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High-performance collimation systems are essential for operating modern
hadron accelerators with large beam intensities efficiently and safely. In
particular, at the LHC the collimation system ensures a clean disposal of
beam halos in the superconducting environment. The challenges of the HL-
LHC study pose more demanding requests for beam collimation. In this
chapter, the upgraded collimation system for HL-LHC is presented. Various
collimation solutions were elaborated to address the HL-LHC requirements
and challenges. These are reviewed in the following, identifying the main
upgrade baseline and pointing out advanced collimation concepts under
consideration for further enhancement of the collimation performance.

1. Introduction

Because of the high stored energy of about 700 MJ for each of the full
HL-LHC beams and the small transverse beam sizes [1], the HL-LHC beams
have the potential for creating significant damage from uncontrolled beam
losses. Even a local beam loss of a tiny fraction of the full beam in a super-
conducting magnet could cause a quench, and larger beam losses could easily
cause damage to accelerator components. A variety of processes can cause un-
avoidable beam losses during normal and abnormal beam operation. There-
fore, all beam losses must be tightly controlled. For this purpose, a multistage
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collimation system has been installed in the LHC [2,3] to safely dispose of
beam losses. Unlike other high-energy colliders, where the main purpose of
collimation is typically to reduce experimental backgrounds, the LHC and the
HL-LHC require efficient beam collimation during all stages of operation from
injection to top energy. The requirement to operate efficiently and safely with
high-intensity hadron beams at small colliding beam sizes entails significant
challenges, which drive the key design aspects of the collimation system at the
HL-LHC [4].

In addition to cleaning the unavoidable beam halo to prevent quenches of
superconducting magnets, the collimation system must fulfil other important
roles [5]. The collimators are the closest elements to the circulating beam
and they must provide passive protection to any aperture bottleneck, in
particular the triplet magnets around the experiments, with sufficient margins
[6,7]. They help concentrate the radiation dose and activation to confined areas
and provide local protection of equipment to improve its lifetime. In addition,
collimators also clean collision debris products, with dedicated active colli-
mators on the outgoing beams of each high-luminosity experiment [8,9].
Furthermore, collimation plays a role in keeping under control machine- and
halo-induced experimental background [10,11]. Collimation also provides a
crucial role for passive machine protection in case of any failure, e.g. injection
and dump kicker failures [12] (see also Chapter 19).

For these requirements, the LHC collimation system features an un-
precedented complexity compared to previous particle accelerators. The LHC
collimation system used in Run 1 (2010-2013) [13] and Run 2 (2015-2018)
[14] consisted of up to 108 movable collimators and 10 fixed-aperture
absorbers, and provided an excellent cleaning efficiency above 99.99% [3],
i.e. less than 107 of the primary beam losses reached the superconducting
magnets. The highest cold losses occur in the dispersion suppressors (DSs)
around IR7. Nevertheless, the system must be upgraded to cope with the new
HL-LHC challenges. The LHC collimation system was designed to safely
withstand beam lifetime drops down to 0.2 h during 10 s at maximum beam
current at 7 TeV, corresponding to peak losses of up to 500 kW [3]. This
increases to 945 kW for HL-LHC if a simple scaling by the total stored beam
energy is applied. The Pb ion beam upgrade, targeting more than 20 M1J stored
beam energy at luminosities around 7 x 10>’ cm?s™' [15] is also very chal-
lenging for beam collimation. In addition, given the low electrical conductivity
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of the present primary and secondary collimator materials and their vicinity to
the beam, these collimators contribute significantly to the machine impedance,
which will become much more critical for beam stability with the higher
HL-LHC brightness. Finally, the higher peak luminosity goal of the HL-LHC,
about 5 times larger than the initial LHC design, demands an upgrade of the
collimation around the high-luminosity collision points, both in terms of
magnet protection and physics debris disposal.

2. The HL-LHC Multi-Stage Collimation System

The backbone of the HL-LHC collimation system will remain as it is for the
current LHC, the betatron (IR7) and momentum (IR3) multi-stage cleaning
systems installed in two separated warm insertions [2]. A very efficient halo
cleaning is achieved by precisely placing blocks of materials close to the
circulating beams, while respecting a pre-defined multi-stage collimator
hierarchy (illustrated schematically in Fig. 1). Primary (TCP) and secondary
(TCS) collimators are placed closest to the beam. Active shower absorbers
(TCLA) catch the showers produced by upstream stages. Tertiary collimators

principle of multi-stage cleaning
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Fig. 1. Schematic illustration of the LHC multi-stage collimation cleaning system. Primary
and secondary collimators (darkest grey) are closest to beam and are made of robust carbon-
fibre-carbon composites. Shower absorbers and tertiary collimators (lighter grey) sit at larger
apertures and are made of a tungsten alloy to improve absorption, in the shadow of protection
devices (black). Collimators of different families are ordered in a pre-defined collimation
hierarchy that must be respected to ensure the required system functionalities.
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(TCTs) are located in front of the aperture bottlenecks in the final focusing
system close to the experiments.

