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Abstract

The Future Circular electron—positron Collider (FCC-ee) is a proposed highest-
energy, luminosity-frontier lepton collider designed to enable precision measure-
ments in the electroweak and Higgs sectors. The machine is being designed to
operate in four distinct running modes, with beam energies of 45.6 GeV, 80 GeV,
120 GeV, and 182.5 GeV, optimized for the production of different particles (Z,
W, H, and tt). Owing to beam intensities far exceeding those of any previous
lepton collider, required to achieve unprecedented luminosities, the FCC-ee
beams will feature stored beam energies up to 17.7 MJ—about two orders of
magnitude higher than the current state-of-the-art lepton collider, SuperKEKB,
and comparable to the stored beam energy of the heavy-ion beams in the Large
Hadron Collider (LHC).

The FCC-ee thus represents a new operational regime for lepton colliders,
where the combination of high stored beam energy and ultra-low emittances
makes the beams highly destructive. This regime is extremely challenging
from a beam-collimation standpoint. At the FCC-ee, a beam collimation
system is indispensable—mnot only to reduce beam-induced backgrounds in the
experimental detectors, as in previous lepton colliders, but also to protect the
machine itself from unavoidable beam losses. A robust and efficient beam
collimation system is therefore essential both to minimize detector backgrounds
and to ensure machine protection, operational safety, and sustained availability
as the FCC-ee progresses toward its integrated luminosity goals.

This thesis presents a comprehensive design study of a beam collimation
system for the FCC-ee, combining analytical studies and advanced simulations
to evaluate performance under a wide range of beam-loss scenarios expected
during regular operation as well as abnormal conditions. In this work, ded-
icated simulation routines have been developed to model beam losses from
beam-residual gas scattering and Touschek scattering. The simulation tools
and developed routines have been benchmarked against measured data from
the SuperKEKB collider, as well as with beam loss data from the LHC, repro-
ducing observed beam-induced background trends or beam loss patterns with
excellent accuracy. This validation demonstrates their reliability for predicting
collimation performance not only at the FCC-ee but also at other existing or
future colliders.

The outcome of this thesis is a proposed multi-stage beam collimation
system for the FCC-ee, included in the machine’s baseline design. More impor-
tantly, this work provides a comprehensive documentation of the principles and
methods for developing a robust and efficient collimation system for any future
electron—positron collider. The methodologies, tools, and design strategies
developed here provide a solid foundation for future optimization of the FCC-ee
collimation system and will play a key role in the forthcoming technical design
phase of the machine. Finally, complementary studies on a crystal collimation
system are presented, demonstrating its promising potential and identifying it
as an interesting alternative to a traditional collimation system.






Contents

1

[1.1 Lepton colliders|. . . . . . .. ... ... ... L. 1
1.2 FCC-ee: the Future Circular electron—positron Collider|. . . . . 3
IL.2.1  Collimation for the FCC-eel . . . . . . . . ... ... .. 8

I1.3  The SuperKEKB collider| . . . .. .. ... .. ... ...... 9

12 Theoretical background| 13
2.1 Accelerator physics| . . . . ... ... o o000 13
[2.1.1  Linear theory of transverse beam dynamics| . . . . . . . 15

2.1.2  Longitudinal beam dynamics| . . . . .. ... ... ... 21

|2.1.3  Synchrotron radiation| . . . . .. ... ... ... .. 25

2.2 Beam Josses and collimationl . . . . . ... ... ... ... ... 26
221 Generic beam halo lossed . . . ... ... ... ..... 28

2.2.2 Beam-gaslosses| . .. .. ... ... ... L. 29

12.2.3  Touschek scattering losses| . . . . . . .. ... ... ... 35

2.2.4 Beam-beam losses . . . .. ... ... ... 39

2.3 Crystal collimation| . . . . . . ... .. ... ... ... ..., 43
13__Simulation tools| 49
BI_XSuitd . . oo 49
3.2 BDSIMI . ... ... 50
8.3 Xsuite-BDSIM coupling| . . . ... ... ... ... ... 51
3.4 bast2 . . ... 53
3.5 Simulation developments|. . . . . ... ... o0 53
13.5.1 Beam-gas scattering routine| . . . . . . . ... ... ... 53

13.5.2  Touschek scattering routine] . . . . . .. ... ... ... 58

4 Simulation tool benchmark 67
4.1 Benchmark with measured backgrounds at |

| superKEKB|. . . . ..o oo 67
4.1.1  SuperKEKB beam-induced backgrounds| . . . . . . . .. 68

4.1.2° SuperKEKB collimation| . . . . . .. ... ... ... .. 70

4.1.3  SuperKEKB background study| . . . . . .. ... .. .. 73

4.1.4  Simulation setup| . . . . . ... Lo oo 74




vi Contents
EI5 Resultsd - - o o oeoe e 76

4.2 Benchmark with measured beam loss patterns at the LHC] . 78

K Dl . . 79
.......................... 79

[ Collimation system design| 83
p.1  FCC-ee halo collimation system|. . . . . .. ... .. ... .. 83
p.1.1  Design of a collimation system layout for the FCC-ee|. . 87

5.2 FCC-ee SR collimation system| . . . ... ... ........ 99
[5.3 FCC-ee halo collimator design parameters| . . . . . . ... .. 100

6 FCC-ee collimation performance| 107
6.1 Generic beam halo losses|. . . . .. ... .. ... .. ..... 108
6.1.1  Collimator angular alignment| . . . . .. ... ... .. 115

6.1.2  Impact parameter scan|. . . . . . .. ... ... .... 120

6.1.3  Single-stage halo collimation| . . . . .. ... ... .. 127

6.2 Off-momentum lossesl. . . . . .. ... ... ... .. 130
[6.3 Beam-gas losses|. . . . ... ... ... ... L. 133
[6.3.7 Beam-Gas bremsstrahlung losses| . . . . . ... .. .. 136

6.3.2  Beam-Gas Coulomb scattering losses| . . . . . . . . .. 138

6.4 Touschek scattering losses| . . . . . ... .. ... .. ... .. 142
6.5 Beam-beam lossesl . . ... ... ... ..o 0oL 148
6.6 Generic failure scenariol . . . . . . . ... ..o L. 155

7 Crystal Collimation for the FCC-eg€| 159
7.1 FCC-ee crystal collimation system| . . . . .. ... ... ... 159
[7.2__Crystal collimator parameter selection| . . . . . ... ... .. 160
2.1 rystal bending angle| . . . . . ... ..o 161

[7.2.2  Crystal length| . . . ... ... .. ... ... ... 163

[7.2.3 Critical angle| . . . . . .. .. .. o000 164

[7.2.4  Channeling simulations| . . .. .. ... .. ...... 164

7.3 Crystal collimation performance assessment| . . . . . . . . .. 167
[7.4  FCC-ee crystal collimation summary|f . . . . . ... ... ... 170

I8 _Conclusionsl 173
Bibliograp 177
|Acknowledgements| 197




Chapter 1

Introduction

1.1 Lepton colliders

Particle colliders, a class of particle accelerators that collide particle beams,
are powerful instruments in particle physics, enabling the exploration of the
fundamental constituents of matter and the forces that govern their interactions.

Colliders can be broadly classified into two families: lepton colliders, which
collide beams of leptons such as electrons or positrons, and hadron colliders,
which collide beams of hadrons such as protons or heavy ions.

Hadron colliders, such as proton-proton (p-p) colliders, collide non-elementary
particles having an internal structure composed of quarks and gluons. This
implies that the initial state of the collisions is not well-defined on an event-
by-event basis, thereby limiting the achievable precision in the measurements.
Additionally, p-p collisions generate high rates of QCD backgrounds, thus
requiring complex triggering schemes and detection systems operating under
high levels of radiation. On the other hand, hadron colliders typically achieve
the highest center-of-mass energies and are well-suited for discovery physics,
thanks to the broad energy spectrum of the parton-parton collisions within the
hadrons.

In contrast, lepton colliders, such as electron-positron (eTe™) colliders, col-
lide elementary point-like particles with a well-defined initial state in terms
of energy, momentum, and polarization, thus enabling high-precision mea-
surements. They offer a cleaner experimental environment with trigger-less
readout and low radiation levels. Circular ete™ colliders can achieve very large
luminosities at lower energies (< 350 GeV), while higher energy eTe™ collisions
require linear collider designs due to limitations imposed by energy loss from
synchrotron radiation emission, which scales as 4*, with v = E/Ej being the
relativistic gamma factor, E the particle energy and Ej the particle rest energy.

Such limitations due to synchrotron radiation energy loss typically do not
apply to circular hadron colliders, as the much larger rest energy of protons
compared to electrons and positrons significantly reduces synchrotron radiation
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Figure 1.1. Layout of the LEP ring [5]. The eight access points are denoted IP1-8.
The four LEP experiments L3, ALEPH, OPAL and DELPHI are installed at the
even-numbered access points. Positrons travel clockwise, electrons anticlockwise
from points 1 to 8. The location of two LEP injectors, the SPS (Super Proton
Synchrotron) and the PS (Proton Synchrotron), is also indicated.

energy losses. This makes it possible to build and operate high-energy hadron
colliders, such as the CERN Large Hadron Collider (LHC) [I], which collide
proton beams with energies up to 6.8 TeV.

In summary, lepton colliders are best suited for high-precision measurements,
allowing detailed studies of fundamental particles and interactions in cleaner
experimental environments, while hadron colliders with their much higher
achievable beam energies offer direct discovery potential, making them the
primary tool for searching for new physics beyond the Standard Model. In the
following, the focus will primarily be on lepton colliders, as they form the core
subject of this work.

One of the most notable lepton colliders ever built is the Large Electron-
Positron Collider (LEP) [2, B], a 27 km circumference ete™ collider that
operated at CERN from 1989 to 2000 [4]. LEP was housed in the same
underground tunnel that now hosts the LHC, as shown in Fig.

LEP was instrumental in testing the Standard Model of particle physics,
particularly in measuring the properties of the Z and W bosons [4]. The
results obtained from LEP experiments helped solidify the understanding of
electroweak interactions and provided constraints on the search for the Higgs
boson [6], which was later discovered at the LHC in 2012 [7].

At the time of writing this thesis, five ete™ colliders, all of circular type,
are in operation [g], as listed in Table

Future lepton colliders, such as the Future Circular Electron-Positron Col-
lider (FCC-ee) [9], on which this thesis work is focused, are being designed
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Table 1.1. Operating e*e™ colliders as of 2025 [§]. All listed machines are of the
circular type. The parameter E denotes the beam energy in GeV.

Parameter VEPP-4M DAPNE VEPP-2000 BEPC II SuperKEKB
Laboratory INP INFN-LNF INP ITHEP KEK
Location Novosibirsk, Russia ~ Frascati, Italy ~Novosibirsk, Russia Beijing, China  Tsukuba, Japan
First operation 1994 1999 2006 2008 2018

E [GeV] 6 0.510 1.0 245 7 (), 4 (eh)
Circumference [m] 366 98 24 240 3016
Luminosity [10%° em=2 s71] 20 453 100 1000 24000

to advance our understanding of particle physics [I0]. These colliders aim
to explore higher energy regimes and achieve unprecedented luminosities by
leveraging the latest developments in accelerator physics and technology.

The FCC-ee will be described in detail in the following section. The
SuperKEKB collider will be discussed further in Section [I.3] This operating
collider plays an important role in this work, as it has been used to benchmark
the simulation tools employed in the design studies for the FCC-ee, utilizing
measured data from this machine.

1.2 FCC-ee: the Future Circular electron—positron
Collider

The Future Circular Electron-Positron Collider (FCC-ee) [9, [I1] is a proposed
high-energy, high-luminosity eTe™ collider that is being designed to explore
physics beyond the current energy and luminosity frontiers for leptons [10].
With a circumference of 90.7 km, the FCC-ee will operate in four distinct modes,
each with a center-of-mass energy optimized for the production of different
particles: Z bosons, W bosons, Higgs bosons (H), and top quark-antiquark pairs
(tt). These modes will require beam energies of 45.6 GeV, 80 GeV, 120 GeV,
and 182.5 GeV. The collider is foreseen to operate in the Z mode for the first
four years, collecting a total of 5 x 102 Z bosons, which corresponds to 10°
times the statistics collected by LEP [12]. This will be followed by two years
in W mode, producing more than 10® W boson pairs, a 10%-fold increase over
LEP [12]. The FCC-ee is then expected to operate in the H (ZH) mode for
three years, accumulating 2 x 106 Higgs bosons, before transitioning to the ¢
mode for five years, where it will collect 2 x 10° top quark-antiquark pairs [12].

The baseline layout for the FCC-ee [11], see Fig. includes four interaction
points (IPA, IPD, IPG, and IPJ), each equipped with an experimental detector,
and four long straight sections (PB, PF, PH, and PL) to host various technical
systems, such as injection/extraction, collimation, and RF.

The FCC-ee project is planned to progress through multiple phases, starting
with the pre-TDR phase (2025-2027) and environmental evaluation (2026-2030).
A key milestone will be the project approval by the CERN Council, scheduled for
2028. If the project is approved, this will be followed by civil engineering design
and tendering, expected to continue until 2032. Civil engineering construction
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Figure 1.2. FCC-ee layout [12], featuring four interaction points (IPA, IPD, IPG,
IPJ). The experimental insertions at IPA, IPD, IPG, and IPJ alternate with
long straight sections (LSS) serving different technical purposes: injection and
extraction (beam dump) at PB, collimation at PF, and RF at PH. The collider
ring is shown in blue, while the top-up injection booster is shown in green.

is planned to take place between 2033 and 2041, with technical infrastructure
installation foreseen from 2039 to 2043. The accelerator installation is expected
to occur between 2041 and 2045, followed by hardware commissioning in 2046.
Beam commissioning is planned to begin in mid-2046, with nominal operation
targeted for 2048. In parallel, the FCC-ee injector project is expected to follow a
similar timeline, with civil construction foreseen from 2031 to 2034, component
installation planned for 2035 to 2040, and beam commissioning for 2042. The
overall timeline of the project, according to Ref. [12], is illustrated in Fig.

