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Abstract

The Future Circular electron-positron Collider, FCC-ee,
is a design study for a 90.7 km circumference luminosity-
frontier and highest-energy e*e™ collider. In a circular ma-
chine, interactions between beam particles and residual gas
atoms in the vacuum chamber can degrade beam quality, po-
tentially affecting beam lifetime, luminosity, and causing lo-
cal losses. In addition, such interactions may generate exper-
imental backgrounds and lead to distinct beam loss patterns.
To ensure acceptable performance, the vacuum system must
maintain sufficiently low pressures so that beam-residual
gas interactions remain within tolerable limits. This paper
presents a study of beam losses arising from beam-residual
gas interactions in the FCC-ee, together with corresponding
beam-gas lifetime estimates. The results are obtained using
a dedicated Monte Carlo simulation module developed for
future integration into the Xsuite framework. The module
models bremsstrahlung and Coulomb scattering processes,
using realistic pressure profiles and gas compositions.

INTRODUCTION

The Future Circular electron-positron Collider (FCC-
ee) [1,2] is a proposed 90.7 km circular collider designed for
precision electroweak and Higgs physics. It will operate at
beam energies ranging from 45.6 GeV for operation at the Z
pole, up to 182.5 GeV at the ¢ threshold. In such a machine,
interactions between circulating beam particles and residual
gas molecules can degrade beam quality, cause local losses,
and generate backgrounds in the experiments.

At the FCC-ee beam energies, bremsstrahlung is expected
to dominate beam-gas-induced lifetime degradation. In
these interactions, beam particles emit photons and may be
lost if their energy deviation exceeds the momentum accep-
tance. Elastic scattering, primarily through single Coulomb
scattering, leads to angular deflections and is expected to
have negligible contribution to beam losses compared to
bremsstrahlung at FCC-ee energies. However, under par-
ticular machine conditions—as discussed later in this pa-
per—such as limited dynamic aperture (DA), even small
angular deflections from a single scattering event can be
sufficient to drive particles beyond the DA limit. Although
the total beam lifetime is expected to be limited by radiative
Bhabha scattering at the interaction points, understanding
beam-gas interactions remains essential for evaluating lo-
cal loss patterns, background levels, and informing the de-
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sign of the vacuum [2] and collimation [3-7] systems. A
quantitative assessment of the relative contributions from
bremsstrahlung and Coulomb scattering is thus necessary.

This paper presents a simulation routine for modeling
beam-gas interactions during particle tracking, developed
for future integration into the Xsuite [8] framework, and
applies it to the study of beam losses in the FCC-ee. The
routine supports realistic pressure profiles and physics mod-
els for bremsstrahlung and Coulomb scattering, providing a
flexible tool for assessing beam-gas effects in electron and
positron storage rings. The validity of this beam-gas routine
has been demonstrated through comparison with an experi-
mental background study at SuperKEKB [9, 10], showing
very good agreement with measured data [11].

SIMULATION METHODOLOGY

Beam-residual gas interactions are modeled using a dedi-
cated Python module. The implementation supports realistic
pressure profiles, arbitrary gas mixtures, and physics models
for bremsstrahlung and Coulomb scattering. Of particu-
lar interest is its integration with Xcoll [12, 13], the Xsuite
collimation package, which enables combined tracking and
particle-matter interaction studies. This setup allows simulta-
neous evaluation of beam lifetime, collimation, and aperture
losses. A schematic of the simulation framework is shown
in Fig. 1. The main software components are:

* BeamGasManager: class that initializes the simula-
tion with pressure data and interaction models, manages
tracking logic, and handles data logging;

* BeamGasElement: Xsuite custom element placed at
discrete beamline locations, acting as lumped scattering
center for interactions;

¢ BremsstrahlungCalculator and CoulombScattering-
Calculator: classes that implement the relevant differ-
ential cross-sections and sampling algorithms.

