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Reducing Beam-Related Background on Forward Physics Detectors
Using Crystal Collimation at the Large Hadron Collider*
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Beam collimation in high-energy colliders is customarily carried out by means of massive amorphous
absorbers surrounding the circulating beam. Several studies were performed in the last decades to establish
an innovative collimation technique that relies on particle deflection by means of channeling between crys-
talline planes of a bent crystal. We report the operational use of crystal collimation in the Large Hadron
Collider that was achieved during a special high-β∗ physics run with low-intensity beams, represent-
ing a milestone for both accelerator and high-energy physics that could pave the way for new synergies
in the near future. The deployment of this scheme was steered and motivated by machine-simulation
studies, which were then confirmed experimentally using data provided by the experiments thanks to a
sensitivity not accessible with the ring instrumentation. The evidence of beam-related experimental back-
ground reduction, improved data quality, and faster halo removal with respect to amorphous collimators is
obtained using bent crystals as the primary collimation stage. A detailed description of preparatory studies
and operational performance is reported, together with a comparison between experimental results and
theoretical expectations.

DOI: 10.1103/PhysRevApplied.14.064066

I. INTRODUCTION

The CERN Large Hadron Collider (LHC) routinely
stores and collides high-intensity proton beams [1].
Throughout run 2 (2015–2018), it was operated at a top
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energy of 6.5 TeV. Apart from this standard operation, typ-
ically using beam intensities of a few 1014 protons, special
runs are sometimes carried out. For example, the forward
physics community required collisions at low energy. In
October 2018 such a run was carried out at 450 GeV
injection energy, using low-intensity beams (up to about
6 × 1011 protons per beam) and a special optics with a high
β∗ (the optical function at the interaction point) that was
much larger than in standard operations. In particular, a β∗
down to 25 cm was used for high-luminosity production at
6.5 TeV in run 2 [2], while a β∗ in the range of 50–100 m
(reported in Table I) was used for this special physics run
at 450 GeV.

The physics motivations of this run were the measure-
ment of the elastic cross section and the extrapolation of its
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TABLE I. LHC operational parameters during the high-β∗
physics run at 450 GeV in October 2018.

Crossing Separation
IP β∗ Beam 1 (m) β∗ Beam 2 (m) angle (μrad) (mm)

(plane) (plane) (plane) (plane)

1 53 (H), 98 (V) 53 (H), 101 (V) 0 0
2 10 (H), 10 (V) 10 (H), 10 (V) 170 (V) 3.5 (H)
5 76 (H), 97 (V) 63 (H), 95 (V) 0 0
8 10 (H), 10 (V) 10 (H), 10 (V) −170 (H) −3.5 (V)

nuclear part to the four-momentum transfer squared t = 0,
together with the evaluation of the real-to-imaginary ratio
of the forward hadronic amplitude (i.e., the ρ parameter)
by accessing the Coulomb-nuclear interference region [3].

The smaller the |t|, the smaller the scattering angle,
and the closer the trajectory of the elastically scattered
proton will be to the circulating beam envelope. Thus, ded-
icated detectors housed in movable Roman pots (XRPs)
and transversally placed very close to the edge of the
circulating beam are used for this data taking.

A recent determination of the ρ parameter at
√

s = 13
TeV revealed values significantly lower than predicted by
many theoretical and phenomenological models that typi-
cally neglect the crossing-odd t-channel exchange of col-
orless three-gluon compound states [3]. On the other hand,
there are models that take the crossing-odd exchanges into
account and are in agreement with total cross-section mea-
surements at various energies and the ρ value at

√
s = 13

TeV. However, these models give different predictions for
the ρ parameter at lower energies. This motivates the spe-
cific setup of the LHC that provides collision at

√
s = 900

GeV, in order to collect a data set that could allow one
to discriminate between models that try to explain these
recent results [3].

The preparation of this run poses several challenges
from the accelerator physics point of view, requiring the
design of dedicated beam optics [4] and collimation lay-
outs and settings [5], to allow probing values of t as
small as possible. On the other hand, machine-protection
constraints are relaxed with respect to standard physics
operations, given the very low circulating intensity and
beam energy needed. One of the main limitations of a con-
ventional collimation approach is the induced background
on XRPs, which is linked to its intrinsic nature. Multi-
ple Coulomb scattering in amorphous collimators is used
to increase the transverse particle amplitude in a standard
multiturn cleaning process, while the use of bent crystals
as a primary collimation stage promises a faster cleaning
process and reduced multiturn halo population. Thus, the
relaxed machine-protection constraints, combined with the
peculiar needs of this special physics run, provide the ideal
conditions for the operational deployment of crystal colli-
mation in the LHC. Crystal collimation was already used
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FIG. 1. Illustrative layout of the ALFA and TOTEM stations
around IP1 and IP5, respectively, used in this high-β∗ physics
run at

√
s = 900 GeV.

in some Tevatron collider stores in the 2010’s, showing a
twofold reduction of beam losses in detector regions [6,7].
However, this technique was not regularly used after. The
added value of the results in this paper is showing that a
reduction by more than a factor 10 of beam-related exper-
imental backgrounds is achievable using crystals, while
their operation does not cause any overhead thanks to
the significant technological improvements made along the
years.

The detectors used for forward physics experiments are
based on tracking detectors housed in XRPs and designed
to reconstruct tracks of forward protons emerging from
elastic and diffractive scattering events at the interaction
point (IP). The XRPs consist of movable stations where
the detector is placed inside a secondary vacuum vessel,
called pot, which is transversally moved into the primary
vacuum of the machine [8]. Two sets of XRP stations are
installed on the outgoing beams downstream of IP1 and
IP5, which are operated by the ATLAS (ALFA) [9] and
TOTEM [10] collaborations, respectively. Different XRPs
with dedicated settings are used depending on the physics
goal of the data taking. Only vertical XRP stations (each
with a top and a bottom jaw) are used for this specific
physics run, in total four stations for each IP, as shown in
Fig. 1.

The results reported in this paper show the matu-
rity reached by this powerful and innovative beam-
manipulation technique that relies on bent crystal, of which
a historical review can be found in Ref. [11]. Refer-
ence crystal positions are established prior to the physics
run, during which a fully automated crystal handling is
deployed. Even though this special run is much shorter
than the standard physics run at the LHC, the crystal-
collimation scheme shows stable performance, while a
realignment of some collimators is required for the stan-
dard scheme. Moreover, the evidence of reduction of
the beam-related background rate at the experiments is
obtained using crystals with respect to a standard colli-
mation approach. The solid operational and experimental
performance obtained, enhance the possibility to use bent
crystals in future applications at high-energy colliders that
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may be required by the high-energy physics community,
as also presently under investigation in the framework of
Physics Beyond Colliders studies at CERN [12–14].

