction rate (blue) as a function
of the crystal length for a fixed bending of 50 prad. Integrated losses
are normalised to the total number of particles intercepted by the crystal

(nr)

formed between crystalline planes, which is defined by the
oscillation period (1) [26]. These key parameters are reported
in Table 1, for energies of our interest.

Moreover, the longer the path of particles between crys-
talline planes, the larger is the probability of elastic interac-
tions that can let particles out from the channel (dechannel-
ing process [26]). Such particles do not acquire the desired
deflection. Thus, they can either arrive on the absorber with
a reduced impact parameter, or even bypass it and be lost
somewhere else in the ring. In both cases the cleaning per-
formance of the system is jeopardised.

A compromise has to be found in order to decrease as much
as possible the probability of nuclear interactions for chan-
neled particles, without degrading too much the multi-turn
channeling efficiency. Complete multi-turn tracking simu-
lations (described in Sect. 6.1) were performed for differ-
ent crystal lengths [ = (3,4,5) mm and 6 = 50 prad.
Key observables are: integrated losses in the IR7-DS, multi-
turn channeling efficiency, and the nuclear interaction rate at
the crystal. Such simulations were performed with nominal
LHC optics at 7 TeV [22] and collimator settings which are
reported in Table 3. The complete list of settings for all the
collimators present in the LHC can be found in [23]. Taking
as an example what is achieved with the final layout for the
horizontal crystal using configuration 1 (see Sect. 5.3), the
integrated losses in the IR7-DS, nuclear interaction rate and
the multi-turn channeling efficiency are reported in Fig. 6.

@ Springer

These results provide a quantitative evaluation of the
effects qualitatively introduced above. The variation of multi-
turn channeling efficiency is found to be in the range of 1%
for the three lengths compared. The variation of nuclear inter-
action rate is also small, and ranges from about the 0.36%
with/ = 3 mm to about 0.45% with [ = 5 mm. The main dif-
ference is obtained for the IR7-DS integrated losses, where
about 20% more losses are expected using / = 5 mm with
respect to / = 4 mm. Thus, a crystal length of / = 4 mm is
adopted to ensure the best system performance with a bend-
ing radius as large as possible, achieving R > 6R. at 7 TeV.
Such a deflection in a so short a range is equivalent to hav-
ing a uniform dipole field, ideally acting only on a selected
portion of the 7 TeV beam halo, of about 310 T.

5 Final layout and configurations
5.1 Installation layout

The final crystal parameters and installation locations are
reported in Table 2. In this section the proposed set of opti-
mal collimator settings for beam tests at injection and maxi-
mum energy are presented (Table 3). Note that in addition to
TCSGs that are used as absorbers, TCLAs must also be used.
This because TCSGs are made of 1 m long jaws of CFC (car-
bon fibre-carbon composite) to intercept the channeled halo,
which is not enough to completely absorb it and the physics
debris will be mainly lost in the IR7-DS. This could mask
possible improvements connected to the reduced inelastic
interaction rate at the primary collimation stage. Thus, such
debris is intercepted using the TCLAs that are made of 1 m
long jaws of tungsten.

It was decided to test two technologies of crystal manu-
facturing. A strip crystal (ST) produced by Istituto Nazionale
di Fisica Nucleare (INFN) [27,28] is installed in the hori-
zontal plane, while a quasi-mosaic crystals (QM) produced
by Petersburg Nuclear Physics Institute (PNPI) [29] in the
vertical one. The main difference is given by the crystalline
planes used to deflect the halo particles. In ST crystals the
(110) planes are used, which are equidistant. In QM crys-
tals the (111) planes are used, where a ratio 1:3 is present in
the distance between subsequent planes. They are expected
to be equivalent for proton beams. For heavy ion beams
an increased probability of inelastic interactions is expected
when ions are trapped in the smaller channel of QM crys-
tals. Beam tests will address the influence of this difference
between the two crystals by systematic comparisons of their
performance.

5.2 Vertical configuration

The layout for the vertical case is shown in Fig. 7 for 450
GeV (a) and 7 TeV (b) beam energy. Such a final layout
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Table 2 Installation position and main features of the crystals installed in the LHC (i.e. bending angle, length, material and crystal type). Optics

parameters are also reported

Name s (m)

plane

(wrad)  (mm)

Collimation Bending Length Mat.

