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Abstract

The LHC collimation system, which protects the LHC hardware from unde-
sired beam loss, is less efficient with heavy-ion beams than with proton beams
due to fragmentation into other nuclides inside the LHC collimators. Reliable
simulation tools are required to estimate critical losses of particles scattered
out of the collimation system which may quench the superconducting LHC
magnets. Tracking simulations need to take into account the mass and charge
of the tracked ions. Heavy-ions can be tracked as protons with ion-equivalent
rigidity using proton tracking tools like SixTrack, as used in the simulation tool
STIER. Alternatively, new tracking maps can be derived from a generalized ac-
celerator Hamiltonian and implemented in SixTrack. This approach is used in
the new tool heavy-ion SixTrack. When coupled to particle-matter interaction
tools, they can be used to simulate the collimation efficiency with heavy-ion
beams. Both simulation tools are presented and compared to measurements.
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1 Introduction

The CERN Large Hadron Collider (LHC) [1] is a proton and heavy-ion collider reaching unprecedented
beam intensities and particle momenta. In operation with 2°Pb®2+ ions, the LHC has reached an inte-
grated stored beam energy of 9.7 MJ, compared to only 3.6 MJ anticipated in the LHC design phase [1,2].
The destructive power of the stored 2°*Pb%2+ beams in 2016 is comparable to an explosion of more than
2 kg of TNT. Compared to that, the envisaged LHC upgrade to High Luminosity LHC (HL-LHC) [3]
foresees another increase of the stored beam energy by a factor of two.

If large fractions of the stored beam energy are deposited in the LHC hardware, severe damage can
be caused. But even tiny fractions of the stored beam energy are sufficient to induce magnet quenches
(the transition from the superconducting to normal conducting state), which would reduce the time avail-
able for operation in stable beams. Compared to proton beams undesired losses and hence quench risk
from heavy-ion collimation debris is significantly larger [4]. The origin for this observation is the frag-
mentation of heavy-ions into lighter ion fragments at their passage through the collimator.

The LHC collimation system [1, 5] has the task of intercepting undesired beam loss to protect
the LHC hardware and avoid magnet quenches. Given the importance of collimation, it is indispensible
to have reliable and accurate simulation software to anticipate the perfomance of the LHC collimation
system with both proton and heavy-ion beams. Compared to tools for proton collimation simulations,
heavy-ion simulation tools available before 2014 had a limited predictive power, due to different simpli-
fications used in their physics models.

In this chapter, we indroduce the peculiarities related to the simulation of heavy-ion collimation.
Based on these considerations two new simulation tools STIER and hiSixTrack available since 2014 and
2016 are presented. Typical applications are disucssed and an example analysis from the operation of the
LHC with heavy-ion beams in 2015 is briefly summarized.
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Fig. 1: Schematic overview of the LHC multi stage collimation system. Normal conducting (NC) regions are
drawn in red, superconducting (SC) regions in red. Based on [6].

2 Collimation of Heavy-Ion Beams
2.1 The LHC Collimation System
2.1.1 Overview

To protect the LHC hardware from potential damage by undesired beam loss, the LHC is equipped with a
multi-stage collimation system. One of the aims of the collimation system is to protect the superconduct-
ing LHC magnets from beam-induced magnet quenches, e.g. the transition from their superconducting to
the normal conducting state. The latter would trigger an immediate beam dump and require several hours
of cryogenic recovery, undesiredly reducing the LHC duty time for physics. The collimation system, il-
lustrated for the betatron collimation region IR7 in Fig. 1 is designed for proton beams. It relies upon a
defined sequence of collimation instances. Primary collimators (TCP) intercept beam particles at large
transverse amplitudes. In the TCP, the beam particles shall be scattered into the secondary collimators
(TCSG). Shower absorbers (TCLA) downstream of them provide protection from secondary hadronic
and electromagnetic showers. Tertiary collimators (TCT) locally protect the superconducting triplets in
the experimental insersions from particles scattered out of the secondary collimators.

