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Abstract

SixTrack is a single particle tracking code for simulating
beam dynamics in ultra-relativistic accelerators. It is widely
used at the European Organisation for Nuclear Research
(CERN) for predicting dynamic aperture and cleaning in-
efficiency in large circular machines like the Super Proton
Synchrotron (SPS), the Large Hadron Collider (LHC) and
the Future Circular Collider (FCC). The code is under con-
tinuous development, to both extend its physics models, and
enhance performance.

The present work gives an overview of recent develop-
ments, specifically aimed at extending the code capabilities
for collimation studies. They mainly involve: the online
aperture check; the possibility to perform simulations cou-
pled to advanced Monte Carlo codes like FLUKA or using
the scattering event generator of the Merlin code; the gener-
alisation of tracking maps to ion species; the implementation
of composite materials of relevance for the future upgrades
of the LHC collimators; the physics of interactions with bent
crystals. Plans to merge these functionalities into a single
version of the SixTrack code will be outlined.

INTRODUCTION

SixTrack [1-4] is a tracking code for simulating transverse
and longitudinal single particle beam dynamics. It is widely
used at CERN for predicting dynamic aperture in large stor-
age rings [5] like the Large Hadron Collider (LHC) [6] or its
upgrade as foreseen by the High Luminosity LHC Project
(HL-LHC) [7, 8]. The code was extended [9] to predict the
performance of a collimation system in terms of loss pattern
and cleaning inefficiency. Nowadays, it is regularly used
for optimising the performance of existing cleaning systems,
like those of the LHC [10] or of the Relativistic Heavy Ion
Collider (RHIC) at BNL [11]. SixTrack is also an essential
tool for the design of future cleaning systems, like the one for
off-momentum cleaning being designed for the Super Proton
Synchrotron (SPS) at CERN [12], or the upgrade of that of
LHC in the context of the HL-LHC project [7, 8, 13], or the
one proposed for the Future Circular Collider (FCC) [14].

The code is in continuous development [15], not only to
improve its accuracy in predicting loss patterns in circular
machines, but also to address the performance of novel tech-
nologies proposed for future cleaning systems. The present
work gives an overview of recent developments, with exam-
ples of results.
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COUPLING TO FLUKA

FLUKA [16, 17] is widely used for particle-matter inter-
action studies; at CERN, studies cover the entire accelerator
complex. In the context of collimation studies the focus is
mainly on collimators and nearby equipment, e.g., energy
deposition in downstream superconducting magnets or sig-
nals induced in Beam Loss Monitors (BLMs). Studies used
to be carried out by loading in FLUKA losses at collimators
previously estimated with SixTrack [9].

An active coupling between FLUKA and SixTrack has
been recently set up [18], where the two codes run sepa-
rately while communicating with each other via a TCP/IP
communication protocol [19]. Hence, the accurate tracking
through accelerator lattices of SixTrack is combined with the
detailed physics of particle-matter interactions of FLUKA,
and multi-turn effects, relevant for collimation studies, can
be simulated in great detail. The same detailed collima-
tor geometries and material definitions used for the energy
deposition calculation are deployed; moreover, being the
scattering physics the same in both simulation stages, the
degree of consistency of results is greatly increased. In addi-
tion, as input to energy deposition calculations, the coupling
generates the list of particles at their first impact on the col-
limation system at any turn. This allows to properly take
into account single diffractive interactions and the contri-
bution from ionisation to peak energy deposition values in
collimators, which can be up to a factor 3 larger than what
estimated in the past [20] for a mesh of 5 pm transversally
and 1 cm longitudinally. The FLUKA-SixTrack coupling is
now regularly used for generating input to energy deposition
studies (e.g., see [21]). A recent benchmark of the accuracy
of results generated with the coupling can be found in [22],
for both proton and ion (see later) beams.

The system is flexible enough to allow for the on-line
estimation of energy deposition, i.e. during tracking through
the lattice. Moreover, the FLUKA geometry can be extended
at will. Figure 1 shows a quantitative benchmark of BLM
signals against measurements during tests of beam scraping
in the SPS [23]. An external routine for beam sampling
is available, with many types of distributions (e.g., double-
Gaussian, linear scans in amplitude and angle, K-V and
water-bag distributions [24]).

Essential for the on-line evaluation of energy deposition
in devices, the mechanical acceptance of the machine is
checked during tracking. The implementation extends what
set up in the past [9], adding new shapes like the octagon
(relevant for HL-LHC and FCC), and giving the possibility
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Figure 1: Benchmark of BLM signals estimated with the
FLUKA-SixTrack coupling (colors represent different simu-
lation settings) against measurements (black curve) during
tests of beam scraping in the SPS [23].

to specify transverse offsets (horizontal and vertical) and
angles about the longitudinal axis. The bisection method,
faster than the original one, is used to determine the final
loss point, down to any desired accuracy.

HEAVY-ION TRACKING

FLUKA, used as scattering engine, proved to give accurate
results also with heavy-ion beams. As an example, during
the LHC Pb-ion operation in 2015, it was possible to relate
the high background measured in the Insertion Region (IR)
2 to a secondary ion beam generated in Electro-Magnetic
Dissociation (EMD) reactions in the left jaw of the horizontal
primary collimator in IR7. Simulations were carried out with
the “SixTrack with Ion-Equivalent Rigidities” (STIER) [25],
where the interaction of Pb ions with the collimator jaws
are simulated in FLUKA, and the generated out-scattered
particles are loaded in SixTrack and tracked by means of
protons of equivalent magnetic rigidity.