About 50% of the present LHC system will remain operational in HL-
LHC, and the rest of the system will be replaced. Three main pillars of the
HL-LHC collimation upgrade can be identified:

e Improved protection of the DS regions around IR7 and IR2 to mitigate
local beam losses through new collimators (TCLD and TCPC). In IR2, one
TCLD per side will be installed in the empty connection cryostat, to be
used only for Pb ion operation; In IR7, one TCLD per side could be
installed together with 11 T dipoles needed to make space for the colli-
mator. However, the installation of the TCLDs in IR7 cannot take place
before Long Shutdown 3 (LS3) and new primary crystal collimators
TCPCs will be used in IR7 during ion operation in order to increase the
cleaning efficiency and to lower the losses in the DS regions around IR7
(see Chapter 30).

e Reduction of the collimator-induced impedance to allow the operation of
the larger-brightness beams of the HL-LHC: 9 out of 11 LHC secondary
TCSG collimators will be replaced by a new low-impedance design
(TCSPM).

e Improvement of the collimation of incoming and outgoing beams in
the experimental insertions IR1 and IRS. Four tertiary collimators per
beam and per high luminosity IR are needed to protect matching section
and inner triplet from beam losses; three physics debris collimators and
three fixed masks per beam and per high luminosity IR are needed to
protect matching section and DS from collision debris.

In order to minimize the time spent outside physics operation, an improvement
of the collimator setup time and the minimization of faults also requires
a consolidation of the present system. The list of LHC (as of Run 2) and
HL-LHC ring collimators are given in Table 1. Collimator types (with their
collimation plane) and family names are introduced together with the number
of units and their active material. The 2018 settings for £ =25 cm and the HL-
LHC baseline settings for =15 cm are also listed. New collimators that are
part of the HL-LHC upgrade will be installed in the DSs around IR2 and in
IR7 (“DS cleaning” upgrade), in IR1/5 (IR upgrade) and IR7 (low-impedance
upgrade). Approved consolidation activities include the replacement of four
primary collimators with low-impedance ones made of molybdenum carbide-
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Table 1. Collimators used in LHC and HL-LHC, including their abbreviated names, plane
(H=horizontal, V=vertical, S=skew), the number of installed units, the material (CFC=carbon-
fibre composite, W=heavy tungsten alloy (Inermet180), MoGr=molybdenum-graphite, CuCD=
copper-diamond) and the operational openings in collision in units of beam ¢. The LHC settings
are given for p-p operating at f*=25 cm, as used in 2018, and the HL-LHC settings for f*=
15 cm. In both cases, a reference proton emittance of 2.5 um has been used. The IR2 TCLD’s
and the crystal primary collimators are used only in ion operation.

Physics set-

Functional type Name  Plane Number Material tings [o]
LHC HL LHC HL LHC HL
Primary IR3 TCP H 2 2 CFC CFC 177 177
Secondary IR3 TCS H 8 8 CFC CFC 213 213
Absorber IR3 TCLA H,V 8 8 w w 237 237
Passive absorber IR3 TCAP - 4 4 W W - -
Primary IR7 TCP H,V,S 6 2 CFC CFC 59 67
Primary crystal IR7 TCPC H,V - 4 Si Si - 6.5
Low-impedance primary IR7 TCP  H,V -- 4 - MoGr - 6.7
Secondary IR7 TCS H,V,S 22 4 CFC CFC 77 9.1
Low-impedance secondary TCS
IR7 H,V,S - 18 - MoGr - 9.1
Absorber IR7 TCLA H,V,S 10 10 W w 11.8 127
Passive absorber IR7 TCAP - 8 8 w w - -
Passive absorber mask IR7  TCAPM - - 2 - Steel -- -
Dispersion suppressor IR7 TCLD H -- 2 -- w -- 16.6
Dispersion suppressor IR2 TCLD H -- 2 -- W -- 30
Tertiary IR2/IR8 TCT H,V 8 8 w w 1‘73;/ 273;/
CuCD
Tertiary IR1/IRS TCT H 4 8 W or 92 104
w
Tertiary IR1/IRS TCT \Y% 4 8 w w 92 104
Physics debris IR1/IR5 TCL H 12 12 CwW W 1841 14
Cu
Physics debris IR1/IRS mask TCLM -- -- 12 -- and -- --
W
Dump protection IR6 TCDQ H 2 2 CFC CFC 8.6 10.1

TCSP H 2 2 CFC CFC 86 101
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graphite (MoGr) and of new passive absorber masks, planned for LS2. The
other devices that are part of the present system will remain unchanged and
operational for the HL-LHC era. Crystal primary collimators (TCPCs) for ion
beam collimation, discussed in detail in Chapter 30, are also listed. Most
collimators consist of two movable blocks, called ‘jaws’, placed symmetrically
around the beam. The collimators are built as high-precision devices, with the
key features of (i) a jaw flatness of about 40 um; (ii) a surface roughness below
2 um; (iii) a 5 pm positioning resolution (mechanical, controls); (iv) an overall
setting reproducibility below 20 um [16]; (v) a minimum gap below 0.5 mm;
(vi) the capability to withstand heat loads of up to 6 kW in a steady-state
regime (1 h beam lifetime) and of up to 30 kW in transient conditions (0.2 h
beam lifetime) [17].

The initial LHC collimator design [18] has been improved by adding two
beam position monitors (BPM pickups) on both extremities of each jaw
[17,19-21]. This allows for fast collimator alignment as well as a continuous
monitoring of the beam orbit with the possibility to interlock the beam posi-
tion. After prototype tests in the SPS [22], several collimators with this design
were installed and operated in LHC Run 2 [21]. All new HL-LHC collimators
incorporate this feature that improves significantly the operational flexibility
and " reach, contributing in particular to reaching 8 =25 cm in 2018 [7]. The
improved flexibility in the IRs is particularly relevant for HL-LHC that will
rely on complex levelling schemes, with frequent changes of orbit and optics.
It is noted that the BPM feature cannot be integrated in the design of the crystal
collimators that will thus be aligned with the standard BLM-based method.

