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In the scope of the Physics Beyond Colliders studies, the gamma-factory initiative proposes the use of
partially stripped ions as a driver of a new type of high-intensity photon source in CERN Large Hadron
Collider (LHC). In 2018, the LHC accelerated and stored partially stripped 208Pb81þ ions for the first time.
The collimation system efficiency recorded during this test was found to be prohibitively low, so that only a
very low-intensity beam could be stored without the risk of triggering a beam dump when regular, minor
beam losses occur. The worst losses were localized in the dispersion suppressor of the betatron-cleaning
insertion. This article presents an analysis to understand in detail the source of these losses. Based on this
understanding, possible mitigation measures that could significantly improve the cleaning efficiency and
enable regular operation with partially stripped ions in the future are developed.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) is designed
to provide proton collisions at an energy of 7 TeV per
beam and heavy-ion collisions at the equivalent magnetic
rigidity [1]. It consists of eight arcs and eight straight
insertion regions (IRs). The accelerated beams collide in
four out of the eight IRs, where the particle-physics
experiments are located. The baseline design of the LHC
includes operation with protons and lead ion beams
(208Pb82þ), but other beam particle species have also been
considered [2,3].
The Physics Beyond Colliders initiative [4] is a dedicated

research campaign steered by CERN, focused on exploring
alternative options to colliders for future particle-physics
experiments. One of the projects under consideration is the
gamma factory (GF), a design study for a novel type of light
source [5]. The goal of the study group is to explore the
possibilities to use the LHC beams for creating high-
intensity, high-energy photon beams that can serve many
applications, spanning from atomic to high-energy physics.

The concept relies on using partially stripped ions (PSI)
beams in the LHC as a driver. PSI retain one or more bound
electrons. To produce photons, the remaining electrons in
PSI are excited using a laser. The energy of the photons
emitted during the spontaneous de-excitation of the excited
atomic states is proportional to the square of the Lorentz
factor of the ion beam, which allows photon energies of up
to 400 MeV in the LHC. While the proof-of-principle
experiment for the GF is proposed to operate at the Super
Proton Synchrotron (SPS) at a beam energy of 450 Z GeV
[6], the ultimate implementation is intended to operate at
the LHC’s top energy of 7 Z TeV.
The GF depends on the acceleration and storage of PSI

beams in CERN’s accelerator complex. PSI at varying
states of ionisation are routinely used at CERN during the
different stages of acceleration of the typical lead or argon
beams in the injectors [7–9]. However, the LHC was never
used to accelerate PSI beams.
In 2018, the first operational tests with PSI beams in the

LHC were performed with the goal of studying the beam
lifetime and characterizing the beam losses for such beams
[10,11]. During one dedicated machine development (MD)
session, PSI beams were successfully injected, accelerated,
and stored. At the same time, it was found that the current
LHC configuration poses a critical limitation on PSI
operation. The collimation-system efficiency recorded
during this test was found to be orders of magnitude worse
than in standard operation and hence prohibitively low,
effectively imposing an intensity limit. The worst losses
were localized in the dispersion suppressor (DS) of the
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betatron-cleaning insertion. These findings clearly put in
question the overall feasibility to operate the LHC with PSI
beams of sufficient intensities for a future GF facility.
In this article we study the underlying physical processes

responsible for the worsening in collimation efficiency with
PSI beams and study possible mitigation measures. In
Sec. II we provide a brief recap of the LHC operation,
collimation, and beam loss limitations. Section III describes
the experiments performed in the LHC using PSI beams, as
well as the encountered limitations. Section IV describes
the interpretation of the observed losses with PSI beams
and then describes the available simulation tools for the
case of partially stripped ions. In the same section, the
measured loss maps are compared against results from
simulations. Finally, in Sec. V, different mitigation strat-
egies for the found limitations are outlined and inves-
tigated, including a new DS collimator, crystal collimation,
or an orbit bump.