The FCC-ee is designed as a double-ring collider [IT], thus allowing a large
number of particle bunches per beam to maximize luminosity while satisfying
strict operational constraints. A key limitation is the synchrotron radiation
power emission, which by design is bound to 50 MW per beam at all energies
by limiting the beam current [IT].

To optimize performance across all operational scenarios, the FCC-ee in-
cludes several advanced design features. The two beam lines intersect at the
interaction points with a horizontal crossing angle of 30 mrad [I1], while the
critical energy of synchrotron radiation near the collision points is kept below
100 keV to minimize detector backgrounds [I1]. A common lattice configura-
tion is employed for all energy modes, with only minor modifications in the
RF section required for the ¢ mode [I1]. Machine parameters, including the
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Figure 1.3. Timeline of the FCC-ee project [12].

betatron tune, phase advance in the arc cell, final focus optics, and sextupole
configuration, are adjusted at each energy by varying the strengths of the
magnets [IT]. At the highest beam energy of 182.5 GeV, synchrotron radiation
leads to an energy loss of approximately 5% per turn [I1]. To compensate for
this effect, a tapering scheme is implemented [I1]], in which the strength of all
magnets (except for the solenoids) is scaled according to the local beam energy.

A crucial aspect for the success of the FCC-ee is the top-up injection
scheme [13], which ensures continuous replenishment of electron and positron
beams at their collision energy. By maintaining a nearly constant beam current,
this approach sustains luminosity at peak levels throughout the physics run,
increasing the integrated luminosity by an order of magnitude [9]. Implementing
this scheme requires the installation of a booster synchrotron within the collider
tunnel.

The machine parameters of the FCC-ee Global Hybrid Correction (GHC)
lattice [I4] version V25.2 [15] are summarized in Table At the time of
writing, the FCC-ee GHC lattice constitutes the baseline lattice design for
the FCC-ee and is the configuration on which the studies presented in this
work have been developed (specifically using version V25.2). In parallel, an
alternative optics design is under development, namely the Local Chromatic
Correction (LCC) lattice [16].

A distinctive feature of the FCC-ee is that, unlike in any lepton collider
to date, where the equilibrium beam parameters are primarily determined by
synchrotron radiation (SR) emitted as the beams traverse the dipole magnets
in the collider arcs, in the FCC-ee, they are also significantly influenced by
beamstrahlung (BS) emission, see Table Beamstrahlung is the electro-
magnetic radiation emitted by a particle during a collision due to the intense
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electromagnetic field of the opposing bunch [I7].

The technological foundation required to construct such a high-energy, high-
luminosity circular lepton collider is already in place. The current focus is,
therefore, on refining the design, cost, and performance optimization to ensure
the feasibility and success of the FCC-ee.
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Table 1.2. FCC-ee collider parameters

for the GHC lattice V25.2 [15].

Beam energy [GeV] 45.6 80 120 182.5

# of IPs 4

Circumference [km] 90.658499

Bend. radius of arc dipole [km] 10.021

Energy loss / turn [GeV] 0.0390 0.369 1.86 9.99
SR power / beam [MW] 50

Beam current [mA] 1281 135 26.8 5.0
Colliding bunches / beam 12000 1852 300 60
Colliding bunch population [101!] 2.02 1.38 1.69 1.57
Horizontal emittance at collision €, [nm] 0.74 2.16 0.66 1.69
Vertical emittance at collision e, [pm] 1.9 2.0 1.0 1.39
Lattice v. emittance ey 1attice [Pm] 0.65 1.20 0.57 0.81
Arc cell Long 90/90 90/90 90/90
Momentum compaction a,, [1079] 28.55 28.67 7.52 7.47
Arc sext families 73 73 144 144
B2/ [mm] 90 /0.7 220 / 1 240/ 1 900 / 1.4
Transverse tunes Q./Qy 214.168 / 214.200 218.185 / 222.220 398.150 / 394.220 390.148 / 390.218
Chromaticities (/,/Q, +5/+5 0/+5 0/0 0/0
Energy spread (SR/BS) a5 [%)] 0.0395 / 0.1133 0.069 / 0.105 0.102 / 0.176 0.158 / 0.192
Bunch length (SR/BS) o, [mm] 5.22 / 15.0 346/ 5.28 3.26 / 5.59 1.86 / 2.26
RF voltage 400/800 MHz [GV] 0.0885 / 0 1.00 / 0 2.09/0 210/ 9.17
Harm. number for 400 MHz 121200

RF frequency (400 MHz) [MHz] 400.788083 400.788026 400.787964
Synchrotron tune Qg 0.0354 0.0809 0.0334 0.0873
Long. damping time [turns] 1169 218 65.4 19.2
RF acceptance [%)] 1.20 3.32 2.06 2.94
Energy acceptance (DA) [%)] +1.0 +1.0 +1.9 -2.8 / +2.5
Beam crossing angle at IP 6, [mrad] +15

Crab waist ratio [%)] 60 55 50 40
Beam-beam &, /§,* 0.0018 / 0.0955 0.013 / 0.129 0.0108 / 0.130 0.067 / 0.140
Piwinski angle 0.0, /0 27.6 3.6 6.6 0.87
Lifetime (q 4+ BS + lattice) [s] 5000 4500 6000 940
Lifetime (lum)® [s] 1324 960 600 650
Luminosity / IP [10%* em™2s7!] 143 20 7.5 1.41

& Including hourglass effect.

> Only the energy acceptance is taken into account for the cross-section, no
y gy P

beam size effect.
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1.2.1 Collimation for the FCC-ee

The FCC-ee presents unique challenges for beam collimation due to its unprece-
dented stored beam energy for a lepton collider, as shown in Fig. [I.4]

LEP2 *
SuperKEKB (e-)

SuperKEKB (e+)

PEP-II (e-)

(9]
]
=
] A (e+)
PEP-II (e+
] % FCC-ee Z *
w
>

107 5

FCC-ee W

FCC-ee H *

100 +
3 FCC-ee t

o (]
1071 4 A

Total stored beam energy [M]]

[
&

10! 102
Beam momentum [GeV/c]

Figure 1.4. Total stored beam energy in various lepton colliders.

In the FCC-ee Z operation mode at 45.6 GeV beam energy, the stored beam
energy reaches up to 17.7 MJ, a value two orders of magnitude higher than that
of SuperKEKB [I8], the current state-of-the-art ete™ collider in terms of stored
beam energy, and comparable to the stored beam energy during the heavy-ion
operation of the LHC [I9]. It is worth noting that, at SuperKEKB, collimators
were damaged on several occasions due to uncontrolled beam losses [20], as

shown in Fig.

The high FCC-ee stored beam energy, combined with the extremely small
target emittances, makes, therefore, a collimation system indispensable not
only to control backgrounds in the experiments, as in any lepton collider to
date, but also to protect the machine from unavoidable beam losses and ensure
machine availability.

To address these challenges, the FCC-ee collimation strategy foresaw two
types of collimation: a beam halo collimation (or global collimation), to remove
stray particles from the beam halo before they can impact sensitive machine
components, and a SR collimation upstream of each interaction point, to control
SR-induced backgrounds and reduce the power loads in the vacuum pipe due
to SR photon hits.

A detailed description of the FCC-ee collimation system, including its design
choices, implementation, and optimization, will be presented in Chapter [5}



1.3 The SuperKEKB collider 9

Beam

Figure 1.5. Damage to a SuperKEKB collimator jaw caused by accidental beam

losses [21].

1.3 The SuperKEKB collider

SuperKEKB [I8] is a high-luminosity eTe™ collider located at KEK (High
Energy Accelerator Research Organization) in Tsukuba, Ibaraki, Japan. It is the
successor to the KEKB collider [22], and it is designed to achieve unprecedented
luminosities to explore rare phenomena in flavor physics. SuperKEKB operates
at a center-of-mass energy of 10.58 GeV, corresponding to the mass of the
T (4S5) resonance, enabling the production of B-meson pairs for the Belle II
experiment [23]. For this reason, it is also commonly referred to as a B-factory.

SuperKEKB is a double-ring circular collider with a circumference of
3016.315 m. It collides beams with asymmetric energies: 4 GeV for the positron
beam and 7 GeV for the electron beam. For this reason, the positron ring
is commonly referred to as the Low Energy Ring (LER), while the electron
ring is known as the High Energy Ring (HER). The asymmetry in the beam
energies helps to boost the center-of-mass system, improving the kinematic
reconstruction of B-meson decays. The overall layout of SuperKEKB, includ-
ing the interaction region, electron and positron rings, and damping rings, is
illustrated in Fig. [I.6]

One of the most significant upgrades from KEKB to SuperKEKB is the
adoption of the "Nano-Beam" scheme. Inspired by the concept developed for
SuperB [25] and originally proposed by P. Raimondi, this technique reduces the
beam sizes at the interaction point to the nanoscale level by strongly squeezing
the beta functions, leading to a substantial increase in collision rates. A critical
element enabling this reduction of the beta functions is the large crossing
angle at the interaction point (83 mrad, compared to 22 mrad at KEKB).
Specifically, at SuperKEKB, this approach decreases the vertical beta function
at the interaction point (3;) to 0.3 mm (compared to 6 mm at KEKB). To
further enhance luminosity and mitigate beam-beam instabilities, the crab-
waist (CW) collision scheme [26, [27] is implemented. This scheme introduces
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Interaction

Region Belle Il detector
a

electron / positron
linear injector

positron damping ring

Figure 1.6. Schematic layout of the SuperKEKB collider [24]. The figure illustrates
the electron (HER) and positron (LER) rings, the interaction region housing the
Belle-II detector, the injector LINAC, and the positron damping ring. Arrows
indicate the beam directions in each ring.

a nonlinear focusing transformation using sextupole magnets placed near the
interaction point, which rotates the beta function waist of one beam along the
trajectory of the other beam. This transformation suppresses synchro-betatron
resonances, allowing higher tune shifts and reducing the probability of beam
blow-up. As a result, luminosity is increased without necessitating a reduction
in bunch length, mitigating problems such as higher-order mode heating and
synchrotron radiation.

The design luminosity of SuperKEKB is 8 x 10%® cm™2s~!, 40 times higher
than that achieved at KEKB [18]. As of 2024, the collider reached a peak
luminosity of 5.1 x 103* em~2s~! [28], demonstrating progresses toward its

ultimate goal. The SuperKEKB machine parameters as of December 2024 are
summarized in Table [[.3]

Achieving and sustaining high luminosity at SuperKEKB poses several
challenges, particularly in terms of beam-induced backgrounds and collimation.
The machine operates with high-intensity beams, leading to significant beam-
beam interactions and Touschek scattering. These effects contribute to beam
losses, which, if uncontrolled, can increase background levels in the Belle II
detector and cause damage to accelerator components. To mitigate these risks,
SuperKEKB is equipped with a distributed collimation system [29] designed to
absorb stray particles and reduce beam backgrounds. However, several events
leading to collimator damage have been reported due to unexpected beam
losses, highlighting the challenges associated with operating such an intense



1.3 The SuperKEKB collider 11

Table 1.3. SuperKEKB machine parameters as of December 27, 2024 [28].

Parameter LER HER
Beam energy [GeV] 4.0 7.0
Emittance [nm] 4.0 4.6
Beam current [mA] 1632 1259
Number of bunches 2346

Bunch current [mA] 0.696 0.537
Horizontal beam size at collision point ¢ [pum] 15.5 16.6
Vertical beam size at collision point o7 [pm] 0.265

Betatron tunes v, /v, 44.525 / 46.589 45.531 / 43.599
B2/B: [mu] 60 / 1.0 60 / 1.0
o, [mm] 4.6 (6.0%) 5.1 (6.12)
Piwinski angle 12.3 12.7
Crab waist ratio [%)] 80 60
Beam-beam parameter &, 0.036 0.027
Specific luminosity [103! cm™2s7'mA 2] 5.8
Luminosity [10%* em~2571] 5.1

& Bunch lengthening is considered by using streak camera measurements.

lepton collider [21].

SuperKEKB provides valuable insights for the FCC-ee design, particularly,
but not only, in beam dynamics, collimation, and high-luminosity operation.
The experience gained from mitigating beam losses and optimizing collimation
at SuperKEKB serves as a benchmark for developing simulation tools and
experimental strategies for the FCC-ee collimation system. In this work,
measured data from SuperKEKB has been used to validate and improve the
simulation models employed in the FCC-ee design studies. Further details on
this benchmarking process will be discussed in Chapter [4]
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Chapter 2

Theoretical background

This chapter reviews the theoretical background underlying the studies presented
in this thesis. It begins with the fundamentals of charged—particle motion
and the linear theory of transverse and longitudinal dynamics in Section [21]
followed by an introduction to synchrotron radiation and its implications for
beam dynamics and accelerator design. General aspects of beam losses and
collimation are then outlined in Section followed by a discussion of the
specific beam-loss processes most relevant to this work—generic halo losses in
Section [2.2.1] beam losses due to beam-residual gas interactions in Section [2.2.2]
Touschek-scattering losses in Section [2:2.3] and losses due to beam-beam
interactions in Section [2.2.4] Finally, crystal collimation is introduced, which
provides the basis for the FCC-ee studies discussed in Chapter [7]

Because of its direct relevance to this work, the discussion in this chap-
ter focuses primarily on circular accelerators, although most of the concepts
presented are general and can also be extended to linear accelerators.

