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a b s t r a c t

The Large Hadron Collider (LHC) at CERN pushes forward to new regimes in terms of beam energy and
intensity. In view of the combination of very energetic and intense beams together with sensitive
machine components, in particular the superconducting magnets, the LHC is equipped with a collimation
system to provide protection and intercept uncontrolled beam losses. Beam losses could cause a
superconducting magnet to quench, or in the worst case, damage the hardware. The collimation system,
which is optimized to provide a good protection with proton beams, has shown a cleaning efficiency with
heavy-ion beams which is worse by up to two orders of magnitude. The reason for this reduced cleaning
efficiency is the fragmentation of heavy-ion beams into isotopes with a different mass to charge ratios
because of the interaction with the collimator material. In order to ensure sufficient collimation per-
formance in future ion runs, a detailed theoretical understanding of ion collimation is needed. The
simulation of heavy-ion collimation must include processes in which 208Pb82þ ions fragment into dozens
of new isotopes. The ions and their fragments must be tracked inside the magnetic lattice of the LHC to
determine their loss positions. This paper gives an overview of physical processes important for the
description of heavy-ion loss patterns. Loss maps simulated by means of the two tools ICOSIM [1,2] and
the newly developed STIER (SixTrack with Ion-Equivalent Rigidities) are compared with experimental
data measured during LHC operation. The comparison shows that the tool STIER is in better agreement.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The CERN Large Hadron Collider (LHC) [3] is the largest particle
accelerator ever built, providing unprecedented energies of up to
7 Z TeV.1 Besides operation with proton beams, it is capable of
accelerating and storing heavy-ion beams, making it the second
heavy-ion collider ever built and operated [4]. With the ambitious
heavy-ion program, the LHC gives valuable contributions to the
understanding of the development of the early universe. Already
in the past operational periods with 208Pb82þ beams, collisions at
formerly unprecedented energies up to

ffiffi
s

p ¼ 8 Z TeV could be
produced. For the next running period even higher beam
momenta and intensities are envisaged. The LHC is designed for
particle momenta of 7 Z TeV=c with stored beam energies of up to
362 MJ [3], for the case of proton beams. To bend and focus such
rigid beams, the LHC is equipped with over one thousand
B.V. This is an open access article u

and.

on, e.g. Z¼1 for protons and
superconducting magnets, most of which are operated at tem-
peratures as low as 1.9 K, which can quench if tiny fractions of the
stored beam energy are deposited inside their coils [5]. Beam
losses are, however, unavoidable. In order to provide smooth
operation, uninterrupted by quenches, the particle losses should
be intercepted by a set of movable solid collimators, the LHC col-
limation system [6,7]. This multi-stage collimation system was
designed to intercept protons at large amplitudes with primary
collimators that scatter them into secondary and tertiary colli-
mators where they should be absorbed. So far, the system has
proven to be very efficient in proton operation and provided good
protection of the superconducting magnets, ensuring a successful
LHC Run I (2010–2013) without any quench induced by circulating
beam losses with stored energies up to 150 MJ. [8].

In heavy-ion operation the stored beam energies are about a
factor 100 smaller than for protons, but the collimation efficiency
suffers from the fact that heavy ions have a large cross-section for
fragmentation processes, which create isotopes of different mag-
netic rigidities. These fragmented ions leave the cleaning insertion
and have often not received an angular kick large enough to hit the
secondary collimators. They start deviating from the main beam in
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Layout of the LHC. The machine provides eight straight insertion regions for
experiments and other functionalities.
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the bending magnets downstream of the collimation insertions
where the dispersion rises and thus risk to be lost.

Even if the heavy-ion operation during the LHC Run I up to
4 Z TeV was successful, with the envisaged increase of beam
energy and intensity upgrade, the cleaning inefficiency could
become critical and limit the achievable intensity and hence also
the luminosity. Sophisticated simulation tools are therefore
required to predict the ion loss distribution. Based on these
simulations, the collimation system can be re-optimized to pro-
vide better protection and better upgrade strategies can be
defined. In this paper we study the heavy-ion loss patterns in the
previous LHC run in both measurements and simulations and
compare two different simulation methods.

In Section 2 the LHC and its collimation system are presented.
The third section describes the transverse motion of heavy-ion
beams and the physical peculiarities of heavy-ion interaction with
matter. Measured beam loss patterns during LHC operation are
presented in the fourth section. The simulation tools used for
heavy-ion collimation simulation are discussed in Section 5. The
results of the simulations are discussed and compared to mea-
sured heavy-ion beam loss patterns in Section 6 The paper closes
with a summary and outlook.
2. The LHC and its collimation system

The LHC is a collider of 27 km circumference installed at the
end of a complex accelerator chain at CERN, close to Geneva,
Switzerland. It provides high intensity proton or heavy-ion beams
that are brought into collision inside the detectors of the main
experiments ATLAS [13], ALICE [14], CMS [15] and LHCb [16],
installed in four of its eight straight sections, the so-called inser-
tion regions (IR). The four remaining IRs house accelerating RF
cavities in IR4, beam dumping system in IR6, betatron collimation
in IR7 and momentum collimation in IR3. The individual straight
sections are separated by eight arc regions, in which super-
conducting bending magnets and quadrupoles provide beam
transportation to the next IR and adequate focusing. The layout of
the machine is schematically illustrated in Fig. 1.
In Table 1 the LHC design parameters for proton and 208Pb82þ

ion beams are shown in comparison to the heavy-ion beam
parameters achieved during the operational blocks in 2010, 2011
and 2013.

The cleaning system in IR7 holds multiple collimation stages in
which a primary collimator (TCP) intercepts the trajectories of
protons at large betatron-amplitudes in order to scatter them to
even larger amplitudes into the slightly retracted secondary col-
limators (TCSG) and the active absorbers (TCLA). Tertiary colli-
mators (TCT) in each IR protect the triplet of quadrupoles around
each experiment from the secondary beam halo and abnormal
beam losses during failures [17]. They should also minimize
experimental background [18]. Depending on their function, the
different collimator types are made of different materials such as
carbon fibre composite for the TCPs and TCSGs or a tungsten alloy
for the TCLAs and the TCTs.