An introduction to the LHC collimation system is given
in Sec. II, while the main challenges and possible appli-
cations of bent crystals are reported in Sec. III. Studies
performed in preparation of the high-β∗ physics run are
reported in Sec. IV. An overview of the operational pro-
cedures used during the data taking is reported in Sec. V.
The experimental results are discussed in Secs. VI and VII,
together with a comparison with theoretical expectations.
An explanation of the background asymmetry observed
between beams is given in Sec. VIII. All abbreviations
used in the text are summarized in Appendix A, and
the complete list of collimator settings is provided in
Appendix B.

II. THE LHC COLLIMATION SYSTEM

The LHC demands a tight control of beam loss because
of its cryogenic nature. Tens of mJ/cm3 deposited in super-
conducting magnets by hadronic showers developed from
circulating protons that are lost on them, can cause an
abrupt loss of their superconducting properties, i.e., a mag-
net quench. On the other hand, more than 300 MJ were
stored in the LHC circulating beams during run 2 [15].
Thus, a highly efficient collimation system is required in
order to minimize the amount of deposited energy in the
superconducting magnets by beam loss.

An illustrative picture of the working principle of the
LHC collimation system is given in Fig. 2(a). The present
LHC system [16–19] is composed of 44 movable ring col-
limators per beam, placed in a precise multistage hierarchy

Bent crystal Deflected halo Absorber

Secondary halo
+ hadronic shower & dechanneling

Primary haloCirculating
beam

Primary halo

Secondary halo
Tertiary halo

+ hadronic shower 

TCP TCSG TCLA

Circulating
beam

(a)

(b)

FIG. 2. Working principle of the (a) standard and (b) crystal-
collimation system in IR7.

of gaps that must be maintained in any machine configu-
ration to ensure optimal cleaning performance. Two LHC
insertion regions (IRs) are dedicated to beam-halo collima-
tion: IR3 for momentum cleaning, i.e., removal of particles
with a large energy offset; and IR7 for betatron clean-
ing, i.e., controlled disposal of transverse halo particles.
Each collimation insertion features a three-stage cleaning
based on primary collimators (TCPs), secondary collima-
tors (TCSGs), and absorbers (TCLAs). In this scheme, the
energy carried by the beam halo intercepted by TCPs is dis-
tributed over several collimators (e.g., 19 collimators are
installed in the betatron cleaning insertion per beam). Ded-
icated collimators for protection of sensitive equipment
(such as TCTPs for the inner triplets that are the last three
quadrupoles before the interaction point, which represent
the physical aperture bottleneck during standard physics
data taking), absorption of physics debris (TCLs) and beam
injection and dump protection (TDIs-TCLIs and TCDQs-
TCSPs) are also present at specific locations of the ring.
All collimators consist of two movable blocks (except the
single-sided dump protection block TCDQ), called jaws,
that are centered around the circulating beam. A detailed
description of these functionalities goes beyond the scope
of this paper and can be found in Ref. [16]. The complete
collimation layout of the LHC as of run 2 is shown in
Fig. 3.

The standard collimation scheme is routinely used in
normal operations. In addition, a crystal-collimation test
stand is installed in IR7 [20] allowing experiments with

FIG. 3. Collimation layout in the LHC as of run 2. The two
counterrotating beams are indicated as B1 and B2 and shown
in blue and red, respectively. Names and functionality of each
collimator are specified in Appendix A.

064066-3



D. MIRARCHI et al. PHYS. REV. APPLIED 14, 064066 (2020)

(a) (b) (c)

FIG. 4. Pictures of the crystal (a) in its holder, (b) as seen by beam 1 when installed in the goniometer, and (c) of the full assembly
TCPC.A6L7 installed in the LHC tunnel (on beam 1 that is on the external beam pipe in IR7, see Fig. 3).

this innovative collimation technique to be performed. An
illustrative picture of the working principle of a crystal-
collimation system is given in Fig. 2(b). The main differ-
ence with respect to the standard approach is that primary
collimators are replaced with bent crystals. Halo particles
are intercepted by a 4-mm-long crystal with a bending
of 50 μrad that coherently deflects them onto a single
absorber by means of crystal channeling, as opposed to the
standard approach, where 60-cm-long jaws of carbon-fiber
composite are used. The kick given to a 7-TeV proton by
such a crystal is equivalent to that of a magnetic field of
about 310 T ideally acting only on a selected beam por-
tion. A total of four crystals are installed in IR7, two per
beam and one per plane. Details about the layout design
and crystal characteristics are reported in Ref. [20], which
allows the first observation of crystal channeling with 6.5-
TeV proton beams [21]. The two quasimosaic crystals
[22] acting on the vertical plane, provided by the UA9
collaboration and built at the Petersburg Nuclear Physics
Institute (PNPI), are used in this specific physics run.
An illustrative picture of the vertical crystal installed in
beam 1 is given in Fig. 4(a), where two round mirrors
engraved on the holder can be seen. These are instrumental
to align the crystal during the installation in the goniome-
ters. A picture of the fully inserted crystal as seen by beam
1 is shown in Fig. 4(b), while the complete goniome-
ter assembly after the installation in the LHC tunnel is
reported in Fig. 4(c). Extensive crystal-collimation stud-
ies are performed throughout run 2 of the LHC, which
demonstrates reliable channeling along the entire cycle of
the machine [23].

III. MAIN CHALLENGES AND POSSIBLE
APPLICATIONS OF BENT CRYSTALS

The LHC crystal are made of silicon produced with high
purity lattice and dislocations below 1/cm2. Present cut-
ting and bending techniques provide crystals essentially

without amorphous layer facing the beam and with uni-
form bending [22,24], which significantly improves the
performance for usage in circular colliders. The single-
pass channeling efficiency is typically in the range of
60%–70% [25], while a multiturn channeling efficiency up
to 90% is obtained in circular machines [26].

One of the most challenging operational requirements is
the angular alignment of the crystalline planes with respect
to the beam envelope. The channeling acceptance at LHC
energies diminishes from about 9.5 μrad at 450 GeV to
about 2.5 μrad at 7 TeV. A high-resolution goniometer
is developed, featuring a piezo actuator and a stepper
motor for the rotational and linear stages, respectively. The
same high-performance motors with 5-μm resolution as
developed for the LHC collimators are used for the linear
movement. The piezo actuator provides an angular reso-
lution below 0.1 μrad and a stability below 1 μrad also
during the execution of combined linear and angular time
functions required to follow the beam envelope during the
energy ramp [27,28]. This hardware represents a signifi-
cant technological step that makes it possible to operate
crystals as efficiently as any other collimator throughout
the entire machine cycle.

Crystal aging, mainly due to ionization losses and
inelastic interactions, is not expected to be problematic.
Particles channeled between crystalline planes generate
only half as much ionization as in amorphous materials,
and the crystals are so small that hadronic showers will
develop outside their volume. Studies to assess the chan-
neling performance as a function of the radiation dose
are ongoing, and present estimates show that crystals can
operate with high-intensity LHC beams for several years
without showing any performance degradation [29]. The
crystals do not show signs of damage from beam impacts
equivalent to the worst LHC accident scenario [30].