2.1 Accelerator physics

This section provides an overview of key concepts in accelerator physics that
are essential for understanding the beam dynamics and beam loss mechanisms
discussed throughout this thesis. It begins with the fundamentals of transverse
and longitudinal dynamics and concludes with a discussion of synchrotron radia-
tion, which plays a central role in determining the performance limits of circular
electron—positron colliders such as the FCC-ee. For a more comprehensive treat-
ment, the reader is referred to standard references such as [30} 3T, 32} 33} 34],
from which the core results presented in Sections and are
derived. Additional details on beam losses and collimation can be found in
specialized resources such as [35], which also form the basis for Section
Throughout this discussion, the curvilinear coordinate system commonly
used in accelerator beam dynamics is adopted, as illustrated in Fig. In
this moving reference frame, the longitudinal coordinate s denotes the path
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length along the design trajectory (also referred to as the reference orbit), with
its unit vector always parallel to the tangent of the reference orbit, while the
transverse coordinates x and y represent perpendicular horizontal and vertical
displacements from it.

reference point
fors

p(s) : local radius of curvature

design orbit

Figure 2.1. Curvilinear reference frame commonly used in accelerator physics. The
s-axis follows the design orbit, while x and y denote the horizontal and vertical
transverse directions, respectively. Figure adapted from [31].

In circular accelerators, charged particles are guided and confined along the
reference orbit by magnetic fields. Dipole magnets provide the bending forces
that steer the beam along a closed path, while quadrupole magnets exert linear
focusing forces that keep particles near the design trajectory. This configuration,
based on the lowest-order multipole fields, forms the foundation of what is
known as linear beam dynamics. Owing to its analogy with ray optics, the
arrangement of magnetic elements in an accelerator is often referred to as the
beam optics.

In practice, particles within a beam do not exactly follow the reference orbit.
Instead, each particle undergoes small oscillations around this ideal path due
to variations in initial conditions and collective effects. These oscillations are
typically decomposed into two independent components:

o Transverse motion, describing oscillations in the x—y plane, is governed
by the focusing forces of the lattice and is discussed in Section 2.I.1}

¢ Longitudinal motion, describing oscillations in energy and arrival
time along the s-axis, is governed by the RF system and is discussed in
Section 2.1.2

In the simplest case, an ideal charged particle with elementary charge e
moving in a perfectly uniform dipole magnetic field follows a circular orbit whose
curvature is determined by the balance between the Lorentz and centrifugal
forces,

2
~Ymov
Florentz; = evB = Fcentrifugal = ,
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where v is the particle velocity, v the Lorentz factor, mg the particle rest mass,
and p the bending radius. This relation leads to the well-known beam rigidity
condition,
po = ymov = Bp,

which links the nominal particle momentum pg to the magnetic field strength
and the bending radius. The beam rigidity determines the maximum momentum
that can be maintained in a ring for a given magnetic field and thus sets the
overall scale of the machine. For ions with charge ¢, the expression generalizes
naturally by replacing e with q.

2.1.1 Linear theory of transverse beam dynamics

The transverse beam dynamics of charged particles in a circular accelerator
describes the motion of individual particles under the influence of external
bending and focusing fields. These forces arise from the arrangement of mag-
nets along the accelerator, whose positions and strengths determine both the
trajectories of individual particles and the collective behavior of the beam as
an ensemble.

The treatment presented in this section is restricted to the linear approx-
imation. In this regime, particles are assumed to undergo small oscillations
around the reference trajectory, and the transverse components of the external
magnetic fields are assumed to depend at most linearly on the transverse dis-
placement from it. This implies that only dipole magnets (for bending) and
quadrupole magnets (for focusing) are considered. Under these assumptions,
the equations of motion can be solved analytically, providing valuable insight
into the fundamental properties of transverse motion. Nonlinear effects—such
as higher-order multipole fields or large-amplitude oscillations—are typically
treated as perturbations to the linear motion.

Within this framework, the equation of motion for a charged particle in
a magnetic field can be expressed in the curvilinear reference frame of the
accelerator, using the longitudinal coordinate s as the independent variable
instead of time t. Under these conditions, the linear, uncoupled equations of
motion for an on-momentum particle in the horizontal and vertical planes take
the form [32]

" L —k(s) | x(s) = a
x"(s) + <p(8)2 E( )) (s) =0, (2.1a)
y"(s) +k(s)y(s) =0, (2.1b)

where = and y are the transverse displacements from the design orbit, s is the
longitudinal coordinate along the reference trajectory, p(s) the local bending
radius, and

Po
is the normalized gradient of the quadrupole field, with e the elementary charge,
g(s) the local magnetic field gradient, and pg the nominal particle momentum.
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It is worth noting that in Eq. , there is an additional focusing term
1/p% in the horizontal plane even in the absence of quadrupole fields. This
so-called weak focusing arises from the bending strength of the dipole magnets
and contributes only in the plane of bending.

General solution. The general solution to Eq. (2.1)) can be written as [32]

U(S) = VEy ﬁu(s) COS[¢u(S) + ¢u70]7 u € {:L‘, y}7 (2'2>

where €, is a constant related to the oscillation amplitude, called the single-
particle emittance; 5,(s) is the betatron function; and ¢, ¢ is an integration
constant representing the initial phase. The phase advance is defined as

B S dsl
B o Buls)

Equation therefore describes the betatron oscillations, which are the
natural transverse oscillations of particles about the design orbit. The betatron
function §,(s) reflects the focusing properties of the lattice and governs the
evolution of the beam envelope. The betatron tune, defined as the number of
betatron oscillations per revolution,

bu(s) . (2.3)

_i ¢ ds
27 0 /gu(s)7

must be chosen carefully during machine design to avoid resonances that could
lead to large, unstable oscillations [30].

The amplitude of motion is related to the single-particle emittance e,.
Introducing the Twiss parameters (or Courant-Snyder parameters),

Qu

0u(s) = —2 (). () = 22 0e)

Buls)
and using Eq. (2.2)) and its derivative, it can be shown that €, is a constant of
motion, as it satisfies the ellipse equation

Yot + 20ut + Byt = €.

The area enclosed by this ellipse in the transverse phase space (u,u’),
illustrated in Fig. 2.2} is proportional to the emittance:

/du du' = Te,.

According to Liouville’s theorem, €, remains constant as long as only
conservative forces are considered. The quantity A, = me, thus represents the
area occupied by the particle in the transverse phase space.

For an ensemble of particles, the beam emittance is defined statistically as

€rms,u — \/<u2><u/2> - <uu/>2'
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Figure 2.2. Phase-space ellipse describing the transverse motion of a particle in the
u—u' plane.

Assuming a Gaussian beam, the transverse beam size for on-energy beam is
given by

Uu(s) = €rms,u ﬁu(s)v 0—; = v/ VYu €rms,u-

It is this dependence of the transverse beam size o, on the focusing properties
of the lattice through the betatron function j,(s) that enables the design of
beam transport systems with tailored characteristics such as small or large
beam sizes at specific locations.

Normalized coordinates. The differential equations have the same
mathematical form as that of a harmonic oscillator, which is expected since in
both planes the restoring force increases linearly with the displacement from
equilibrium. In beam dynamics, however, the oscillatory solution (Eq. )
exhibits an amplitude and phase that vary along the lattice. By introducing a
suitable transformation of coordinates, the particle motion can be expressed in
a form that is mathematically equivalent to that of a simple harmonic oscillator.
This formulation is particularly convenient for analyzing perturbations to
particle trajectories, as it allows the direct application of analytical tools
developed for harmonic oscillators to particle beam dynamics.

The transformation that achieves this correspondence converts the real-space
coordinates (u,u’) into the normalized coordinates (U,U’), defined by

() =7 (oo ) ()
- . (2.4)
U’ Bu(s) \aw(s) Buls)) \u
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Equivalently,

(2.5)

’s:mus s)u'(s).
U'(s) m()Jr Bu(s)u'(s)

In these normalized coordinates, the dependence on the optical functions
ay(s) and B, (s) is absorbed into the transformation, and the equations of
motion reduce to

—+U=0, (2.6)

where ¢,, is the phase advance. Thus, the motion in normalized phase space
corresponds to a uniform circular trajectory of radius /€., where ¢, is the
Courant—Snyder invariant (i.e., the single-particle emittance introduced above).

This representation is particularly advantageous because it maps the position-
dependent motion in real space into a simple rotation in normalized phase space,
providing an intuitive visualization of transverse dynamics and a convenient
framework for studying trajectory perturbations.

Dispersion and momentum spread. In realistic particle beams, a finite
momentum spread is always present. It originates from the acceleration process
itself, since cyclic (i.e., non-electrostatic) accelerators rely on the time-varying
longitudinal electric field component of electromagnetic waves in devices such
as RF cavities to accelerate particles. The relative momentum deviation of an
individual particle with respect to the reference momentum pq is defined as

s_Ar _pr—m
Po Po

(2.7)

The ensemble of particles in a beam exhibits a distribution of such momen-
tum deviations, whose r.m.s. value typically lies in the range

o5 ~ 10741073, (2.8)

This intrinsic spread affects the transverse motion, as the bending of dipoles
depend on the particle momentum.

In addition to this intrinsic contribution from the acceleration process, other
mechanisms in a real machine—such as beam-residual gas interactions, collective
effects such as Touschek scattering, and beam—beam interactions—further
contribute to a nonzero momentum spread within the beam.

As a consequence, the transverse equation of motion in the bending (hori-
zontal) plane, which for the on-momentum case is homogeneous, acquires an
additional term on its right-hand side. It then takes the form [32]

" S s az:s:L
x(s)+<p2(s) k( )) (s) p(s)é' (2.9)
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The term on the right-hand side represents the horizontal displacement of
off-momentum particles due to their different magnetic rigidity. The general
solution of this inhomogeneous differential equation can be written as

x(s) = zp(s) + xs(s), (2.10)

where z5(s) is the solution of the homogeneous equation, corresponding to
the betatron oscillations derived earlier (Eq. (2.2) with v = ), and x5(s) is a
particular solution that accounts for the momentum deviation.

In the linear approximation, the effect scales linearly with the relative
momentum deviation. It is therefore convenient to define the dispersion function
D, (s) as

zs5(s
D,(s) = 5(5 ). (2.11)

Substituting Eq. (2.10]) into Eq. (2.9) gives the corresponding inhomogeneous
differential equation for xs:

1 1

406) + (s~ o)) ) = 10

This equation shows that xs is subject to the same focusing that governs the
betatron motion, but with a driving term on the right-hand side. The dispersion
function D,(s) therefore represents the trajectory of a particle with a unit
momentum offset (6 = Ap/pyp = 1) in the absence of betatron oscillations
(zp =13 =0).

Physically, dispersion describes how particles with different momenta follow
different closed orbits in the bending plane. An off-momentum particle with
d > 0 (higher rigidity) will follow a trajectory with a larger bending radius,
while a particle with § < 0 (lower rigidity) will follow one with a smaller radius.
The betatron oscillations of each particle then take place around its individual
off-momentum closed orbit, defined by the local value of D,(s). In this sense,
dispersion and momentum spread together define a new reference trajectory
about which the betatron oscillations occur.

The underlying physical effect is analogous to the spectrometer (or prism)
effect, in which particles (or rays) of different momenta (or wavelengths) are
deflected by different amounts—by magnetic fields in the former case and by
refraction in the latter. The dispersion function thus provides a quantitative
description of this phenomenon within the framework of accelerator beam
dynamics.

(2.12)

Dispersion and beam size. It should be noted that, although Eq.
expresses the single-particle motion as a simple sum of the betatron and disper-
sive components, in a Gaussian-distributed particle beam (i.e., an ensemble of
many particles), the betatron and off-momentum contributions to the beam
size must be added in quadrature rather than linearly. The r.m.s. horizontal
beam size therefore reads

02() = \/rmaz Bals) + D2(s) 02, (2.13)
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where €pys,, is the r.m.s. emittance, 5, (s) the betatron function, and os the
r.m.s. momentum spread within the beam.

Momentum spread and chromaticity While dispersion describes how off-
momentum particles experience different bending in dipole magnets, a similar
effect occurs in the focusing strength of quadrupoles. This phenomenon is
known as chromaticity. It arises because, for a given magnetic field gradient g,
the focusing strength k& = eg/p depends inversely on the particle momentum
p. Particles with lower momentum experience stronger focusing, while higher-
momentum particles experience weaker focusing. As a result, the betatron tune
of each particle shifts with its momentum deviation.
In the linear approximation, this dependence is expressed as

AQ =Q'0, (2.14)

where AQ is the tune shift, Q' the chromaticity, and § = Ap/pg the relative
momentum deviation.
A first-order expansion of the focusing strength gives

k(p) = ko (1= 9), (2.15)

leading to a focusing error
Ak = —kgo. (2.16)

The negative sign indicates that a positive momentum deviation (i.e., higher
rigidity) reduces the focusing strength and therefore decreases the tune.

The so-called natural chromaticity of a lattice, which represents the uncor-
rected chromatic behavior, is obtained by integrating the focusing strength
weighted by the betatron function [32]:

) 1
Qo = =3 [ Ms) 8(s) ds. (217)

A negative natural chromaticity implies that particles with higher momen-
tum have smaller betatron tunes. Although this effect is inherent to any focusing
lattice, it can have severe consequences: the tune spread within the beam may
drive particles with certain momentum deviations into resonance conditions,
leading to beam degradation or losses.

To mitigate this, sextupole magnets are used to introduce a position-
dependent correction to the focusing strength. When placed in regions of
nonzero dispersion, where particles are spatially separated according to their
momentum, sextupoles provide an additional gradient proportional to the hori-
zontal displacement, effectively restoring the focusing balance for off-momentum
particles. By properly adjusting the strengths of dedicated sextupole families,
the chromaticity can be compensated in both transverse planes, yielding an
overall chromaticity close to zero and thereby preserving beam stability.
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Dynamic aperture. The introduction of sextupole magnets, necessary to
compensate for the chromaticity of the lattice, inevitably introduces nonlinear
components into the transverse magnetic fields. In an ideal linear lattice
composed of dipoles and quadrupoles, the transverse motion of a particle
follows a quasi-harmonic oscillation that can be described analytically, and all
particles remain confined to invariant ellipses in phase space. The situation
changes once sextupole fields are included: the magnetic field now depends
quadratically on the transverse displacement, and particles with large oscillation
amplitudes experience stronger nonlinear effects.