The collimators are mostly assembled with two movable col-
limator jaws which are adjusted symmetrically around the beam
center. The collimator openings are usually given in terms of the
local RMS beam size σ, using the nominal emittance and betatron
function. They are summarized for previous LHC runs together
with the design values in Table 2. Compared to the design settings,
larger margins between the collimation stages were chosen at the
beginning of LHC operation to avoid hierarchy violations due to
machine imperfections [19]. With improving operational experi-
ence, the settings have been continuously tightened to provide
better protection and thus allow for higher luminosities [17,20].
The nominal retractions have not yet shown a good enough long-
term stability of the hierarchy against optics and orbit drifts to be
used in standard operation.

To be intercepted by the secondary collimators, the scattering
angle in the primary collimator must be at least [2]

Δθmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2

S �N2
PÞϵN

γβTCP

s

assuming that the secondary collimator is placed at such a phase
advance from the TCP that the betatron amplitude is maximized at the
prior. Here, NP and NS are the half gaps of the primary and secondary
collimator normalized by the RMS beam size, ϵN is the normalized
beam emittance, γ is the relativistic Lorentz factor and βTCP the beta-
tron function at the location of the primary collimator.

The multi-stage approach, with collimator settings optimized
for protons, is not efficient for heavy-ions. Scattering to large
transverse angles in the collimator material is a small effect
compared to the breakup into lighter fragments. Such processes
and the motion of ion fragments in the machine are discussed in
detail in the next section.

The performance of the collimation system is usually measured
in terms of the local cleaning inefficiency describing the number of
particles Nloc impacting the magnet aperture in an appropriate
section of the ring ½s; sþΔs� normalized by its length Δs and the
maximum number of particles impacting at a single location
(usually the TCP):

ηðsÞ ¼ NlocðsÞ
Nmax Δs

: ð1Þ

The graphical representation of the local cleaning inefficiency
ηðsÞ as a function of the longitudinal position is referred to as a
loss map.
3. Ion kinematics

To understand ion loss patterns, it is crucial to quantify the prob-
ability for fragmentation processes in the collimator materials. Ion



Table 1
Comparison of the LHC design beam parameters for heavy-ion beams and proton beams in comparison to the parameters achieved in the LHC heavy-ion runs. [3,9–12]. The

parameters given for p-Pb operation refer to the 208Pb82þ beam.

Species p–p Pb–Pb Pb–Pb Pb–Pb p–Pb
Nominal Nominal 2010 2011 2013

Energy (TeV) 7 7Z 3.5Z 3.5Z 4.0Z
Number of bunches 2808 592 137 358 338
Particles per bunch (108) 1:15� 103 0.7 1.12 1.2070.25 1.4070.27

Norm. tr. emittance (μm rad) 3.75 1.5 2.0 1.770.2 –

Stored beam energy (MJ) 362 3.81 0.71 1.98 2.18
Peak luminosity (1027 cm�2 s�1) 1:0� 107 1 (Pb–Pb) 0.03 0.5 110

Table 2
Collimator half gaps, as used in the LHC heavy-ion runs 2011 and 2013 [8]
compared to the nominal settings from [3]. The collimator settings are calculated
using the design normalized emittance of 3.5 μm rad for protons and the nominal
β-functions. The normalized heavy-ion beam emittance is 1.4 μm rad, thus the
geometric emittance is identical for protons and heavy-ions since it scales with the

relativistic
ffiffiffiffiffiffiffiffiffiffiffiffi
γ2�1

p
� γ.

Parameter IR Unit 2010 2011 2013 Nom.
Energy – Z TeV 3.5 3.5 4.0 7.0

TCP IR7 σ 5.7 5.7 4.3 6.0
TCSG IR7 σ 8.5 8.5 6.3 7.0
TCLA IR7 σ 17.7 17.7 8.3 10.0

TCP IR3 σ 12.0 12.0 12.0 15.0
TCSG IR3 σ 15.6 15.6 15.6 18.0
TCLA IR3 σ 17.6 17.6 17.6 20.0
TCT IR1,IR5 σ 15.0 11.8 9.0 8.3

Table 3
Characteristics of the particle–matter interaction for heavy-ion beams in compar-
ison to proton beams at the LHC design energy [2].

Parameter Unit 208Pb82þ p

Energy TeV 574 7
1
E
dE
ds

from ionization
m�1 �7:3� 10�3 �8:8� 10�6

Mult. scattering ang. (rms) μradffiffiffiffiffi
m

p 4.72 4.72

Nucl. interaction length cm 2:5 38:1
EMD length cm 19 –
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fragmentation processes are either caused by electromagnetic dis-
sociation (EMD) or nuclear inelastic fragmentation (NF) [21]. EMD
processes occur at photon-induced ultraperipherical encounters of
two nuclei and lead to the emission of one or a few nucleons. The
cross-section for this process is approximately logarithmically depen-
dent on the energy in the center of mass frame. NF processes are likely
to happen from nucleus-nucleus interactions with small impact
parameters and have a weak dependence on the energy. They lead to
the creation of a broad range of fragments. These fragments can be
subject to further fragmentation processes, thus a large variety of
different ion types can be produced by the interaction with the colli-
mator material. The relative multiplicities of different ion species
depend on the material and the distance traversed. Besides the change
of particle species, the fragments may change energy and direction
compared to that of the source beam. Further interactions which can
cause such energetic or angular kicks are multiple Coulomb scattering
(MCS) and energy loss through ionization as described by the Bethe–
Bloch formula [22]. Contrary to protons, nuclear elastic scattering is
negligible for heavy-ions. Important parameters describing the impact
of the different processes for protons and 208Pb82þ ions are compared
in Table 3.