The simulation follows a Monte Carlo approach. For
each particle, a number of mean free paths to the next
interaction is sampled from an exponential distribution,
ny, = —In(random(0, 1). As particles propagate through
the ring, the normalized traversed path length is accumu-
lated as ny;; = As;;/A;, where As;; is the path length tra-
versed by the particle between beam-gas elements i and j,
and A; = 1/(njo;) is the local mean free path, with n; the
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Figure 1: Schematic illustration of the beam-gas interaction
simulation framework.

atomic density and o; the total cross-section at location j. If
the accumulated normalized path length at the next beam gas
element exceeds n,, an interaction is triggered; otherwise,
the tracking continues and n, is updated. The gas species
and interaction type are chosen probabilistically, based on
their relative contribution to the total cross-section. Once
selected, the particle’s momenta and energy deviation are
updated using values sampled from the relevant differen-
tial cross-section (see next section), with rejection sampling
applied to reproduce the correct distributions. To improve
computational efficiency, a cross-section biasing technique
is applied: the cross-sections are scaled by a global biasing
factor (BF), such that the average mean free path becomes
equal to one machine turn, thereby increasing the interaction
probability. The true beam lifetime is reconstructed from
the survival fraction fyy:

Ty BF
In(fourv)”

where Ty is the revolution period. The BF is derived from
the average inverse mean free path and the target interaction
probability per turn. Interaction events and their locations
are logged element-wise for offline analysis. The modular
structure of the code facilitates future extensions, such as
dynamic vacuum models or additional scattering processes.

6]

PHYSICS MODELS

The physics models for bremsstrahlung and Coulomb
scattering are based on Geant4 [14—-16] implementations.
Bremsstrahlung is modeled using the differential cross
section from Tsai [17], following the formulation in the
G4eBremsstrahlungRelModel from Geant4. The model
accounts for nuclear charge screening and includes Coulomb
correction terms to improve accuracy for high-Z nuclei.
Ter—Mikaelian (density effect) and Landau—Pomeranchuk—
Migdal (LPM) suppressions are not included, as they are not
expected to be relevant for high-energy e* interactions with
low-density gases [18-20].

Coulomb Scattering is modeled using the Wentzel-Mott
differential cross-section [21], incorporating nuclear charge
screening via the Wentzel correction and the Mott correc-
tion for electron spin coupling. The current implementation
aligns with the G4ScreeningMottCrossSection model
from Geant4 in its simplified (“fast”) computation mode.
In this approach, target nuclei are treated as point-like and
assumed to have infinite rest mass; hence, finite nuclear size
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and recoil effects are not included. While these assumptions
are commonly employed at lower energies, their applicabil-
ity at FCC-ee beam energies merits further investigation.
Future studies will carefully address the potential impact of
these approximations on beam-gas interaction simulations.

SIMULATION SETUP

FCC-ee beam-gas losses are evaluated using the
Xsuite-BDSIM simulation tool [22, 23], which combines
particle tracking through the magnetic lattice (handled by
Xsuite) with particle-matter interactions in collimators
(handled by BDSIM [24,25], a simulation toolkit based on
Geant4). Simulations are performed for the positron beam
(B1) at 45.6 GeV in the FCC-ee (V24.4 GHC [26]) Z opera-
tion mode, which features the highest beam current (1.27 A)
and stored beam energy (17.5 MJ). The vacuum pressure
and profile used as input is based on SYNRAD++ and
MOLFLOW [27,28] calculations, assuming a pessimistic
vacuum scenario with only 1 hour of beam conditioning at
nominal Z-mode current. A NEG-coated vacuum chamber
is considered. The assumed gas composition is 85% Hp,
10% CO, and 5% CO,, consistent with conditions typically
observed in synchrotron light sources.

Beam-gas interactions are simulated using the dedicated
routine, with bremsstrahlung and Coulomb scattering treated
in two separate runs. A total of 22,500 beam-gas scattering
centers are placed uniformly along the 90.7 km ring, corre-
sponding to an average spacing of approximately 4 m. Each
simulation tracks 107 primary particles over 1000 turns. The
first turn is artificially biased to correspond to one mean free
path using cross-section scaling, increasing the interaction
likelihood. To avoid clustering of interaction points near a
common start location due to this biasing, the simulations
are split into 1000 parallel runs of 10* particles each, with
the starting point in each run randomly assigned among
the 22,500 beam-gas scattering centers. The subsequent
999 turns are tracked without further beam-gas interactions,
modeling the propagation of beam-gas-scattered particles
through the ring. Synchrotron radiation effects—including
damping, quantum excitation, and energy recovery in RF
cavities—are included, as well as magnetic lattice tapering.
A detailed aperture model is implemented, and collimator
geometries are modeled using BDSIM.