Bending B, (m)
planes

By (m) a, (rad) ay (rad) D, (m) D, (m)

TCPCH.A4L7.B1
TCPCV.A6L7.B1

19,919.24  Hor. 50 4 Si
19,843.82  Ver. 50 4 Si

110 341.03
111 30.44

6536 —2.04 0.85
282.14  0.23

-0.37
—2.63 0.14

—0.15
—0.40

Table 3 Nominal settings at 7 TeV of the LHC collimation chain in the
IR7, for the present system and in the case of crystals

Coll. name Orient. Setting (o)  Setting (o)  Setting (o)

Cry. Hplane Cry. V plane Present coll.

TCPCH.A4L7.B1 Hor. 6 Out Out
TCPCV.A6L7.B1 Ver. Out 6 Out
TCP. H/V/S Out Out
TCSG. Skew  Out Out
TCSG.D4L7.B1  Ver. Out 7

TCSG.B4L7.B1  Hor. 7 Out
TCSG.A4R7.B1  Skew 7 Out
TCSG.A4L7.B1  Skew 7 Out
TCSG.6R7.B1 Hor. 7 Out
TCLA. H/V 10 10 10

ENEEEN BN B BEEN BN B

and collimator settings allow to perform tests at any energy
with a minimal set of objects in place: one vertical crystal,
the vertical TCSG.D4L7.B1 and the five TCLAs. Note that
a TCLA collimator is available at 180° phase advance from
TCSG.D4L7.B1. Thus, debris from the secondary collimator
is automatically caught by the TCLA. A significant improve-
ment of cleaning efficiency with respect to the present colli-
mation system is expected using only these few collimators,
as discussed in Sect. 6.

Using the nominal settings reported in Table 3, the mean
impact parameters of the extracted halo and the transverse
spot size at the selected TCSG are reported in Table 4.

5.3 Horizontal configuration

Two configurations were designed for the horizontal plane:

1. One TCSG Only the horizontal crystal, the last hori-
zontal secondary collimator TCSG.6R7.B1 and the five
TCLAs are used.

2. Four TCSGs The horizontal crystal, plus the TCSGs
B4L7.B1, A4L7.B1, A4R7.B1 and 6R7.B1, plus the five
TCLAs are used.

Configuration 1 is only suitable for tests at maximum
energy, because at injection the channeled halo is not inter-
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Fig. 7 Trajectory (gray line) of the channeled halo particles at 450
GeV (a) and 7 TeV (b), for a crystal bending angle of 50 prad. Same
notation as in Fig. 4

) N B
19800 19900

s [m]

Table 4 Mean impact parameter (y.;) and spot full width (a)fh, a;h)
on the TCSG.D4L7.B1, for injection and maximum energy

Energy (Gev) Yen (mm) o (mm) ayCh (mm)
450 1.8 9.5 1.2
7000 2.6 2.4 0.3

cepted by the TCSG.6R7.B1, as shown in Fig. 8a where it is
represented by the last blue line. In the horizontal plane no
optimum TCLA location to catch the debris from horizontal
TCSGs is available. However, the absorption of the debris
from the secondary collimator is ensured by the proximity to
TCLA:s.

@ Springer
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Fig. 8 Trajectory of the channeled halo particles at 450 GeV (a) and
7 TeV (b) using configuration 2, for a crystal bending of 50 prad. Same
notation as in Fig. 4. The dashed gray line represents the maximum kick
for which a minimum safety distance with respect to the magnet aperture
is present, before reaching the TCSG.6R7.B1 using configuration 1

Closing the horizontal TCSG.B4L7.B1 as in configuration
2, allows interception of the full spot of the extracted beam
halo at any energy, as shown in Fig. 8. However, the two
subsequent skew collimators have also to be used to intercept
the debris from the B4L7, which would otherwise be lost in
the IR7-DS. The TCSG.6R7.B1 has to be in place anyway,
because it is at the same phase advance of the TCSP in the
LHC-IR6 (dump protection). Thus, its retraction could cause
an overload of absorbed particles in the other collimator.

The mean impact parameters of the extracted halo and
the transverse spot size at the selected TCSG are reported in
Table 5, for the two configurations.

A significant improvement of cleaning efficiency com-
pared to the present collimation system is expected using
either of the two configurations (see Sect. 6). In conclu-
sion, configuration 1 is optimized to demonstrate the fea-
sibility of improved cleaning efficiency using only one bent
crystal and a minimal set of standard collimators at maxi-
mum energy, while configuration 2 is suited to demonstrate
improved cleaning throughout the whole operational cycle
of the LHC.