3. Collimation Upgrade in the High-Luminosity Interaction Regions

The LHC Run 1 and Run 2 operation showed that protection of the IR super-
conducting magnets and experiments is a key asset for machine performance
and efficient operation; the available aperture, to be protected in all operational
phases, determines the transverse collimation hierarchy. With the pushed 3"
and the increased beam intensity and luminosity of HL-LHC, protecting the
machine aperture becomes even more challenging. In order to provide
adequate protection, the HL-LHC collimation layout in IR1 and IRS includes
two pairs of TCTs (horizontal and vertical) on each incoming beam, as well as
three physics debris absorbers (TCLs) and three fixed masks on each outgoing
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beam. The layouts of Beam 1 and Beam 2 are symmetric, requiring a total of
20 movable collimators and 12 fixed masks. Fig. 2 shows the HL-LHC layout
in IR1 together with the nominal LHC layout deployed in Run 1. The layout
in IR5 is similar and contains the same upgrades.

The LHC tertiary collimators are located at positions that protect the triplet;
in order to provide the necessary absorbance, they make use of a heavy
tungsten alloy (Inermet 180). They effectively protect the downstream
elements but are not robust against high beam losses, in particular during very
fast beam failures that might occur if the beam dumping system does not
trigger synchronously with the abort gap (an “asynchronous beam dump”).
With the increase in bunch intensity of HL-LHC, this accident scenario
becomes even more critical. Margins on collimator settings are added to the
collimator hierarchy to minimize this risk [7]. In Run 2 a new optics with a
specially matched phase advance between the extraction kickers and the TCTs
was deployed, which was used to significantly push further the 8" performance
of the LHC. A TCT design with improved robustness would provide an alter-
native way to reduce the hierarchy margins without introducing constraints on
the optics. This gives more flexibility in the optics design, which is useful in
particular for the HL optics baseline that features many other constraints.

The extensive experimental experience of beam impacts on collimator
material samples at the CERN facility HiRadMat [23-26], where several new
materials were studied, indicates that MoGr can improve the TCTP robustness
by a factor of several hundreds, while copper-diamond (CuCD), featuring
higher density (and hence better cleaning efficiency) and larger electrical
conductivity, would still give about a factor 15 improvement in robustness
[24]. Therefore, CuCD is the preferred material choice for the horizontal
TCTs, although Inermet180, as used in the LHC TCTs, would not prevent
reaching the HL-LHC baseline performance with the present optics baseline.
The final decision will be taken in 2022 based on experience with a prototype
collimator, which is being built with jaws in CuCD, and on the assessment of
the final production costs for CuCD. The vertical tertiary collimators are still
made of Inermet 180, since the critical losses from an asynchronous beam
dump occur only in the horizontal plane.

In addition to improvements from increased robustness, the HL-LHC
layout has additional aperture constraints [1] because the normalized aperture
of the magnets up to Q5 is now smaller than in the present layout. Thus,
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Fig. 2. The schematic layout in the experimental insertion IR1 for the nominal LHC as used in Run 1 (top) and HL-LHC v1.3 (bottom).

Collimators are indicated in orange, quadrupoles in blue and red for the two polarities, and dipoles in light blue.
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additional tertiary collimators are required in IR1/IR5 to protect the Q4 and
Q5 quadrupole magnets. The present baseline includes a pair of new TCTP
collimators in front of QS5, including one horizontal and one vertical, and
another pair of TCTPs just upstream of the TAXN to protect the triplet, as for
the nominal LHC.

The expected beam losses in the experimental insertions have been verified
in simulations. Tracking simulations of the collimation mechanism using
SixTrack [27,28] show that the proposed layout provides adequate protection
of all magnets against cleaning losses [8]. Simulations of asynchronous beam
dumps show that no direct losses are to be expected on the magnets, and losses
of up to about 2 x 10'° protons could occur on the TCTs [12]. These losses
consist of spread-out secondary protons, scattered out of upstream collimators,
about a factor 5 below the onset of plastic deformation even for Inermet 180.
This result relies on a matched fractional phase advance below 30° between
the extraction kickers and the TCTs, as implemented in HL-LHC v1.3.

Further simulations of energy deposition during an asynchronous beam
dump hitting a TCT show that there is no risk of damaging neither the experi-
mental detectors nor the downstream magnets. Experimental background
coming from the TCTs during normal operation is not expected to be
problematic based on other recent studies [11].

The collimators on the outgoing beams, downstream of the high-luminosity
experiments, must intercept both scattered primary beam particles and secon-
dary particles generated by the collisions. The protection of the triplet from
luminosity debris is discussed in Chapter 10, and here the focus is instead on
the protection of the matching section. In Run 1, protection of the matching
section was achieved by a single horizontal collimator in Cell 5, called TCLS.
For Run 2, new TCLs were added in Cells 4 and 6, to cope with the higher
luminosities and requirements from forward-physics experiments.

In HL-LHC, the ultimate levelled luminosity of 7.5 x 10** cm s will be
about a factor three higher than the peak achieved at the beginning of the
collision process during Run 2 in the LHC, which is a significant challenge for
the collimation of physics debris. In addition, the absorber TAXN (the upgrade
of the TAN, see Chapter 13) is less effective — because of the geometry of
the reference trajectory and crossing angle, a significantly larger fraction of
the scattered particles can pass through its opening than in the LHC (see also
Chapter 15).



The High Luminosity Large Hadron Collider Downloaded from www.worldscientific.com
by 2001:638:700:1004::1:63 on 07/23/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

234 S. Redaelli et al.

Therefore, several improvements are foreseen for the HL-LHC. The TCL4
needs to be upgraded to have thicker jaws [4] in order to intercept a larger
fraction of the particles that have passed through the TAXN opening. This new
collimator is called TCLX. In addition, fixed masks have to be installed on the
IP side of Q4, Q5, and Q6. The TCL5 and TCL6 are also needed, and the
material of all TCLs will be changed to a tungsten heavy alloy for better
protection. Using this new layout, the highest power load in any magnet coil
in the matching section stays below 1.5 mW/cm® at peak ultimate luminosity
of 7.5 x 10** cm™s™', which is far below the estimated quench limits. It should
be noted also that the TCTs also play a role in protecting the outcoming-beam
bore from the collision debris.