Beam loss positions are recorded and binned longitudi-
nally in 10 cm intervals to generate loss maps, showing the
beam loss distribution along the FCC-ee ring.

RESULTS

Figure 2 shows the distribution of beam-gas-induced
losses around the FCC-ee ring from bremsstrahlung and
Coulomb scattering interactions. The losses are shown as
power loads, assuming the full stored beam energy at the
Z-mode and the simulated beam-gas lifetime, obtained with
Eq. (1) and shown in Table 1.

The simulations show that even small angular deflec-
tions—on the order of 1-10 urad—can lead to particle losses.
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Figure 2: FCC-ee (Z) beam-gas loss maps from beam-gas bremsstrahlung (top) and Coulomb scattering (bottom) interactions.

Table 1: FCC-ee Z Beam-Gas Lifetimes for a Pessimistic
Vacuum Scenario Assuming Only 1 Hour of Beam Condi-
tioning at Full Nominal Current

Process Lifetime [min]
Bremsstrahlung 282
Coulomb scattering 45

This explains why the Coulomb scattering lifetime is sig-
nificantly shorter than that for bremsstrahlung. The stud-
ied FCC-ee Z-mode lattice features a limited vertical DA,
approximately 30 units of normalized betatron amplitude,
which makes the beam highly sensitive to vertical angular
kicks. In the arcs, where most beam-gas interactions oc-
cur, the average vertical rms divergence is 0, ~ 0.3 urad.
A vertical deflection Ap, of 10 urad thus corresponds to
a normalized kick of over 3007, —enough to immediately
drive the particle outside the DA. This effect is even more
pronounced in the interaction regions (IRs), where the ver-
tical beta function S, can reach several kilometers, further
reducing o, . In those regions, even smaller deflections can
result in large normalized kicks, further explaining the high
concentration of Coulomb-induced losses in the IRs. The
beam is less sensitive to horizontal deflections, despite the
horizontal DA being about two-thirds of the vertical one.
This is because o, is significantly larger than o, —due
to the horizontal emittance being more than two orders of
magnitude larger and horizontal beta functions in the IRs
lower than their vertical counterparts—so the same angular
kick results in a smaller normalized deflection. In contrast,
bremsstrahlung mainly generates off-momentum particles
through photon emission, making its losses more sensitive to
the longitudinal DA (i.e. the momentum acceptance), which
is about 1%. Most beam-gas-induced losses are intercepted
by the collimation system. Bremsstrahlung-induced losses
are absorbed predominantly by the horizontal collimators,
while Coulomb scattering losses concentrate in the vertical
collimators—consistent with the transverse versus longi-
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tudinal sensitivity of the two processes and the respective
aperture limitations. Power loads remain within acceptable
limits. Overall, bremsstrahlung losses stay below 10 mW for
most elements, with peak loads of 10-30 W on the horizon-
tal collimators. Coulomb scattering losses are negligible in
most regions but can reach few kW on the vertical collima-
tors. These estimates correspond to a conservative vacuum
scenario assuming only 1 hour of beam conditioning. In op-
erational conditions following extended scrubbing, residual
gas densities are expected to be significantly lower, leading
to higher beam lifetimes and, consequently, lower power
loads. The impact of losses near the interaction regions on
detector backgrounds will need to be carefully evaluated in
future studies.

CONCLUSIONS AND OUTLOOK

This paper presents a simulation study of beam-gas inter-
actions in the FCC-ee Z-mode, focusing on bremsstrahlung
and Coulomb scattering processes at 45.6 GeV beam energy.
The results show that Coulomb scattering can lead to signifi-
cant particle losses when the vertical DA is limited, as in the
studied lattice. This effect is particularly pronounced in the
IRs where g, is large and even very small vertical angular
deflections can push particles beyond the DA limit. Most
beam-gas-induced losses are absorbed by the collimators,
with bremsstrahlung losses concentrated in the horizontal
collimators and Coulomb losses in the vertical ones. Overall,
power loads remain within acceptable limits.

This study assumed pessimistic vacuum conditions for a
pre-scrubbing scenario, expected to improve by up to a factor
100 after scrubbing. However, even under these pessimistic
conditions, no critical limitations are identified.

The developed simulation framework provides a realistic
and versatile tool for evaluating beam-gas effects and will
support the design and optimization of vacuum, collimation,
and protection systems in FCC-ee or similar machines.
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