II. LHC COLLIMATION AND BEAM LOSSES

A. LHC collimation system

In the LHC, the proton-beam stored energy in Run 2
(2015-2018) at 6.5 TeVexceeded 300 MJ, approaching the
design value of 362 MJ planned for the operation at 7 TeV.
Uncontrolled beam losses of even a tiny fraction of the full
beam could cause a superconducting magnet to quench or
even cause material damage of exposed accelerator com-
ponents. Therefore, a multistage collimation system is
installed. It consists of more than 100 movable devices,
installed to provide beam cleaning and passive protection
against beam losses during regular operation and accidents
[1,12–16]. The betatron-halo cleaning is done by a three-
stage collimator hierarchy in IR7 while off-momentum
cleaning is done in IR3 by a similar system. Collimators for
local triplet-magnet protection are located in all experi-
mental IRs (IR1, IR2, IR5, and IR8) and, in addition,
collimators for the physics-debris cleaning are installed in
the high-luminosity experiments in IR1 and IR5.
In the three-stage collimation system of the LHC, the

primary collimators (TCP) are the devices closest to the
beam of the whole machine and their purpose is to intercept
any halo particles drifting out to large amplitudes [17].
Particles that are not absorbed by the TCPs, but scattered to
larger amplitudes should be caught by the secondary
collimators (TCS), which are designed to intercept the
secondary beam halo. As a third stage that uses shower
absorber collimators (TCLAs) is in place to intercept the
tertiary halo and the products of hadronic showers, leaking
from the TCSs. Additional tertiary collimators (TCT) are
placed around the experimental insertions. Figure 1 illus-
trates the collimator locations around the LHC. It is
important to note that beam-halo particles interacting
with the TCPs are not always deflected onto the TCSs;
in some cases they can escape the collimation insertion and

complete further revolutions around the machine before
being disposed of at collimators. Beam particles with
momentum offsets escaping the collimation section can
be lost on the cold aperture in the dispersion suppressor
immediately downstream, where the rising dispersion
affects their trajectories [18]. The DS in IR7 is thus the
main bottleneck for beam-halo losses in the LHC and the
amount of local losses in the DS may impose limitations on
the total achievable intensity, in particular for heavy-ion
operation [19–21].

B. Beam loss measurements and loss maps

In order to prevent quenches and damage of sensitive
equipment, beam loss monitors (BLMs) are installed
around the LHC ring [22–24]. They trigger a beam dump
if the local losses exceed a predefined threshold. The LHC
BLM system uses about 4000 ionization chambers, placed
outside the cryostat on cold magnets and on other key
equipment such as collimators. The BLM system provides
a measurement of electromagnetic and hadronic showers
resulting from nearby impacts of beam losses. They
provide data at a time resolution down to 40 μs, i.e.,
around half the beam revolution time.
In order to validate any operational configuration in

the LHC, including the optical configuration and the
collimator positions, validation tests called loss maps
(LMs) are performed. During these tests a safe, low-
intensity beam is artificially excited to create losses while
the BLMs provide a continuous measurement of the loss
distribution around the ring. An example of a loss map from
standard operation with 208Pb82þ ions can be seen in the top
graph of Fig. 2.
Loss maps are carried out at all stages of the LHC

operational cycle. First, the beams are injected in the
machine at 450 GeV, at the so-called injection plateau.
After the injection of bunches is finished, the energy of the
two beams is increased for about 20 minutes during the
energy ramp during which the first optics change occur.
Once at top energy, the optics is adjusted in order to achieve

FIG. 1. Conceptual sketch of the layout of LHC collimators
around the ring. Collimators are located mainly in IR3 and IR7,
but also protect the experiments, the beam dump, and the
injection regions.
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a lower β-function at the collision points, which is called
the squeeze. Then, the beams are put in collision, and this
part of operation is called physics.