@ Springer

Table5 Mean impact parameter (X, ) and spot full width (a‘h ,O ‘h ) for
the two horizontal configurations, for injection and maximum energy

Energy (GeV) Conf. Xepp (mm) Ufh (mm) 05" (mm)
450 1 - - -

7000 1 11.6 1.6 1.1

450 2 1.8 1.2 6.3

7000 2 2.7 0.3 1.9

6 Expected performance

An extensive simulation study was carried out to evaluate the
expected performance of the crystal layouts proposed and
compared with the present collimation system. Both injec-
tion and maximum energy were simulated. Considerations
on possible further improvements of cleaning efficiency are
discussed, mainly related to an optimised absorber for the
channeled halo.

6.1 Simulation setup

Simulations were made using SixTrack [30-33] that
allows a symplectic, fully chromatic and 6D tracking along
the magnetic lattice of the LHC, taking into account inter-
actions with the ring collimators and the detailed aper-
ture model of the entire ring. The treatment of interactions
between protons and bent crystals is carried out using a ded-
icated routine [20,23,34] implemented in SixTrack. The
simulation setup allows estimation of the density of protons
lost per metre with a resolution of 10 cm along the entire
ring circumference, for a given halo intercepted and colli-
mator settings. Losses on superconducting magnets, warm
elements and collimators are indicated as cold, warm and
collimator, respectively.

An example of simulated loss maps for the present colli-
mation system is given in Fig. 10. It is clearly visible that
the IR7-DS is the limiting location of the whole ring in
terms of cleaning efficiency (i.e. where the highest losses
are expected). The average level of protons lost per metre in
the two clusters at this location (Q8-9 and Q10-11, respec-
tively) defines the collimation performance of the system
under study.

A sample of about 107 protons intercepted by the colli-
mation system is used, in order to provide sufficient statis-
tics to estimate losses of about 10~°, which is the best per-
formance achievable with the present secondary collimators
used as absorber (as discussed in Sect. 6.3). Note that the
results shown here are obtained using a perfect machine with
nominal beam parameters and optics at 7 TeV and 450 GeV
[22]. Thus, results should be considered as an optimistic per-
formance estimate, but still provide a reliable comparison
between the two methods. Nominal settings for the collima-
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Fig. 9 Distribution of impact parameters on the crystal (a); phase space
intercepted by the horizontal crystal at 7 TeV (b)

tion chain are also used, reported in Table 3 (settings of the
complete collimation system can be found in [23]).

Particular attention has been paid to the impact param-
eter and the angular spread of particles at the first passage
at the crystal. While for standard primary collimators this
is not a critical parameter, as results are stable in a wide
range of values up to hundreds of wm [35], for crystals the
initial distribution affects significantly the channeling effi-
ciency. Impact parameters of the order of tenths of a pm
are expected in the real machine [36]. However, simulations
with such low values would be not feasible due to the com-
puting time needed. Parametric studies have been performed
to find the best compromise between computing time needed
and stability of simulation results, using data collected on
the SPS and its extraction line as benchmark [23]. The RMS
of the simulated halo incident on the crystal is about 3 pm,
with a maximum divergence of about 1.4 prad, as shown in
Fig. 9.

6.2 Simulation results at 7 TeV

An example of a loss map for the full LHC ring, simulated
for the horizontal plane at 7 TeV with the present collimation
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Fig. 10 Simulated beam loss pattern with the present collimation sys-
tem and 7 TeV beams. The whole LHC (a), zoom of the IR7 inser-
tion (b). The dashed green line shows the cleaning performance of
the system, defined as the average level of protons lost in the IR7-DS.
(1p=1.4x10"°m~1)

system, is shown in Fig. 10. The performance of horizontal
crystal collimation in configuration 1is shown in Figs. 11 and
12, for a crystal in channeling and amorphous orientation,
respectively. The case of amorphous orientation is simulated
to predict the gain factors during angular scans, but also to
illustrate the expected performance if the channeling were to
be lost in a crystal collimation system.

At 7 TeV simulations predict an improvement by about a
factor 10 compared to the present collimation system when
crystals are in channeling orientation. Conversely, a factor
about 3—4 worse performance is expected when crystals are
in amorphous orientation. The difference between configu-
rations 1 and 2 for the horizontal plane is given by the cut
in angle applied by the selected TCSGs on particles scat-
tered by the crystal, and by the absorption efficiency of what
emerges from those TCSGs. Configuration 1 is about 50%
better because debris from the only TCSG used is absorbed
immediately by the TCLAs downstream. Moreover, in the
configuration 2 a larger number of impacts on the TCSG
edge and surface facing the circulating beam is present. These
protons see a smaller active length of the absorber, causing

@ Springer
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Fig. 11 Simulated beam loss pattern in the case of a horizontal crystal
(config. 1) in channeling orientation and 7 TeV beams. The whole LHC
(a); zoom of the IR7 insertion (b). The dashed green line shows the
cleaning performance of the system, defined as the average level of
protons lost in the IR7-DS. (1 p=8.3 x10~" m~!)

a reduction of its absorption efficiency. A summary of sim-
ulated cleaning inefficiencies with the different systems and
configurations is reported in Table 6.

