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Abstract

The FCC-ee is a high-luminosity circular electron-
positron collider which will have beam energies spanning
45.6 to 182.5 GeV, and will radiate up to 50 MW of syn-
chrotron radiation power per beam. The lattice design up-
stream of the interaction point is based on weak dipoles and
long straight sections combined with a 30 mrad crossing
angle. The optics design provides a flat beam at the IP while
integrating an anti-solenoid and detector solenoid. This pa-
per summarizes the design principle and performance of
the FCC-ee synchrotron radiation collimation scheme and
provides insights into the synchrotron radiation simulations
within the interaction region, conducted with BDSIM using
the GEANT4 toolkit. Special attention is turned to the com-
plexity of the transverse beam tails, including their width
and particle density, representing valuable perspectives for
the design of an effective synchrotron radiation collimation
system.

INTRODUCTION

FCC-ee is a future high-luminosity and high-energy cir-
cular electron-positron collider with a circumference of
90.6 km. To fulfill its physics objectives, its centre-of-mass
energy will range from 90 to 365 GeV, and the collider will
operate at very high luminosity levels [1]. The machine
tunnel is designed with the vision of a subsequent energy-
frontier hadron collider FCC-hh [2] in mind. The imple-
mentation of a synchrotron radiation collimation scheme
within the Interaction Region (IR) is a critical aspect of the
Machine-Detector Interface study. This scheme aims at ef-
fectively containing synchrotron radiation and minimizing
the power deposited near the particle detector. Our study
presents simulation results for two operational energies and
different beam profiles. At the Z-pole, the FCC-ee will op-
erate in a high-beam current mode, whereas at the highest
1t energy mode, the IR will face the highest synchrotron
radiation photon energies. The main FCC-ee beam parame-
ters for the simulations are listed in Table 1 and the collider
layout is presented in Fig. 1.

INTERACTION REGION MODEL

The implementation of the IR model in BDSIM follows
the V23 FCC-ee lattice and optics version. It comprises
four dipoles upstream of the Interaction Point (IP) and
three dipoles downstream of the IP, along with multiple
quadrupoles, including the final focus quadrupoles (QC1/2).
Additionally, it incorporates a tilted field map consisting of
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Figure 1: FCC-ee layout with four IPs, where PA, PG, PD,
and PJ indicate the experimental sites; PF is the collimation
section, PB the injection/extraction section; and PH and PL
host the radio-frequency systems.

the detector solenoid and anti-solenoids, realistic vacuum
chamber models, and includes tungsten synchrotron radi-
ation collimators of 10cm thickness, and masks of 2cm
thickness.

Synchrotron radiation within the IR has been simulated
with BDSIM [4], a program that utilizes the GEANT4 [5]
toolkit. The beam line model is translated from MAD-X
output files for both operation modes considered into input
files for BDSIM. The beam modeling comprises two aspects:
the beam core, described by a Gaussian distribution using
the beam parameters from Table 1, and the beam tails, rep-
resented by a correlated distribution in phase space. The
distribution assumes 99% of the particles in the beam core
and 1% in the tails, ensuring a particle density similar to the

Table 1: Main FCC-ee Beam Parameters [3]

Operation mode Z AV ZH tt
Circumference [km] 90.659
SR power / beam [MW] 50

456 80 120 1825
11200 1780 440 56

Beam energy [GeV]
Bunches / beam

Beam current [mA] 1270 137 267 49

Bunch length o, [mm] | 15.5 5.41 470 2.33
Energy spread o5 [%] | 0.109 0.109 0.143 0.201
Rms hor. emit. &, [nm] | 0.71 2.17 0.71 1.59

Rms vert. emit. &y, [pm] | 1.9 2.2 14 1.6
Hor. IP beta 85 [mm] 110 220 240 800
Vert. IP beta ,8; [mm] 0.7 1.0 1.0 1.5
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Figure 2: Particle density horizontal (left) and vertical (right)
for the beam core and tail distributions for the various beam
lifetime used in this study.

sum of two Gaussian distributions as previously used in [6].
Moreover, a beam tail distribution can be extrapolated as a
function of beam lifetime [7] as shown in Fig. 2.

The IR design is versatile to accommodate all operation
modes with optimized IP beta functions for each running
energy, and minimises the synchrotron radiation from the
final focus quadrupoles. The crab-waist collision scheme [8,
9] requires a large Piwinski angle, long bunches and small
horizontal beam size at the IP. This configuration enables
the beams to enter and exit separate beam pipes before the
final focus defocusing quadrupole (QC1) closest to the IP.
In addition, an asymmetric optics minimises the emission of
synchrotron radiation fans into the IR by a softer bending of
the incoming beam trajectory. The asymmetric bending also
generates the 30 mrad horizontal crossing angle. Stronger
dipoles after the IP bring the outgoing beam back near the
counter-propagating beam before continuing to the arcs.

SYNCHROTRON RADIATION
COLLIMATION SCHEME

The aperture model, presented in Fig. 3, consists of a
30 mm circular aperture throughout the model combined
with horizontal winglets to absorb synchrotron radiation and
minimize pressure bumps [10] everywhere except for the
+9 m around the IP. From the first final focus quadrupole
(QC2) upstream of the IP, the aperture reduces to 20 mm
then 15 mm in QC1 and down to 10 mm within the central
chamber and vice-versa after the IP. An horizontal SR mask
is placed after QC1, at 2.13 m from the IP. A circular mask
is foreseen between the final focus quadrupoles, QC2 and
QC1, as here the physical aperture is reduced from 20 to
15 mm radius.