III. PSI BEAM TESTS IN THE LHC

A. Experimental setup

The collimation system in the LHC has been designed
and optimized for proton operation and it is important to
evaluate its performance for any other species considered
for operation. The first run with PSI beams in the LHC was
performed during MD studies in July 2018 [10,11], where
208Pb81þ ions with one electron left were injected and stored
in the LHC. While this experiment had as a main objective
the demonstration of the possibility to store in the LHC PSI
beams with good lifetime, it also gave the opportunity for
the first tests of the PSI collimation process.
The beam provided by the injectors for this experiment

consisted of two 208Pb81þ bunches spaced by 200 ns per
SPS injection in the LHC. Each bunch featured an intensity
of up to about 1.1 × 1010 charges, or 1.3 × 108 ions.
Because of machine protection requirements, the total
circulating beam intensity had to stay below 3 × 1011

charges during the experiment. Table I lists all the beam
and machine parameters used during the test. In Table II we

list all detailed settings of the collimators used for the
experiment and later for the simulation.
The cleaning performance for 208Pb81þ was tested

through dedicated loss maps at injection and at top energy.
The latter case can be seen in Fig. 2 (bottom graph) together
with the loss pattern obtained for 208Pb82þ beams (top
graph). Losses are normalized by the signal recorded at the

FIG. 2. LHC loss maps, indicating losses along the ring circumference. Black bars represent losses intercepted at the collimators. Blue
regions represent the parts where superconducting magnets are located, and the red regions are related to the warm part of the ring. The
top plot shows a loss map using a regular 208Pb82þ ion beam at 6.37 Z TeV and the bottom plot shows a loss map with PSI (208Pb81þ)
taken at 6.5 Q TeV, where Z is the ion atomic number, Q is the ion charge defined as Q ¼ Z − 1.

TABLE I. Collection of beam and machine parameters used in
experiments with 208Pb81þ and for the simulated beam in the
SixTrack–FLUKA setup. The HL–LHC beam parameters are taken
from Ref. [25].

Parameter LHC MD HL–LHC
Ion 208

82 Pb
81þ 208

82 Pb
81þ

Equivalent proton beam energy [TeV] 6.5 7
PSI beam energy [TeV] 526.5a 567
Proton beam emmitance [μm] 3.5 2.5
Ion beam emmitance [μm] 1.39 1.00
Bunch population [Pb ions ×108] 0.9b 1.8
Nb of bunches 6 1240

β� in IP1=2=5=8 (Top energy) [m] 1=1=1=1.5 –
ait is 6.5 TeV ×Q where Q ¼ Z − 1 in this case is the charge

number of the ion.
bfirst fill during the MD featured 1.3 × 108 ions.
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primary collimator with highest losses. Both at injection and
at top energy, severe losses are observed in the DS of IR7
with PSI beams. These losses turned out to be a real
operational limitation, when a beam dump was triggered,
two minutes after reaching top energy in the first fill. At the
time, only 24 low-intensity bunches were stored, and the
beam was dumped because of too high losses around
s ¼ 20410 m, i.e., in the DS of IR7. In the second and last
fill of the experiment, the number of bunches was reduced to
six and the intensity per bunch was reduced to about 0.75 ×
1010 charges. This beam could successfully be accelerated to
6.5 Z TeVand stored for about two hours [10,11]. Still, the
losses reached around 60% of the dump threshold level.

B. Measured cleaning performance of PSI beams

In the second fill, the collimation performance at
6.5 Z TeV was tested through loss maps. The worst losses
were observed for Beam 1 in the horizontal plane (B1H)
and the measured loss map for this case can be seen in the
bottom graph of Fig. 2, showing the full-ring loss pattern,
and in the bottom graph of Fig. 3 (IR7 zoom). The peak
losses were recorded by the BLMs located around the
quadrupole magnet in cell 11, at position S ≈ 20430 m
from the center of IR1 (see for the local dispersion plotted
in Fig. 3). It is noted, that Beam 2 did not reach the top
energy, therefore there is no data for it [11].
The performance of the collimation system with PSI

beams is significantly worse than for protons or fully
stripped ion beams [14,21]. The recorded magnitude of the
highest losses on the cold aperture of the DS, normalized to
the maximum loss at the collimators (that is proportional to
the intensity), is about four orders of magnitude larger than
for standard proton operation, and about two orders of
magnitude larger than for standard 208Pb82þ operation, as

can be seen in Fig. 3. The BLM signal is also about 4 times
larger at the peak in the DS than on the collimators,
however, this does not mean that primary losses occur in
the DS. Instead, this is due to the fact that the BLM
response per locally lost particle is different at the two
locations, because of the local geometry and materials.