The mass to charge ratio of a generated ion fragment is usually
different from the one of the reference ion beam that the magnetic
lattice is matched for. The momentum of an ion may be expressed
as P ¼mγβc, where m is the ion rest mass, β is the particle speed
normalized by the speed of light c and γ is the relativistic Lorentz
factor. The momentum P per charge q of an arbitrary ion relates as
follows to the momentum P0 per charge q0 of the reference iso-
tope:

P
q
q0
P0

¼ ρ
ρ0

¼ ð1þδvÞ
χ

¼ ð1þδeff Þ; ð2Þ

where ρ;ρ0 are the respective bending radii of the tracked ion and
the reference isotope, δv is the relativistic βγ of the particle rela-
tive to β0γ0 of the reference isotope and χ is the mass to charge
ratio of the ion relative to the reference isotope:

1þδv ¼
βγ
β0γ0

χ ¼ q
q0

m0

m
: ð3Þ

The quantity δeff describes the rigidity of an arbitrary ion in terms
of an equivalent momentum offset of the reference isotope. The
motion of an arbitrary ion with a certain set of ðχ; δvÞ in the
magnetic lattice is identical to the motion of an ion of the refer-
ence species with the momentum offset δeff . If the reference iso-
tope is a proton, the proton momentum PE with ion-equivalent
rigidity is simply given by the ion momentum per charge unit

PE ¼ P0ð1þδeff Þ ¼
P
Z
: ð4Þ

In the LHC, the heavy ions are fully stripped nuclei without elec-
trons, thus Z¼q/e.
4. Heavy-ion losses measured in LHC operation

During operation, a set of approximately 3600 beam loss
monitors (BLM) keeps track of the losses throughout the LHC ring.
The beam interlock system triggers a beam dump if a certain loss
threshold is exceeded [23]. The beam loss monitors are ionization
chambers installed at the outer side of superconducting magnets,
collimators and other elements, measuring secondary particle
showers coming from impacting ions [23,24].

Before operation with high intensity beams, dedicated qualifi-
cation loss maps are measured with low-intensity beams to verify
the collimation efficiency with given optics and collimator set-
tings. High losses at the betatron collimators are induced by
crossing the third order tune resonance or by inducing white noise
excitation by means of the transverse damper (ADT) [25]. The
latter provides better control of the losses and was used in the LHC
from 2012 on [25–27]. With the ADT, single bunches can be
individually excited in either of the two transverse planes.
Momentum cleaning with the IR3 collimation system is probed by
means of a momentum shift generated through a change of the RF
frequency [8].
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In qualification betatron loss maps, each transverse plane is
probed individually for each beam. The dominant loss locations
are the primary collimators in IR7, where the loss rate should be
large enough to provide a sufficiently high signal-to-noise ratio. In
this setting, the loss map is dominated by collimation losses, so the
loss pattern obtained gives a direct estimate of the cleaning
efficiency.

Fig. 2 shows a Beam 1 loss map measured in 2011, compared for
the heavy-ion and the proton case at 3:5 Z TeV with identical
optical and collimator settings, except in IR2, where the heavy-ion
beams were squeezed to βn ¼ 0:8 m instead of βn ¼ 10 m with
protons.2 The collimator settings are summarized in Table 2. All
BLM signals are cleaned from background and normalized to the
highest signal, typically seen at the TCP or just downstream. The
heavy-ion loss distribution is dominated by losses in the betatron
collimators of IR7, followed by the momentum collimators in IR3.
Downstream of the betatron collimation region, two loss clusters
in the dispersion suppressor region were measured at amplitudes
of ηmax ¼ 10�2 (two orders of magnitude larger than the DS loss
clusters for protons). Four loss peaks at ηmax ¼ 10�4 to 10�2 are
present downstream of the dispersion suppressor in the arc
magnets between IR7 and IR8. The losses at the TCT in IR8 are
smaller with heavy-ion beams than for proton beams. Two loss
peaks in the arc region between IR8 and IR1 are visible in both loss
maps, but are larger by 2–3 orders of magnitude for the heavy-ion
beam. The TCT losses with ion beam in IR1 are followed by a large
loss peak in the arc region between IR1 and IR2, with ηmax ¼ 10�3.
While IR2 is free of losses beyond the noise level in the proton loss
map, four major loss peaks, one being at the TCT, are visible in
octant 2 with the heavy-ion beams. The different loss patterns in
this region can be explained by the different optical configuration
used in the two measurements. The loss rate in IR3 is larger by
2 orders of magnitude for the heavy-ion case, indicating the large
number of off-momentum ions which are present in the machine.
The losses at the IR5 TCT and the dump protection devices in IR6
are higher with proton beams than with heavy-ion beams.
Fig. 2. Qualification loss maps with proton and 208Pb82þ beams at 3:5 Z TeV with
identical collimator settings and optics, except in IR2. The proton loss map is taken
from [8]. Both measurements were taken during the 2011 proton and heavy-ion
operation. The vertical dashed lines mark the LHC octants. The upper plots show
the full LHC ring, the bottom plots a zoom to IR7.
5. Simulation of heavy-ion collimation

The simulation of LHC collimation loss maps for a given optical
configuration and with specific collimator settings requires two
complementary types of simulation. First, the tracking through the
magnetic accelerator lattice, considering the mass and charge of
the reference ion and of the tracked ion, which can be done in a
simplified manner using Peff . Dispersive effects must be appro-
priately modelled, particularly if jδeff j of the tracked ion is large.
Secondly, a Monte-Carlo simulation of the particle interaction with
matter is required to account for the scattering and fragmentation
of the ions. This requires the knowledge of the momentum, angle
of incidence and species of the tracked ion, as well as the material
properties and geometry of the collimator jaw at which the
interaction takes place. The resulting ion distribution is then fur-
ther tracked to simulate where a large number of particles inter-
cept the magnet aperture.

We use two different tools to simulate the heavy-ion collima-
tion efficiency, called ICOSIM (Ion Collimation Simulation) [1,2]
and STIER (SixTrack with Ion-Equivalent Rigidities). In the gener-
ated loss patterns, the contribution of each ion is weighted by the
number of nucleons, which represents approximately the scaling
of the deposited energy for different ion species.
2 The βn-value corresponds to the β-function at the interaction point.
5.1. Ion collimation simulation (ICOSIM)

ICOSIM [1,2] was the first tool developed for the simulation of
heavy-ion collimation at the LHC and gave the estimates on heavy-
ion loss patterns before the first LHC heavy-ion run in 2010. ICO-
SIM has also been successfully used to simulate heavy-ion loss
patterns in the CERN Super Proton Synchrotron (SPS) [28]. The
software provides an integrated environment with a heavy-ion
tracking routine for the magnetic lattice and a Monte-Carlo
module to simulate the interaction of different heavy-ions with
matter.