In spite of the sophisticated collimation system with more than 100 collimators and the availabil-
ity of many degrees of freedom to optimize the collimation performance, particles can still leave the
collimation system and hit the superconducting LHC magnets. The superconducting magnets exposed
to the highest amount of collimation losses, and hence under the highest quench risk, are those in the
dispersion suppressor region (DS) downstream of IR7. The superconducting dipole magnets in this re-
gion act as a spectrometer on particles scattered out of the collimation system, which are not captured by
the TCSG collimators. If particles have lost momentum compared to the main beam, or their mass and
charge changed, their bending radius in the magnet will be different with respect to that of the reference
particle. This effect leads to a transverse offset, ultimately resulting in a particle loss if the transverse
offset exceeds the available beam pipe aperture in the magnet. To keep track of particle losses throughout
the ring, the LHC is equipped with beam loss monitors (BLM) [7, 8] measuring secondary showers from
particles interacting with the LHC hardware. The LHC beams can be transversally excited to induce
losses at the collimation system and measure the cleaning inefficiency in a given machine configuration
(qualification loss map) [9].
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2.1.2 Measurements of the Heavy-Ion Collimation Efficiency
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Fig. 2: B1H qualification loss maps measured in 2011 with proton [10] and 2°®Pb%2* beams [11] at 3.5 Z TeV
with identical collimator settings and optics, except in IR2. The longitudinal coordinate describes the distance
from IP1. The vertical dashed lines mark the LHC octants. The BLM signals are normalized with respect to the
highest measured BLM signal. Top: full LHC ring, bottom: zoom to IR7.

In Fig. 2, qualification loss maps for the horizontal plane of LHC beam 1 are compared for
proton and heavy-ion beams at an energy of 3.5 Z TeV in 2011 (Z indicating the particle charge mul-
tiplicity) [12]. The BLM signal is always normalized with respect to the highest loss signal measured
throughout the ring. The loss signals are color-coded to distinguish between losses in superconducting
elements (blue), normal conducting elements (red) and losses at collimator (black).

In the upper plot in Fig. 2 it is clearly visible how the highest losses throughout the ring occur
at the betatron collimation system in IR7 for both cases. For heavy-ion beams, also high losses in the
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momentum collimation region IR3 are measured, which are smaller by two orders of magnitude for
proton beams. Furthermore, the global picture illustrates that high loss peaks in superconducting LHC
regions are visible for operation with 2°®Pb%27 jons all over the LHC ring. For proton operation, the
losses in cold regions are localized closely to the collimators. The highest losses in cold regions are
visible in the dispersion suppressor region immediately downstream of IR7 for both cases. However,
the loss signal in heavy-ion operation is larger by approximately two orders of magnitude. Hence, the
subject of heavy-ion collimation should be studied rigurously to ensure operation without beam induced
magnet quenches.

The importance of heavy-ion collimation is furthermore underligned by the 2015 heavy-ion col-
limation quench test, in which the first beam induced magnet quench was achieved at the LHC [13]. In
this experiment, high losses at the collimation system were provoqued and the particles scattered out of
the collimators quenched the MBB.9R7 when a power load of P, = (15 + 1) kW was deposited on the
LHC collimators. The experimental data gathered in this experiment indicates that the beam intensity
envisaged for HL-LHC may not be achievable with the present collimation system [4].

The theoretical understanding of losses from collimation inefficiency is crucial for the optimiza-
tion and upgrade of the collimation system. Laborious simulations require to compute the particle motion
through the accelerator lattice, simulate the interaction of the beam particles with collimators, follow the
tracks of the out-scattered particles in the lattice and determine their loss location by comparing the tracks
with the machine aperture. It is hence required to combine accurate particle tracking simulations with
particle-matter interaction simulations and exchange information between them. From the comparison
of measured loss maps it becomes clear that the collimation of proton and heavy-ion beams are funda-
mentally different, which must necessarily reflect in the simulation software. This applies especially to
the losses in the IR7 DS region, which are induced by particles of an unmatched rigidity scattered out of
the collimators. The keystone in the understanding of this difference lies in the interactions protons and
heavy-ions can undergo in the collimators.

2.2 Particle Matter-Interaction in Collimators

Heavy-ions are composed of multiple protons an neutrons. The nuclide used in the LHC heavy-ion
runs so far is 20Pb®2* | with 208 nucleons in total. At the passage through the collimator, the heavy
ions can interact with the atoms of the collimator material which can lead to scattering, energy loss
and fragmentation. The type of interaction that is undergone is statistically dependent on the projected
distance b of the heavy-ion (projectile) from the nucleus of the atom of the collimator material (target),
the so called impact parameter (see Fig. 3). The most important effects in the theoretical description of
heavy-ion-matter interaction are listed in the following.