IV. SIMULATIONS OF PSI BEAM LOSSES
IN THE LHC

A. Process of DS losses through stripping action

We hypothesize that the loss pattern in Fig. 3 can be
explained by the stripping action of the collimators in

TABLE II. Summary of the collimator settings at top energy
optics as used in the 2018 MD, as well as for the HL–LHC
collision optics. The settings are given in units of the nominal one
sigma beam size, σN , expressed with respect to a proton-
equivalent emittance of ε ¼ 3.5 μm.

Collimator name LHC [σN] HL–LHC [σN]

Betatron cleaning IR7
TCP 5.0 5.0
TCSG 6.5 6.5
TCLA 10.0 10.0
TCLD n=a 14.0

Momentum cleaning IR3
TCP 15.0 15.0
TCSG 18.0 18.0
TCLA 20.0 20.0

Experimental areas
TCT IR1=2=5 15 10
TCT IR8 15 15

FIG. 3. Loss map for Beam 1 in the horizontal plane, recorded
during the standard 208Pb82þ fill (top) and during the experiments
with 208Pb81þ beams that were carried out in LHC in 2018 at top
energy (bottom). The PSI case shows a visible excess of the BLM
signal around S ¼ 20430 m. The machine lattice and the hori-
zontal locally generated dispersion from the TCP are shown on
the very top of the figure. The standard 208Pb82þ fill featured total
beam intensity of 1.4 × 1011 ions while the experiments with
208Pb81þ only featured 5.4 × 109 ions.
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combination with the increasing value of the dispersion in
the DS (see the top plot of the Fig. 3). When passing
through the TCP, partially stripped 208Pb81þ ions from the
beam halo may lose their electron. In this stripping process,
they do not experience an angular deflection sufficient
to be intercepted by the TCSs. The resulting fully stripped
208Pb82þ ions have energies very close to nominal, i.e.,
7 Z TeV, but have an altered charge-to-mass ratio and thus a
magnetic rigidity that differs from that of the circulating
beam by about 1.2%. If they escape the betatron-cleaning
insertion, the dispersion in the DS can push their trajecto-
ries onto the cold aperture.
The simulation tools used for this study do not support

the tracking of the partially stripped ions. Therefore, a
simplified simulation setup was used, assuming a 100%
stripping efficiency, i.e., PSI immediately losing their
electron when they impact on a primary collimator such
that any ions escaping the collimators are fully stripped.
This assumption comes from the analysis of the mean

free path (MFP) for the stripping process. The MFP was
calculated to be 0.04 mm for 208Pb81þ ions in the carbon-
fiber-carbon material, of which the 0.6 m-long primary
collimators are made, using the methods in Ref. [26].
The MFP can be compared to the distance traveled in the
material for the different impact parameters, i.e., the
distance between the collimator edge and the impact,
where we assume that any impact takes place at the phase
with maximum amplitude in phase space. This determines
the impact angle. In this study we have considered impact
parameter values 0.1 μm, 1 μm and 10 μm (as in Ref. [14])
and we obtained traverse distances of: 4.618 mm,
46.18 mm, and 461.8 mm, respectively. For each impact
parameter value in the given range, the distance traveled
inside the collimator material is at least two orders of
magnitude larger than the MFPs reported earlier. Therefore,
it is a very good approximation to assume a full stripping of
any PSI that approaches the TCPs.