Presently, the main challenge left to make crystal col-
limation operational with high-energy and high-intensity
proton beams (about 300-MJ stored energy at the LHC,
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which will become about 700 MJ at HL-LHC) is the safe
disposal of channeled halo particles in accident scenario.
With an expected beam-loss power up to 1 MW at HL-
LHC, of which a large fraction would be deposited on
a surface of few mm2, a traditional LHC collimator will
not be able to safely absorb this load. This aspect and
the fact that the leakage of energy out of this absorber
must be minimal in order to avoid quenches of down-
stream superconducting magnets, pose obvious challenges
for the design of channeled halo absorption. Preliminary
studies for the LHC indicated that this solution is not fea-
sible for practical purposes without a major redesign of the
betatron collimation layout. Crystal collimation of high-
intensity proton beams is therefore not presently pursued
for the LHC upgrade. The situation changes drastically for
HL-LHC heavy-ion beams, where a 20-MJ stored beam
energy causes a power load of up to a few kW [31] on
the traditional LHC collimator used to absorb channeled
ions.

For heavy-ion operation, the impedance of the crys-
tal assembly is well within the accepted range and no
issues are expected regarding both beam stability and local
heating [32].

The crystals were also tested as primary collimators dur-
ing several heavy-ion fills in 2018 with up to 4 MJ of stored
energy over a few hours [33,34], and have recently been
included in the HL-LHC baseline [35].

Other applications of bent crystals under study at CERN
are their use to allow fixed-target experiments in the LHC
primary vacuum without the need of a dedicated extrac-
tion line [14] and shadowing of the SPS septum to reduce
slow extraction beam loss [36]. A feasibility study to prove
the concept of local nonresonant beam extraction from the
LHC was also proposed [37].

Moreover, crystals are highly versatile tools that have
been used for a large variety of purposes and are under
investigation in various laboratories for new innovative
applications. In the domain of high-energy physics, crys-
tal diffraction allowed to reach the best estimates of K±
meson and �− baryon mass [38–40]. The use of crys-
tals for high-energy beam manipulations include also beam
focusing and mirroring [41–44], with potential applica-
tions for collimation, cooling, and steering of secondary
particle beams [45,46]. Proposals for production and accel-
eration of future muon beams are under study [7,47,48]. At
lower beam energies, interesting developments are ongo-
ing for the use of crystals as ondulators for the next
generation of intensive γ -ray light sources by means of
channeling of electrons and positrons [49–55]. Applica-
tions to astrophysics are also under discussion, such as the
use of crystals for Laue lensing [56] and high-energy spec-
trometers [57,58]. Last but not least, medical applications
can be envisaged, such as the possibility to increase the
yield of radioisotope production by enhancing the inelas-
tic nuclear interaction probability [59–61], and the first

conceptual studies to replace gantries for dose delivery in
hadron therapy are ongoing [62].

IV. HIGH-β∗ PHYSICS RUN PREPARATION

The preparation of the high-β∗ run at 450 GeV posed
several challenges from the machine point of view [4]. In
particular, dedicated optics and collimator settings were
conceived to allow a successful data taking. The main
optics parameters and settings of the entire collimation
system are reported in Tables I and II, respectively.

The LHC collimation system is normally used to safely
dispose of halo particles that would be otherwise lost in
superconducting magnets. On the other hand, a completely
different functionality was required for this special physics
run, namely mitigate the background rate on XRPs due to
beam halo. Initial tests using a single-stage collimation,
as used in previous high-β∗ runs, showed an experimen-
tal background at both ALFA and TOTEM that was orders
of magnitude too high [63,64]. Based on further studies,
a two-stage collimation scheme was proposed, which was
shown to give an acceptable background [5]. In the fol-
lowing, this is called the standard system. This system is
based on tungsten collimators (i.e., TCLAs and TCTPs)
deployed in a two-stage collimation hierarchy, featuring
the tightest operational margins ever used in the LHC.
Tungsten collimators are chosen because of their higher
absorption efficiency compared to all other ring collima-
tors. A retraction of 0.2σ is used between the primary and
secondary collimation stage, with XRPs positioned at 0.3σ

larger aperture from the secondary stage, where σ is the
RMS beam size, assuming a Gaussian-beam distribution
and normalized emittance ε∗ = 3.5 μm.

The crystal-collimation scheme is developed in paral-
lel as an alternative way to achieve possibly even lower
backgrounds.

A. Definition of operational settings for crystal
collimation

The settings used for standard collimation are taken
as initial conditions to define settings of the crystal-
collimation scheme, but using a bent crystal as the pri-
mary collimation stage. Settings are optimized to relax
margins on collimation hierarchy while improving the per-
formance. This is because both systems would be very
sensitive to even small orbit drifts that risk breaking the
collimation hierarchy and causing a large increase in the
background of XRPs, with only a 0.2σ margin between
stages.

Semianalytical tools are developed to evaluate if the
channeled beam can be intercepted by the downstream
collimators in these extreme conditions. The trajectory of
particles experiencing an angular kick θ at the longitudinal
position s1 can be described using the transfer matrix for-
malism. Assuming x′(s1) ≈ 0 and α1 ≈ 0, the trajectory of
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FIG. 5. Projection on the vertical plane of the trajectories of channeled halo particles and mechanical aperture of the beam pipe
(black) versus longitudinal position along the IR7 insertion (in the direction of beam 1). The TCPs (gray), crystal (orange), TCSGs
(cyan), and TCLAs (green) sit at apertures listed in Table II. The beam envelope at 2.5 σ is shown by the red lines, while the trajectories
followed by halo particles that undergo channeling are enclosed between the magenta lines. The magnetic lattice is also drawn on the
top, where blue and white boxes represent the main superconducting quadrupoles and dipoles, respectively, while normal conducting
quadrupoles and dipoles are depicted by the red and yellow boxes, respectively.

a kicked particle is described by

x(s) =
√

β(s)
β(s1)

cos
(

μs−s1

)
x(s1)

+ θ
√

β(s)β(s1) sin
(

μs−s1

)
, (1)

where α, β, and 
μ are the Twiss parameters and betatron
phase advance, respectively. An example of studies based
on this approach is shown in Fig. 5.

The semianalytic studies are used to identify suitable
collimator settings. The final layout is validated by com-
plete multiturn tracking simulations that provided a quanti-
tative evaluation of the expected background at the XRPs.
These simulations are performed using SixTrack [65–68]
that allows a symplectic, fully chromatic, and 6D [i.e.,
(x, x′, y, y ′, E, ϕ), where (x, x′, y, y ′) and (E, ϕ) are the
coordinates in transverse and longitudinal plane, respec-
tively] tracking along the magnetic lattice of the LHC,
taking into account interactions with the ring collimators
and XRPs, and the detailed aperture model of the entire
machine. SixTrack has been successfully benchmarked
with LHC data in Refs. [18,69,70]. The treatment of inter-
actions between protons and bent crystals is carried out
using a dedicated routine implemented in SixTrack. The
details of this implementation and the physics models used
can be found in Refs. [71–73], while its benchmarking in
the energy range from 180 GeV to 6.5 TeV is reported in
Refs. [72,74–77]. This simulation setup allows estimation
of the density of protons lost per meter with a resolution
of 10 cm along the entire ring circumference. The settings
for both systems are reported in Table II. Note that in the
crystal-based system:

(a) TCTPs in IR2 and IR8 in both beams are opened
from 2.7σ to 13σ .