Projectile
Rp
b
Target
(radius R7)

Fig. 3: Schematic illustration of the impact parameter.
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2.2.1 Multiple Coulomb Scattering

Multiple Coulomb Scattering (MCS) is the repeated elastic scattering of the projectile due to the Coulomb
interaction with the target nuclei. MCS leads to a broad spectrum of scattering angles when a projectile
traverses the collimator. The mean scattering angle (Ax},-g) can be described by the Moliere formula,
as presented in [14]. Given its independence of the particle mass and charge, the mean MCS angle is
identical for protons and heavy-ions (see Tab. 1).

2.2.2 Energy Loss From Ionization

The traversing particles can ionize atoms of the target material, resulting in energy loss of the projectile.
The mean energy loss from ionization per traversed distance in the material can be well quantified by
the Bethe-Bloch formula [14]. The latter shows that the mean energy loss per length is quadratically
proportional to the particle charge q.

2.2.3 Photonuclear Interactions

The charged projectile is surrounded by a Lorentz-contracted electromagnetic field which yields in a high
photon flux between projectile and target nucleus. These photons can excite one or both of the nuclei
into a higher energetic state. The nucleus deliberates from this excitated state preferably by the emission
of one neutron. Generally, this type of photonuclear reation, referred to as electromagnetic dissociation
(EMD) of the order m, can be summarized as [15]

EMDm : 208ppS2t 412 ¢ (208=m) pps2+ 412 c 4y, (1)

Photonuclear reations typically occur at ultraperipherical nuclear encounters, e.g. the sum of the nuclear
radii is smaller than the impact parameter b > Rp + Rp. The most important process of EMD is the
neutron emission of first order. For the reference species 2°®Pb®27 this corresponds to the dissociation
into 297Pb32*. This isotope of Pb was shown to induce distinct losses in the LHC that can potentially
impose a limitation on the achievable heavy-ion luminosity (see Sec. 5.2).

2.2.4 Nuclear Interactions

If the impact parameter is smaller than the sum of the radii of projectile and target nucleus, the particle can
undergo nuclear interactions [16]. In these interactions the overlapping nuclei ablate parts of each other,
resulting in nuclear fragmentation into a wide spred of different nuclei. Nuclear reations of 2°*Pb®2* with
the carbon atoms of the collimator material can be summarized by the reaction formula

208Pb82+ +12 C HAX XZX+ +Ay YZy+ +12 C+Nnn+ Npp+ (2)

Here, X and Y are nuclides of a different species than 2°®Pb32* whith their respective mass and charge
numbers Ax, Zx and Ay, Zy. Furthermore INV,, neutrons and NN,, protons may be produced in the in-
teraction. It is clear that also other particles, e.g. pions, electron, photons, etc. are produced in these
interactions. They are neglegted in the framework of heavy-ion collimation software because the energy
they carry is small compared to the heavy-ion fragments.

The most important nuclear interaction protons undergo with the nuclei of the collimator material
is single diffractive scattering [17]. In this type of interaction, the proton is excited into a high mass state
which desintegrates into a new proton and another particle. Evidently, the momentum of the created pro-
ton is reduced with respect to the incidenting one. This momentum offset is the cause for the subsequent
particle loss in the DS if the scattering angle in the TCP is not sufficiently large to intercept the proton
with the secondary collimators.
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Table 1: Characteristic quantities for the most important physical processes of protons and lead ions traversing
carbon-fiber composite (CFC) [1] at 7 Z TeV. Data taken from [20] and scaled to the density of CFC.

Physics Process Unit Proton 208pp32+
— 2 [105m~!] 11 917
(Atlyes)  [prady/m] 4.0 4.0
)\nuclear [cm] 47.9 3.1
AEMD [cm] - 23.9

2.2.5 Nuclear Evaporation and Statistical Fragmentation

Heavy ions which have undergone a nuclear or photonuclear interaction are often in excited states. The
ground state is reached by a variety of physical processes, including nuclear fission, nucleon emission
or photon emission. The corresponding nuclear disintegration is referred to as nuclear evaporation [18].
Ion fragments of low masses may undergo statistical fragmentation, described by the Fermi breakup
model [19].