The FLUKA-SixTrack coupling has been extended to
deal with ion beams [25]; in particular, the tracking maps
implemented in SixTrack had to be generalised to treat ions
of any species. This version of the coupling (Heavy-Ion
SixTrack-FLUKA) has been applied to the design of the
HL-LHC collimation system, considering also scenarios of
beams made of other ion species [25].

OTHER SCATTERING ENGINES

SixTrack is being extended [26] importing scattering
engines different from the original one. Presently, those
implemented in Merlin [27] or in Geant4 [28] have been
ported [26]. This approach allows to re-use a long-standing
simulation set up (i.e. the native SixTrack for collimation
studies) while exploring results from different scattering
models. Moreover, being the scattering engines embedded
in the SixTrack executable without external codes to be cou-
pled with, they are suitable for running cleaning studies with
the BOINC platform for volunteer computing [29]. In addi-
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tion, the collimation code has been separated from the rest
and a general clean-up is under way [26,30].

As an example, Fig. 2 compares the average local cleaning
inefficiency downstream of the LHC betatron collimation
system as from the original scattering routine of SixTrack,
the Merlin engine, and the FLUKA-SixTrack coupling [31].
These results indicate an overall good agreement between
the different codes and an indirect validation of the original
version of the scattering, recently updated [32].
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Figure 2: Average local cleaning inefficiency at the main
clusters of losses downstream of the betatron collimation
system (DS1 and DS2) and upstream of the momentum one
(DS3) as predicted by SixTrack with two different scattering
engines and by the FLUKA-SixTrack coupling [31]. The
results were obtained for cleaning horizontal tails of Beam 2
in the case of 2016 LHC configuration with squeezed beams.

COMPOSITE MATERIALS

In the context of the HL-LHC upgrade, an intense R&D
programme has been launched, to identify jaw materials with
low impedance while standing the higher damage potential
of HL-LHC beams. The most interesting materials under
consideration are compounds [33], and the original scatter-
ing routine implemented in SixTrack had to be modified,
since it only dealt with elemental materials.

An approximated treatment was implemented [34], such
that the physics of particle-matter interactions is simulated
on fictitious materials, the physical properties of which are
weighted averages calculated on the components. This treat-
ment is applied not only to events involving the bulk mate-
rial (e.g., ionisation and multiple Coulomb scattering), but
also to point-like nuclear interactions. A careful benchmark
against Merlin [35] has shown that no relevant differences
are found for collimation studies. This treatment was exten-
sively used to characterise, in terms of cleaning inefficiency
and absorption capability, the performance of the HL-LHC
collimation system when different jaw materials were con-
sidered for the secondary collimators [34,36], which account
for a relevant fraction of the overall impedance budget [37].

Figure 3 shows an example of application of the discussed
implementation to the optimisation of material and length
of the FCC primary collimators [38].
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Figure 3: Local cleaning inefficiency in the second cluster
of losses downstream of the betatron collimation system
proposed for FCC as a function of material and length of
primary collimators [38]. b is the average impact parameter,
i.e. the average depth at which particles hit the collimator
jaw.

CRYSTAL CHANNELLING

The deployment of crystals as primary collimation stage is
a promising solution to substantially reduce the impedance
of the collimation system and the local cleaning inefficiency
downstream of the collimators. The physics of crystal chan-
nelling and related phenomena have been already imported
in SixTrack [39] and recently updated [40,41]. The origi-
nal routine was benchmarked against single pass measure-
ments; its update was also benchmarked against data taken
in SPS [41]. When applied to the LHC [41] (see Fig. 4),
crystals are expected to improve the cleaning inefficiency by
a factor of 10 with respect to the regular cleaning system.
Crystals were installed in the LHC during the Long Shut-
down 1 (LS1) on Beam 1, and first promising measurements
were taken in 2015 and 2016 [42,43]. Installation on Beam
2 took place during the 2016 Extended Year End Technical
Stop.
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Figure 4: Losses in the region of the LHC collimation system
at 6.5 TeV as predicted by SixTrack for a horizontal crystal
in channeling orientation and one secondary collimator [41].

ELECTRON LENSES

The deployment of electron lenses [44] as tool for deplet-
ing tails in a controlled way is another appealing solution to
enhance the collimation performance by actively controlling
loss rates of halo losses and by controlling the static tail
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population [45]. Simulations play a key role in optimising
the performance of the system. The original implementation
in SixTrack allowed to have first simulation results for the
SPS [46]. A review of the code has recently started [30].

CONCLUSIONS AND OUTLOOK

SixTrack for collimation studies has demonstrated a high
degree of reliability, accuracy and flexibility. Nevertheless,
many of the lines of development are not under the same
revision tracking system. Hence, it is planned to port them
under github [47], the revision tracking service where the
main code release is maintained.

Priority will be given to importing the on-line aperture
checking, extending it to thick tracking [48]. This is neces-
sary to run CPU-intensive cleaning studies (e.g., for electron
lenses or for crystals when used in amorphous orientation)
on the BOINC platform for volunteer computing.

All the other implementations not yet incorporated in the
main SixTrack release will follow, starting from the FLUKA-
SixTrack coupling and the extension of the tracking maps to
ion species. At the same time, the various methods presently
available for sampling the initial beam distribution will be
unified, with the routine of the FLUKA-SixTrack coupling
taken as basis. The physics of interactions with bent crystals
will be incorporated as well. Finally, a major merging of
the code for collimation studies into native variables and
functions will be performed.
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