B. Trajectories of fully stripped ions

To test the theory of the stripping action of the collimators
as explanation for the observed losses, we performed
tracking simulations in MAD-X [27,28] of fully stripped
ions emerging from the horizontal TCP. The trajectories of
the fully stripped 208Pb82þ ions were calculated with an
effectiveΔp=p ¼ −1=82 originating at one of theTCP jaws.
Those trajectories were tracked through the betatron-clean-
ing insertion and the downstream DS, where the point at
which they are intercepted by the aperture was calculated. In
this simplified study, we do not assume any angular kicks at
the TCP, but instead that the particles are at the phase of
maximum horizontal excursion in phase space, as would be
the case when they first hit the TCP after a slow diffusion
process.
A selected range of trajectories with the physical

aperture overlaid is shown in Fig. 4. As seen in the figure,

the MAD-X trajectories of 208Pb82þ escaping the TCP jaws
bypass all downstream collimators and travel directly to the
DS. We observe a calculated loss position very similar to
the one measured in the machine (see Fig. 3). This result
strengthens the hypothesis on the origin of the large losses
in the DS. Furthermore, it shows that since the loss
mechanism involves dispersion, the loss location is rela-
tively constant regardless of which TCP and jaw caused the
stripping.

C. Simulations of the LHC experiment

The next step to further investigate the stripping effect of
the TCPs was to perform an integrated beam tracking and

FIG. 4. The top plot shows trajectories of fully stripped off-
rigidity 208Pb82þ ions escaping the B1 TCPs, as calculated with
MAD-X. The 4 trajectories depicted correspond to starting
positions at both jaws of the horizontal and vertical TCPs.
The middle plot shows the loss pattern simulated for PSI beams
using the SixTrack–FLUKA simulations. The bottom plot shows
the measured B1H loss map with 208Pb81þ beams at top energy.
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collimator interaction simulation. Using the coupling
between the SixTrack [14,29,30] and FLUKA [31,32] codes,
described further in Refs. [33–35], the aim was first to
reproduce the measurement results and second to validate
the proposed mitigation solutions (see Sec. V). These
simulations track beam halo particles through the magnetic
lattice using SixTrack, accounting for a detailed aperture
model to infer beam losses. When a particle hits a
collimator, the particle-matter interaction is simulated using
FLUKA, and any surviving particles that return to the beam
vacuum are sent back to SixTrack for further magnetic
tracking. Similar simulations have been extensively com-
pared to measurements in previous publications for protons
[14,36–38] and Pb ions [21,39,40].
The simulation was started at the upstream edge of the

horizontal TCP, tracking 208Pb82þ ions with the electron
already stripped, but in a machine configuration with the
magnetic rigidity adjusted for 208Pb81þ, i.e., 526.5 TeV. To
simulate the experiment we used 5 × 105 macroparticles
hitting a collimator with an impact parameter of 1 μm (to
remain conform to the regular 208Pb82þ simulations). The
cleaning hierarchy setup was reproduced as in the experi-
ment, and it is listed in detail in Table II.
Figure 4 shows the simulated loss distribution for the

LHC configuration used during the PSI machine test,
including the same optics and collimator settings. One
can see the very good qualitative agreement between the
measured loss map and the simulated one, with the highest
cold loss peak at the place of the aperture impact predicted
with MAD-X [28], used to estimate the single-pass
trajectory for off-momentum particles. While the agree-
ment on the peak losses (see Fig. 4) is visible in the DS
region around S ¼ 20400 m, some differences may be
noticed in the TCP/TCS region (S ¼ 19800–19900 m).
This apparent discrepancy could be explained by the fact
that a full quantitative comparison in Fig. 4 cannot be made,
since the BLM measurement is sensitive to the secondary
shower particles that emerge outside of the impacted
elements, while our simulations show the number of
primary nuclei impacting on the aperture or disintegrating
on the collimators. The measured loss pattern is also
affected by a cross-talk between nearby BLMs, where
any BLM intercepts the shower not only from the element
at which it is placed, but also from losses on nearby
upstream elements. Previous studies for protons have
shown that the agreement improves dramatically when a
further simulation of the shower development and the
energy deposition in the BLM is performed [14,36].
The difference between simulations and measurements at

the location S ¼ 20310 m in Fig. 4, i.e., the first loss cluster
in the DS, is under investigation. The detailed knowledge of
the impact parameter at the primary collimators is a
possible source of the observed discrepancy since larger
impact parameter causes halo ions to traverse longer
distances inside the TCP, leading to more fragmentation

and thus higher losses at this location. This however does
not influence the electron stripping that is the main
mechanism causing the highest loss peak at S ¼ 20430 m.
Although the experiment was only performed for Beam