2.2.6 Summary

The key parameters quantifying the aforementioned interactions are listed in Tab. 1. The mean scattering
angle from MCS is identical for protons and heavy ions. The mean energy loss per length unit is larger for
heavy-ions by almost two orders of magnitude. The nuclear interaction length A\pycleqr 1S ten times smaller
for 208Pb32+ than for protons. Significantly more particles with rigidity offsets are hence generated at
the passage of 2°8Pb®2* through the collimator material.

3 The Physics behind Heavy-Ion Tracking
3.1 Sources of Dispersion

Let A, Z, m be the mass number, charge number and rest mass of the tracked nucleus, and Ag, Zy, mg
the corresponding quantities for the reference particle. The magnetic rigidity for the reference particle
with momentum F,, charge g9 = Z e in a magnetic field B is given as

Bpo= "0 3)
40
where pg is the bending radius of the particle trajectory in the magnetic field. A particle with different
momentum P, mass m or charge ¢ will be subject to dispersion which results in a different bending
radius p. The dispersion can be quantified by considering the ratio of magnetic rigidities of the particle
with respect to the reference particle:

p P q
L£__% 4)
po  Fo g
If the particle is of the same species as the reference particle (¢ = go and m = my), the bending
radius is given as
p _ P By

PP 144 5
po  Po Boyo (1+3u), ©)
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where we used the equality P = m(+yc, relating the momentum with the rest mass, relativistic velocity
B = % and Lorentz factor v = \/11W The quantitiy 65 describes the momentum offset of a particle
with respect to the reference particle if it is of the same species as the latter (mono-nuclide scenario):

5 _P-PR  By—Bovw
M= = )
Py Bovo

(6)

If the particle is of a different species than the reference particle (multi-nuclide scenario), the ratio
of bending radii becomes

p_m q By :1+(5P

— = ; (7)
po ™Mo q Boo X
where dp and x are defined as
_ pP™ _p
op= P00 Fiw 20y 2 4T 8)
Bovo Py qo m

The quantity dp describes the ion’s offset of the momentum per mass unit relative to the reference
particle. The dispersion due to the different mass and charge is described by x, which is the mass
to charge ratio, relative to the reference particle. These independent quantities describe the dispersive
offset in a given optical accelerator lattice.

3.2 Tracking Ions as Protons of Equivalent Rigiditiy

The comparison of Eq. (5) and (7) shows that the bending behaviour of an ion different from the reference
species (described by x and dp) is identical to that of an ion of the reference species, if the momentum
offset of the latter is given by

_1+6p
X

Op 1. )
Hence, tracking software designed for tracking mono-nuclide beams can be used also for multi-isotopic
beams, if an effective momentum is applied to the particles of the referernce species. The most important
tracking software for proton beams used at CERN is SixTrack [], providing an environment for symplec-
tic proton tracking over a large number of turns. If an effective momentum P to the protons is applied,
the proton trajectory will be identical to the heavy-ion trajectory. Using Eq. (9), the effective proton
momentum to simulate the motion of an arbitrary ion with (¢,/n) in a magnetic lattice matched to the
reference ion with (gg,mg) can be deduced as:

1+d6p P

—=. (10)

P = Py 7

This approach is used in the simulation tool STIER [12] (see Sec. 4.3).

3.3 Symplectic Tracking Maps from a Multi-Nuclide Accelerator Hamiltonian

Instead of using unphysical parameters in the tracking (effective proton momenta), a more generic ap-
proach of computing heavy-ion trajectories can be provided from a generalized mathematical formalism.
Starting point for the description of symplectic multi-nuclide tracking is a generalized accelerator Hamil-
tonian. The latter should take into account that the tracked particle may have mass and charge different
from the reference particle. The derivation of this Hamiltonian is explained in detail in [4,22]. We re-
fer to the reference frame shown in Fig. 4. The final shape of the generic accelerator Hamiltonian for
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~

Fig. 4: Accelerator coordinate system (z, y, z) moving with r(s). The radius of the bent trajectory is py = ,%
Figure taken from [21].

arbitrary particles with relative mass to charge ratio y, momentum per mass offset § = §p moving in a
magnetic field B = V x A is given by

= o= (0 ha(9)0) (0507 = (e = xax(6) — (= 0,62 +xuls) ) - 1D

The quantity h, = p%) is the curvature of the reference trajectory. The canonical coordinates associated
to this Hamiltonian are

(@, p2) (y,py) (0. 05) , (12)
with the longitudinal position coordinate o and its canonical conjugate p, given as

Boct w P Fo (13)
c=s—[foc =" .