An initial tracking is realized by means of a linear mapping using
transfer matrices between primary collimators for 105 turns to get the
impact coordinates on the collimators. Every 100 turns, the beam is
artificially blown up using random kicks in order to simulate diffusion.
The diffusion speed is chosen by the user and changes the depth of
impact at the primary collimators. Alternatively, the simulation can be



Fig. 3. Schematics of the initial fragmentation simulation for STIER. An heavy-ion
beam impacts the collimator material, modelled as a simple block of carbon of
60 cm length, with the impact parameter b at an angle θ.
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initiated with the particles starting as an annular halo in transverse
phase space with amplitudes large enough to intercept the primary
collimators already at the first turn. In this case, the outer edge of the
phase space ellipse enclosing a volume of ϵ� σ2

TCP=β, with σTCP as the
half gap of the primary collimator, is evenly populated [8]. Such an
annular halo is used in SixTrack for proton studies.

After the initial phase of linear tracking, particles are tracked
element-by-element including chromatic effects in leading order
and sextupoles in thin-lens approximation, starting from the turn
when they hit the primary collimator in the linear tracking. During
this second phase, the Monte-Carlo code for the fragmentation
and scattering in collimators is activated.

The software tracks the array ðx; x0; y; y0; δv;A; ZÞ to describe the
transverse beam dynamics and track the ion species. The code can
thus handle multi-isotopic particle beams with different values of
χ. At every element, the particle positions are compared with the
available aperture and particles are removed from the tracking,
once the aperture is intercepted. RF elements are not included in
the simulation, since the synchrotron oscillation period is assumed
to be large compared to the typical distances the fragments travel
inside the machine.

The Monte-Carlo code is capable of computing energy loss
through ionization using the Bethe–Bloch equation [22]. Multiple
Coulomb scattering (MCS) is simulated in Gaussian approximation,
as described by the Molière formula [22]. Nuclear fragmentation
and electromagnetic dissociation processes are simulated in a
simplified manner, using tabulated cross-section tables which we
compute beforehand using a Monte-Carlo event generator such as
FLUKA (FLUktuierende KAskade) [29,30]. FLUKA contains regularly
improved physics models, and tracks the particles of the initial
beam together with secondary particles generated from electro-
magnetic or hadronic cascades. The geometry of the studied
material and the beam properties are given by the user via a
dedicated input file. The obtained cross-section tables carry
information about the probability of a fragmentation process into
specific ions.

After the computation of the interaction, ICOSIM either gives
the particle back to the tracking routine, with updated information
on the ion species, or removes the particle from the tracking if it
was absorbed inside the collimator. In the ensuing magnetic
tracking of ions that exit a collimator and continue along the lat-
tice, only the heaviest fragment in each interaction is considered,
assuming that the light fragments are lost closely to the collimator
where the fragmentation occurred. Furthermore, kicks in angle
and energy from the fragmentation process are neglected, thus
Δp¼Δθ¼ 0. Cross-section tables are computed for many iso-
topes, enabling further fragmentation simulations of ion frag-
ments at sub-sequent collimators. Optics and collimator settings
are read from dedicated input files. The optics can be imported
from MAD-X [31].

For the presented simulations an initial particle distribution of
106 particles is generated as an annular halo of 208Pb82þ ions to
have starting conditions identical to SixTrack. The simulation is
carried out for 500 turns, enough to make most of the initial
208Pb82þ ions interact with a collimator.

5.2. SixTrack with ion-equivalent rigidities (STIER)

SixTrack with ion-equivalent rigidities (STIER) [32] is developed in
the assumption that the heavy-ion beam loss pattern is mainly
defined by ion fragments from the interaction of the main beam with
the primary collimator. It was used to predict the ion cleaning effi-
ciency after potential HL-LHC upgrades [33]. STIER uses as starting
conditions the distributions of ion fragments exiting the primary col-
limator, but using a more detailed model than ICOSIM and neglects
fragmentation in sub-sequent collimators. STIER is not an integrated
simulation tool, but bases upon a three-step simulation chain con-
sisting of

1. Optics calculation,
2. Ion fragmentation simulation at the TCP,
3. Magnetic tracking through the accelerator lattice.

In a first step, the optical configuration of the machine is
computed using MAD-X. With the Twiss parameters obtained, the
phase space parameters of particles impacting the primary colli-
mator can be computed.

In a second step, the fragmentation is simulated by means of
FLUKA. The fragmentation simulation carried out for the presented
study is schematically illustrated in Fig. 3. The initial beam of
208Pb82þ ions hits the collimator material, which is modelled as a
60 cm block of carbon, at an angle θ with an impact parameter b.
The angle θ is known from the prior optics calculation. The
information on out-coming particles is then transformed into
starting conditions of protons with equivalent magnetic rigidity
for the sub-sequent tracking simulation using Eq. (4). This
approach has the intrinsic advantage that all ion fragments can be
included in the tracking with their respective momenta and angles
including eventual kicks from the fragmentation.

As a third step, the ion fragments are tracked through the
magnetic lattice by means of the symplectic particle tracking code
SixTrack [34–37]. The software is designed to provide multi-turn
proton tracking at relativistic energies and used for all single
particle simulations for LHC and HL-LHC. It is the standard tool for
the simulation of proton collimation at the LHC. For this purpose it
has been shown to be in excellent agreement with measured LHC
data [8]. Transformations of the particle coordinates at the indi-
vidual accelerator lattice elements are computed by the usage of
symplectic transfer maps in the thin element approximation. The
accelerator lattice with the corresponding optics settings is read
from an input file which may be generated by MAD-X. Details of
the beam properties and collimator settings are given by a dedi-
cated input file. Particle losses on the aperture are identified with a
precision of Δs¼ 10 cm by comparing the individual particle
tracks to a detailed model of the LHC aperture.