As a result, the motion of particles with small amplitudes—near the beam
core—remains approximately linear and stable, while particles at larger ampli-
tudes are gradually driven away from their ideal trajectories. Beyond a certain
threshold amplitude, the nonlinear perturbations lead to unstable motion and
eventual particle loss. The boundary between stable and unstable trajectories
defines the so-called dynamic aperture.

The dynamic aperture thus represents the maximum transverse amplitude
for which particle motion remains stable over many revolutions. It is determined
by the nonlinearities in the magnetic lattice, primarily those introduced by
sextupoles used for chromaticity correction, but also by higher-order multipole
errors, field imperfections, and intentionally introduced higher-order fields such
as octupole and decapole correctors. Because the dynamic aperture sets the
effective acceptance of the storage ring, it constitutes a fundamental performance
limit of circular accelerators, particularly for high-intensity colliders, where
maintaining large transverse stability regions is essential for achieving long
beam lifetimes and high luminosity.

The evaluation of the dynamic aperture is typically carried out through
particle tracking simulations, in which a grid of test particles is generated in
normalized transverse phase space over a range of initial amplitudes. Different
betatron phases can also be explored. The particle grid is then tracked for a
large number of turns through the nonlinear magnetic lattice. By recording
which particles remain stable (survive) or are lost during tracking, the region
of long-term stability can be mapped, and the dynamic aperture determined as
the boundary between stable and unstable motion. When multiple betatron
phases are scanned, the dynamic aperture contour can be obtained by averaging
the results over the different phases. An example of a dynamic aperture contour
obtained with this method is shown in Fig. [6.38

2.1.2 Longitudinal beam dynamics

Longitudinal beam dynamics in particle accelerators concerns the accelera-
tion and longitudinal focusing (or bunching) of charged particles along the
reference trajectory of the machine. It describes how the energy and phase of
individual particles evolve with respect to an ideal reference particle—called
the synchronous particle—which defines the nominal energy and timing of the
beam.
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In a circular accelerator, charged particles are accelerated by exploiting
the time-varying longitudinal electric field component of electromagnetic fields
produced by radiofrequency (RF) cavities. The use of an electric field aligned
with the particle trajectory is essential, as only the longitudinal component of
the Lorentz force F = ¢(E + v x B) can change the particle’s energy. Magnetic
fields, being always orthogonal to the velocity, can only deflect the trajectory
without performing work on the particles. For this reason, the acceleration
process relies exclusively on electric fields oriented along the beam path.

RF cavities generate oscillating longitudinal electric fields that not only
provide the energy required to accelerate particles to their target momenta but
also confine them into discrete bunches. Within each bunch, individual particles
perform small oscillations in energy and longitudinal position relative to the
synchronous particle. These oscillations, known as synchrotron oscillations,
constitute the essence of longitudinal beam dynamics.

The longitudinal motion arises from two coupled effects: differences in
particle velocity and variations in the effective path length per revolution. A
particle arriving early or late in the RF phase experiences a different accelerating
field and therefore a different energy gain, which in turn modifies its revolution
time and path length. This feedback mechanism produces stable oscillatory
motion in the longitudinal phase space (z, d), where z represents the longitudinal
displacement with respect to the synchronous particle and 6 = AE/ E0E| is the
relative energy deviation, where Ej is the nominal energy of the reference
particle.

In electron and positron storage rings, where synchrotron radiation losses
are significant, RF cavities also serve to continuously replenish the energy lost
to radiation. This compensation is essential for maintaining a stable beam
energy and thus stable operation.

The accelerating field generated by an RF cavity can be described as a
sinusoidally varying voltage Vi oscillating at an angular frequency wgrpr. The
energy gain of a particle traversing the cavity depends on its arrival time relative
to the oscillation phase and is given by

AE = eVgrr(t) = eVrr sin(wrrt + ¢),

where e is the elementary charge. For particles to remain properly phased with
the accelerating field, the RF frequency must be synchronized with the beam’s
revolution frequency wyey through the condition [33]

WRF = hwrevy

where h is an integer called the harmonic number [33].
An important concept arising from this synchronous motion is the RF
bucket, which represents the region in longitudinal phase space within which

Hn the relativistic regime—typical of high-energy particle accelerators—energy and mo-
mentum are effectively interchangeable. Throughout this thesis, the symbol § is therefore
used to denote either the relative energy deviation AE/Ey or, equivalently, the relative
momentum deviation Ap/pg, depending on context.
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Figure 2.3. Trajectories in the longitudinal phase space (left), together with the
corresponding RF potential well (right). The black line represents the separatriz,
which delimits the boundary of the RF bucket. Particles inside the separatrix
perform stable synchrotron oscillations around the synchronous particle, whereas
those outside do not execute closed trajectories and eventually become debunched
or lost. The separatrix corresponds to the limit defined by the maxima of the RF
potential well. Figure from Ref. [33].

particles undergo stable synchrotron oscillations. Particles with energy and
phase deviations that place them inside this bucket remain captured and
synchronized, while those outside become unstable and are eventually lost or
debunched.

The RF bucket can be understood as the closed region in the longitudinal
phase space (z,0) bounded by the separatriz of the longitudinal equations of
motion. Inside this region, particles execute bounded synchrotron oscillations,
i.e., oscillations in energy and time, around the position of the reference
synchronous particle (typically taken as zero); outside it, the motion becomes
unstable and particles slip in phase until they are debunched or lost. The
bucket thus acts as a potential well that confines the beam longitudinally. An
illustration of the separatrix and the corresponding RF potential well is shown
in Fig. The synchrotron oscillations are described by equations of motion
in the longitudinal plane, which can be solved to obtain the dynamic behaviour
of individual particles. As this is not a central concept in this thesis, we refer
the interested reader to standard textbooks for more details—see, for example,
Refs. [30, B3].

The size of the RF bucket is characterized by two important quantities: the
bucket height, corresponding to the maximum energy deviation (AFE)pax for
which particles remain captured, and the bucket area, which represents the total
phase-space area enclosed by the separatrix. The latter provides a measure of
the longitudinal acceptance of the RF system and determines the maximum
longitudinal emittance that can be stably confined.

The maximum relative energy deviation

 (AB) s
s = (2.18)
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for which a particle remains confined in the RF bucket defines the so-called RF
acceptance, or RF energy acceptance. This parameter is critical for determining
the longitudinal beam stability and for setting thresholds for beam losses caused
by large energy deviations.

When an ensemble of particles is confined within an RF bucket, forming
a particle bunch, one can characterize its longitudinal properties statistically.
The rms relative energy spread, denoted by oy, and the rms bunch length, o,
are defined as the root-mean-square values of the particle distribution in the
(z,0) longitudinal phase space. The longitudinal rms emittance of the bunch
can then be approximated as

Ey =0,0.

Momentum acceptance. A concept similar to the transverse dynamic
aperture discussed in the previous section is the momentum acceptance, which
represents a longitudinal analogue of it.

The momentum acceptance defines the maximum relative momentum de-
viation ¢ for which particles remain long-term stable, taking into account the
coupling of § into the transverse plane. As discussed in Section this
coupling arises from the lattice dispersion, which links momentum deviations
to transverse displacements and is therefore most significant in the horizontal
(bending) plane. As such, the momentum acceptance lies at the interface be-
tween longitudinal and transverse beam dynamics: while it quantifies stability
against momentum deviations (a longitudinal property), these deviations can
lead to transverse instability due to the momentum dependence of the closed
orbit and optical functions. It is important to note that the momentum accep-
tance is distinct from the RF acceptance, as it includes nonlinear transverse
effects in addition to the RF bucket constraints—effectively making it a longi-
tudinal dynamic aperture. It also differs from the so-called linear momentum
acceptance, defined as 6, = A,/D,, where A, is the physical aperture limit
and D, the linear dispersion function in the horizontal plane. Unlike this
simplified linear estimate, the momentum acceptance includes nonlinear effects
that cannot be captured through linear optics alone.

In practice, the momentum acceptance is evaluated through particle tracking,
using a method analogous to that employed for evaluating the transverse
dynamic aperture described in Section 2.1.1] The difference is that the particle
grid that is tracked is prepared in the (X, ) plane instead of the (X,Y) plane,
where X and Y represent the normalized amplitudes in the horizontal and
vertical planes, respectively. An example of momentum acceptances obtained
with this method is shown in Fig. 5.3

The momentum acceptance discussed here is a different concept from the
local momentum acceptance (LMA) introduced later in Sections and
in the context of Touschek scattering. Unlike the LMA, which characterizes the
effect of sudden momentum deviations, the momentum acceptance described
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in this section assumes particles to be matched to their corresponding off-
momentum closed orbits for a given value of §. This condition is satisfied when
a particle slowly reaches a given § starting from § = 0, rather than undergoing
an instantaneous d-jump as considered in the LMA evaluation. In particle-
tracking simulations of the momentum acceptance, this condition can be most
easily fulfilled by generating and tracking the (X, §) particle grid starting from a
dispersion-free region, where the off-momentum closed orbit coincides with the
on-momentum one. Notably, as also pointed out in Section [6.4] in dispersion-
free regions the LMA coincides with the (non-local) momentum acceptance
defined here.

2.1.3 Synchrotron radiation

The emission of synchrotron radiation originates from a well-known physical
mechanism: any charged particle subjected to acceleration emits electromagnetic
radiation. In circular accelerators, a transverse acceleration is always present
due to the guiding magnetic field of the dipole magnets, which continuously
bend the particle trajectory and therefore cause the emission of synchrotron
radiation.

The power radiated by a single particle undergoing transverse acceleration
can be expressed as [34]:

p o @ Bl (BN & Ble a (2.19)
T 6mey p2 \ Ep 6meg p? |’ ’

where ¢ is the electric charge, ¢y the vacuum permittivity, 8 = v/c the ratio
between the particle velocity v and the speed of light ¢, p the bending radius,
E the total energy, Ey the rest energy, and v = F/FEy the Lorentz factor.

From Eq. , the contrast between light and heavy charged particles
becomes evident. The large difference in rest energy—approximately a factor
of 2000 between electrons and protons—implies that synchrotron radiation
constitutes a dominant energy-loss mechanism for electrons (and positrons),
whereas it remains comparatively negligible for protons and heavier ions.

This phenomenon has several important implications for the design and
operation of circular accelerators. The energy lost by charged particles through
synchrotron radiation must be continuously replenished by the accelerating
system to maintain a constant beam energy. Additionally, the emitted radia-
tion may interact with accelerator components, resulting in heating, vacuum
degradation, and possible material deterioration. Finally, the substantial energy
losses associated with synchrotron radiation impose a practical lower limit on
the bending radius of electron and positron storage rings, thereby constraining
the achievable beam energy in circular machines.

In addition to the energy loss, synchrotron radiation also affects the beam
dynamics. As synchrotron radiation emission reduces the particle energy, the
transverse and longitudinal oscillation amplitudes decrease—a process known
as radiation damping, which over many revolutions tends to shrink the beam’s
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phase-space volume. The characteristic time over which this damping occurs is
known as the damping time.

However, because the radiation is emitted in discrete photons with random
energies and emission angles, a competing quantum excitation effect arises.
These stochastic fluctuations continuously perturb the particle trajectories,
preventing complete damping. The balance between radiation damping and
quantum excitation establishes an equilibrium state characterized by finite
values of the energy spread and the transverse beam emittances—referred to as
the equilibrium emittances of the storage ring.

These equilibrium emittances depend strongly on the lattice design and
define the practically achievable beam sizes and, in a collider, the luminosity.

In the context of the FCC-ee, synchrotron radiation plays a central role in
determining the overall design and performance of the machine. The 90 km
circumference of the FCC-ee is primarily dictated by the need to minimize
synchrotron radiation losses, since a larger bending radius reduces the emitted
power according to Eq. . The corresponding energy loss per turn for a
particle in an arbitrary accelerator lattice can be calculated by the following
ring integral [34]:

_ C’Y 4 1

where E is the beam energy and

62

Oy = 3eo(me?)t’

(2.21)

At the FCC-ee, this energy loss per turn is far from negligible, as summarized
in Table In particular, during the ¢ operation mode at a beam energy of
182.5 GeV, the synchrotron radiation losses amount to approximately 5% of
the total beam energy per revolution. To compensate for this effect, a tapering
scheme is implemented [I1], in which the strength of all magnets—except for
the solenoids—is scaled according to the local beam energy.

Moreover, the total synchrotron radiation power per beam is limited to
50 MW in all operational modes, imposing a fundamental constraint on the
maximum achievable beam current as the beam energy increases.

2.2 Beam losses and collimation

This section first discusses beam losses and collimation at a general level.
Additional collimation concepts not covered here—such as single- and multi-
stage collimation, the positioning of secondary collimators, and the required
settings in a multi-stage system—are introduced and developed in Chapter [3]
in the context of the FCC-ee collimation system design. The focus then shifts
to two mechanisms central to this thesis: beam-residual gas interactions and
Touschek scattering, for which dedicated simulation routines were developed
(see Chapter . For completeness, beam—beam losses are also briefly discussed.
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Regular and abnormal beam loss mechanisms

In an ideal accelerator, beam particles would circulate indefinitely in the vacuum
chamber without losses, and no collimation system would be required. In
reality, however, a wide range of mechanisms can lead to particle losses, making
collimation systems essential. These mechanisms include, for example, space-
charge effects, interactions with residual gas in the vacuum chamber, intra-beam
and Touschek scattering, beam—-beam interactions in colliders, feedback noise,
and the crossing of transverse or longitudinal resonances. In addition, magnet
misalignments and field errors can populate the beam tails and eventually cause
losses.