0 3 Po BO POC

Here, s is the longitudinal particle position, c is the speed of light, ¢ the time and E/, E the energy of the
particle and reference particle. Starting from this generic accelerator Hamiltonian, the tracking maps for
the accelerator lattice elements can be derived, as discussed in [22].

4 Heavy-Ion Collimation Simulations
4.1 Introduction

Before discussing heavy-ion collimation tools we give a brief overview on the simulation of proton
collimation. Proton collimation at the LHC the best studied scenario with the largest amount of measured
data available to compare with the simulations. Furthermore, proton collimation is a special scenario of
heavy-ion collimation (with an ion composed only of a proton), hence existing proton simulation tools
can be upgraded for additional features making it possible to simulate heavy-ion collimation.

The present state of the art simulation tool for proton collimation simulations is SixTrack [17,
23-25], providing symplectic tracking of protons with an integrated Monte-Carlo routine to simulate
proton-matter interaction. SixTrack is based on symplectic tracking maps derived from the mono-nuclide
accelerator Hamiltonian with x = 1 and m = my for all particles [26-28]. The interaction of protons
with the collimators is simulated by means of an integrated Monte-Carlo event generator which simu-
lates scattering from MCS, energy loss from ionization and nuclear effects [17]. The tracks of particles
scattered out of the collimators are compared to a detailed model of the LHC aperture to identify the loss
location. Particles undergoing inelastic interactions in the collimator which are not single diffractive are
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considered to be lost. The number N,, of lost protons per bin of As = 10cm is normalized by number
of particles lost in the LHC collimators Ny to derive the local cleaning inefficiency 7(s)
Np(s)
n(s) = -
AS Niot

(14)

Simulations of the heavy-ion collimation efficiency must take into account the different inter-
actions of heavy-ions with the collimator materials, in particular by EMD and nuclear fragmentation
processes. A suitable heavy-ion tracking software must take into account mass and charge of the out-
scattered ion-fragments to accurately model dispersion. Hence, specialized software must be used for
heavy-ion collimation simulations, requiring additional features compared to SixTrack. In this section
an overview of the history of heavy-ion collimation simulation tools for LHC applications is given.

4.2 ICOSIM (2004)

In 2004, the simulation software Ion Collimation Simulation (ICOSIM) was developed to anticipate the
heavy-ion collimation efficiency for the LHC [20,29]. The simulation approach is based on several
consecutive steps. In a first linear mapping, an initial sample of particles is tracked turn-by-turn at
the primary collimator. Every 100 turns, random transverse kicks are applied to simulate diffusion.
This initial tracking is performed until all ions of the initial sample have hit the primary collimator,
to determine their impact coordinates. In the next step, the interaction of the ions with the collimator
material is simulated using an integrated Monte-Carlo routine, based on tabulated fragmentation cross
sections that are generated beforehand with the Monte-Carlo event generator FLUKA [18,30,31]. The
particle-matter interaction neglects angular scattering from the fragmentation process and only keeps
track of the heaviest fragment created in an interaction. The out-scattered ion fragments are then tracked
through the LHC ring element by element using matrix multiplication including dispersion in linear
approximation. The loss location of the ions is determined by comparing the particle positions with a
simplified model of the magnet aperture.

The comparison of lossmaps simulated with ICOSIM to measured BLM data shows that the
physics models used in ICOSIM are not detailed enough to accurately model heavy-ion losses from
collimation (see [12]). This observation motivated the development of the new simulation tool STIER to
overcome the limiting simplifications.

4.3 STIER (2014)

SixTrack with Ion-Equivalent Rigidities (STIER) was developed in 2014 to increase the agreement be-
tween measurement and simulations. It is based on proton tracking in SixTrack, using the approach
presented in Section 3.2 tracking heavy-ions as protons of equivalent rigidity.