The design of the new IR collimators is challenging. Due to the larger -
functions in the HL-LHC high-luminosity insertions, the TCTs and TCLs in
Cell 4 have to be opened to rather large gaps in mm to achieve the smaller
normalized design openings in ¢. To keep a maximum operational flexibility,
a half gap of up to 40 mm could be needed, while it is limited to 30 mm in the
present collimator design, so modifications are necessary. In addition, the
transverse physical space available at this location in the HL-LHC tunnel is
limited.

In order to provide the needed stroke and still fit in the horizontal space,
a new two-in-one collimator design for the horizontal TCT and the TCL4 has
been developed. A single vacuum tank houses the movable jaws acting on one
beam and the vacuum chamber of the opposing, non-collimated, beam. A 3D
model of this design is shown in Fig. 3. For the vertical TCT in Cell 4, a two-
in-one design is not needed, however, a special design still has to be developed
to implement the larger stroke of up to 40 mm.

4. Dispersion Suppressor Collimation Upgrades

The cleaning upgrades in the dispersion suppressor (DS) regions for HL-LHC
is primarily driven by the increased risk of quenches from off-momentum
losses. The DSs around IR7 are the main bottleneck in the LHC in terms
of collimation leakage. A small fraction of protons interacting with the
collimators in IR7 escape from the IR with a reduced magnetic rigidity. These
protons, which are mainly single diffractive protons emerging from the TCPs,
represent a source of local heat deposition in the cold DS magnets downstream
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Fig. 3. Design of two-in-one collimators with a common vacuum tank housing both the
movable jaws (left part) and the vacuum chamber of the opposing beam.

of IR7, where the dispersion starts to increase (see [29] and references therein).
These losses are among the highest losses in cold magnets around the ring. In
case of large drops in the beam lifetime, the impacted magnets risk quenching
and the beams should be dumped by the BLMs before. This would result in
costly downtime and reduced HL-LHC availability. The same mechanism
inducing DS losses applies to secondary ion fragments produced in IR7
collimators during heavy ion operation. Although the intensities of heavy-ion
beams are lower, they undergo numerous nuclear and electromagnetic interac-
tions with the material of the primary collimators, creating an abundance of
secondary ions with different mass and charge. Collimation of heavy-ion
beams is therefore much less efficient than that of proton beams.

The design goal for the LHC, used also for HL-LHC, is that quenches and
beam dumps should be avoided for a beam lifetime of 0.2 h for up to 10 s, or
1h beam lifetime for extended time periods [3]. This implies that the cleaning



The High Luminosity Large Hadron Collider Downloaded from www.worldscientific.com
by 2001:638:700:1004::1:63 on 07/23/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

236 S. Redaelli et al.

system must sustain a higher power loss due to the higher beam intensity.
Although such pessimistic lifetimes were rarely encountered in the LHC, this
criterion is maintained in the HL-LHC design phase, where neither the quench
limits at 7 TeV nor the operational performance are yet well known.

The acceptable losses in the DSs around IR7 were investigated with
experimental quench tests with protons and Pb ions [30,31], and a quench was
achieved in the heavy-ion test with a 6.37 Z TeV Pb beam [31,32]. A campaign
of tracking studies using the SixTrack-FLUKA coupling [27] and energy
deposition studies with FLUKA [33] managed to reproduce the experimental
results within about a factor 3 [34,35]. This is considered a good agreement,
given that the losses span many orders of magnitude and that there are large
uncertainties and unknowns, in particular in terms of imperfections. Since
the simulations underestimate the quench level inferred from beam experi-
ments, all simulations for HL-LHC are scaled up by this factor.

Similar simulations have then been performed for HL-LHC for protons and
Pb ions. If no upgrade is done, the peak power load in the superconducting
coils in the DS, averaged over the cable width, is estimated at around
21 mW/cm® for protons and 57 mW/cm?® for Pb ions during a beam lifetime
drop to 0.2 h [4]. This should be compared with a quench limit of around
20 mW/cm?, inferred from the quench tests and corresponding simulations.
The proton losses are just above the limit and the Pb ion losses exceed it by
almost a factor of 3. It is therefore clear that there is a need for a cleaning
upgrade, at least for Pb ion beam operation.

To mitigate the risk of quenches, it is therefore foreseen to add local
collimators, referred to as TCLDs, in the DSs, where the dispersion has already
started rising. In IR7 this is only feasible with a major change of the cold
layout. In order to make space for the new collimators, it is envisaged to
replace, for each TCLD in IR7, an existing main dipole with two shorter 11 T
dipoles. The 60 cm long TCLD, made of the tungsten alloy Inermet 180, will
be located in the middle between the two 11 T magnets, as shown in Fig. 4. A
photograph of the TCLD collimator is given in Fig. 5: as received at CERN
and as installed in the IR2 DS (Feb. 2020). The TCLD will be integrated in
a specially designed assembly, containing a beam pipe for the other beam,
as well as a cryo-bypass. The system design is particularly complex due to the
very limited space imposed by the surrounding cryogenic equipment. There-
fore, the active length of the material had to be reduced to only 60 cm.
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Fig. 4. Top: Schematic view of the assembly of two shorter 11 T dipoles with a collimator in
between, which can replace one standard main dipole. Bottom: 3D model of a TCLD assembly
showing the collimator (in grey, at the centre), the two short dipole cryostats and the connection
cryostat. (Courtesy of L. Gentini).