SixTrack provides tracking only for protons, thus χ ¼ 1 for all
tracked particles. Therefore, in its native form SixTrack is not a
candidate to provide heavy-ion tracking. Accurate ion tracking can,
however, be accomplished if proton momenta with ion-equivalent
rigidities are used. The built-in Monte-Carlo routine to simulate
proton-matter interaction is evaded by setting the collimator
materials to perfect absorbers. The particles are assumed to start
at the location of the collimator jaws, which are at a large enough
transverse amplitude so they can expected to be lost within a few
turns. Therefore the tracking is done for 100 turns, enough for
almost all ion fragments to be lost on the machine aperture.

Due to the absence of a fragmentation simulation at sub-
sequent collimators, the simulated losses at the collimator loca-
tions are over-estimated in this approach. Furthermore, loss peaks
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in the aperture from fragmentation at sub-sequent collimators are
not included in this simulation.
Fig. 4. Energetic fractions of the individual isotopes emerging from the IR7 hor-
izontal TCP from an impacting 208Pb82þ beam at 3:5 Z TeV, simulated with FLUKA
as shown in Fig. 3 with an impact parameter of b¼ 3 μm. The energy fraction is
computed by multiplying the isotope abundance NðA; ZÞ with the nucleon number
A and the momentum per nucleon pðA; ZÞ and normalizing by the total ion energy
coming out of the collimator

P
A;ZA� NðA; ZÞ � pðA; ZÞ. It is assumed that the

momentum per nucleon is approximately identical for all ions pðA; ZÞ � p.
6. Simulation results

The presented simulation tools are used in different config-
urations to study the impact of the various simplifications used in
the two tools. As study case we use ICOSIM and STIER to simulate
208Pb82þ losses from the horizontal IR7 TCP collimator in the 2011
machine configuration with βn ¼ 3 m at LHCb and βn ¼ 1 m at the
remaining experiments with a beam energy of 3:5 Z TeV. The
applied collimator settings are summarized in Table 2. Based on
previous studies with proton beams, an impact parameter of 3 μm
is considered realistic [8]. However, this assumes the diffusion
mechanisms as for proton beams, which could be different with
respect to heavy ions. Therefore we perform the simulation with
different impact parameters b¼ 1 μm, b¼ 3 μm and b¼ 10 μm.

The ICOSIM simulation is carried out with the same optics and
collimator settings as the STIER simulation. A simplified STIER
simulation is realized using all isotopes from the fragmentation
simulation but neglecting eventual deviations in angle and energy
Δp¼Δθ¼ 0. With this simulation we study the change of the
simulated loss pattern with respect to ICOSIM, if all isotopes were
included. In the second, complete, STIER simulation, the loss pat-
tern is studied when the angles and energies of all fragments
leaving the collimator are taken into account. Besides the more
accurate modelling of the initial fragment conditions, STIER has
the advantage that fragments starting from the two collimator
jaws can be studied individually, which is done in a third STIER
simulation. The STIER simulation results are also compared for the
three mentioned impact parameters. Finally, we compare the
tracking routines of the two simulation codes for different isotopes
to conclude on the improvements with the better chromatic
modelling in SixTrack.

6.1. Simulation of initial conditions for STIER

With the simulation parameters discussed above, an initial sample
of 107 incoming 208Pb82þ ions is fragmented into 3� 108 hadronic
fragments. The simulated energy fractions carried by the individual
isotopes, normalized to the total beam energy of the out-coming ions,
are shown in Fig. 4. The obtained coordinates are used to compute
initial conditions for the SixTrack simulation. The particles are sup-
posed to start at the horizontal TCP in IR7, vertically centered without
an initial angle in the vertical direction. Comparisons to simulations
with a Gaussian distribution in y; y0 have shown that the loss pattern
in unchanged in this approximation.

6.2. Loss map simulations

The result of the ICOSIM simulation is shown in the first row of
Fig. 5 for the full LHC ring (left) and zoomed into IR7 and the following
arcs (right). Fragments scattered out of the collimators are in this
model absorbed closely to the collimators where the fragmentation
occurred and do not continue moving inside the machine for long
distances. Losses in warm regions are visible only in IR3 but not in IR7.
The mass number of the heaviest created and tracked fragment is Amax

¼ 90 which can be traced back to the simplified fragmentation algo-
rithm. The high measured loss peaks (see bottom row in Fig. 5) in the
arcs between IR7 and IR8 are, with one exception, not reproduced by
ICOSIM. The most critical losses in the dispersion suppressor located in
the cells 8 and 9 of IR7 are visible in the simulated loss map. The local
cleaning inefficiency in this region peaks at approximately η¼ 10�2,
which is comparable to the measured loss distribution. Note that the
presented loss map simulations provide full azimuthal coverage in the
detection efficiency of lost particles. In reality, however, the BLM
detectors have limited azimuthal coverage and only measure sec-
ondary particle showers of lost ions, which vary depending on the
local machine geometry and materials. Therefore, the measured loss
signals cannot be directly compared to simulated loss patterns.
However, the simulations still give indications about the longitudinal
loss patterns and critical loss positions in the machine.

The loss maps from the simplified STIER simulation are shown
in the second row of Fig. 5. The losses are more broadly distributed
over the LHC ring when the full spectrum of fragments is included.
This indicates that light isotopes are by no means only lost locally
in the secondary collimators or in the warm regions surrounding
them. Parts of the losses in the warm region of IR7 are reproduced
in this simulation approach, originating mainly from very light
isotopes at jδeff j⪢0. The two clusters of losses in the IR7 DS are
increased in their intensity and longitudinal extension, since the
isotopes which are neglected in ICOSIM are now included and are
lost in these regions. The loss peak with the largest amplitude is
still in the IR7 DS but is increased to ηmax ¼ 10�1. One of the loss
peaks in the arcs is, as in ICOSIM, reproduced in this simulation.
Also here, the simulated peak intensity is increased with respect to
ICOSIM.

The loss maps generated with the full STIER simulation are
shown in comparison to the measurement and the ICOSIM loss
map in the third row of Fig. 5. This approach shows the best
agreement with the measured loss distribution. The four highest
loss peaks in the arcs become visible when the angles and energies
of the fragments are included.