Beam loss mechanisms can be grouped into two categories: regqular loss
mechanisms, which are unavoidable during nominal operation, and abnormal
loss mechanisms, which are caused by component failures or incorrect beam
manipulations.

This thesis primarily focuses on regular beam loss mechanisms. The FCC-ee
collimation system design developed in this work mainly targets these losses,
but also incorporates safety margins to ensure robustness against abnormal loss
scenarios. A quantitative assessment of its effectiveness in such cases requires
dedicated studies. Work in this direction has already begun in parallel to this
thesis, as reported for example in Ref. [36], and will continue as the FCC-ee
design evolves.

In general, regular beam loss mechanisms lead to the gradual population
of the beam halo, with characteristic timescales that depend on the specific
process and the machine under consideration.

Betatron and off-momentum collimation

The beam halo is typically composed of two types of particles: betatron halo
particles and off-momentum halo particles. Betatron halo particles reach large
transverse amplitudes due to larger-than-nominal single-particle transverse
emittance, while off-momentum halo particles acquire large transverse ampli-
tudes as a result of a momentum offset § with respect to the reference beam
momentum pg.

Beam halo collimation can be defined as the controlled and safe disposal of
halo particles to minimize beam losses in sensitive regions of the machine. This
is achieved by reducing the effective transverse aperture at dedicated devices
called collimators, which act as the limiting aperture bottleneck of the ring and
hence intercept losses before they reach other locations.

As will be discussed in detail for the FCC-ee in Chapter |5} the strategic
placement of collimators at locations with suitable linear optics functions
enables selective cleaning of the different halo components. Collimators placed
in regions with large beta functions and small dispersion provide efficient
removal of betatron halo particles (betatron collimation), whereas those located
in regions with large dispersion and relatively small beta functions are effective
against off-momentum halo particles (off-momentum collimation). This can be
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understood by considering the transverse amplitude u of a particle in terms of
the local optics functions:

u(s) = ug(s)+us(s) = ey Buls) cos[gzbu(s) + ¢>u10] + Dy,(s)o, (2.22)

where u € {z, y}, ug is the betatron contribution, us the dispersive contribution,
€, the single-particle emittance in plane u, £,(s) the betatron function, ¢, (s)
the betatron phase, ¢, ¢ an initial phase, D, (s) the dispersion function, and
0 = Ap/pp the relative momentum deviation.

Equation shows that a transverse displacement can originate either
from betatron oscillations or from momentum deviations, which couple into the
transverse plane through dispersion.

2.2.1 Generic beam halo losses

As introduced above, several regular beam loss mechanisms can populate the
beam halo and ultimately cause particle losses. These processes are diverse
in nature, but in first approximation, for collimation purposes it is often not
necessary to model each mechanism in detail. A common approach is instead
to condense their overall effect into a finite beam lifetime, since their ultimate
consequence is the progressive population of the beam halo. The finite beam
lifetime thus provides a measure of the overall losses that a machine—and in
particular its collimation system—must cope with during regular operation.

In first approximation, the beam intensity, or equivalently the beam current,
can be described as an exponentially decaying function of time, with the
characteristic time constant defining the beam lifetime:

I(t) = I exp (-i) ,

where I(t) is the beam intensity at time ¢, Iy the initial intensity, and 7 the
beam lifetime.

Figure illustrates the relative beam intensity as a function of time for
three example lifetimes.

An adequate collimation system must be capable of handling the maximum
expected loss rate, corresponding to the minimum beam lifetime during the
operational cycle, particularly when the stored beam energy is highest.

It is worth noting that when the underlying processes populate the halo
slowly—meaning the increase in transverse amplitude per turn is small—these
generic beam halo losses are also the easiest to simulate. In this regime, the
details of the initial halo formation mechanism can be neglected, and it can be
assumed that halo particles are always intercepted by the smallest aperture in
the machine, known as the aperture bottleneck. In the design of a collimation
system, collimators are deliberately positioned to act as such bottlenecks,
ensuring that halo particles are removed before reaching sensitive components.

Consequently, the collimation performance can be evaluated by assuming
that halo particles directly impact the collimator imposing the smallest trans-
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Figure 2.4. Relative reduction of beam intensity versus time, I(t)/lo, for beam
lifetime values of 15 min, 1 h and 10 h.

verse cutﬂ The corresponding impact rate is linked to the beam lifetime: in
practice, the beam losses associated with a given lifetime are assumed to occur
at the impacted collimator. Since the beam lifetime varies over the operational
cycle, appropriate safety margins must be included to ensure that the system
remains effective even during temporary lifetime drops.

This simplified, yet robust, approach has been successfully applied in the
design and operation of the LHC collimation system [37] and remains a standard
methodology for collimation performance studies. As presented in Chapter [6]
it has also been adopted to study the performance of the FCC-ee collimation
system designed in this thesis.

2.2.2 Beam—gas losses

Beam—gas losses occur when beam particles interact with residual gas molecules
in the vacuum chamber. Since no accelerator vacuum is perfectly empty, these
interactions are unavoidable. They must therefore be carefully quantified
and, where necessary, mitigated or intercepted by dedicated devices such as
collimators.

These interactions can reduce the beam lifetime and contribute to emit-
tance growth, thereby degrading the beam quality and ultimately the collider
luminosity. They also generate secondary particle showers that can produce
experimental backgrounds or lead to localized beam losses, particularly in the
event of pressure bursts. As a result, beam—gas interactions can give rise to
distinct and sometimes localized loss patterns around the machine.

In the FCC-ee, the overall beam lifetime will be dominated by radiative
Bhabha scattering at the interaction points. Nevertheless, a good understanding

2These collimators are typically referred to as primary collimators.
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of beam—gas interactions, and of their contribution to the total beam lifetime,
remains essential. They provide key input for evaluating local loss distributions,
estimating background levels, and guiding the design of both the vacuum system
and the collimation system.

Beam-—gas effects are particularly relevant in circular machines, where the
beam executes many revolutions through the vacuum chamber and the cu-
mulative probability of interaction increases accordingly. To ensure reliable
operation, the vacuum system must therefore maintain sufficiently low pressures
so that these interactions remain within tolerable limits.

In electron and positron machines, beam—gas interactions are primarily elec-
tromagnetic in nature. The dominant processes are elastic Coulomb scattering
and inelastic bremsstrahlung of beam particles on residual gas nuclei. These
two mechanisms determine the beam—gas losses in the machines considered in
this thesis—SuperKEKB and the FCC-ee—and are discussed in the following
subsections.

Bremsstrahlung

Bremsstrahlung refers to the electromagnetic radiation emitted when a charged
particle, such as an electron or positron, is accelerated in the Coulomb field of
another particle. In the context of particle-matter interactions, bremsstrahlung
most commonly arises from the deflection of energetic electrons or positrons
by the Coulomb field of atomic nuclei. Because the nucleus is much heavier
than the incident lepton, it absorbs negligible recoil energy, and nearly all of
the lepton’s lost kinetic energy is carried away by the emitted photon. The
bremsstrahlung spectrum is continuous, extending from zero up to the full
kinetic energy of the incoming particle, with the emission probability increasing
strongly at low photon energies and small emission angles relative to the
particle’s trajectory. The process is particularly important for high-energy
electrons and positrons, where it dominates over collisional energy loss, and it
forms the basis of electromagnetic shower development in matter.

For ultra-relativistic electrons and positrons (E 2 1 GeV), the differential
cross-section (DCS) for the emission of a bremsstrahlung photon of energy k in
the field of an atom with atomic number Z takes, in the complete-screening
approzimation, the form [38, [39, [40]:

2
?T‘; - 4;:@ {421+ 1 =)} 2% (Fa - fo) + Z Final
(2.23)
2
-2 ;Z

where y = k/E, E is the total energy of the incident lepton, « is the fine-
structure constant, and r. is the classical electron radius. The quantities Fg(Z)
and Fine(Z) are the elastic and inelastic radiation logarithms, which describe
scattering on the nucleus and on the shell electrons, respectively [38], 40].
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For Z > 4, these logarithms can be evaluated using the Thomas—Fermi
model of the atom [38], [39] 40]:

184.15
Fa(Z) = ln<Zl/3) ;

1194
Fine](Z) = IH(Z2/3) . (224)
For light elements (Z < 4), the Thomas—Fermi model becomes inaccurate,

and a more precise description is provided by the Dirac—Fock atomic model [4T].
Accordingly, for Z < 4 we use tabulated Dirac-Fock values, Fe(lDF)(Z) and
Fl(n]le )(Z), taken from Geant4 (see Section and references therein) [41].
These replace Fy; and Fi,e in Eq. .

The term f.(Z) is the Coulomb correction factor, accounting for multi-
photon exchange between the lepton and the nuclear Coulomb field [38], [42] [43]:

> 1
(Z2)=a?22) —————
fe(Z) =« ;n(n2+a222)

(K1a4 + Ko + ﬁ)cﬂ — <K3a4 + K4>a4,

(2.25)

Q

with @ = aZ and constants K; = 0.0083, K, = 0.20206, K3 = 0.0020, and
K4 = 0.0369.

In this thesis, and in particular in the beam—gas simulation routine developed
as part of this work and described in detail in Section the DCS of Eq.
is used for Z < 4, with tabulated Dirac—Fock values for the elastic and inelastic
radiation logarithms. For Z > 4, a more general form of the DCS is employed,
in which the complete-screening approximation is relaxed and Tsai’s analytical
screening functions are used instead, consistently with the Geant4 relativistic
bremsstrahlung model.

This reads [40] 41]:

(iwl(s) - 2132)1 (2.26)
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The dimensionless variables v and ¢ are defined, following Tsai [40, 41], as

__Y - _9Y
PY_E_k_FZ7 € E_ng7 .
100 mc? 100 mc? (2.27)
FZ_W7 “:Z_W7

where m is the electron mass.

The functions ¢1,2(7y) and 91 2(¢) represent the coherent (nuclear) and
incoherent (atomic-electron) screening functions, respectively [40, [41]. The
combinations of these functions appearing in Eq. can be expressed
analytically as proposed by Tsai [40} [4T]:

$1(7) = 16.863 — 2In(1 + 0.3118777?) (2.28)
+2.4e7%97 41,6157, (2.29)

2

9100 =00 = 35995 T 152

Y1(e) = 24.34 — 2In(1 4 13.111641 %) (2.30)
+ 2878 4 1.27292 (2.31)

2
T34 120e + 12002’

Y1(e) — ¥2(e)

For v,e — 0, Eq. (2.26) reduces to the DCS in the complete-screening
approximation, Eq. ith Fo and Fi,e given by Eq. .

Although the total cross-section [(do/dk)dk is divergent, in practical com-
putations a lower cutoff ki, is applied. In the beam—gas routine, k,;, is deter-
mined by the maximum energy deviation d,.x, below which bremsstrahlung-
induced energy losses are not expected to cause particle losses. For the studies
presented in this thesis, a value of ky;, = 20 MeV is typically assumed.

It is worth noting that the Geant4 relativistic bremsstrahlung model [41]
can also include the Landau-Pomeranchuk-Migdal (LPM) and Ter-Mikaelian
effects, which describe density-dependent suppression of bremsstrahlung at very
high energies or in dense media [44] [45] 46]. However, these effects are negligible
in the regime relevant to this work—mnamely, electron and positron interactions
in low-density (UHVEI-level) gases—and are therefore not included here.

Coulomb scattering

Coulomb scattering refers to the elastic deflection of charged particles by the
electrostatic field of atomic nuclei. For electrons and positrons, single scattering
on nuclei arises from the long-range Coulomb potential, producing predomi-
nantly small-angle deflections with a probability that scales approximately as
Z2. Since the nucleus is much heavier than the incident lepton, the process

3Ultra-high vacuum, corresponding to pressures in the range of roughly 10712-10~7 mbar
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is effectively elastic, and the energy transferred to the nucleus is typically
negligible. At high energies, most scattering angles are very small (8 ~ 1/7),
although rare large-angle events can still drive particles beyond the physical or
dynamic aperture.

The classical description of this process was first developed by Rutherford
(1911) to explain the large-angle deflections of a particles, leading to the well-
known Rutherford scattering formula. For an electron of charge e, rest mass m,
and velocity v = ¢, scattering elastically off a nucleus of charge Ze and rest
mass M through an angle 0, the differential cross-section (DCS)—that is, the
scattering probability per unit solid angle d©) = 27 sin 6 df—is given by [47]

do  Z%r? 1

_ €

a@ " 4B ()

where 7, is the classical electron radius. A detailed derivation can be found in
standard texts such as [48].

The Rutherford formula is valid in the non-relativistic limit. For relativistic
projectiles, the Lorentz factor v modifies the cross-section, yielding [47]

di_ Z%r? 1
o 4ﬂ4’y2 sin4(g>-

(2.32)

which reduces to the non-relativistic DCS for v — 1.

Screening. For an unscreened 1/r potential, the Rutherford DCS diverges as
f# — 0. However, in an atom, the nuclear field is screened by the surrounding
atomic electrons, which removes the divergence [47]. A convenient way to
include this effect is to introduce a screening factor §(6) and write the screened
Rutherford DCS as [47]

do ( do ) 5
— == F°(6). (2.33)
df2 dQ Rutherford
A widely used choice is the Wentzel-Moliére screening factor [38, [47), 49]
sin? (¢
5(60) = (5) (2.34)

As v+ sinQ(g) ’

where the Moliére screening parameter is [38], 50, 51, 52]

fic \? Za\?
Agr = ( < ) 113 + 3.76 <°‘>
2parr 8

with p the projectile momentum, 5 = v/¢, « the fine-structure constant, and
atp ~ 0.8853 ag Z~'/3 the Thomas-Fermi radius (ag the Bohr radius). With
this choice, Eqgs. (2.33)—(2.34) are often referred to as the Wentzel differential

cross-section.