It is hence necessary to perform the particle-matter interaction simulation externally. Given the
hierarchy of the LHC collimation system the dominating part of collimation losses can be simulated by
considering only the interaction of the primary 2°®Pb%2* beam with the primary collimator, which can
be done e.g. with FLUKA. STIER simulations carried out so far used a three-stage simulation chain
consisting of

1. An initial optics calculation with MAD-X to produce the SixTrack input and obtain the phase

space parameters of the particles impacting the TCP. The latter are used to calculate the impact
angle ) /p On the left and right TCP jaw [32]

€x
o) = FVp s[5 (15)

where v, 3, are the Twiss parameters and e, is the geometric emittance.
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2. The fragmentation of the heavy ions at the primary collimator is simulated by means of FLUKA.
The collimator is modelled as a block of carbon and the coordinates and species of the out-scattered
ion fragments are saved as output. In a post/pre-processing computation the ion-equivalent proton
momenta are computed and saved together with the 4D position coordinates in an input file for
SixTrack.

3. The data sampled with FLUKA represents the expected particle distribution of heavy-ion frag-
ments after the passage of the TCP. Hence, the tracking simulation must be started at the TCP. The
particle-matter interaction routine in SixTrack is specific to protons, such that it must be evaded in
heavy-ion collimation simulations. However, the collimators must be included in the simulation,
to identify heavy-ion losses at collimators. The SixTrack input is therefore modified to treat the
collimators as perfect absorbers. The acceleration by the RF cavities is in reality dependent on the
particle charge [22], so STIER can only provide 4D tracking of the heavy ions.

Evidently, STIER overestimates losses at collimators and subsequent interactions of fragments scattered
out of the TCP are not modelled. However, heavy-ion loss maps simulated with STIER show a good
agreement with measured data (see Section 5.1). Compared to its predecessors the predidictive power of
STIER is significantly enhanced, mainly due to the inclusion of angular scattering and energy transfer
from the fragmentation process [12]. The development of STIER was a major step in the theoretical
understanding of heavy-ion losses at the LHC.

4.4 hiSixTrack (2016)

Simulations with STIER can deliver good predictions of the LHC cleaning performance but the applied
simplifications restrict the spectrum of applications. Besides simulations of the cleaning performance,
estimates on the deposited energy in the magnet coils are important for the operation of the LHC [33].
They can be obtained by detailed shower propagation simulations, typically carried out with FLUKA.
The input for these simulations is the distribution of impacting ions on the collimators, which must be
generated with a collimation simulation tool. STIER can not be used for this purpose because the ions
are tracked as protons and the particle-matter interaction simulation requires the information on the par-
ticle species. Furthermore, particles scattered out of collimators subsequent to the TCP may contribute
to the loss pattern, which can only be simulated by performing particle-matter interactions at all colli-
mators. Therefore it is necessary to store information on the particle species in the tracking routine.To
enable these functionalities, the software heavy-ion SixTrack (hiSixTrack) [22,34] was implemented as
a successor of STIER.

4.4.1 Tracking

hiSixTrack is based on SixTrack in which additional tracking arrays store mass and charge of the tracked
ions have been implemented. The proton tracking maps were replaced by the multi-nuclide tracking
maps presented in [4,22]. The calculation of x requires to define nucleon number, charge number and
rest mass of the reference species. Thanks to the generic implementation, hiSixTrack is the first heavy-ion
tracking tool allowing to simulate longitudinal particle dynamics and hence synchronous six-dimensional
symplectic tracking of arbitrary particles.

The tracking routine of hiSixTrack was extensively tested to ensure their accuracy. In Fig. 5,
heavy-ion tracks simulated with hiSixTrack and STIER are compared against each other. The tracks are
calculated for different nuclides with § = 0 but xy # 1 starting from IP1 in a LHC lattice matched to
208pp32+ | Similar comparisons were carried out also for other scenarios with different values of § and
(see [4]). In all studied cases a full numerical agreeement of the heavy-ion tracks was observed between
hiSixTrack and STIER, even for a large number of tracked turns through the LHC ring. Both models
hence simulate the 4D particle tracks with the same precision.
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Fig. 5: Heavy-ion tracks for different on-momentum (4 = 0) isotopes unmatched to the magnetic lattice (x # 1)
starting with the same initial conditions in IP1, simulated with hiSixTrack (top) and STIER (bottom).