The objective of the synchrotron radiation collimation
scheme is to protect the vacuum chamber inside the particle
detector and to limit the heat load and scattering on the masks
closest to the IP. Moreover, the SR collimator apertures
must be larger than the beam halo collimator apertures to
minimize their interaction with beam halo losses, ultimately
limiting the heat load and potential scattering close to the
IP.

The beam halo collimation system is installed in section
PF (see Fig. 1), and has been studied with particle track-
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Figure 3: SR horizontal and vertical collimators, and masks.

ing using the Xtrack-BDSIM coupling simulation frame-
work [11]. Good protection has been demonstrated for halo
beam losses assuming a beam lifetime of 5 min at the most
critical Z mode [11].

SR collimators have been implemented in the IR region
to intercept synchrotron radiation upstream of the IR. Their
positions are shown in Fig. 3 in which the blue and red filled
curves highlight the aperture corresponding to the primary
and secondary beam halo collimators for the Z and tt energies
respectively. There are six SR collimators, four horizontal
and two vertical, and two masks. While SR collimators and
beam halo collimators have minimal interference, tracking
simulations of beam halo losses were performed including
the SR collimators, with the results presented in Ref. [12].

SIMULATION RESULTS

The main sources of synchrotron radiation background
in the IR come from the last dipole magnets before the IP,
the solenoid fringe field, and the final focus quadrupoles.
Simulations have shown that the synchrotron radiation power
deposition increases near the IP and beyond as the transverse
beam tails widen. The transverse beam tails are difficult to
predict and depend on the stored beam conditions. Therefore
several beam lifetimes have been considered and this paper
focuses on the least optimistic lifetime of 5 min.

Simulations indicated that synchrotron radiation caused
by the particles in the beam core from the last dipole mag-
net onwards can reach the IP. Radiation from the solenoid
field will mostly hit the vacuum chamber of the first dipole
downstream of the IP. It must be noted that an extraction
line (not included in the model) leading to an instrumented
beamstrahlung dump is foreseen in this first dipole [13, 14]
and the power deposition displayed in this element in Figs. 4
and 5 will therefore be deposited in the dump.

At Z Energy

The 45.6 GeV energy mode features the highest beam
current and hence will create a large amount of relatively
low energy photons, making the power deposited a crucial
parameter for the cooling assessment.
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Figure 4: SR power deposition, at Z energy, from s=-150 m
to 75 m around the IP. Each bin represents one metre.

Synchrotron radiation from the beam core, represented in
blue in Fig. 4, delivers less than a Watt of power deposition in
the detector beam pipe. A more precise power deposition is
depicted in Fig. 6. The mask effectively intercepts radiation
that would otherwise hit the central chamber. Moreover,
synchrotron radiation from the beam tails only increases the
power deposition beyond 2 m from the IP.

The synchrotron radiation collimation, while respecting
the collimation hierarchy, effectively contains the power
deposition to specific locations, mitigating the power de-
position in the vacuum chamber and near the IP. Although
synchrotron radiation from the transverse tail adds heat load
onto the mask nearest to the IP, it mostly traverses the central
chamber, depositing power downstream of the IP. Overall,
the resulting power deposition around the IP is small, domi-
nated by wakefield heat load which is extracted by the central
chamber cooling by design [15].

At tt Energy

At the tt energy the beam current reduces, conserving
the total synchrotron radiation power, albeit with increased
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Figure 5: SR power deposition, at tt energy, from s=-150 m
to 75 m around the IP. Each bin represents one metre.
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Figure 6: SR power deposition, at Z energy, for +9 m around
the IP. Each bin represents 10 cm.

photon energy. Weak dipoles and quadrupoles upstream the
final focus quadrupoles ensure the smallest possible critical
energy for the synchrotron radiation generated upstream of
the IP.

Synchrotron radiation from the beam core, represented in
blue in Fig. 5, displays minimal power deposition near the
particle detector, with most of the radiation from upstream
of the IP contained in the SR collimation or propagating
through the central chamber. The synchrotron radiation
collimation, while respecting the collimation hierarchy, con-
fines power deposition to collimator and mask locations.
Synchrotron radiation from the transverse beam tails mainly
adds heat load onto the mask and downstream of the IP. In
summary, the resulting power deposition due to synchrotron
radiation from the beam core and tails remains minimal
close to the IP, proving the effectiveness of the collimation
scheme.

CONCLUSIONS

A synchrotron radiation collimation scheme has been suc-
cessfully implemented within a complete interaction region
model in BDSIM, based on the V23 FCC-ee lattice version,
including a tilted solenoid field map and realistic vacuum
chamber models.

The devised collimation scheme effectively protects the
central chamber and masks from excessive synchrotron radi-
ation flux, thereby minimizing heat load and scattering near
the interaction point. Furthermore, the careful positioning of
synchrotron radiation collimators also ensures efficient inter-
ception and containment of synchrotron radiation upstream
of the interaction point.

Simulation results reveal that the additional power deposi-
tion around the interaction point is manageable by the cool-
ing capacity foreseen, for both Z and tt operational modes.

The expected detector backgrounds from synchrotron ra-
diation have been preliminarily evaluated in Key4HEP, and
is reported elsewhere [16] with low occupancy rates, below
1%, observed in the sub-components of the detector.
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