The energy spectrum of off-momentum losses occurring
in the IR7-DS in the case of horizontal standard collimation
and configuration 1 with crystal in channeling, is shown in
Fig. 13. As can be clearly seen in this figure, these losses
are reduced both in amount and in deviation from the refer-
ence momentum. This is one of the key benefits of using a
bent crystal as primary collimator, which leads to an over-
all reduction of off-momentum losses around the ring as is
clearly visible by comparing Fig. 10a with Fig. 11a. This is
also indicated by the fact that losses on the TCP in IR3 are
significantly reduced. Some cold losses are present in IR3 of
Fig. 11a, which are statistical fluctuations and are not signif-
icant (only one protons is lost in that bins).

In simulations with a crystal in an amorphous orientation,
the density of protons lost in the crystal volume seems signif-
icantly above what is lost in a standard TCP. This is a feature
of the normalisation to (m™!). In particular when the crystal
is misoriented with respect to the beam envelope, particles
will pass through it many times before accumulating suffi-
cient deflection to reach the TCSG apertures. Since TCPs are
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Table 6 Summary table of average IR7-DS losses (i.e. cleaning inef-
ficiency) at 7 TeV, for the present system (Std.) and crystal collimation
(CH, AM, and for both horizontal configurations defined in Sect. 5.3)

Config. Plane IR7-DS average Gain w.r.t. std. coll.
losses (107%)

Std. H 14.3+0.1 1.0

CH (1) H 1.18 £0.02 123+0.2

CH (2) H 1.84 £0.07 7.8+0.3

AM (1) H 46.7+£0.3 0.314+0.03

AM (2) H 59.3 +£0.09 0.24 +0.04

Std. v 13.6 +0.1 1.0

CH v 1.32+0.02 10.3+0.2

AM v 48.0+£0.2 0.28 +0.02

made of carbon and crystals of silicon, they have similar radi-
ation and interaction lengths. Thus, while accumulating the
radiation length needed in a series of passages through the
crystal to then impact on TCSGs, a similar interaction length
seen in a single passage through a standard TCP is also accu-
mulated. This leads to about the same number of particles
experiencing deep inelastic interactions in the two objects
(normalised to the total number of protons intercepted by the
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Fig. 13 Spectrum of energy offsets of particles lost in IR7-DS for
standard horizontal collimation (blue) and configuration 1 with crystal
in channeling (red)

system), and applying the normalisation to 1 m the factor 200
in lengths (60 cm of CFC for the TPCs, and 4 mm of silicon
for crystals) is automatically translated to the height of the
bar in the simulated loss maps. In conclusion losses in the
plot are not representative of deposited energy in crystals,
as the largest fraction of energy released will go in shower
development outside the crystal. The main contribution to
deposited energy in crystals is given by ionisation, which is
about 2 MeV in 4 mm of silicon for 7 TeV protons.

6.3 Disposal of channeled halo particles

The present secondary collimators are made with a 1 m long
carbon jaw that cannot efficiently dispose of the channeled
halo beam. One can however understand, in simulations, the
performance of areal crystal-based collimation system where
new dedicated absorbers would be used.

Dedicated tools were developed to understand the source
of losses in the IR7-DS. The main aim was to distinguish
losses taking place after an interaction with the crystal only,
from losses generated after interacting also with TCSGs
and/or TCLAs. This allows to evaluate the contamination
of losses in the IR7-DS due to debris from the absorbers.

The main outcome of these studies is shown in Fig. 14,
taking into account the horizontal configuration 1 and differ-
ent crystal lengths for a fixed bending of 50 prad.

The energy spectrum of particles lostin IR7-DS are shown
in Fig. 15 together with the interaction that led to such losses,
for horizontal configuration 1 and optimal crystal parameters.