Fig. 5. TCLD collimator for the installation in DSs around IR2 and IR7 (left) and device
installed in the connection cryostat in the DS on the left side of IP2 (right). The flange-to-flange
distance is 1080 m.

The best performance would be obtained with two TCLD units per beam,
however, a single unit gives already a significant performance improvement.
It is therefore planned to install one TCLD in IR7 per beam in the HL-LHC
baseline, replacing the present main dipole MB.A9 in Cell 9. The old and new
IR7 layouts are shown in the left part of Fig. 6.
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Fig. 6. HL-LHC (top) and LHC (bottom) layouts of the IR7 DS (left) and IR2 DS (right) of
B1, with the new TCLD collimators, with and without 11 T dipoles. B2 layouts are symmetric.
The beam goes from left to right.

Simulations of this new layout indicate that the power load on the super-
conducting cables in the main magnets decreases to about 8 mW/cm® for
protons and 4 mW/cm® for Pb ions, thus leaving a comfortable margin to
the quench limit. It should be noted that the superconducting cable of the 11 T
dipoles instead receives a higher power load of 48 mW/cm® with protons
(33 mW/cm’® with Pb ions). However, the quench limit of the new 11 T magnet
is estimated to be about 70 mW/cm® [36], which is significantly higher than
for the present magnets, hence making the losses acceptable, although not with
a very large margin. Various mitigation measures to increase this margin are
under study, e.g. optimized alignment of the 11 T dipole and a local orbit bump
to displace the losses in the 11T magnet to the TCLD. It is thus concluded that
the proposed layout with new TCLDs in IR7 mitigates the risk of unacceptably
high losses in the DS. These conclusions should be reassessed based on
the operational experience in Run 3.

A DS collimation upgrade is needed also for heavy ion collisions in IP2.
When two Pb ion beams collide, secondary ion beams with different magnetic
rigidity are created, which are lost in the adjacent DS [9,29,37]. These ions
represent a source of local heat deposition in the impacted magnet that could
lead to a quench. The dominating processes are bound-free pair production
(BFPP), where electron—positron pairs are created and one (BFPP1) or two
(BFPP2) electrons are caught in a bound state of one of the colliding nuclei,
thus changing its charge, and electromagnetic dissociation (EMD), where one
nucleus emits one (EMD1) or two (EMD2) neutrons, thus changing mass.
Further photon-induced processes also take place, but the four mechanisms
mentioned here have the highest cross-sections. An example of ion beams
produced in collisions of **Pb®"* nuclei in IR2 is given in Fig. 7.

The production of losses above quench limits from these secondary beams
was demonstrated experimentally in 2015 at a Pb beam energy of 6.37 Z TeV,
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Fig. 7. 1 o envelope of the main Pb%* beam (violet) together with the dispersive trajectories
of ions undergoing BFPP1 (red) and EMD1 (brown), coming out of the ALICE experiment
(IP2). The DS collimator jaws appear as black lines. The green line indicates the shifted BFPP1
orbit using a closed orbit bump, which is necessary to intercept the beam with the collimator.
The EMD1 beam can be intercepted with the other jaw.

when a dipole quenched at a luminosity of 2.3 x 10” cm ™ s [37]. In HL-
LHC, with 7 Z TeV energy and a luminosity of about 7 x 10*” cm 2 s™' (about
seven times the nominal one) [38], the BFPP beam carries 180 W of power.
The simulated steady-state load in physics operation on the coils of the
MB.B10 dipole is about 50 mW/cm® on both sides of the ALICE experiment
[38]. Similar ion losses also occur in the DS regions around ATLAS and CMS,
however at different locations than in IR2. It is therefore clear that mitigation
measures are needed.

In IR1 and IR5, the BFPP1 beam is lost towards the end of the last dipole
in Cell 11. This location is close to the connection cryostat. Therefore, the
risk of quenches can be mitigated by redirecting the losses on the cryostat
beam screen using local orbit bumps. Such bumps have been routinely used
in the 2015 [40] and 2018 [41] Pb-Pb runs at 6.37 Z TeV. In the latter run, a
peak luminosity of 6.2 x 10 cm™? s was reached in IP1 and IP5, which
is almost the HL-LHC target luminosity. Simulation studies also confirm
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that orbit bumps are a robust solution, indicating that, at a luminosity of
7% 10”7 cm™? s™! and at a beam energy of 7 Z TeV, the power deposition in
the coils of downstream magnets and in bus bars would remain safely below
the quench level [38].

This solution does not work in IR2, where the BFPP1 beam is instead lost
further upstream in Cell 10. It is therefore foreseen to install one TCLD per
side in IR2, as shown schematically in Fig. 6. This TCLD intercepts the BFPP1
and EMDI1 beams in a location where these ions are well separated from the
main beam. The IR2 TCLDs will be installed in the connection cryostat in
Cell 11 without need for 11 T dipoles, with the old and new layout shown
in the right part of Fig. 6 (right graph). A closed orbit bump is required to
make the BFPP1 beam miss the aperture at the first maximum of its trajectory
and instead hit the TCLD. The EMDI beam, which carries ~65 W at a
luminosity of 7 x 10’ cm™s™", could be intercepted with the other jaw. Similar
orbit bumps were successfully deployed operationally in IR1 and IRS [41].