1, a simulation for Beam 2 was also carried out. A similar
loss peak as for Beam 1 was noticed in the simulation
results. However, due to small asymmetries of the optics
functions with respect to Beam 1, the Beam 2 loss peak is
found more downstream. Figure 5 shows the result of the
simulation for Beam 2.
The main loss position of fully stripped Pb ions given by

the trajectories and tracking simulations in Fig. 4 is a strong
indirect demonstration that the stripping process is the main
source of the observed worsening in cleaning performance.

V. MITIGATION TECHNIQUES

A. Dispersion suppressor collimators

The High Luminosity LHC (HL–LHC) [41] will start
operating in 2027 and will push forward the luminosity
frontier, increasing by about a factor of 10 the LHC
integrated luminosity. Several hardware upgrades will be
implemented for the collimation system of the HL–LHC.
Among other upgrades not relevant for this work, new
dispersion suppressor collimators—called TCLD—will be
installed to protect the downstream DS region [42]. During
the current long shutdown period (LS2, in 2019-2021) it is
planned to install one TCLD collimator per beam in the DS
regions around IR7. The primary purpose of those colli-
mators is to intercept dispersive losses coming from the
betatron-collimation insertion and studies show that their
presence can reduce the losses in the DS for both proton
and ion beams [18,41,43]. To make space for the TCLD, a
standard 8.33 T, 15 m-long main dipole will be replaced by

FIG. 5. SixTrack–FLUKA simulation results for Beam 2. The
presence of an excess losses in the first cell after the dispersion
suppressor (around S ¼ 7100 m) is visible, as for the case of
Beam 1 (see Fig. 4). Note, the S coordinate now is counter-
clockwise from the IP1.
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two shorter, 5 m-long 11 T dipoles, based on the Nb3Sn
superconducting alloy, with the collimator assembly in the
middle [44]. The planned location for the TCLD installa-
tion at the longitudinal position S ¼ 20310 m, see Fig. 6.
Since the purpose of the TCLD is to catch dispersive

losses, we investigate in detail whether it could potentially
be used to intercept the fully stripped 208Pb82þ ions during
PSI operation. A plot of the 208Pb82þ trajectories after
electron stripping at the TCPs is shown in the top graph of
Fig. 6. The longitudinal position of the TCLD is indicated
by the black line, showing also its expected operational
opening of 14σ. The aperture of the fixed layout elements is
also shown. It is shown that the TCLD can indeed intercept

the fully-stripped 208Pb82þ ions before they reach the cold
aperture of DS magnets.
Complete loss maps simulations were performed to

confirm more quantitatively this finding. The collimator
settings of Table II were considered. The simulated loss
distribution is shown in the middle and bottom graphs of
Fig. 6, for the cases with and without TCLD, respectively.
The TCLD efficiently catches the fully stripped ions,
reducing the downstream cold losses by about four orders
of magnitude. It is also noticeable that the TCLD collimator
becomes (in case of operation with 208Pb81þ) the collimator
with the highest fraction of the energy absorbed.
Another option including the dispersion suppressor

collimator, would be to install one additional unit in the
empty cryostat. The added values of that solution would be
lack of need for additional 11 T magnets, and absorber’s
closer position to the peak losses. Moreover orchestrating
the setting in a way to have the losses split between the two
collimators is potentially possible. But detailed look in this
aspect goes beyond the scope of this paper.