From these two figures it is clear that a significant con-
tamination due to losses generated from interactions in the
TCSGs and TCLAs is present. Thus, the development of a
dedicated massive absorber could lead to even better clean-
ing performance of the crystal collimation system. Assuming
an ideal absorber (i.e. black body) a factor about 3 could be
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Fig. 14 Integrated losses in the IR7-DS normalised to the total number
of intercepted protons (red), for a horizontal crystal (config. 1) with
50 prad bending and different lengths. Contributions from interactions
only with the crystal (green); contributions to losses generated after
interacting also with TCSGs and/or TCLAs (blue)
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Fig. 15 Spectrum of energy offsets of particles lost in IR7-DS for
horizontal configuration 1 with a crystal in channeling orientation

gained, leading to about a factor 30 better cleaning than the
present system.

6.4 Simulation results at 450 GeV

Even if the present system is fully adequate for the LHC at
injection energy, it is important to simulate the performance
of the proposed crystal collimation layout in view of the first
beam tests at such energy. This because it is easier to get
beam time at injection energy, and tests at maximum energy
depend on the results obtained at 450 GeV. Thus, it is impor-
tant to have a layout that can demonstrate crystal channeling
at this energy.

As can be clearly seen from Figs. 4a and 5a the effective-
ness of kicks given by the crystals is significantly reduced
compared to 7 TeV (Figs. 4b, 5b). Thus, the effect of losses
generated by debris from TCSGs and TCLAS is more promi-
nent at injection energy, because most of the intercepted par-
ticles are incident with a very small impact parameter. Ded-
icated settings must be used, and are reported in Table 7
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Fig. 16 Simulated beam loss pattern with the present collimation sys-
tem and 450 GeV beams. The whole LHC (a), zoom of the IR7 insertion
(b).(1p=12x10"%m™1)

Table 7 Dedicated settings of IR7 collimators for comparative tests of
different collimation systems at 450 GeV. For crystal collimation the
IR7-TCSGs in place are all those downstream of D4L.7.B1 and B4L7.B1
for vertical and horizontal configurations, respectively

Coll. name  Orient.  Setting (o) Setting (o) Setting (o)
Cry. Hplane  Cry. V plane  Pres. coll.

CRY.H Hor. 5.7 Out Out

CRY.V Ver. Out 5.7 Out

TCP. H/V/S Out Out 5.7

TCSG. H/V/S 6.7 6.7 6.7

TCLA. H/V 10 10 10

(settings of the complete collimation system can be found
in [23]).

Examples of beam loss patterns simulated at injection
energy are shown in Figs. 16 and 17 for the present collima-
tion system and a crystal in channeling orientation, respec-
tively. Losses occurring on superconducting magnets are
present in more locations of the ring with crystal collima-
tion than with the present system. However, most of them are
due to debris from standard collimators, due to the reduced
impact parameter, and not to interactions with the crystal.
Also note that the IR7-DS is not the limiting location as for
the 7 TeV case. Many other peaks are present between IR7
and IRS8 that are more populated than the IR7-DS. Clean-
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ing about 20% worse is expected in IR7-DS with crystals
in channeling compared to the present system. Conversely,
improved performance is observed in the highest peaks of
losses between IR7 and IRS, in a range between 60 and 80%
depending on the peak. A significant increase of losses just
after the TCT collimator in IR8 is expected when crystals
in channeling are used. These losses are due to debris from
TCSG and TCLA collimators, and are not an issue because
they are well below the quench limit at this energy (esti-
mated to be above 1073 (m~1)). Similar simulation results
are obtained for the vertical plane. In conclusion, tests at
450 GeV can certainly be used to establish and study channel-
ing, but cannot be used for a direct demonstration that crystal
collimation can improve the cleaning of the present system.

7 Conclusions

A system for crystal collimation studies at the LHC has been
designed. The proposed layout includes two crystals to be
installed on beam 1, for horizontal and vertical halo cleaning.
Intercepting the channeled halo can be achieved with exist-
ing LHC collimators. This minimum system, which fulfills
satisfactorily the requirements and design goals defined to
demonstrate crystal collimation, has been actually installed
in the LHC betatron cleaning insertion in 2014. Crystal tests
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started in 2015. According to detailed simulations performed
to address the cleaning performance of this system, not only
will it allow reliable observation of channeling in all relevant
LHC configuration, but also the demonstration that crystals
could improve LHC halo cleaning.

The first observation of crystal channeling in the LHC
with proton beams at both 450 GeV and at the record energy
of 6.5 TeV was successfully obtained in 2015 [1]. This gives
an adequate confidence level on the quality of the design
conceived and its deployment. Dedicated tests were carried
out in 2016 to probe the expected improvements of clean-
ing performance with respect to the present collimation sys-
tem. Promising results were observed during the experiment,
which are in agreement with expectations [37]. The detailed
off-line analysis is still on-going.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
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