(b) TCTPs in IR5 of beam 1 and in IR1 of beam 2 are
opened from 2.7σ to 13σ .

A significant reduction of losses on cold elements
around the entire ring when using crystals instead of the
standard collimation approach is expected. Nevertheless,
losses on cold magnets are not the main concern for this
special physics run, given the very low stored energy (< 30
kJ) compared to the standard high-intensity physics runs
(>300 MJ). The main focus is the number of impacts on
XRPs for a given collimation scheme, as further discussed
in Sec. VI.

V. HIGH-β∗ PHYSICS RUN OPERATIONS

Promising results are obtained with both collimation
schemes during initial tests on the 2 October 2018 (Fill
7249). Thus, it is decided to keep the crystals as a viable
option for the physics run.

A. Operational procedures

The physics data taking is carried out from 11 to 13
October 2018, with 450 GeV proton beams circulating in
the machine. The overview of the physics fills performed
is shown in Fig. 6. Two fills, one using standard (Fill 7280)
and one using crystal (Fill 7281) collimation schemes,
are performed after a first setup fill required to validate
the results obtained in initial tests. After these two fills,
a strong preference for the standard system is expressed
by ALFA, while TOTEM had better results using crystals
but is also satisfied with the data quality obtained with the

064066-6



REDUCING BEAM-RELATED BACKGROUND... PHYS. REV. APPLIED 14, 064066 (2020)

Time (hh:mm)
20:00 02:00 08:00 14:00 20:00 02:00 08:00 14:00 20:00 

 p
)

11
In

te
ns

ity
 (

10

0

1

2

3

4

5
Fill: 7280 7281* 7282 7283 7284 7285 7286 7287 7288 7289* 7290 7291*

Se
tu

p 
fi

ll

B1
B2

FIG. 6. Circulating beam intensity in fills performed during the high-β∗ run from 11 to 13 October 2018. Fills where crystal
collimation was used are marked by *.

standard system. Thus, it is decided to continue with the
standard scheme for the next fills. After four fills (from
Fill 7282 to Fill 7285) it is required to recenter some of the
collimators to keep the required 0.2σ margin between the
primary and secondary collimation stage. Unfortunately,
the TOTEM data quality is significantly worsened in the
following three fills (from Fill 7286 to Fill 7288). Thus,
crystal collimation is used for the next fills (Fills 7289
and 7291), interleaved by a fill dedicated to ALFA using
the standard system (Fill 7290). A total of nine and three
fills are performed using standard and crystal-collimation
schemes, respectively.

An example of two fills using the different collimation
schemes is shown in Fig. 7. The operational procedure
followed for both collimation schemes is as follows:

1. Six bunches are injected in the machine with colli-
mators at nominal injection settings reported in Table II.

2. Beams are scraped using TCP.D6[L/R]7.B[1/2]
from 5.7σ to 2.5σ , with the rest of the collimation system
at injection settings.

3. The entire collimation system is moved to settings
reported in Table II, depending on the collimation scheme
used.

4. Beams are scraped with TCLA.A6[L/R]7.B[1/2]
from 2.5σ to 2.0σ .

5. TCLA.A6[L/R]7.B[1/2] are moved back to
(a) 2.5σ in the case of the standard system.
(b) 2.7σ in the case of the crystal scheme.

6. XRPs are closed to physics settings reported in
Table II.

An increasing background as a function of time is
observed during the fill (see Sec. VI), in particular with
the standard collimation system. Thus, rescraping is per-
formed on the experiments’ request, i.e., when the back-
ground rate is reaching values that could jeopardize the

measurement. The operational procedure followed is as
below.

1. ALFA pots are retracted due to concerns for radia-
tion to electronics, while this does not concern TOTEM, so
those pots are left in place.
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FIG. 7. Overview of (a) Fill 7284 using the standard colli-
mation system and (b) Fill 7289 using the crystal-collimation
system. Circulating intensity and devices only of beam 1 are
shown, where TCLA and XRPV are the positions of the collima-
tor used for scraping (and as primary stage in the case of standard
collimation) and an ALFA Roman pot, respectively.
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2. Beams are scraped with TCLA.A6[L/R]7.B[1/2]
from 2.5σ to 2.0σ .

3. TCLA.A6[L/R]7.B[1/2] are moved back to 2.5σ .
4. ALFA pots are closed again to physics settings.

The main difference between the two collimation
schemes is that rescrapings are not needed when using
crystals, as shown in Fig. 7. The present interpretation of
this feature is discussed in Sec. VI A. Thus, one of the main
gains using crystals is a more efficient data taking. About
one rescraping every hour is required when using the stan-
dard system. The retraction and insertion of ALFA pots
required about 6 min, as shown in Fig. 7(a). Thus, about
10% less integrated luminosity is collected when using the
standard system with respect to a fill of the same length in
which crystal collimation is used.

B. Operational performance

The crystals need to be aligned to the circulating beam in
both position and angle to achieve an optimal channeling
performance. The reference position and angular orienta-
tions of crystals are defined during a setup fill on 2 October
2018. The entire alignment requires less than 25 min. The
beams are approached in steps and touched at 48–49 mm
from the crystal garage position (i.e., completely retracted
from the nominal beam position at 0 mm), as opposed to
double-sided movable objects that have the “0” in the geo-
metrical center of the beam pipe (see also Fig. 7). Then, the
crystals’ angle is adjusted to find the optimal orientation
of crystalline planes with respect to the beam envelope,
which maximizes the channeling performance. These ref-
erence positions are used to insert the crystals directly in
channeling orientation through automated sequences, used
to operate the LHC during the physics run. Nevertheless, a
quick check of the correct crystal positioning is performed
in the shadow of the XRP insertion. An example of crys-
tal insertion during the physics run is shown in Fig. 8.
The initial loss spike shows that the halo of the circulat-
ing beam is touched when inserting the crystal. Then, the
reduction of losses at the absorber used to intercept the
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FIG. 8. Overview of the automatic insertion in channeling
orientation and preliminary checks of the crystal in beam 2.

channeled halo particles when the crystal is rotated proves
that crystals are actually inserted directly in channeling
orientation. This check is performed in all fills in which
crystals are used, showing consistent results and demon-
strating reliable channeling performance along the entire
run.

This operational performance is a very useful milestone,
showing that crystals can be used as efficiently as standard
collimators in collider operation.