B. Power load on 11 T coil and TCLD collimator

Even though the TCLD effectively intercepts the losses
of fully stripped ions, the risk of quenching the downstream
magnets must be assessed by taking into account the energy
leaking out of the TCLD. To estimate this risk, we assume a
quench limit of 70 mW=cm3 for the 11 T dipole [45], and a
0.2 h minimum beam lifetime, according to the design
specification of the HL–LHC collimation system. We also
assume the maximum intensity for the 208Pb81þ beams as
considered for the 208Pb82þ for HL–LHC, namely 2.2 ×
1011 [25,41]. These assumptions correspond to a loss rate
of about 3.1 × 108 ions per second on the TCP, carrying a
total power of about 28 kW [41]. Furthermore, we assume
that each 208Pb82þ ion impacting on the TCLD causes an
energy deposition of 5 × 10−7 mJ=cm3 in the coils of the
downstream magnet [46]. This number is extracted from an
energy deposition study with FLUKA of betatron losses
during standard 208Pb82þ operation. However, it should be
noted that this is a very approximate number, since the
impact distribution on the TCLD will be different for PSI
losses. Therefore, for a more detailed assessment, specific
energy deposition simulations should be repeated for this
case. The total maximum 208Pb81þ beam intensity that is
acceptable without quenching can then be calculated to 3 ×
1011 Pb ions, which is beyond the baseline Pb total
intensity for the ion runs in HL–LHC. Therefore, it is
not expected that the total PSI intensity will be severely
limited by the shower on the downstream 11 T magnet. To
refine the intensity estimate, energy deposition simulations
should be performed using the realistic PSI impact dis-
tribution on the TCLD.
From the Fig. 6 the power load on the TCLD during a

0.2 h beam lifetime drop is estimated to about 30% of the

FIG. 6. The top figure shows trajectories calculated with MAD-
X of fully stripped off-rigidity 208Pb82þ ions escaping the TCPs
together with the aperture model and the TCLD with of 14σ
opening. The middle plot shows the SixTrack-FLUKA coupling
simulation of the loss map for HL–LHC version 1.2, including
the TCLD at 14σ in cell 9. The bottom plot shows the simulated
loss map for the same optics but without the TCLD, resulting in
the similar loss pattern as observed in the LHC.
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total beam losses, i.e., about 9 kW. A simple scaling of
previous studies on other tungsten collimators [47] shows
that the TCLD risks to have a peak temperature of 150 °C or
more, and that it could temporarily deform by a few
hundred microns but without any permanent damage to
the collimator. Therefore, we do not expect severe limi-
tations on the total beam intensity below the assumed
baseline. However, a more detailed assessment, including
further simulations of the energy deposition and thermo-
mechanical response of the TCLD, is needed to draw a firm
conclusion. In addition to the 0.2 h beam lifetime scenario,
the impact of steady-state losses with a 1 h beam lifetime
could also be studied as done for the standard HL–LHC
running scenario [41].
Since the TCLDs are planned to be installed in LS2,

the LHC run 3 starting in 2021 will provide a unique
opportunity to perform dedicated tests of cleaning effi-
ciency with 208Pb81þ ion beams with the final DS layouts.

C. Alternative mitigation measures

In case of problems with the TCLD collimators, or if a
further mitigation would be needed, other alleviation
techniques could be envisaged. We discuss these concepts
here, although without detailed simulations.
Crystal collimation is a novel technique being inves-

tigated for the LHC and HL–LHC [48–50]. A bent silicon
crystal is used instead of the amorphous carbon TCP in the
standard collimation setup. Beam halo particles incident on
the crystal can enter a channeling regime, in which their
trajectories are guided by the potential between crystalline
planes. The angular deflection achieved by channeling in
the crystal is much larger than the deflection achieved by
scattering in an amorphous material and beam halo par-
ticles can be directed onto a single massive absorber with a
large impact parameter, reducing the need for additional
secondary collimators and additional absorbers.
While the interaction of the PSI with the crystal is

currently not well characterized, crystal collimation has
shown promise for improving the cleaning efficiency with
heavy ion beams [51] and it is proposed to study if it can
also alleviate the losses for PSI beams. If the impacting ions
could be channelled by the crystal even if their electron has
been stripped, they could be steered onto the absorber as in
the standard crystal collimation scheme. This concept
requires thorough experimental feasibility studies before
being relied upon. A crystal test stand installation is
available in the LHC for collimation studies [50], and it
is planned to test this with PSI beams when available again
in the LHC.
As the stripping action of collimators produces a