A larger amount of losses in the warm IR7 magnets (W1) is
visible, coming mainly from the very light fragments scattered out
of the collimator (see Table 4 for the isotopes that contribute most
to these losses). The two loss clusters (C1 and C2) in the IR7 DS are
modelled with a correct longitudinal extension and order of
magnitude (the mainly contributing isotopes to C1 and C2 are also
listed in Table 4). It is remarkable that the second loss cluster C2 is
dominated by heavy fragments of Pb, created by electromagnetic
dissociation (the three isotopes contribute to 61.8% of the total
deposited energy), while the highest fraction of C1 is due to very
light isotopes (H and He ions) where the four most important
isotopes only compose only 19.5% of the energy deposited in C1.
With 1227 different isotope species lost in C1, the deposited



Fig. 5. Comparison of loss map simulations using ICOSIM (top row), a simplified STIER approach (second row), a full STIER simulation (third row) and the measured loss
maps during the 2011 LHC heavy-ion run at 3:5 Z TeV. The right graph in the bottom row also shows the locally generated dispersion function Dx starting at Dx¼0 at the TCP.
The left column shows the loss map over the full LHC ring, while the right column shows the same loss map zoomed into the betatron collimation region IR7. The STIER
simulations are carried out assuming an impact parameter of b¼ 3 μm.

Table 4
STIER simulated contributions on the total deposited energy at the warm magnets in IR7 (W1), the two loss clusters in the IR7 DS (C1 and C2) and in the arcs downstream of
IR7 (A1,A2,A3,A4) as shown in Fig. 5.

W1 C1 C2 A1 A2 A3 A4

Ion (%) Ion (%) Ion (%) Ion (%) Ion (%) Ion (%) Ion (%)

1H1þ 57.0 3H1þ 8.6 206Pb82þ 34.0 204Tl81þ 61.0 204Tl81þ 74.6 204Tl81þ 86.6 204Tl81þ 86.7
3H1þ 38.0 4He2þ 4.5 205Pb82þ 16.2 206Pb82þ 18.7 206Pb82þ 10.3 199Au79þ 6.7 199Au79þ 7.2
2H1þ 2.6 2H1þ 3.2 204Pb82þ 11.6 199Au79þ 7.4 199Au79þ 5.7 206Pb82þ 2.2 206Pb82þ 1.7
3He2þ 1.4 203Pb82þ 3.2 203Tl81þ 8.7 1H3þ 3.5 201Hg80þ 2.3 194Ir77þ 1.2 202Hg80þ 1.6
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energy is shared between a much larger number of isotopes than
at C2, where only 334 different isotopes are absorbed.

The distributions of the quantity χ for the isotopes lost in the
regions C1, C2 are graphically represented in Fig. 6. As expected,
the aperture in the cold region C1 captures a very broad range of
isotopes. In the cold region C2, mostly isotopes with mass to
charge ratios close to the reference ion species contribute to the
total deposited energy.

The graph at the right bottom of Fig. 5 shows also the locally
generated dispersion function Dx starting at the primary collimator.
The dispersion increases from Dx � 0 m in the warm IR7 magnets to
Dx � 1 m at the end of the C1. At the second loss cluster C2, the dis-
persion increases to even Dx ¼ 2:4 m. We conclude that the isotope
distribution shown in Fig. 6 can be explained by the fact that the
isotopes with large momentum offsets are removed from the beam
already in the C1, while the isotopes with rigidities closer to the main
beam are not sufficiently off-momentum to be intercepted by the
aperture at this location. When the dispersion further increases at C2,
also the isotopes with smaller jδeff j are lost in the aperture, while the
isotopes with Ao190 have already been removed from the beam in



Fig. 6. Fractions of the total deposited energies in the regions C1 and C2 as a
function of the relative mass to charge ratio χ. The data is extracted from the full
STIER simulation with b¼ 3 μm.

Fig. 7. STIER simulations starting at the left and right collimator jaw, shown in
comparison to the measured loss map. The simulations are carried out considering
an impact parameter of 3 μm.

3 Note that for Beam 1 the left hand side refers to the outer side of the ring and
vice versa for Beam 2. We remind that the study is carried out for Beam 1.

P.D. Hermes et al. / Nuclear Instruments and Methods in Physics Research A 819 (2016) 73–8380
C1. Here it shall be pointed out that the fraction of light isotopes
depends strongly on the chosen impact parameter for the fragmen-
tation simulation.

Contrary to this, the isotope composition at the arc loss peaks
(A1, A2, A3, A4) is very homogeneous (see Table 4). At the passage
through the arcs, the locally generated dispersion function is
beating with amplitudes between 0:8 moDxo2:5 m. The loss
peaks A1–A4 are located at local maxima of the function Dx. The
similarity of their isotopic composition can be explained by the
fact that, especially for isotopes with rigidities closely to the main
beam, the individual starting conditions at the TCP (starting angle
and collimator jaw) can partly compensate or enhance dispersive
effects, thus some ions of the same species can travel for longer
distances than others. It shall be emphasized that except 1H3þ , all
isotopes listed for A1–A4 in Table 4 are also included in the ICOSIM
simulation. We conclude that the decisive properties determining
at which of the four locations a particle is absorbed are the angle
and momentum at which the particle is emitted at the TCP, which
are not included in ICOSIM. Hence, an accurate simulation of heavy
ion loss patterns requires inevitably the incorporation of angular
and energetic shifts by fragmentation at the collimator, which
should be considered for future simulations.

The fraction of nucleons which is absorbed in the aperture was
calculated to be f glob ¼ 0:167, almost two orders of magnitude
larger than for comparable simulations with proton beams where
this quantity takes typically values in the order of f glob ¼ 0:002 [8].

Parts of the losses far downstream of the TCP are longitudinally
shifted with respect to the measured loss peaks in the same region
of the LHC. These shifts could come from small aperture dis-
placements in the real machine, or offsets of the closed orbit by
the same amount. An analysis of the particle trajectories at the
corresponding loss locations shows that displacements as small as
Δa¼ 300 μm are sufficient to shift the loss location of the
impacting ions, while at the loss peaks A1–A4 displacements of
Δa4600 μm are required for a significant reduction of the loss
peak amplitude. Another possible explanation is that a non-equal
amount of secondary ion fragments is produced at the two colli-
mator jaws, which is studied in the next sub-chapter.