VI. BACKGROUND RATES

Noncolliding bunches are injected in two fills to provide
an absolute evaluation of the beam-related background
rates (Fill 7284 and 7289 with standard and crystal col-
limation, respectively). Colliding bunches are not consid-
ered because it would be impossible to distinguish between
beam-related background and physics background from
the collisions.

The Beam Loss Monitor (BLM) [79] system of the LHC
is not sensitive enough to detect hadronic showers gener-
ated by the interaction of the beam halo with the XRPs,
because of the very low beam intensity at injection energy.
Therefore, data provided by ALFA and TOTEM are used,
which have a much greater sensitivity to the halo than
the machine instrumentation and make it possible a direct
comparison between simulations and background data.

The background rate at TOTEM is defined as the rate
of events related to noncolliding bunches to which a sin-
gle track is associated. No further selection is applied and
the rates are corrected for the prescale factor imposed
by the trigger system. Experimental data are shown in
Fig. 9(a), where events recorded in time bins of 
t ∼ 300
s are reported as a function of time. ALFA detectors are
equipped with scintillator tiles for triggering, which are
made of 3-mm-thick standard plastic scintillators [9], and
raw trigger rates are provided rather than the rate of recon-
structed single tracks as done by TOTEM. Thus, the trigger
rate from noncolliding bunches is averaged over a time
window of 300 s in order to have data points comparable
to what is provided by TOTEM, as shown in Fig. 9(b).

Rates from the top and bottom pots are summed and nor-
malized to the protons lost from the noncolliding bunches
in each time bin, in order to provide suitable data for
comparisons with respect to SixTrack simulations. Pro-
tons lost from the noncolliding bunches are evaluated
using Fast-Beam Current Transformers (FBCTs) [80] that
provide bunch-by-bunch intensity measurements. A sig-
nificant asymmetry between rates measured in the two
beams is present, in particular when using the standard sys-
tem. This is due to the asymmetric location of XRPs with
respect to the collimation system and it is correlated with
the amount of material shadowing the XRPs, as discussed
in Sec. VIII.

064066-8



REDUCING BEAM-RELATED BACKGROUND... PHYS. REV. APPLIED 14, 064066 (2020)

0.2

0.4

0.6

0.8

1.0
B6L5 (Beam 2)

TOTEM data

D6L5 (Beam 2)

TOTEM data

D6R5 (Beam 1)

TOTEM data

B6R5 (Beam 1)

TOTEM data

Fill 7284
Fill 7289

(a)

(b) B7L1 (Beam 2)

ATLAS data

A7L1 (Beam 2)

ATLAS data

A7R1 (Beam 1)

ATLAS data

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3

B7R1 (Beam 1)

ATLAS data

Fill 7284
Fill 7289

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

0.2

0.4

0.6

0.8

1.0
R

at
e

(1
03

 H
z)

0.2

0.4

0.6

0.8

1.0

R
at

e
(1

03
 H

z)

Time (h) Time (h)

Time (h) Time (h) Time (h) Time (h)

Time (h) Time (h)

FIG. 9. Measured background rate at (a) TOTEM [78] and (b) ALFA [63] pots, using standard and crystal collimation in Fill 7284
and 7289, respectively. The rates from the top and bottom pots are added together and shown as a function of time starting from the
beginning of the data taking in the different fills.

About once per hour a rescraping is needed when using
the standard collimation system because of the increas-
ing background rate, while this is not needed when using
crystals, as mentioned previously and clearly visible from
Fig. 9. The fill in which standard collimation is used (7284)
is divided into four slices enclosed between rescrapings.
The gain obtained with crystals is evaluated by dividing the
counts in each time bin using standard and crystal collima-
tion that have the same time delay relative to the retraction
of the TCLA.A6[L/R]7.B[1/2] used to scrape the beam.
The average ratio is compared to what is predicted by Six-
Track simulations in Fig. 10. The experimental error bars
represent the RMS of the measured ratio, in order to take
into account systematics due to time dependence that are
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FIG. 10. Comparison between the measured and the simulated
background ratio at the TOTEM and ALFA XRPs.

not considered in simulations. A very good qualitative and
quantitative agreement is obtained, as the predictions for
each XRP are within experimental error bars. The simu-
lated background ratio rate at the eight XRP stations is
obtained by scoring the number of hits in the detector’s
active area, normalized to the total number of protons inter-
cepted by the given collimation scheme. Then, impacts
expected using the standard system are divided by the ones
expected using crystals.

A. Discussion on background-rate improvement

Investigations are carried out to understand why the
background rates obtained with crystal collimation are
much more stable than with the standard system, without
requiring any rescraping within a fill.

Let us define the multiturn halo as the particles that are
not absorbed after the first impact on a collimator and keep
circulating in the machine. The background rate is directly
linked to the amount of multiturn halo, i.e., the more pop-
ulated the multiturn halo, the larger the background rate.
The multiturn halo increases if the speed with which par-
ticles diffuse into the collimation system, is larger than
the speed with which they are removed. Thus, the work-
ing hypothesis is that bent crystals provide a faster halo
removal. Moreover, all particles out scattered from stan-
dard collimators will populate the multiturn halo, while
only particles that are not channeled for the entire crystal
length may contribute to it. This makes the system able
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FIG. 11. Probability of the number of turns needed for halo
protons to be removed from the circulating beam after being
intercepted by the primary stage using (a) standard and (b) crystal
collimation.

to digest larger diffusion rates without accumulating an
increasing halo population over time.

Simulations are carried out to support this hypothesis.
Let us define the particle removal rate performance of the
simulated system as the distribution of number of turns that
particles perform between hitting the primary collimation
stage and being removed from the circulating beam. The
probability distribution of the number of turns needed to be
absorbed is shown in Figs. 11(a) and 11(b) for the standard
and crystal-collimation schemes, respectively. The studies
show that 98% of the particles impacting on the crystal
are absorbed within the same turn, while only 66% are
absorbed in the same turn after impacting on a standard
primary collimator. This means that only 2% of the parti-
cles intercepted by the bent crystals needs multiple turns
to be absorbed, populating the multiturn halo and possi-
bly contributing to the experimental background on XRPs,
while this fraction increases to 34% when particles are
intercepted by amorphous primary collimators. The recur-
sive structure of a peak of absorption every three turns that
is visible in Fig. 11 is due to the fractional tune of the LHC
that is close to 1/3 (Vertical tune = 60.316). Thus, every
particle will pass by any longitudinal location of the ring
with similar transverse coordinates about every three turns.

In conclusion, this observation gives us the required
confidence on the reliability of our hypothesis and that
the measured background stability indicates a faster halo
removal with crystals.

Similar studies could be performed on individual pots
(i.e., top and bottom) as a further step, instead of summing
their signal. This type of analysis could give additional
information on the expected performance of a crystal-
collimation system based on two crystals placed on oppo-
site sides of each collimation plane (as opposed to the
single-sided crystals presently installed in the LHC), but
this goes beyond the scope of this work.