, (2.35)
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Spin (Mott) correction. For electrons and positrons, the interaction of
the lepton magnetic moment with the nuclear field introduces an additional
correction to the Rutherford result. It is customary to factor this through a
ratio Ryt (f) between the (spin-aware) Mott and Rutherford cross-sections. A
compact analytic expression proposed by McKinley and Feshbach for Riott(6)
is A7, 53]

Ruer(0) =1 — B2 sin®(§) — g ZaBrsin(f)[1—sin(4)], (2.36)

where qq is the projectile charge number including its sign (qo = —1 for electrons,
qo = +1 for positrons).

Finite nuclear size. At sufficiently high momentum transfer, the finite
nuclear size suppresses large-angle scattering. This can be included via a
nuclear form factor F(q). A commonly used choice is the exponential form
factor, which can be written as [47), [54]

Fexp(q) = {1 + % (q;N)Q} _2, (2.37)

where 7y is the nuclear radius, which can be estimated as ry = 1.274%27 fm,
with A being the mass number, and ¢ the momentum transfer.

Factorized working formula. Collecting the above ingredients, an oper-
ational expression for the elastic Coulomb scattering DCS of e* on nucle,
including relativistic kinematics, screening, spin (Mott) correction, and finite
nuclear size, is

do (do) 2 2
— == F7(0) Rt (0) [F(a)|7, (2.38)
dQ dQ Rutherford, rel

With the factors given by Eqs. (2.32), (2.34)), (2.36), and (2.37)), this reads:

do Z%r? 1
a0 " A s (3)

sin?(%)

2
As v+ sin? (g) ]

x [1 —B*sin*(§) —qo ZaBmsin(§)(1— sin(g))] (2.39)

s

The beam—gas simulation routine developed in this thesis (see Section [3.5.1))
employs the differential cross-section of Eq. (2.39)) to model Coulomb scattering
interactions between beam particles and residual gas nuclei, in consistency with
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the G4eCoulombScatteringModel implementation of single Coulomb scattering
in Geant4 [55].

Disclaimer. Geant4 also provides a single-Coulomb-scattering model, G4eSingle-
CoulombScatteringModel [56, [49], which treats the interaction in the center-
of-mass frame and then applies the corresponding Lorentz transformations to
the laboratory frame, thereby accounting for the finite rest mass (recoil) of
the target nucleus. This approach implements a complete two-body kinematic
treatment, including the recoil energy transfer, making it more general than
the G4eCoulombScatteringModel, which uses Eq. . However, for the
purposes of this work—specifically, evaluating beam losses due to Coulomb
scattering interactions with residual gas nuclei—the primary interest is in the
distribution of scattering angles for given electron/positron energies incident
on residual gas nuclei. This distribution is unaffected by whether or not the
finite rest mass of the target nucleus (and thus its recoil) is taken into account.
Comparative simulations performed with both Geant4 models, along with
the routine developed in this thesis, yielded indistinguishable scattering-angle
distributions. Consequently, the inclusion of this additional correction is not
relevant to the scope of this work ﬂ

2.2.3 Touschek scattering losses

Touschek scattering, also known as the Touschek effect, originates from single
Coulomb scattering events between two relativistic electrons (or positrons)
within the same bunch. During such a collision, transverse momentum can be
converted into longitudinal momentum. If the resulting momentum (or energy)
deviation exceeds the RF or momentum acceptance of the machine, or if the
resulting closed-orbit or betatron oscillations exceed the physical or dynamic
aperture, particles are consequently lost from the beam.

This effect was first observed in the early 1960s in the first electron storage
ring ever built [57], AdA (Anello di Accumulazione [58], Italian for “storage
ring”), built at the INFN Frascati National Laboratories under the leadership
of Bruno Touschek, from whom the effect takes its name. Its theoretical
description was subsequently developed in a series of works [59] [60]. Today,
the Touschek effect represents the primary limitation to the beam lifetime in
modern low-emittance e® storage rings.

The Touschek effect is a relativistic effect. In the laboratory frame, electrons
(or positrons) move at relativistic velocities along the longitudinal direction,
with a large Lorentz factor -, and their momentum is mainly longitudinal,
Dz > Dz, Py, Where p, is the longitudinal momentum component, p, and p,
are the transverse components, and p is the total particle momentum. In

41t is important to highlight—as emphasized in Refs. |47, 49|, B8]—that the recoil of the
target nucleus should not be neglected in studies involving quantities such as stopping power
or non-ionizing energy loss (NIEL), as ignoring this effect results in an underestimation of
both stopping power and NIEL.
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the center-of-mass (c.m.) frame of two hypothetically colliding particlesﬂ the
situation is reversed. In this frame, the transverse oscillation energy due to
betatron motion is larger than the longitudinal one due to synchrotron motion,
and p; < p;,p,. Additionally, in this frame the two particles move slowly,
with non-relativistic velocities and small momenta p*. If the two particles
undergo a Coulomb collision, their momentum components are redistributed.
Using primed quantities for the values after scattering, and labeling the two
hypothetically scattering particles as 1 and 2, one has

* ) scattering «

* * * _ */ */ */
P1 = (Pr1:Py1:P20 P1 = (Pr1:Py1>P 1)

* ) scattering «

Py = (p;,QapZ,Q’pz,Q P2 = (p;g,pz,g,p:g),
with
Peg =Pan tADz1s Pya =Pya T AP, Pl =Pl AL,
P2 = Ppo+ AD; o, Py2 =Dy + Apy o, Pi2=D.2+Ap; o,
and, by momentum conservation in the c.m. frame,
App1=—Apro,  Apyy=-—Ap,,  Api;=—Apl,.

Applying the Lorentz transformation back to the laboratory frame, one can
write

By = ’y(EI‘ + CB:DZ,l) :

’

, o LB
Dot =DPr1r  Pyi=DPy1>,  Poa= 7(122,1 + 4 ) ,

c

By = (E5 +c8ps)

’ ’

, EY
Pro=Dr2  Pyo=Dya  Poo=7 (pi,z + 62 ) :

Expressing the variation of the momentum components due to the scattering
for the two particles in the laboratory frame, one obtains

Apg1 = Ap; 1, Apz2 = Ap; o, Ap.1=vAp; 4,
Apy 1= Apy 4, Apy2 = Apy o, Ap.2=7Ap:,.

From these equations, one can clearly see that even a small redistribution
of the momentum components from transverse to longitudinal directions in
the c.m. frame, Ap;, Ap;, Ap;, are amplified by the Lorentz factor v in the
laboratory frame.

5Quantities in the c.m. frame will be distinguished, from here on, by an asterisk “*”.
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In the following, the theoretical framework of Touschek scattering is devel-
oped in more detail, introducing the concepts and quantities required for a
quantitative description of the effect. These provide the basis for the Touschek
scattering simulation routine implemented as part of this work and presented
in Section

In the c.m. frame, the probability that one of the two interacting particles is
scattered into the element of solid angle d2* is given by the Mgller differential
cross-section [61]

do* 72 1 \?4—3sin20* 4
O*, ") = ¢ 1 1 2.40
dQ* (07, %) 4ry*2 [( + ﬂ*2> sin? ©* + sin? ©* o )

where 7. is the classical electron radius, v* and g* are the relativistic factors in
the c.m. frame, ©* is the c.m. scattering polar angle, ¥* the azimuthal angle,
and dQ)* = sin ©* dO* dU*.

The total Touschek scattering rate is obtained by integrating over all scat-
tering angles and over all particles in the bunch [6I]. In the c.m. frame,

R =2 / v 0 p(F}) p(@5) V", (2.41)

where |v*| is the particles’ velocity, p(ZF) the single-particle phase-space density,
and
dV* = dx™ dy” dz" dpy, dpy,, dpZy dpho dpys dpZs.

The quantity o* is the total Mgller cross-section in the c.m. frame [61]

27 7r/2d0_*
— in ©* dO*dU*. 2.42
I & (2.42)

Transforming to the laboratory frame gives [61],

v*| o*
o]0 = |7 > (2.43)
and [61]
R=2 [ o]0 p(d) p(@) aV, (2.44)
with

dV = dxg dyp dz dals, dxjgy dyp, dyj, dApy dAps,

where (23, 2}) and (yg,yj) denote betatron coordinates (i.e., dispersive contri-
butions removed) and Ap; the momentum deviation.

Inserting Eq. into Eq. and substituting the result into Eq. ,
one can expand the expression for the Touschek scattering rate in the laboratory
frame as

2 pmw/2 ‘U*| do* . B . )
—2// / 7 ao sin ©* p(z1) p(Z2) dO* d¥* dV. (2.45)
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For a Gaussian-distributed bunch, Piwinski [60] performed a detailed evalu-
ation of Eq. and obtained a widely used closed-form expression for the
Touschek scattering loss rate. This result, commonly referred to as the Piwinski
formula, expresses the Touschek loss rate in terms of the linear optics functions
and beam parameters of the storage ring. The formula reads [60]

2 N2
Rp = fet \/m(B} — B3)
87y%0. /0202 — 03 D2 D32
oo 2
></ (2+1) (T/Tm—1>+1—vl+7 (2.46)
Tm T L+7 T/ Tm

1 1 ™
—<4+>lnT/T e
2T T T

_Bir Tdr
B Io(BQ’T) \/\/1%

In Eq. (2.46), 7. is the classical electron radius, ¢ the speed of light in
vacuum, N the number of particles per bunch, and v the relativistic Lorentz
factor. The quantities o, and ¢, denote the rms transverse beam sizes, defined

as
_ 2 _ 2
Oz = \/€az + D203, oy = \/eyBy + D20,

where €, and €, are the horizontal and vertical rms emittances, respectively,
D, are the dispersion functions, and o5 is the rms relative momentum (or
energy) spread. The bunch length is denoted by o,.

The parameter 7,, is related to the (local) momentum acceptance d, (see
the last paragraph of this section) through

Tm = 52527

where § is the relativistic velocity factor (8 = v/c).
The auxiliary functions By and By appearing in Eq. (2.46)) are defined as

= 2 212
B1 _ /B:% 1— UiQLDg + Y 1— UhDy
252720§5 ‘792;,8 25272012/,8 ‘712;,8

BBy

4 4 2
Birt0330,50%

B2 =DB? - (0207 — 05D2D}),

where 3, , are the betatron functions, and 0,3 and o,g are the rms betatron
beam sizes (excluding dispersive contributions).
The functions D, and D, are given by

D, = a;D, + B,D., Dy = a,D, + j3,D,,

with a ,, being the Twiss-« functions and D, , the derivatives of the dispersion
functions.
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The parameter o, is defined through

= 2 2

1 _ 1 D§+D§+Dy+Dy

0?2 o2 o2 o2 '
h 5 zpB yB

Finally, Iy in Eq. denotes the modified Bessel function of the first
kind of order zero.

It is worth noting that, as indicated by Eq. (2.46]), the Touschek scattering
loss rate decreases rapidly with increasing beam energy (7).

Piwinski formula is a standard tool for estimating Touschek lifetimes in
low-emittance storage rings and colliders. The Touschek lifetime 77 can be

estimated as [60]
1 o RP - 1 RP(S)
(%) e e 240

with Rp given by Eq. and N being the number of particles per bunch (at
time ¢ = 0). Since the optics functions, beam sizes, and momentum acceptance
vary along the ring, the Piwinski Touschek loss rate must be averaged over the
circumference C' of the machine.

Local Momentum Acceptance. The local momentum acceptance (LMA)
is the maximum momentum deviation that a particle can sustain at a specific
longitudinal position in the accelerator without being lost. It thus represents
the largest instantaneous momentum deviation for which the particle motion
remains stable. The LMA is local because it depends on the local optical
properties. For example, if a particle experiences a sudden momentum deviation
in a dispersion-free region, it remains transversely matched to its off-momentum
closed orbit (which in that case coincides with the on-momentum closed orbit),
whereas in a region with nonzero dispersion, the same momentum deviation
would cause an immediate mismatch with respect to the off-momentum closed
orbit. Consequently, the LMA is smaller in regions with nonzero dispersion
than in dispersion-free regions. It is worth noting that, in dispersion-free
regions, the LMA coincides with the (non-local) momentum acceptance (or
longitdudinal dynamic aperture) introduced earlier in Section The LMA
can be evaluated through particle tracking, using the method described in
Section

2.2.4 Beam-—beam losses

In high-intensity colliders, the mutual electromagnetic interactions between
counter-rotating colliding beams—known as the beam—beam interactions—a
fundamental limitation to the collider performance. Each bunch generates
an electromagnetic field that acts as a non-linear lens on the particles of the
opposite beam. These non-linear forces perturb the transverse and longitudinal
particle motion, leading to tune shifts, emittance growth, and potentially
unstable or chaotic dynamics. As a consequence, the beam—beam interactions
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play a crucial role in defining both the achievable luminosity and the overall
beam stability.

For small amplitudes, the beam—beam force can be approximated by a
linear focusing term, analogous to that of a thin quadrupole lens, except that
it provides focusing in both transverse planes simultaneously. The strength of
this linear interaction is characterized by the beam—beam parameter, &:

Nr, 5;4,
21y 0%, (0% + 07)

oy = , (2.48)
where N is the number of particles per bunch, r. the classical electron radius,
» , the betatron functions at the interaction point (IP), v the relativistic
Lorentz factor, and o} , the horizontal and vertical r.m.s. beam sizes at the IP.
The beam—beam parameter provides a useful measure of the strength of the
coupling and of the tune shift experienced by small-amplitude particles.

However, the beam—beam force is intrinsically non-linear. Particles at larger
amplitudes experience a weaker average focusing, leading to an amplitude-
dependent tune shift and a corresponding tune spread within the bunch. As
a result, particles may cross resonances or undergo diffusive motion in phase
space. Over time, these effects can drive particles away from the beam core and
populate the beam halo; once their transverse amplitudes exceed the dynamic
or physical aperture, such particles are lost. Beam—beam losses therefore refer
to those beam losses that arise as a consequence of beam—beam interactions in
a particle collider.