In order to minimize design and production efforts, the collimator length
and material are chosen to be the same as for the TCLDs around IR7. Particle
shower simulations with this layout suggest that the power deposition density
in the coils of downstream magnets is below 1 mW/cm’® if the BFPP1 and
EMD1 beams impact at least 2 mm from the collimator edges, eliminating the
risk of quenching both the magnets and the bus bars in the new connection
cryostat [38]. Losses in the DS also occur during proton operation, but simu-
lations have shown that the induced power load is safely below the quench
level. Therefore, relying on the orbit bumps to alleviate BFPP losses, no
collimation upgrade is needed in the DSs of IR1 and IRS5.

5. Upgrades for Impedance Improvement

The LHC impedance budget is largely dominated by the contribution of the
LHC collimators [1], which should be reduced to guarantee beam stability (see
also Chapter 5). Since this was known already at the LHC design stage,
the collimation system has been designed so that every TCS slot in IR3 and
IR7 features a companion slot for the future installation of a low-impedance
secondary collimator [3], for a total of 22 cabled slots in IR7 and 8 in IR3.
Simulations predict that beam stability can be re-established for all HL-LHC
scenarios if the carbon-fibre composite (CFC) of present TCSs is replaced, at
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least in the betatron cleaning insertion, with a material having an electrical
conductivity a factor of 50 to 100 higher than CFC [42]. However, the TCSs
should also maintain a high cleaning efficiency, and they could be exposed to
large beam losses and must therefore be robust against beam failure.

The latter requirement rules out the possibility to deploy high-Z metals
because of their relatively low melting point and comparatively large thermal
expansion that impairs their resistance to thermal shocks [43]. The present
baseline for the upgraded secondary collimators relies thus on novel carbon-
based materials, in particular molybdenum carbide-graphite (MoGr). This
is a ceramic composite, jointly developed by CERN and Brevetti Bizz (IT),
in which the presence of carbides and carbon fibres strongly catalyses the
graphitic ordering of carbon during high temperature processing. This
enhances its thermal and electrical properties [42]. To further improve their
surface electrical conductivity, these materials will be coated with 5 pm pure
molybdenum.

The foreseen HL-LHC upgrade consists therefore of the installation of Mo-
coated MoGr collimators in 9 out of 11 TCS slots per beam. The installation
is foreseen in two stages: a first installation in the Long Shutdown 2 (LS2, in
the period 2019-2021), involving 4 collimators per beam, followed by a
second installation in LS3 (2025-2026), when the remaining ones will be
installed. This schedule gives already an impedance reduction and operational
experience with the new collimators in Run 3, while allowing possible further
iterations on the collimator design for the last units. The choice of the slots for
installation during LS2 [44] was mainly driven by maximising the impedance
reduction for the first upgrade phase, while avoiding installation slots with the
highest expected thermo-mechanical loads, as an extra safety measure for
validating the design.

The HL-LHC impedance upgrade includes a contribution to low-
impedance material also for the TCPs that are otherwise renewed as a part of
the consolidation project. In LS2, the 4 IR7 TCPs in the horizontal and vertical
planes in both beams will be replaced with the new design using uncoated
MoGr and introducing the BPM functionality [19]. Since TCPs are con-
tinuously exposed to primary beam losses, coating the active jaw part is not
considered viable. The MoGr provides an improvement of about a factor 5 in
resistivity compared to CFC, while ensuring a similar robustness against beam
failure.
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The impedance of the present and future machine configurations was
studied through detailed calculations. Fig. 8 shows the expected octupole
current required to stabilise the HL-LHC beam for the ultimate scenario [44]
(see also [45] and Chapter 5 of this book), i.e. the most demanding one from
the point of view of beam stability, together with the maximum allowed
octupole current of 570 A. Estimations are done taking into account all sources
of machine impedance, including crab-cavities, and a factor 2 as it was
observed at the end of Run 2, also after optimization of coupling that was
confirmed to be a major detrimental mechanism for beam stability [46]. As
seen, beam stability requires an impedance upgrade. Moreover, the estimation
for the present upgrade almost matches the maximum octupole current, with
an almost negligible deterioration due to the two TCS slots not upgraded.
Expectations for the LS2 upgrade show a significant improvement already
achieved with only four collimators per beam (where also the TCP is upgraded
through the consolidation program to uncoated MoGr). This discrepancy is

HL-LHC, B* = 41 cm, LOF < 0, quasi-parabolic
100 turns damp., 2748 b, 2.3 x 101! ppb, €, = 1.7um
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Fig. 8. Expected octupole current required to stabilise the HL-LHC beam for the ultimate
scenario [44]. with the relevant simulation parameters. Expectation values include the factor 2
discrepancy between predictions and operational values observed in Run 2 (after optimisation
of the parameters such as linear coupling).
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being investigated in detail and seems to be related to noise injected in the
beam by power supplies or by the transverse damper [47].

The thermo—mechanical response of the new collimator has been simulated
to ensure that it will survive regular and accidental beam losses [24]. Simula-
tions are done in three steps, including particle tracking, energy deposition,
and thermo-mechanical analysis. The studies demonstrate that the most loaded
low-impedance collimator, which intercepts about 100 kW during a 0.2 h beam
lifetime, survives without permanent damage but is subject to a jaw defor-
mation of 500 pm, exceeding the tolerance of 100 wum. However, the deforma-
tion is directed away from the beam, meaning that the expected impact on the
cleaning efficiency is very small. Nevertheless, this particular TCS will be
upgraded only in LS3, giving time to further improve the design if needed
based on the operational experience of Run 3.