VII. BACKGROUND DISTRIBUTION

The same fills with noncolliding bunches circulating
in the machine (Fill 7284 and 7289) are used for quali-
tative comparisons between the simulated and measured
background hit pattern.

A. TOTEM Roman pots

The measured hit distributions associated to single-track
events from noncolliding bunches (representing beam-
related background for experiments) is shown in Fig. 12,
for both collimation schemes. The simulated pattern is
reported in Fig. 13, where the hits in each bin are normal-
ized to the number of particles entered in the collimation
system, showing a good qualitative agreement with respect
to measurements. The D units are tilted 8◦ around the beam
center to have multitrack resolution [81].

The improved data quality using crystals becomes
clearer when also colliding bunches are taken into account
[82]. In particular, structures due to multiturn halo hit-
ting the detector edges facing the circulating beam show
a similar magnitude as the physics signal, when using the
standard system. On the other hand, these structures are
significantly suppressed when using crystals and only the
signal due to elastic scattering is clearly visible. The full
offline event reconstruction, which is out of the scope of
this work, clearly shows the improved data quality when
using crystals [82].

B. ALFA Roman pots

The measured and simulated background distributions
on ALFA XRPs are reported in Figs. 14 and 15, respec-
tively, showing a good qualitative agreement.

Structures due to the multiturn halo hitting the detec-
tor edges facing the circulating beam are present using the
standard system also in this case. On the other hand, the
hit pattern using crystals is more focused on the central
region of XPRs in beam 2, i.e., where the physics signal
is expected. Thus, a less efficient offline background sub-
traction is envisioned, leading ALFA to prefer using the
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FIG. 12. Measured background hit pattern on TOTEM Roman pots using the (a) standard and (b) crystal-collimation schemes, in
Fill 7284 and 7289, respectively.

standard collimation scheme. However, full offline analy-
sis shows that the irreducible background using standard
and crystal schemes is about 0.5% and 1.5% [63], respec-
tively. Hence, data taken using crystal collimation could
be used without problems. Initially the background rate is
optimized, while it later became clear that also its spa-
tial distribution is important for ALFA. Thus, there is

not enough time to find an appropriate solution through
detailed simulations while performing the run. Never-
theless, a sound explanation is found and discussed in
Sec. VII C.

The screening effect of the LHC beam pipe is clearly
visible in Fig. 14, causing a quite sharp drop of the number
of tracks (i.e., the green area). The final output of SixTrack
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FIG. 13. Simulated background hit pattern on TOTEM Roman pots using the (a) standard and (b) crystal-collimation schemes.
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tern on ALFA Roman pots using the
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schemes [63], in Fill 7284 and 7289,
respectively.

simulations is the density of protons lost on the machine
aperture, as introduced in Sec. IV A. Thus, the LHC beam
pipe is treated as a black absorber and its presence is
not considered when producing Fig. 15 for this qualita-
tive comparison, which otherwise would show a sharp cut
[83]. This effect is not visible in Fig. 12 because TOTEM
provides hits associated to the reconstructed tracks while
ALFA provides all the hit map related to the raw trigger
rates, as introduced in Sec. VI.

C. Understanding and correcting ALFA background
distribution

A potentially problematic background distribution is
observed with the crystal scheme on the ALFA XPRs
in beam 2, as mentioned in Sec. VII B and shown in
Fig. 14(b). Very high statistics simulations are carried
out to reconstruct the pattern shown in Fig. 15(b). In
particular, about 108 protons intercepted by the collima-
tion system are simulated and the history of each particle
reconstructed. A sketch of the mechanism generating this
characteristic background structure is reported in Fig. 16.

1. A fraction of particles intercepted by the crystal
in IR7 undergo dechanneling and bypass the absorber
because of the reduced deflection acquired.

2. These particles circulate for tens of turns in the
machine.

3. A fraction of these particles hits a TCLA in IR3
(TCLA.A5L3.B2).

4. A fraction of these particles emerges from the
TCLA.A5L3.B2 and hits the ALFA XPRs in beam 2 at
the same turn.

The peculiar shape of the hit pattern is mainly
due to the fractional betatron phase advance from the
TCLA.A5L3.B2 and ALFA XRPs in beam 2, which is as
follows:

(a) 
μXRP-TCLA
x ∼ 4◦;

(b) 
μXRP-TCLA
y ∼ 244◦.

Moreover, the deflection due to elastic scattering (θel)

acquired in the TCLA.A5L3.B2 is isotropic, but induces a
different displacement at ALFA XPRs depending on optics
parameters. Starting from Eq. (1) one can compute


y(θel)


x(θel)
∝

θel

√
βTCLA

y βXRP
y sin(
μXRP-TCLA

y )

θel
√

βTCLA
x βXRP

x sin(
μXRP-TCLA
x )

≈ 20. (2)
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FIG. 15. Simulated background hit pat-
tern on ALFA Roman pots using the
(a) standard and (b) crystal-collimation
schemes.

Thus, a kick imparted at the TCLA.A5L3.B2 induces a dis-
placement at the ALFA XRPs in beam 2 that is about 20
times larger in y than x, leading to the characteristic pattern
observed.

A cross-check is performed in simulations, placing all
the system at settings reported in Table II except the
TCLA.A5R3.B2 that is opened to 13 σ . The distribu-
tion obtained is reported in Fig. 17 and does not show
the potentially problematic structure anymore, as expected

Beam 2

Particles 
get dechanneled

and escape from IR7

1

~10 turns 
in the machine

2Impact
on TCLA.A5L3.B2 

closed at 2.7

3

Emerge from TCLA
and impact on ALFA-XRP 

at the same turn 

4

FIG. 16. Sketch of the history of particles leading to the poten-
tially problematic background distribution on ALFA XPRs in
beam 2.

after removing the identified source of background. It is
noted that opening the TCLA.A5L3.B2 would have led to
an even larger reduction of background rate with respect
to the standard system at ALFA, while the gain would be
reduced at TOTEM.

This proves that, according to numerical simulations, the
potentially problematic background distribution observed
by ALFA is not intrinsically related to the use of bent
crystals. The good qualitative and quantitative agreement
between predicted and measured background rate and dis-
tribution obtained, give us the confidence that the accuracy
of the available simulation tools will make it possible to
achieve even better performance if the use of crystal colli-
mation is defined as the baseline in future runs, rather than
adapting the insertion of crystals in a conventional system.