The most direct consequences of beam—beam losses are a reduction of the
beam lifetime and a possible increase in background rates observed by the
experimental detectors. In extreme cases, localized beam—beam losses, if not
properly mitigated, can also lead to increased heat loads on sensitive components
or even cause damage.

While beam—beam interactions are present in all types of colliders, they play
a particularly important role in high-luminosity electron—positron machines
such as SuperKEKB and the FCC-ee. This is because achieving high luminosity
requires extremely small beam sizes at the IP, which, according to Eq. ,
increase the beam—beam parameter £ and therefore strengthen the beam—beam
force. Two beam—beam effects of particular relevance for electron—positron
colliders, and thus for this thesis, are beamstrahlung and radiative Bhabha
scattering. In the FCC-ee, these processes contribute to the determination of
the equilibrium beam parameters (beamstrahlung) and sizable particle losses,
thereby affecting the overall collider performance. The two processes are
discussed in more detail in the next subsections.

Beamstrahlung

Beamstrahlung is the synchrotron radiation emitted by ultra-relativistic par-
ticles as they traverse the electromagnetic field of the opposite bunch during
collisions. In high-energy circular eTe™ colliders such as FCC-ee, this effect
becomes a major source of quantum excitation in addition to the standard



2.2 Beam losses and collimation 41

synchrotron radiation produced in the bending magnets. Its main consequences
are (i) an increase in the equilibrium energy spread and bunch length, (ii) a
possible blow-up of the transverse emittances if the dispersion at the interaction
point (IP) is nonzero, and (iii) a limitation of the beam lifetime through rare
emission of high-energy photons [62].

The intensity of the effect is characterized by the beamstrahlung parame-
ter [62) 63, 64]
B 2w,
B, 3E’
where FE is the electron (or positron) beam energy, B, ~ 4.4 GT is the Schwinger
critical field, and hw, is the critical photon energy corresponding to the local
curvature of the particle trajectory. For the FCC-ee, T <« 1, which implies that
the radiation can be described within the classical regime [62]. Under these
conditions, the average parameter (T) for two colliding Gaussian bunches with
transverse beam sizes (o7, 0;‘), longitudinal size o,, and bunch population N,
can be approximated as [62, [64]

(2.49)

’I“g’be

5)
T 6 ao, (o +0;)’

(1) (2.50)

where 1, is the classical electron radius, « the fine-structure constant, and ~y
the Lorentz factor.

The equilibrium beam parameters result from the balance between radia-
tion damping and the quantum excitation produced by both arc synchrotron
radiation and beamstrahlung. For zero IP dispersion, beamstrahlung increases
only the longitudinal emittance. The total relative energy spread in collision
can be written as [62]

Ug,tot = Ug,SR + nj;ﬂ {n7<u2)}BS, (2.51)
rev

where o5 gr is the natural energy spread due to synchrotron radiation, 7z sr
the longitudinal damping time, Tie, the revolution period, nip the number
of collision points, and {n.(u?)}ss represents the mean square photon energy
emitted per collision (see Eq. (18) in Ref. [62]).

The equilibrium bunch length is related to the total energy spread through
the longitudinal dynamics relation [62] [3T]

ac C
Oz tot = M 05§ tot s (2-52)

where a¢ is the momentum compaction factor, C' the ring circumference, and
Qs the synchrotron tune. Analytical estimates indicate that, for the FCC-ee,
beamstrahlung increases the equilibrium bunch length and relative energy spread
by factors of about two to three compared with their synchrotron-radiation-only
values (see Table , in good agreement with detailed beam—beam tracking
simulations [62].
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Radiative Bhabha scattering
Radiative Bhabha scattering (RBS) refers to the inelastic scattering process

+

ete™ — et

€ s

in which one of the colliding leptons emits a hard photon during the Coulomb
interaction with a particle from the opposite bunch. The emission of such a
photon leads to an energy reduction of the radiating lepton and can result in
particle loss if the energy deviation exceeds the machine’s momentum acceptance,
or if the resulting orbit or betatron oscillations fall outside the physical or
dynamic aperture. In high-luminosity circular eTe™ colliders such as the FCC-
ee, RBS is among the dominant mechanisms limiting the beam lifetime (see
Table [1.2)) [65].

Following Ref. [65], at small scattering angles the radiative Bhabha process
can be modeled using the Equivalent Photon Approximation (EPA). In this
framework, the electromagnetic field of a relativistic charged particle is treated
as a spectrum of quasi-real (or “equivalent”) photons with a continuous energy
distribution. The interaction between two ultrarelativistic leptons can thus be
approximated as the scattering of one lepton from the equivalent-photon flux
generated by the other. Under this assumption, the differential cross-section
for radiative Bhabha scattering in the forward region can be expressed as the
product of the equivalent-photon density and the classical Compton-scattering
cross-section [65],

dUBhabha ~ dn x dac, (2.53)

where dn represents the number density of equivalent photons and doc is the
differential Compton cross-section. This approximation replaces the full QED
calculation with a simplified but accuratd®] description of radiative Bhabha
scattering in the small-angle, low-momentum-transfer regime relevant for high-
energy circular colliders [65].

The differential cross-section for RBS is strongly peaked at small angles and
low photon energies, but its high-energy tail is responsible for particle losses.
The expected number of RBS events per bunch crossing with an energy loss
greater than the momentum-acceptance threshold ¢, can be written as

Ry = Lint orps(d > m), (2.54)

where Liy is the integrated luminosity per bunch crossing, and ogps(d > )
denotes the RBS cross-section integrated above the acceptance limit [65]. The
corresponding beam lifetime due to RBS is given by

Ny

. 2.55
Nn1p Linst ORBS ( )

TRBS —

6The accuracy of the Equivalent Photon Approximation compared with full QED calcu-
lations is typically within 5%. This level of accuracy is acceptable, as the relevant beam
parameters are usually not known with better than 5% precision [66].
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where N, is the bunch population, nip is the number of interaction points, and
Linst is the instantaneous luminosity per IP [65].

Radiative Bhabha scattering therefore imposes an intrinsic trade-off be-
tween beam lifetime and luminosity performance: an increase in instantaneous
luminosity enhances the RBS event rate and consequently reduces the beam
lifetime.

2.3 Crystal collimation

Crystal collimation exploits the channeling of charged particles in bent crys-
tals to deflect beam halo particles towards dedicated absorbers, as illustrated
in Fig. Compared to conventional collimation, relying on amorphous
collimators, crystal collimation offers the potential for enhanced collimation
performance and a reduced impedance contribution from the beam halo colli-
mators.

Crystal collimation has been experimentally demonstrated at several ac-
celerators. It was successfully tested, although never implemented in regular
operation, at the Tevatron [68], demonstrating its ability to reduce beam losses
in the detector region [69]. Crystal collimation has also been proposed for pro-
ton and heavy-ion beams at the LHC [I1 [70], electron and positron beams at the
ILC [71], and was experimentally studied at RHIC [72], where a bent crystal was
tested as a collimator for heavy-ion and proton beams. Crystal collimation is
now routinely employed during heavy-ion operation at the LHC [73] [74] [75], [76].

In this thesis, studies to assess the feasibility and performance of imple-
menting crystal collimation system in the FCC-ee are presented in Chapter [7]
These include a preliminary system design and a first evaluation of its expected
performance.

In the remainder of this section, some fundamental principles and char-
acteristic quantities describing the interaction of charged particles with bent
crystals are introduced. These provide the theoretical basis for the studies and
considerations presented in Chapter [7]

Bent crystal Massive Absorber
B -, -
- Secondary nato :
Circulatin . . .
beam ? : Insertion - Arc IP

Figure 2.5. Working principle of a crystal collimation system. From [67].
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Basics of crystal channeling physics

When a charged particle enters an oriented crystal at a small angle with respect
to a family of lattice planes (planar case) or axes (axial case), the averaged
electrostatic field of the crystal lattice forms a smooth potential that can confine
its transverse motion, as illustrated in Fig. for the planar case. In this
situation, one speaks of channeling of the particle. For the crystal collimation
studies carried out in this thesis, planar channeling is the relevant regime, and
this case will therefore be the focus of the following discussion.

Planar channeling in straight crystals. In the small-angle approximation,
the transverse dynamics may be described by a conserved transverse energy [78],

Er = % 62 + U(z), (2.56)

where p is the particle momentum, v its speed, 6 the angle to the crystal planes,
and U(z) the interplanar potential (periodic with interplanar spacing d and
depth Up). Channeling occurs if Er is below the barrier of U(x). This defines
the Lindhard critical angle [78]

0. = 2% (2.57)

pv
which sets the approximate angular acceptance for the channeling of a particle
in a straight crystal (~ 26.). Within the channel the transverse motion is
oscillatory, with a characteristic wavelength that increases with pv and decreases

crystalline plane

crystalline plane

Figure 2.6. Illustration of planar channeling. The solid red line represents the path
of a positively charged particle moving within the potential well formed by two
neighboring crystal planes, viewed from above (left) and from the side (right).

From [77].
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Dechanneling. Once a particle is in the channeling state, it may lose this
state due to incoherent scattering on the crystal electrons, nuclei, or lattice
defects. Such scattering processes lead to a non-conservation of the transverse
energy Ep. When Ep exceeds the depth of the interplanar potential well, the
particle can no longer be confined within the channel and leaves the channeling
regime. This process is referred to as dechanneling [78].

The longer a particle travels through a crystal in the channeling state, the
higher the probability that such scattering events will occur, and therefore the
lower the probability that the particle remains channeled. It is thus common
to model the evolution of the population of channeled particles as a function of
the distance traversed in the crystal by an exponentially decaying function,

Nen(2) = Nen(0) e~/ 4, (2.58)

where N, (0) is the initial number of channeled particles at the crystal entrance,
z is the path length inside the crystal, and L, is the dechanneling length, i.e.,
the characteristic length describing the exponential decay of the channeled
particle population [78].

Bent crystals and coherent steering. If the crystal is uniformly bent with
a bending radius R, the effective potential acquires a linear term that accounts
for the centrifugal force [78],
v
Uit () = U(z) + % z, (2.59)

which reduces the potential well on the inner side of the curvature.

There exists a critical value of the centrifugal term, (pv/R)., at which the
potential well vanishes and channeling is no longer possible. The corresponding
critical bending radius is defined by [78]

pv

= S N
Umax

R,

(2.60)

where U] .. is the maximum gradient of the planar potential.

Channeling in bent crystals therefore requires R > R.. In this regime,
channeled particles follow the crystal curvature and emerge with a coherent
deflection approximately equal to the crystal bending angle,

0, = (2.61)

R’
where L is the crystal length. This coherent steering is exploited in crystal
collimation to deflect beam-halo particles onto dedicated absorbers. Beyond
collimation, it also finds applications, for example, in beam extraction, fixed-
target experiments, beam splitting, and the production of secondary particle
beams.

It is important to note that the bending modifies the potential well depth
and therefore reduces the channeling angular acceptance, quantified by the
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critical angle 6. introduced in Eq. (2.57) for the straight crystal case. The
critical angle for a bent crystal with bending radius R can be written as [78]

R.
0.(R)=(1—— ] 0.0, 2.62
()= (1= ) 0o (2:62)
where 6. is the critical angle for a straight crystal (R — c0). As can be seen
from this expression, 8, — 0 as R — R..

The dechanneling length defined above is also affected by the bending, and
can be expressed as

La(R) = Lao (1 - %) , (2.63)

where Lg ¢ is the dechanneling length in a straight crystal.

Planar channeling of positively and negatively charged particles. In
planar channeling, the particle motion depends strongly on the sign of its charge.
As illustrated in Fig. positively charged particles oscillate between adjacent
crystal planes, while negatively charged particles move along trajectories that
cross the planes. The corresponding transverse trajectories of both cases in the
x—z plane, where x denotes the transverse coordinate and z the penetration
depth into the crystal, are shown in Fig. a).

Under channeling conditions, positively charged particles are repelled from
the atomic nuclei and therefore penetrate more deeply into the crystal com-
pared to the unaligned orientation. Negatively charged particles, on the other
hand, are attracted toward regions of higher nuclear density, which increases
their interaction probability compared to the positive-charge case [79]. As a
consequence of this attraction, negatively charged particles experience more
frequent close encounters with the crystal atoms, leading to enhanced scattering
and therefore a significantly shorter dechanneling length than for positively
charged particles [80].

The continuous interplanar potential governing the transverse motion can
be approximated by a harmonic potential well for positively charged particles,
as illustrated in Fig. c). For negatively charged particles, the situation is
reversed: since they are attracted to the nuclei, the potential changes sign and
becomes non-harmonic, exhibiting a minimum near the mid-plane between two
atomic planes, as shown in Fig. d). As a result, the transverse dynamics
and phase-space trajectories of positively and negatively charged particles differ
substantially, as illustrated in Fig. 2.7(b).

Volume reflection in bent crystals. When particles traverse a bent crystal
at an incidence angle larger than the critical channeling angle, they are not
captured into the channeling regime but can still undergo coherent deflection
due to the averaged electrostatic field of the bent crystal planes. In this case,
the particle approaches the maximum of the effective potential and is turned
by the field of the bent planes in a direction opposite to the crystal curvature.
This process is known as volume reflection [80, [79].
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Figure 2.7. Transverse trajectories and potentials for 400 GeV /c particles interacting
with Si(110) planes (dotted lines). Curves 1 and 2 correspond to channeled
particles, while curves 3 and 4 represent over-barrier trajectories. Dashed (dot-
dashed) lines refer to negative (positive) particles. (a) Trajectories as a function
of transverse position z and penetration depth z. (b) Trajectories in phase space,
i.e. transverse position z versus transverse angle 0,. (c-d) Continuous planar
potential (solid line) and transverse energies for positive and negative particles,
respectively. The quantity d, is the interplanar distance. From [79].