6.3. Separated STIER simulations for the two TCP jaws

An intrinsic advantage of the STIER setup is the possibility to
study the loss behaviour of isotopes starting at the individual
collimator jaws. So far, all STIER results assume the same amount
of ions impacting on the two TCP jaws. However, studies with
proton beams have shown that the beam halo in the real machine
can impact the two collimator jaws asymmetrically, as discussed in
[8] and seen from SixTrack simulations. This process is very hard
to model accurately in simulations, as it depends on the interplay
of a large number of machine imperfections that are not well
known. In Fig. 7, the loss map is shown, as simulated with STIER
with the same settings as above for particles starting at the left
and right collimator jaw separately. A different behaviour of the
losses can be expected because the betatronic motion and the
dispersion can amplify or compensate each other, depending on
the starting conditions of the ion.

From the obtained loss maps it can be seen that the simulation
result for the particles starting at the right collimator jaw is in
much better agreement with the measured data than for particles
starting at the left jaw.3 The largest fraction of the loss peaks
between IR8 and IR1 as well as between IR1 and IR2 which are
unobserved in the measurement but visible in STIER come from
particles starting at the left jaw. However, one intense peak, visible
in the simulation for the right jaw, is unobserved in the mea-
surement, which might come from aperture or orbit displace-
ments as discussed above. In conclusion, the discrepancies of
STIER in the regions far downstream of the TCP might come from
both asymmetric losses at the two collimator jaws and small beam
displacements relative to the aperture.

6.4. STIER with different impact parameters

In the real machine, the impact parameter b of the ions hitting
the collimators may vary. For the STIER simulations presented so
far, an impact parameter of 3 μm was assumed, based on previous
proton studies. As shown in Table 3, the interaction lengths for
fragmentation processes by EMD and NF are smaller than the
length of the jaw of the primary collimator (60 cm). With



Table 5
Isotopes with the largest energetic fractions coming out of the collimator material
from the initial fragmentation simulation.

Isotope Energetic fraction with

b¼ 1 μm b¼ 3 μm b¼ 10 μm

1H1þ
4:7� 10�2 6:3� 10�2 4:0� 10�1

2H1þ
2:1� 10�2 2:5� 10�2 1:2� 10�1

3H1þ
1:5� 10�2 1:7� 10�2 7:4� 10�3

3He2þ 5:8� 10�3 8:1� 10�3 4:9� 10�3

4He2þ 3:6� 10�2 4:2� 10�2 1:6� 10�1

205Pb82þ 7:1� 10�3 2:3� 10�3 1:1� 10�5

206Pb82þ 1:7� 10�2 5:0� 10�3 1:4� 10�5

207Pb82þ 3:3� 10�2 8:4� 10�3 1:0� 10�5

208Pb82þ 3:6� 10�2 8:8� 10�4 1:4� 10�5

Fig. 8. Ion loss maps as simulated with the full STIER approach for three different
impact parameters b¼ 1 μm, b¼ 3 μm, b¼ 10 μm. Losses ηo10�4 are neglected in
order to select loss of the peaks with enough statistics.
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increasing impact parameter, the traversed distance of the heavy-
ion beam inside the material increases, leading to a drastic change
of the fragmentation rates into the different isotopes. In particular
the production of very light ion fragments, such as protons, α-
particles and neutrons increases, while the rate of surviving ions of
the main beam drops significantly with increasing b. An overview
of the energetic fraction carried by different out-coming isotopes
after the ion-collimator interaction is given in Table 5. Note that
the values are scaled with the ion mass, so the ion abundance is
reduced by a factor of A with respect to the given values. With an
impact parameter of b¼ 3 μm, the two most important isotopes
are protons and α particles followed by 208Pb82þ ions of the initial
species.

The loss maps as simulated with STIER for the three different
impact parameters b¼ 1 μm, b¼ 3 μm, b¼ 10 μm are compared in
Fig. 8. The loss patterns are qualitatively similar but the loss peak
intensities differ quantitatively. For the smallest impact parameter,
the highest losses occur at the primary collimator in IR7. The main
contribution of these losses comes from 208Pb82þ ions that were
not fragmented but scattered at small angles in the TCP. They
move inside the machine for one or multiple turns until they are
intercepted by the global bottleneck, which is the primary colli-
mator. In reality, however, these ions are again subject to frag-
mentation and scattering inside of the TCP, which is not con-
sidered in the presented simulation. The losses at the DS region
peaks at η¼ 10�3, which is smaller than in the other simulations,
due to the large amount ions of the main beam surviving the
initial passage through the TCP. The remaining losses in the
aperture and the other collimators are located at elements which
are also subject to losses for the other impact parameters, but the
loss amplitudes are smaller. For the cases of b¼ 3 μm and b¼ 10
μm the highest losses are visible at the secondary collimator,
which is consistent with the loss pattern measured during
operation. Both simulated loss patterns are dominated by ion
fragments instead of ions of the main beam. The losses in the DS
clusters peak at η¼ 10�2 for b¼ 3 μm and are larger by a factor of
3 for the case of b¼ 10 μm. In the latter case, the production yield
of effectively off-momentum isotopes is highest among the stu-
died scenarios, which becomes apparent by the comparatively
small amount of fragments captured by the collimation system.

A quantitative comparison of the single pass losses at the
locations between the TCP and the end of the dispersion sup-
pressor shows that the integrated DS losses normalized by the
total losses in this region differ by a factor of 2.3 between the
simulation with b¼ 1 μm and b¼ 3 μm. This is likely an artefact
caused by the neglection of sub-sequent scattering in the sec-
ondary collimators. We can use these discrepancies as an estimate
of the uncertainty on the simulation. It should be noted that
discrepancies of similar magnitude have been found in compar-
isons between simulations and BLM measurements for protons,
even after the full shower is included [8]. Between the simulations
with b¼ 3 μm and b¼ 10 μm the integrated DS losses are different
by only 30% proving that the change of production yields for dif-
ferent isotopes does not lead to a significant change of the loss
rates in the cold magnets. The losses in the DS are caused by many
different isotopes, such that the rearrangement of the relative
isotope abundances does not change the simulation result
significantly.