secondary beam of similar particles, another mitigation
strategy may involve an orbit bump to shift the losses to a
less sensitive location. Orbit bumps have been successfully
employed for the case of secondary beams created in the
collisions between 208Pb82þ beams, formed by the process

of bound-free pair production (BFPP) [52–56]. The bump
is used to shift the impact location of the secondary beam
on the mechanical aperture out of the main dipole and into
an empty connection cryostat so that no impacts occur
directly on superconducting magnets.
A similar strategy can be considered for PSI secondary

beams. A local closed orbit bump could be used to optimize
the loss location of the fully stripped 208Pb82þ beam,
presently around s ¼ 20400 m, to the nearby empty con-
nection cryostat. However, a rather large bump amplitude
of about 6.5 mm would be needed to move the losses away
from the quadrupole, and it needs to be studied if such a
bump is operationally feasible. It should also be noted that
the total peak power of the local losses on the connection
cryostat during PSI operation will be much higher than the
power of the BFPP losses that were successfully handled in
the LHC.
The peak collimation losses are assumed to be transient

and last only for a few seconds, but steady collimation
losses during standard operation might also cause limita-
tions. Therefore, to conclude on the feasibility of this
mitigation strategy, the power deposition in the connection
cryostat and downstream magnets needs to be studied in
further detail for different scenarios of losses on the TCPs.

VI. CONCLUSIONS AND OUTLOOK

Partially stripped 208Pb81þ ions with one electron left
were injected, accelerated, and stored in the LHC for the
first time. The results of the first measurement of the
collimation performance with those beams at the LHC
show that the cleaning efficiency is prohibitively low for
high-intensity operation, due to very high localized losses
in the dispersion suppressor. We have presented studies
showing that the likely reason for the poor collimation
performance is the stripping action of the primary colli-
mators, which causes nearly every ion that touches the
collimator to lose its electron. If an ion does not fragment in
the collimator, it re-enters the beam with a higher charge,
causing it to be lost in the dispersion suppressor where the
dispersion rises.
For a detailed investigation of the observed losses,

tracking simulations were performed. The simulated impact
location of the fully stripped 208Pb82þ ions, as well as the
finding that this loss location is by far dominating, are in
excellent agreement with the measurements. This demon-
strates that the stripping action of the material in the
primary collimators is indeed very likely responsible for
the observed loss peaks, which have never been observed
before at this magnitude with other particle species.
The simulations were extended for the machine layout

including upgrades foreseen for HL–LHC. Several miti-
gation strategies are under consideration for reducing the
losses on the dispersion suppressor and thus increasing the
intensity reach of partially stripped ions operation. The use
of a new TCLD collimator, which is scheduled to be
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installed before the next LHC run, was identified as the
most promising option, as it could efficiently intercept the
fully stripped 208Pb82þ ions before reaching the cold
magnets. A preliminary estimate extrapolated from energy
deposition studies for 208Pb81þ indicates that the magnet
downstream of the TCLD is not likely to quench with the
assumption of beam lifetime and total beam intensity as for
the 208Pb82þ beam, even with a potential full HL–LHC PSI
beam. On the other hand, there is a risk that the TCLD itself
could suffer significant deformations, potentially limiting
the maximum intensity to a factor of a few below the
nominal HL–LHC design intensity for 208Pb82þ.
However, additional comprehensive energy deposition

studies should be carried out to better quantify the current
beam intensity limit of safe operation for both the magnets
and the TCLD. The nonstandard beam particle type and the
additional physical interactions the PSI can undergo are not
supported by the available simulation tools. An active effort
is directed to extending the existing simulation frameworks
and developing new ones that would enable future studies
of various PSI collimation aspects.
Two other mitigation techniques were discussed: crystal

collimation and dedicated orbit bumps. Both options, alone
or in combination with other mitigation techniques, may be
considered as useful in case the TCLD would turn out not
being sufficient regarding the quench limits of the nearby
magnets, or if the load on the TCLD itself would be too high.
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