The new collimator design must be validated for operation in the LHC.
For this purpose, a rich programme of validation tests has been carried out.
Irradiation tests of MoGr at GSI and BNL are well advanced, and the latest
results indicate that MoGr, even when coated with Mo, can survive the
expected dose in HL-LHC, although the analysis is not yet finalized at the time
of writing (see for example [48] for the un-coated case). Experimental beam-
impact tests at HiRadMat were carried out very successfully to demonstrate
that a full-scale MoGr jaw prototype could be hit by a full train during an
injection failure without apparent damage [24]. The coating was assessed in
another HiRadMat test [49], where an 8 um-thick Mo coating layer exhibited
a surface scratch less than 2 mm wide following a direct impact equivalent to
the HL-LHC injection failure. Such a damage is non-catastrophic from the
impedance point of view; moreover, thanks to the limited transverse extension
of the damage, an undamaged portion of jaw surface can be exposed to the
beam by moving the collimator in the non-collimation plane thanks to the so-
called 5™ axis functionality.

Tests of a prototype collimator with circulating beams in the LHC have
been carried out in 2017. Each jaw of the prototype was built with MoGr
bulk and has three different surface “stripes” for impedance tests: uncoated
MoGr, Mo coating and TiN coating. The collimator was installed right next to
the CFC TCS with the smallest beam size in the collimation plane, hence
maximizing the effect on impedance. Both collimators are vertical, allowing
for a direct comparison. Fig. 9 shows the tune-shift measurements with the
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Fig. 9. Tune shift measurements carried out in 2017 (dots), fit to experimental data (dashed
line) and predictions (dotted lines) for the three stripes of the TCSPM prototype and the CFC
of regular TCSGs as a function of the minimum collimator opening [44]. The collimator
opening is expressed as half gap, in units of local beam o (for a normalised emittance of
3.5 pm).

MoGr prototype and the adjacent CFC TCS, taken while varying the colli-
mator opening [45]. The measurements are compared to numerical simulation
results. In general, a good agreement is seen between simulations and
measurements, with the exception of the Mo coating, which shows a factor 2
discrepancy. Further measurements in laboratory showed that the quality of
the microstructure of the coating and of the jaw roughness could explain this
difference [50]. The MoGr prototype was kept in the LHC throughout 2018
and used throughout the run at the same settings as the adjacent TCS, without
any fault or odd behavior in key operational parameters and observables.

6. Reference Cleaning Performance for the Baseline Upgrade System

Putting together all upgrades described in the previous sections, the global
performance of the upgraded HL-LHC collimation system should be assessed.
This has been done using the SixTrack-FLUKA coupling [27], which tracks
an initial distribution of beam halo particles through the magnetic lattice of



The High Luminosity Large Hadron Collider Downloaded from www.worldscientific.com
by 2001:638:700:1004::1:63 on 07/23/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Collimation of HL-LHC Beams 245

the ring. When a particle enters a collimator, its coordinates are sent to
FLUKA, which simulates the particle-matter interaction and then sends any
surviving particles above a minimum threshold back to SixTrack for further
tracking. A particle is considered lost either when it hits the aperture (the
particle coordinates are checked against a detailed aperture model with 10 cm
longitudinal precision) or if it interacts inelastically inside a collimator. The
exception to this is single diffractive events, where the incident proton could
survive and exit the collimator. These protons, which often have significant
energy offsets, are tracked further. The simulation output contains coordinates
of all loss locations.

The simulation output, presented as a loss distribution around the ring, is
shown in Fig. 10 for the reference case of horizontal betatron losses at 7 TeV
for Beam 1. The baseline collision optics with =15 c¢m, version 1.3, was
used together with the collimator settings in Table 1. As can be seen, the main
losses occur at the betatron collimators in IR7 and losses at other positions in
the ring are orders of magnitude lower. The most important losses outside of
IR7 occur at the momentum collimators in IR3 and at the dump protection
collimators in IR6, while significant losses occur also at the TCTs at the
experiments. It should be noted that almost no cold losses occur outside of IR7,
which is an excellent result, possible only thanks to the very efficient cleaning
of the TCLD. The highest cold losses in the ring occur at the first 11 T magnet,
just upstream of the TCLD as discussed in Section 4. The resulting energy
deposition here is below the estimated quench limit even for the pessimistic
case of a 0.2 h beam lifetime, meaning that the collimation system successfully
protects the cold elements. These results are qualitatively representative also
for vertical losses (similar loss pattern) and for losses in B2 (similar loss
pattern, but with the beam going in the opposite direction). Off-momentum
losses in IR3 are not expected to limit the performance of HL-LHC [51].

Similar cleaning simulations have been performed also for Pb ion beams.
As observed in the LHC machine [51,53], the nuclear fragmentation makes
the collimation system less efficient with ion beams than with protons,
however, this is to a large part compensated by the lower stored beam energy.
The TCLD cleans almost completely the particles that would otherwise be
lost around the ring, and the only significant cold losses are in the IR7 DS, on
the 11 T magnet upstream of the TCLD. The energy deposition studies in
Section 4 show that these losses are well below the quench level.
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Fig. 10. The simulated losses around the HL-LHC ring (top) with a zoom in the betatron
cleaning in IR7 (bottom). The losses, simulated for horizontal betatron losses in lattice version
HL-LHC v1.3 at f*=15 cm, are expressed in terms of local cleaning efficiency as in [3].
Courtesy of E. Belli.