We conclude that the impact parameter does slightly change
the local cleaning inefficiency but not the longitudinal loss dis-
tribution. The overall dependence of the impact parameter on the
simulated loss map can be considered to be small.
6.5. Comparison of the chromatic models of ICOSIM and SixTrack

The chromatic modelling in ICOSIM is done in linear approx-
imation, while SixTrack provides full symplectic 6D tracking. The
expected deviations of the computed particle trajectories are small
for particles with jδeff j � 0, but increase for particles with large
effective momentum offsets. To study this effect, we perform two
tracking simulations with identical starting conditions at the TCP
using SixTrack and ICOSIM. The tracks are computed for the two
different isotopes, 8Li3þ and 207Pb82þ , assuming that both start at
the TCP with the same angle (the angle of incidence used for the
fragmentation simulation) with the momentum per nucleon of the
initial 208Pb82þ beam. The difference in the bending behaviour
results from the different mass to charge ratios, quantified as χLi

¼ 1:054 and χPb ¼ 0:995. The tracks are illustrated in Fig. 9.
For the 207Pb82þ ion, with small δeff , the simulated tracks are

different by 200 μm after a distance of 3 km. With the light 8Li3þ

fragment, significant deviations between the simulated tracks



Fig. 9. Comparison of the tracking behaviour of ICOSIM and SixTrack for the two isotopes 207Pb82þ (left) and 8Li3þ (right) with identical starting conditions at the right jaw
of the IR7 horizontal TCP. Note the different scales for the dispersion function and the computed horizontal position. The elements of the LHC beam line are shown on top of
the graphs.
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occur after only a few magnets. The particle tracks differ by
approximately 3 mm after only 450 m.

Such deviations can significantly change the simulated loss
maps. Given that there are numerous ions with even larger
effective momentum offsets (e.g. for protons χp ¼ 0:39) the track-
ing of such fragments must be carried out with a more elaborated
chromatic tracking algorithm than used in ICOSIM. The light
fragments can, as discussed in Section 6.2 contribute significantly
to the losses not only locally at the collimators. Based on this
result, SixTrack appears to be the better candidate to provide
heavy-ion tracking, especially if the light fragments should be
included in the simulation.
7. Summary and outlook

The CERN Large Hadron Collider is advancing into unrivalled
regimes in terms of stored beam energy and both the LHC proton
program and the heavy-ion programs envisage a further increase
to provide more luminosity to the experiments. This puts high
demands on the collimation system, which so far provided
excellent cleaning with proton beams. However, the cleaning
efficiency with heavy-ion beams is worse by two orders of mag-
nitude, due to the high production yield of effectively off-
momentum ion fragments in the primary collimators, from
which many are absorbed in the aperture of superconducting
magnets in dispersive regions of the machine. The cleaning per-
formance was sufficient for the previous heavy-ion runs, but it
could impose a limitation for the larger intensities foreseen for
future operation.

So far, tools available to predict collimation performance and
beam losses of heavy-ion beams provided only approximated
views of the measured loss maps, without accurately reproducing
all loss locations. To better understand and predict the heavy-ion
cleaning efficiency, we simulated heavy ion beam losses in the
configuration of the LHC 208Pb82þ ion run in 2011 using two tools,
ICOSIM and STIER. The latter is a new tool developed to overcome
the simplifications which were assumed to limit the accuracy of
ICOSIM. The comparison shows that the STIER approach is in sig-
nificantly better agreement with the measured data, mainly due to
the inclusion of all light ion fragments and the kicks in angle and
kinetic energy from the fragmentation inside the collimator.

The STIER simulation was also performed separately for ion
fragments starting at the two individual collimator jaws. The
simulated case of particles starting from the right collimator jaw
shows a better agreement with measurements. It is possible that,
in reality, the two collimator jaws are impacted asymmetrically.
Furthermore, remaining discrepancies between the measured data
and STIER could arise from orbit or aperture offsets in the real
machine.

The influence of the impact parameter on the simulated STIER
loss pattern was studied and showed some differences in the
cleaning inefficiencies which we could trace back to the different
production yields of the various isotopes. However, the loss loca-
tions did not change.

Finally, the chromatic tracking was studied. It was shown that
the discrepancy in the simulated tracks between the linear chro-
matic modelling of ICOSIM and full 6D symplectic tracking in
SixTrack (as part of the STIER approach) is significant for
momentum offsets of about 1%, but the loss location can change
for even smaller offsets. Therefore, SixTrack should be the tool of
choice if an accurate tracking of light fragments is required.

We have shown that the STIER approach gives a good agree-
ment with the measured loss pattern in the LHC. Nevertheless, the
model could still be improved. Most notably, an online ion-matter
interaction in all subsequent collimators could be included, as
done for the LHC proton simulations carried out with SixTrack [8]
or the SixTrack-FLUKA coupling [38]. This work is currently
ongoing. Other possible improvements to the models include
dedicated estimates of impact distributions on collimators for
heavy-ion beams and studies of the influence of random machine
imperfections.

The STIER simulations were benchmarked against the mea-
sured loss maps from the 3.5 Z TeV heavy-ion run. With upcoming
operation with larger stored beam energies at 6:5 Z TeV and
higher magnet currents, which imply a lower quench limit, the
cleaning performance of the collimation system with heavy ions
will become more critical. In these scenarios, it is crucial to have a
well-benchmarked simulation tool that can be used to understand
the performance limitations and overcome them. We have shown
that STIER can serve this purpose, in spite of the inherent
approximations.

STIER was used to validate the setting choices for the 2015 run
with 208Pb82þ ions, demonstrating that they were adequate. The
analysis of the cleaning performance is still ongoing. On the longer
term, the LHC will be upgraded to HL-LHC [39], which implies a
further increase in the stored ion beam energy. STIER has been
used to study these scenarios, in which it is believed that the
machine performance will be limited by the heavy-ion collimation
inefficiency. In this situation, the STIER simulations [33] demon-
strate that the losses in the dispersion suppressor can be reduced
to acceptable levels through the installation of extra collimators
after the first dipoles, when the dispersion starts to rise [40–43].
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