VIII. UNDERSTANDING THE BACKGROUND
ASYMMETRY BETWEEN THE BEAMS

Numerical investigations are carried out to find a qual-
itative explanation for the observed asymmetry between
the background rates in the two beams, in particular when
using the standard collimation scheme. The history of each
simulated particle impacting the XRPs is reconstructed
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FIG. 17. Simulated background hit pattern on ALFA Roman
pots in beam 2, using the crystal-collimation scheme and retract-
ing the TCLA.A5L3.B2.

to understand the underling processes leading to beam-
related background, as also discussed in Sec. VII C. Most
of the hits on XRPs come from protons that emerge from
the collimator used as primary stage, survive also the inter-
action with collimators used as secondary stage, and finally
reach a XRP. All these three steps take place in the same
turn. Thus, it is a single-pass process. Then, one can think
that the more secondary-stage collimators are physically
present between primary stage and XRPs, the fewer will
be the protons able to reach the XRPs. This is true only
when the betatron phase advance between the different

devices is taken into account. Thus, the phase-space cov-
erage between the primary collimation stage and XRPs is
evaluated.

An example regarding the TOTEM XRPs in beam 2
is shown in Fig. 18(a). Collimators starting from the pri-
mary stage (i.e., TCLA.A6L7.B2) to the XRPs are rep-
resented by shaded gray areas, while XRPs are drawn in
cyan. Only two collimators acting as secondary stage are
present (i.e., TCLA.D6L7.B2 and TCTPV.4R5.B2) that
cover different phase-space regions and partially shade the
XRPs. Thus, particles impacting on the XRPV.D6L5.B2
and XRPV.B6L5.B2 survive the interaction with one
or two 1-m-long collimator jaws made of tungsten,
after emerging from the primary stage. Moreover, the
XRPV.D6L5.B2 is tilted by 8◦, pushing one corner out-
side of the shadow of the secondary stage, as visible in
Fig. 18(a). Thus, that corner is exposed to direct impact
of protons that emerge from the TCLA.A6L7.B2 acquir-
ing a deflection that is not sufficient to be intercepted by
the TCLA.D6L7.B2 and TCTPV.4R5.B2, but it is enough
to reach the XRPV.D6L5.B2 corner, as confirmed by the
observations reported in Sec. VII A.

An example regarding the ALFA XRPs in beam 2 is
shown in Fig. 18(b). The XRPs are fully shadowed by one
collimator in this case, i.e., TCTPV.4R5.B2, which means
that the XRPs and that collimator have the same betatron
phase advance with respect to the collimator used as pri-
mary stage. Moreover, the XRPs are partially shadowed
by three other collimators. Thus, protons emerging from
the primary stage should survive the interaction with at
least 1 m and up to 4 m of tungsten before reaching the
XRPs.

In conclusion, based on the phase-space coverage
between the primary collimation stage and XRPs, the
ordered list of highest number of hits is as follows.
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1. TOTEM XRPs in beam 2, because partially shad-
owed by two collimators, i.e., from 1 to 2 m of tungsten.

2. ALFA XRPs in beam 2, because fully shadowed by
one collimator plus partial shadow of three collimators,
i.e., from 1 to 4 m of tungsten.

3. ALFA XRPs in beam 1, because fully shadowed by
two collimators plus partial shadow of one collimator, i.e.,
from 2 to 3 m of tungsten.

4. TOTEM XRPs in beam 1, because fully shadowed
by three collimators plus partial shadow of two collima-
tors, i.e., from 3 to 5 m of tungsten.

These considerations, based on qualitative arguments, are
in agreement with the measured rates shown in Figs. 9(a)
and 9(b).

Of course, the picture changes when crystals are used
as primary collimation stage. A similar qualitative agree-
ment is obtained when considering the different betatron
phase advance between the various devices and collimator
settings used with the crystal-collimation scheme, with-
out forgetting the different coherent processes that are
experienced in crystals.

IX. CONCLUSIONS

The operational use of crystal collimation in the LHC
is achieved during a special high-β∗ physics run, showing
operational performance that represent a milestone for both
accelerator and high-energy physics, which could pave the
way for new synergies in the near future. The deployment
of this scheme is steered and motivated by machine-
simulation studies, which are then confirmed experimen-
tally using data provided by the experiments thanks to a
sensitivity not accessible with the instrumentation of the
machine.

Crystals are aligned only during initial preparatory tests
and automatically inserted in channeling orientation during
the physics run. This proves the maturity reached by these
powerful and innovative devices that can nowadays be
used efficiently for beam manipulations in state-of-the-art
machines, such as the LHC.

Data from the Roman pots show that the beam-related
experimental background rate is significantly reduced at
both experiments, leading also to an improved data quality
with respect to what is obtained using amorphous colli-
mators, in particular for TOTEM. Additional studies show
that the distribution of beam-related background, which
partially affected ALFA data quality, comes from a specific
collimator—identified in simulations—and it is not intrin-
sically related to the use of bent crystals. Thus, operational
settings can be further optimized in future runs based on
crystal collimation.

The experimental observations of background rate sta-
bility, supported by simulation studies, indicates a faster

halo removal with crystals with respect to amorphous col-
limators. Moreover, this background stability led to about
10% more collected luminosity per fill when using bent
crystals, that represents an asset for this special runs to
which only a few days of operations are dedicated.

A very good qualitative and quantitative agreement
between predicted and measured background rate and dis-
tribution is obtained. This provides additional confidence
in the accuracy of the available simulation tools, which can
be reliably used to define operational scenarios for future
applications of bent crystals at high-energy colliders that
may be required by the high-energy physics community.

Low-intensity proton beams at injection energy are used
in this special physics run. The main challenge presently
left to make crystal collimation operational with high
energy and intensity proton beams is the safe disposal of
channeled halo particles in accident scenario. On the other
hand, for the HL-LHC heavy-ion beams, this is not an issue
as the total stored energy is of about 20 MJ. Crystal colli-
mation for heavy-ion operation is therefore included in the
HL-LHC baseline. Moreover, many other applications of
this versatile technology are under study at CERN and in
various laboratories, spanning over several applied physics
domains.
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APPENDIX A: ABBREVIATIONS

All abbreviations used throughout the paper are summa-
rized below, in alphabetical order.
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TABLE II. Operational settings of the LHC collimation system and Roman pots during the high-β∗ physics run at 450 GeV in 2018.
Nominal injection settings are reported, together with dedicated settings used during the data taking with the standard and crystal-
collimation schemes. The crystal collimators are the devices TCPCV.A6[L/R]7.B[1/2]. Settings are expressed in units of RMS beam
size (σ ), assuming a Gaussian-beam distribution and normalized emittance ε∗ = 3.5 μm.