7. Enhanced Beam Collimation with Hollow Electron Beams

In this section we discuss a new, more advanced, collimation concept that has
been very recently (2019) integrated into the upgrade baseline following the
Cost & Schedule Review in 2019 through a substantial in-kind contribution
(under signature at the time of writing). The concept of hollow electron lenses
(HELs) collimation is presented. These two items, which are schematically
illustrated in Fig. 11, are part of the approved studies within WP5. Focus
was put in recent years to review the needs for these upgrades for HL-LHC
and to demonstrate the required technology in tests without and with beam.
Both crystal collimation and HELs address, in different ways, further improve-
ments of the betatron collimation system (crystal collimation will be discussed
in Chapter 30).
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Fig. 11. Illustrative view of the b betatron collimation system (a) with integrated hollow
e-lens or equivalent halo diffusion mechanism; (b) with an ideal crystal-based collimation
system. Halo control techniques are used to change the diffusion speed of halo particles, and
rely on the full collimation system remaining in place for their disposal. The crystal-based
scheme entails a change of concept for betatron collimation, where the whole beam losses are
concentrated, ideally, in one single beam absorber per plane.

Operational experience in 2012 indicated that the LHC collimation would
profit from halo control mechanisms. The operation of Run2 at 6.5 TeV
showed a less severe impact from halo losses [54]; however, scaling them to
HL-LHC beam parameters is still a source of concerns. In particular, the
presence of over-populated tails in the LHC beams was consistently observed
in dedicated measurements at the LHC [55,56]. Simple extrapolations to the
HL-LHC beam intensities lead to the estimate that more than 30 MJ can be
stored at transverse amplitudes between 3.5-4.0 ¢ and the aperture of primary
collimators. This scenario, in particular considering that crab-cavities might
produce new fast-loss failure scenarios at HL-LHC, requires an active control
of tails. The HELs are the most promising solution to achieve this goal.
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Halo control mechanisms were used in other machines like HERA and
the Tevatron [57], and more recently in the RHIC [58]. The idea is that, by
controlling the diffusion speed of halo particles, one can (1) act on the time
profile of the losses, for example by reducing rates of losses that would
otherwise take place in a short time, and (2) control the population of halo
particles in a certain range of transverse apertures.

In a HEL, a hollow electron beam runs parallel and concentrically to the
proton or ion beam. The hollow beam produces an electromagnetic field only
affecting halo particles above a given transverse amplitude determined by its
inner radius, changing their transverse diffusion speed. Such a device is
integrated into the existing collimation system — which remains responsible
for the safe and efficient disposal of halo particles — as follows: the electron
beam’s inner radius is smaller than the TCP aperture, producing a region of
depleted halo between the beam core and the primary collimator aperture. A
solid experimental basis achieved at the Tevatron indicates that this solution is
promising and can be applied to the LHC as well [57 and references therein].

The potential advantages of electron lens collimation are multiple.

e Control loss rates on primary collimators, with potential mitigation of
peak loss rates in cold magnets.

e Mitigate risk of damage from beam losses in case of fast failures with tens
of MJ in the tails.

e Reduce tail populations and peak loss rates in the case of orbit drifts.

e Tighten the collimator hierarchy for a smaller 3" reach, thanks to reduced
tails (compatibly with other constraints like impedance budget).

e Scraping the beam at very low amplitudes (>3 o) without the risk of
damage, as expected for bulk scrapers.

e Tune the impact parameters on the primary collimators with a possible
improvement in cleaning efficiency.

The HEL for the HL-LHC [59] is targeted at enabling active control of
beam tails above 3 to 4 real beam sigmas, with tail depletion efficiencies of the
order of 90% over times of tens of seconds. This should be possible, ideally,
in all phases of the operational cycle but specifically at top energy when beam
losses are a concern (usage at injection is considered as an asset for the initial
commissioning phase). The present design parameters of the HL-LHC lenses,
optimized for 7 TeV, are given in Table 2 and a 3D drawing is given in
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Fig. 12. Note that the HEL design should ensure: (i) the possibility of pulsing
the current turn-by-turn (as required to drive resonances in the halo particle’s
dynamics); (ii) a train-by-train selective excitation (leaving ‘witness’ trains
with populated halos for diagnostics and machine protection purposes).

The main HEL components are (1) the electron beam generation and
disposal systems: electron gun and collector; (2) the superconducting magnet
system composed by main 5 T solenoids, solenoids at the e-beam generation
and correctors to stabilize and steer the electron beam; (3) beam instrumen-
tation for the optimization of the electron beam: beam position and transverse
profile monitors (see Chapter 18). The LHC Point 4 that houses the supercon-
ducting RF system is considered for installation of the HEL, and suitable

Table 2. Hollow electron beam equipment parameters.

Parameter Value or range
Geometry

Length of the interaction region, L [m] 3

Desired transverse scraping range at 7 TeV [o, e =2.5um] 3.6-7.5

Range of inner electron beam radii at 7 TeV [mm)] 1.1-2.3

Inner vacuum chamber diameter [mm] 60

Magnetic fields at 7 TeV and magnet parameters

Main solenoid field, B,, [T] 5.0
Range of gun solenoid field, B, [T] 0.2-4.0
Nominl gun solenoidnfield, B, [T] 0.375
Range of compression factors, \/m 1.1-5.0
Target compression factor, /B, /B, 3.7
Electron gun and high-voltage modulator
Inner/outer cathode diameters [mm)] 8.05-16.1
Peak yield at 10 kV, /[A] 5
Cathode-anode voltage [kV] 10
Accelerating voltage [kV] 15
Rise time (10%-90%) [ns] 200
Electron pulse duration for pulsed operation [xs] 1.2-86.0

Repetition rate [kHz] 11.4-34.2
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Fig.
proposed in order to self-compensate potential kicks from the e-beams asymmetries seen by
the proton beam at entry and exit. Courtesy of D. Perini.

12. Present design of the HL-LHC hollow e-lens (version Nov. 2020). An ‘S’ shape is

locations have been identified for the integration of two HELSs, one per beam.
The HEL does not generate significant local beam losses as the particles slowly
expelled from the tails are disposed of in IR7 through the standard multi-turn
cleaning mechanism.
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