In addition to the features provided by STIER, the software hiSixTrack enables the possibility of
six-dimensional tracking and on-line coupling to FLUKA (see next chapter). The generic implementation
based on the multi-nuclide accelerator Hamiltonian is the most generic approach possible, enabling a
high number of unprecedented applications. The generic tracking routine can be further extended to
simulate other effects or tracking maps for other beam line elements, e.g. beam-beam interaction, crab
cavities or electron lenses [21].

4.4.2 Coupling to FLUKA

The software hiSixTrack can be coupled to FLUKA, allowing the performance of FLUKA particle-
matter interaction simulations at each of the collimators. The underlying framework for the so called
hiSixTrack-FLUKA coupling [34] is the SixTrack-FLUKA coupling for the simulation of proton colli-
mation [35]. Compared to the latter, the coupling of hiSixTrack to FLUKA requires the exchange of
additional information, in particular the information on the species of the exchanged ion. The framework
allows to simulate multiple interaction processes in the collimation system, which are impossible to take
into account with the STIER approach, where the collimators must be treated as perfect absorbers.

4.4.3 Summary

The coupling between the tracking tool hiSixTrack and FLUKA combines two of the most sophicsticated
simulation tools for their respective purpose to a powerful environment for the simulation of heavy-
ion collimation and other applications. A comparison between simulated and measured loss maps is
presented in the next section.
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Fig. 6: B1H betatron loss maps measured in the 2011 heavy-ion run compared to simulations with the hiSixTrack-
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5 Applications
5.1 LHC Qualification Loss Maps

Simulated loss maps for heavy-in collimation are based on a more generic definition of the local cleaning
inefficiency

B Zz E;i(s)
n(s) = AsEe (16)

where E; is the energy if the ion ¢ lost at the position s and Fi is the total energy of all ions lost in the
LHC collimators. This re-definition of the local cleaning inefficiency is necessary because the energy of
ion fragments can vary significantly. The energy of a 2*Pb%2* ion scattered out of a LHC collimator is
typically larger by two orders of magnitude compared to an outscattered proton. In addition, the energy
per nucleon of the indiviual ions can vary significantly (see [4]), hence the local cleaning inefficiency is
not correctly modelled by counting the number of impacting nucleons.

A comparison of measured and simulated loss maps is shown in Fig. 6 for the LHC in the config-
uration of the 2011 heavy-ion run at an energy of 3.5 Z TeV. The collimator and optics settings are sum-
marized in [12]. It shall be pointed out that the measured BLM signal and the simulated local cleaning
inefficiency should not be compared quantitatively. The measured BLM signal depends on an unknown
repsonse function for upstream particle losses, while the simulated cleaning inefficiency is determined
with a full and immediate detection of particle losses at the beam pipe.

Both simulation tools show a good agreement with the measured data. The losses in the supercon-
ducting regions downstream of IR7 are qualitatively well reproduced. A significant difference between
the simulation codes is the modelling of the losses downstream of the momentum collimation region
IR3. While these losses are not simulated in STIER, because of the absence of a multi-passage interac-
tion model, they are visible in the simulation with the hiSixTrack-FLUKA coupling. This shows that the
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inclusion of the interaction at all collimators does indeed change the loss pattern.

5.2 Mitigation of Losses in Operation

Collimation simulation tools play a crucial role in the understanding and potential mitigation of undesired
losses in operation. This shall be illustrated on the example of the 2015 heavy-ion run with 208Pb82+ ijons.

In late 2015, the LHC was operated with 2°°Pb32+ ion beams at an energy of 6.37 Z TeV [36].
During operation in collision, high losses at the horizontal tertiary collimator left of IR2 (TCT2) were
measured (see top panel of Fig. 7). They reached amplitudes of 10~2 and induced undesired background
to the ALICE experiment. From the affected TCT it was possible to conclude that the losses were caused
by particles of beam 1 in the horizontal plane. To understand and potentially mitigate these losses,
simulations with STIER were thoroughly analyzed [4].

The STIER simulations for B1H showed that the simulated loss signal at the TCT?2 is significantly
higher for particles scattered out of the left TCP jaw, than for those scattered out of the right jaw (see
middle and bottom panel in Fig. 7). Instead of being lost at the TCT2, the particles starting from the
right TCP jaw are lost in the momentum cleaning insertion IR3. The first conclusion to draw from the
STIER simulation is that the losses observed in the IR2 TCT should be reduced if the left TCP jaw was
retracted and all primary losses took place at the right TCP jaw.