Device IR Plane Nominal Standard Crystal
injection (σ ) collimation (σ ) collimation (σ )

TCL.4[R/L]1.B[1/2] 1 H OUT OUT OUT
TCL.5[R/L]1.B[1/2] 1 H OUT OUT OUT
TCL.6[R/L]1.B[1/2] 1 H OUT OUT OUT
XRP.A7[R/L]1.B[1/2] 1 V OUT 3.0 3.0
XRP.B7[R/L]1.B[1/2] 1 V OUT 3.0 3.0
TCTPH.4[L/R]2.B[1/2] 2 H 13.0 13.0 13.0
TCTPV.4[L/R]2.B[1/2] 2 V 13.0 2.7 13.0
TDI.4[L/R][2/8].B[1/2] 2/8 V 6.8 OUT OUT
TCLIA.4[L/R][2/8].B[1/2] 2/8 V 6.8 OUT OUT
TCLIB.6[L/R][2/8].B[1/2] 2/8 V 6.8 OUT OUT
TCP.6[L/R]3.B[1/2] 3 H 8.0 5.3 5.3
TCSG.5[L/R]3.B[1/2] 3 H 9.3 6.3 6.3
TCSG.4[R/L]3.B[1/2] 3 H 9.3 6.3 6.3
TCSG.A5[R/L]3.B[1/2] 3 S 9.3 6.3 6.3
TCSG.B5[R/L]3.B[1/2] 3 S 9.3 6.3 6.3
TCLA.A5[R/L]3.B[1/2] 3 V 12.0 2.7 2.7
TCLA.B5[R/L]3.B[1/2] 3 H 12.0 9.0 9.0
TCLA.6[R/L]3.B[1/2] 3 H 12.0 9.0 9.0
TCLA.7[R/L]3.B[1/2] 3 H 12.0 9.0 9.0
TCTPH.4[L/R]5.B[1/2] 5 H 13.0 13.0 13.0
TCTPV.4[L/R]5.B[1/2] 5 V 13.0 2.7 13.0/2.7
TCL.4[R/L]5.B[1/2] 5 H OUT OUT OUT
TCL.5[R/L]5.B[1/2] 5 H OUT OUT OUT
XRP.D6[R/L]5.B[1/2] 5 V OUT 3.0 3.0
XRP.B6[R/L]5.B[1/2] 5 V OUT 3.0 3.0
TCL.6[R/L]5.B[1/2] 5 H OUT OUT OUT
TCDQ.4[R/L]6.B[1/2] 6 H 8.0 8.0 8.0
TCSP.A4[R/L]6.B[1/2] 6 H 7.5 7.5 7.5
TCP.D6[L/R]7.B[1/2] 7 V 5.7 3.2 3.2
TCP.C6[L/R]7.B[1/2] 7 H 5.7 4.0 4.0
TCP.B6[L/R]7.B[1/2] 7 S 5.7 5.7 5.7
TCSG.A6[L/R]7.B[1/2] 7 S 6.7 5.0 5.0
TCPCV.A6[L/R]7.B[1/2] 7 V OUT OUT 2.5
TCSG.B5[L/R]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.A5[L/R]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.D4[L/R]7.B[1/2] 7 V 6.7 5.0 5.0
TCSG.B4[L/R]7.B[1/2] 7 H 6.7 5.0 5.0
TCSG.A4[L/R]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.A4[R/L]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.B5[R/L]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.D5[R/L]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.E5[R/L]7.B[1/2] 7 S 6.7 5.0 5.0
TCSG.6[R/L]7.B[1/2] 7 H 6.7 5.0 5.0
TCLA.A6[R/L]7.B[1/2] 7 V 10.0 2.5 2.7
TCLA.B6[R/L]7.B[1/2] 7 H 10.0 8.0 8.0
TCLA.C6[R/L]7.B[1/2] 7 V 10.0 2.7 2.7
TCLA.D6[R/L]7.B[1/2] 7 H 10.0 10.0 10.0
TCLA.A7[R/L]7.B[1/2] 7 H 10.0 8.0 8.0
TCTPH.4[L/R]8.B[1/2] 8 H 13.0 13.0 13.0
TCTPV.4[L/R]8.B[1/2] 8 V 13.0 2.7 13.0
TCTPH.4[L/R]1.B[1/2] 1 H 13.0 13.0 13.0
TCTPV.4[L/R]1.B[1/2] 1 V 13.0 2.7 2.7/13.0
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(a) ALFA: Absolute luminosity for ATLAS, forward
physics detectors around ATLAS.

(b) ALICE: A large ion collider experiment, heavy-ion
physics detector located at IP2.

(c) ATLAS: A toroidal LHC apparatus, multipurpose
physics detector located at IP1.

(d) B1, B2: the two counterrotating beams in the LHC.
(e) BLM: Beam loss monitor.
(f) CMS: Compact muon solenoid, multipurpose

physics detector located at IP5.
(g) HL-LHC: High-Luminosity Large Hadron Collider.
(h) IP: Interaction point.
(i) IR: Insertion region. The LHC has eight IRs. The

experiments are located in IR1, IR2, IR5, and IR8. The
main part of the collimation system is found in IR3
and IR7, the beam-extraction system is located in IR6,
superconducting radio-frequency cavities are installed in
IR4.

(j) LHC: Large Hadron Collider.
(k) LHCb: Large Hadron Collider beauty, flavor

physics detector located at IP8.
(l) TCDQ: Target collimator dump quadrupole, single-

sided mobile graphite diluter block used for beam dump
protection in IR6 and made of 6.0-m-long jaw of graphite.

(m) TCL: Target collimator long, collimators used to
absorb physics debris from the IP and made of 1-m-long
jaws of tungsten.

(n) TCLA: Target collimator long absorber, collimators
used to absorb hadronic showers developed in the first two
collimation stages and made of 1-m-long jaws of tungsten.
One of these collimators is used as the primary stage in the
special high-β∗ physics run presented in this Paper, when
standard collimation is used.

(o) TCLIA and TCLIB: Target collimator long injection
made of 1-m-long jaws of graphite, used to intercept out
scattered particles from the TDI.

(p) TCP: Target collimator primary, collimators used as
the primary stage during standard physics run and made of
60-cm-long jaws of carbon-fiber composite.

(q) TCPCV: Target collimator primary crystal vertical,
bent crystals acting on the vertical plane and used as pri-
mary stage in the special high-β∗ physics run presented in
this Paper, made of 4-mm-long silicon crystal with 50 μrad
bending.

(r) TCSG: Target collimator secondary, collimators
used as the secondary stage during standard physics
run and made of 1-m-long jaws of carbon-fiber
composite.

(s) TCSP: Target collimator secondary equipped with
beam-position monitor, secondary collimator used for
beam dump protection in IR6 and made of 1-m-long jaws
of carbon-fiber composite.

(t) TCTPH(V): Target collimator tertiary equipped
with beam-position monitor acting on the horizontal
(vertical) plane, collimator located in the experimental

insertions as protection of sensitive equipment and made
of 1-m-long jaws of tungsten.

(u) TDI: Target dump injection, absorber used for beam
injection protection made of a composite jaw featuring 2.5-
m graphite + 1-m aluminum + 0.7-m copper.

(v) TOTEM: Total cross section, elastic scattering
and diffraction dissociation measurement; forward physics
detectors around CMS.

(w) XRPV: Experimetal Roman pot acting on the verti-
cal plane, used to house forward physics detectors around
IP1 and IP5.

APPENDIX B: COLLIMATOR SETTINGS

The complete list of collimator settings used is reported
in Table II.
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