The analysis of the loss composition at the TCT2 shows that 92.5% of the losses are caused by the
isotope of the reference species 20"Pb®?™ starting from the left jaw of the primary collimator (see Tab. 2).
This isotope is created with a high abundance via EMD. Assuming that a realistic impact parameter was
chosen for the FLUKA simulation (3um in this study case), one can quantify the potential for loss
reduction to be approximately one order of magnitude if the left TCP jaw was retracted.

The track of this nuclide simulated with STIER is shown in Fig. 8. It is clearly visible how the
particle track is not intercepted by the secondary collimators. The horizontal TCT in IR8 (TCTH.4L8.B1,
called TCTS in the following) is passed by at a very short distance of less than 2 o. The isotope ultimately
impacts the TCTH.4L2.B1 after having moved through the LHC lattice for 10km. This result shows
that it is essential to have a reliable and accurate tracking routine also for heavy-ions, because the ion
fragments from IR7 can travel for long distances through the LHC.

The analysis of the particle track thus shows that, if the simulation is accurate, the secondary
beam of 2°7Pb®2+ can be intercepted by the TCT in IR8. By estimating the beam sice and the simulated
distance of the 207Pb32 track from the IR8 TCT, it is also possible to quantify the possible loss reduction
as a function of the TCTH.4L8.B1 half gap. A detailed description is given in [4].

Both strategies of loss mitigation were tested with beam in the LHC, and the measured cleaning
inefficiency at the TCT2 is illustrated in Fig. 9. In both tested scenarios the prediction made with STIER
could be confirmed even quantitatively in LHC operation!. As expected, the measured BLM signal at

"Note that a quantitative comparison is only possible because the data is measured at the same BLM.

Table 2: Loss composition at the TCT2 simulated with STIER for B1H in the 2015 configuration using a TCP
impact parameter of 2 ym. The energy fraction is calculated from the number of particles of each isotope, weighted
with the particle momenta.

Isotope = TCP Fraction
(AZ) jaw (%)

207pp82t  left 92.5
204181+ right 3.6
202Hg80+  left 22
19AU™+  right 0.3
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the TCT?2 is reduced by approximately one order of magnitude when the left TCP jaw is retracted. The
measured TCT2 BLM signal with the different settings of the TCTS is also in good agreement with
the STIER prediction (note that in this case, the prediction refers to the maximum expectable signal for
several reasons, see [4]).

In conclusion, the example illustrates how heavy-ion collimation simulations can be used to iden-
tify the origin of disturbing loss signals and to develop strategies to mitigate them. Although the 2015
collimator settings were not changed (e.g. non-symmetric TCP settings could have been applied), the
knowledge of the loss origin could deliver essential input for the optimization of the collimation system.
The experience gained was taken into account in the preparation of the 2016 heavy-ion run.

6 Summary and Outlook

Collimation simulation tools are crucial to provide safe operation uninterrupted by magnet quenches
with both proton and heavy-ion beams. In this chapter we have outlined the requirements for heavy-ion
collimation simulations, essentially consisting of a combination of reliable fragmentation simulations
and accurate tracking tools modelling dispersion from mass and charge differences. It was shown how
the heavy-ion tracking tools used for the LHC have evolved over more than a decade with improving the
accuracy of the simulated loss maps.

The simulation tool STIER was introduced as a new development to improve the predictive power
compared to its predecessor ICOSIM. The present state of the art simulation tool hiSixTrack is providing
sophisticated physics models and can be used for a broad variety of applications. With its coupling to
FLUKA it can be used to simulate the heavy-ion collimation efficiency with unprecedented accuracy.

The impact heavy-ion collimation simulations can have on the machine in operation was demon-
strated for the example of the 2015 heavy-ion run. In this run, the STIER simulations could be used to
understand heavy-ion loss patterns. The information was ultimately used to successfully manipulate the
losses in the LHC. Such techniques may be crucial also in future heavy-ion operation.

Further analyses of energy deposition in LHC magnets have been carried out with FLUKA, using
hiSixTrack simulation data as input [37]. This information will be used in the future to define BLM
thresholds and estimate quench limits by combining simulations with experimental data.
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