For positively charged particles, the mean deflection angle in volume re-
flection is typically of the order of (1.0-1.5) 6., while for negatively charged
particles it is smaller, around (0.8) 6. [79].

Electromagnetic radiation in crystals. When high-energy electrons and
positrons interact with oriented crystals, they can emit electromagnetic radiation
as a result of their coherent interaction with the periodic crystal lattice. Two
main radiation mechanisms are distinguished: coherent bremsstrahlung, which
occurs for over-barrier particles traversing the crystal at angles larger than
the channeling critical angle, and channeling radiation, which is emitted by
particles captured in the channeling regime and oscillating in the averaged
interplanar or axial electric field [7§]. In both cases, the radiation intensity can
be strongly enhanced with respect to amorphous materials.
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Chapter 3

Simulation tools

The study of collimation in the FCC-ee relies on advanced simulation tools
capable of modeling both beam dynamics and particle-matter interactions with
collimators. These tools enable accurate predictions of beam loss patterns
and collimation performance, providing essential input for the design and opti-
mization of collimation systems. While they do not directly provide estimates
of detector background levels, the output of these simulations—specifically
the spatial and kinematic distributions of beam losses—serves as a crucial
input for subsequent background evaluation studies. This chapter presents
the simulation frameworks employed in this work, outlining their capabilities,
underlying physics models, and their application to FCC-ee collimation studies.
In addition, for benchmarking purposes, the same tools are also applied to
SuperKEKB. In this context, a dedicated software framework developed for the
Belle II experiment is used to simulate detector backgrounds, and its relevant
features are also described in this chapter.

3.1 Xsuite

Xsuite [81] 82] is the primary simulation framework employed in the collimation
studies presented in this thesis. It is a modern and modular collection of
Python-based tools developed at CERN, designed to simulate beam dynamics
in particle accelerators. Xsuite aims to unify and extend the capabilities
of previously domain-specific tools, offering a coherent, flexible, and high-
performance environment suitable for a wide range of accelerator physics
applications.

A key feature of Xsuite is its modular architecture, which enables seamless
integration between its core components and with other accelerator-specific or
general-purpose Python tools. This design supports the simulation of complex
scenarios within a single, cohesive framework.

The core modules of Xsuite are structured as individual Python packages,
each dedicated to a specific aspect of accelerator modeling:
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o Xtrack: The central tracking engine, supporting symplectic tracking
through both thin and thick element maps. It also includes tools for
beamline definition, optics computations, and optics matching.

e Xpart: Handles the creation and manipulation of particle ensembles,
including routines to generate distributions that are matched to the local
optics parameters.

o Xfields: Provides models for collective effects, including space charge,
beam—beam interactions, and electron cloud. It supports both analytical
field calculations and Particle-In-Cell (PIC) approaches.

o Xwakes: Enables the modeling of wakefields and impedances, allowing
the inclusion of these effects in beam-dynamics simulations.

¢ Xcoll: A dedicated module for simulating interactions between beam
particles and beam—intercepting devices such as collimators [83,[84]. It sup-
ports coupling with external Monte Carlo codes such as BDSIM/Geant4
and FLUKA for detailed particle-matter interaction simulations.

e Xdeps: Manages symbolic variables and deferred expressions, supporting
advanced parameter control and configuration management.

e« Xobjects: Provides the memory management infrastructure and supports
code compilation and execution across different computing platforms,
including CPUs and GPUs.

In the context of this thesis, the most relevant feature of Xsuite is the
interface provided by Xcoll to the BDSIM /Geant4 framework, which allows
online simulation—i.e., during tracking—of particle-matter interactions with
collimators. This interface has been central to the design and performance
assessment of the FCC-ee collimation system, enabling detailed modeling of
different beam loss scenarios. A more detailed description of the Xsuite-BDSIM
interface is provided in Section [3-3]

3.2 BDSIM

BDSIM (Beam Delivery SIMulation) [85] [86] is a C++ software package devel-
oped for the simulation of radiation transport and particle-matter interactions
in particle accelerators and beamlines. It combines standard high-energy physics
libraries—Geant4 [87, 88}, [89], ROOT [90], and CLHEP [91]—to construct accel-
erator models that support both beam tracking and particle-matter interaction
physics.

BDSIM integrates accelerator-specific tracking routines with the physics
models provided by Geant4, enabling simulations where both long-range beam
transport and particle-material interactions are relevant. This makes it well
suited for studies involving energy deposition, radiation transport, and the
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production of secondary particles in components such as collimators, absorbers,
and beamline elements.

Geant4 is the Monte Carlo toolkit at the core of these simulations. It
allows particles, defined by initial conditions such as position and momentum,
to be tracked through complex three-dimensional geometries built from user-
defined volumes and materials. As particles traverse these geometries, Geant4
models their interactions with matter using a comprehensive set of physics
processes—including electromagnetic, hadronic, and nuclear interactions—while
generating and tracking all secondary particles produced.

In this thesis, BDSIM is employed through the interface provided by the
Xcoll module in Xsuite. This setup enables the modeling of beam—collimator
interactions during tracking, combining the beam dynamics capabilities of
Xsuite with the detailed particle-matter interaction modeling of Geant4 through
BDSIM.

3.3 Xsuite-BDSIM coupling

Xsuite and BDSIM can be used together to perform simulations that combine
particle tracking with particle-matter interactions. While BDSIM includes both
tracking and particle-matter interaction capabilities, its internal tracking is
not symplectic. This, combined with the use of a Cartesian coordinate system
required by Geant4, limits its applicability for long-term tracking in large
circular accelerators such as the FCC-ee. In such cases, the tracking becomes
both computationally inefficient and insufficiently accurate over the full ring.

To address this, an interface between Xsuite and BDSIM [92] 93], 94] has
been developed in the form of collimasim [95], a Python library providing
Python—-C++ bindings bindings to BDSIM. collimasim is used in Xsuite
through the Xcoll module.

In an Xsuite-BDSIM simulation, the accelerator lattice is defined in Xsuite,
and selected collimator volumes are modeled in 3D using BDSIM. During
tracking, Xsuite tracks particles through the lattice until they reach a collimator.
At that point, the particles are transferred to the corresponding BDSIM model,
where a full Monte Carlo particle-matter interaction simulation is performed.
Surviving primary particles and produced secondaries are then sent back to

Figure 3.1. A visualization of an example BDSIM model used for collimator
interactions, showing the collimator models (red) and the isolated cells (grey) [92].



52 3. Simulation tools

Xcoll

collimasim collimasim

collimator jaw

Beam

Figure 3.2. Conceptual scheme of the Xsuite-BDSIM coupling simulation framework.
During a simulation run, particle tracking through the magnetic lattice is performed
by Xsuite. When a collimator region is reached, the particle distribution is passed
to BDSIM, which performs a full Monte Carlo simulation of particle-matter
interactions. The resulting primary and secondary particles are then transferred
back to Xsuite for continued tracking until the next collimator is encountered.
The interface between the two codes is provided by the collimasim library via
the Xcoll module.

Xsuite for further tracking. The BDSIM Monte Carlo model for the collimators
consists of individual 3D geometry models (one for each collimator), each
enclosed in a box of infinite absorber to eliminate cross-talk, as illustrated
in Fig. |3.1] These geometries are generated at run time according to the
collimator orientation and opening specified in the input. The schematic of
the Xsuite-BDSIM coupling simulation framework is shown in Fig. [3:2] while
Fig. [3:3illustrates the structure of the corresponding software components. The
conceptual scheme is similar to the historical SixTrack-FLUKA coupling [96]
used in earlier LHC collimation studies.

C++ Python/C

collimasim
| ROOT |<—>| BDSIM I s Xcoll

Xpart, Xfields,
CLHEP Xsuite

Figure 3.3. Schematic representation of the software components involved in the
Xsuite-BDSIM coupling.

For the simulations presented in this thesis, BDSIM is configured with the
Geant4 reference physics list FTFP_BERT, which is the recommended option for
collider physics applications [97]. Collimators are modeled as simple rectangular
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blocks of material using BDSIM jcol elements. These represent two opposing
jaws, with the size in the non-collimation plane fixed to the default value of
20 cm, see Fig. while the active length in the collimation plane is set
according to the jaw under consideration. The surrounding tank and other
mechanical details are not included in the collimator geometry, as they are not
expected to significantly affect, to first order, the beam—collimator interaction
or the resulting loss patterns relevant for this work.

3.4 basf2

For simulations of the signals in the Belle IT detector at SuperKEKB, the Belle IT
Analysis Software Framework (basf2) [98], [99] is used. basf2 is a modular,
object-oriented framework developed in C++ with Python bindings, designed to
support data processing and analysis for the Belle IT experiment. It covers the
full data-processing chain of the experiment, including event generation, detector
simulation, reconstruction, and user-level analysis. It integrates a wide range
of external libraries and tools, offering a flexible and extensible architecture
optimized for the high-performance processing of large-scale high-energy physics
datasets.

Among its many components, the background module is particularly relevant
to the work presented in this thesis. This module enables the estimation of
radiation dose rates in the Belle II radiation monitoring system, based on
the spatial and kinematic distributions of particle losses in the inner beam
pipe. As detailed in Chapter [4 this functionality is instrumental in comparing
background levels from beam losses simulated with Xsuite-BDSIM to those
measured experimentally by the Belle II detector, thereby supporting the
validation of the Xsuite-BDSIM simulation framework for collimation and
background studies in electron—positron colliders.

3.5 Simulation developments

3.5.1 Beam-gas scattering routine

As part of this thesis, a simulation routine was developed to model elec-
tron/positron beam-residual gas interactions when performing particle tracking
in Xsuite [L00]. The developed routine implements bremsstrahlung and Coulomb
scattering processes using realistic pressure profiles and arbitrary gas mixtures
provided as input. For simulations of operating machines, measured pressure
profiles can be used as input, while for future machines under design—such as
the FCC-ee—simulated profiles derived from vacuum studies with tools like
SYNRAD++ and MOLFLOW [I0T], [102] are employed. The inclusion of this
routine in Xsuite-BDSIM tracking simulations allows simultaneous evaluation
of beam—gas lifetimes, collimation, and aperture losses.

The core of the implementation is a Python module named Xgas [103],
which uses a Monte Carlo approach to sample beam—gas interactions during
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particle tracking. Its main components are:

o BeamGasManager: class that initializes the simulation with residual gas
data—including atomic densities and gas composition—as well as in-
teraction models; it also manages the tracking logic and handles data

logging;

e BeamGasElement: Xsuite custom element placed at discrete beamline
locations, acting as a lumped scattering center for beam-gas interactions;

o BremsstrahlungCalculator: class that contains the bremsstrahlung
physics model and implements the corresponding sampling algorithm.

e CoulombScatteringCalculator: class that contains the Coulomb scatter-
ing physics model and implements the corresponding sampling algorithm.

The physics models (differential cross-sections) for bremsstrahlung and
Coulomb scattering are described in Section [2:2.2]

Simulation methodology

When a tracking simulation including beam-residual gas interactions modeled
with Xgas is performed, the simulation proceeds as follows. For each beam
particle that is tracked, a number of mean free paths to the next interaction is
sampled from an exponential distribution,

ny = — In(random(0, 1)). (3.1)

where random(0,1) denotes a uniformly distributed random number in the
interval (0, 1). This expression arises because the probability for a particle to
traverse a given distance without interacting decreases exponentially with path
length [104]. The corresponding cumulative distribution function (CDF) of the
exponential law is

F(ny)=1—e"™. (3.2)

In the inverse transform sampling method, a uniform random variable u € (0,1)
is equated to the CDF, u = F(n,), and then inverted to obtain

ny = — In(u). (3.3)

This procedure maps the uniform random variable u into an exponentially
distributed one. Expressed in units of mean free paths, n) represents a dimen-
sionless measure that can be directly compared to the normalized path length
accumulated during tracking.

As particles are tracked through the ring, the normalized traversed path
length ny ;; is accumulated as

As::
% (3.4)

Nxij = —~V—
’ A
j
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Figure 3.4. Schematic representation of an Xsuite-BDSIM simulation including
beam—gas scattering during tracking. Interactions are sampled using a Monte
Carlo approach based on the accumulated normalized path length between discrete
scattering centers. An interaction is triggered when this accumulated value exceeds
a randomly sampled threshold mean free path.

where As;; is the path length traversed between beam-gas elements i and j,

and 1
Aj = (3.5)

)
n;o;

is the local mean free path, with n; the atomic density and o; the total
cross-section at location j.

If the accumulated normalized path length at the next beam-gas element
exceeds ny, an interaction is triggered; otherwise, tracking continues and the
remaining number of mean free paths is updated as

'I”L/)\ =N — Nxij- (36)

Once an interaction is triggered, the gas species and the type of interac-
tion—bremsstrahlung or Coulomb scattering—are selected probabilistically,
based on their respective contributions to the total cross-section. The user can
choose to include both interaction processes in the simulation or isolate the
effect of a specific process by selectively disabling one of them. This flexibil-
ity is particularly useful in scenarios where the cross-section of one process
significantly exceeds that of the other, causing it to dominate the simulated
beam—gas interactions. In such cases, selectively enabling each process in sepa-
rate simulations can provide clearer insights into the contributions of the less
probable interaction.

After determining the interaction type and the gas species involved, the
particle’s momentum and energy deviation are updated using values sampled
from the corresponding differential cross-section, with rejection sampling applied
to reproduce the correct distributions.

A schematic representation of an Xsuite-BDSIM simulation including
beam-gas scattering is shown in Fig. [3:4] This illustrates the integration
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of beam—gas interactions into Xsuite tracking.

Since particle accelerators typically operate under ultra-high vacuum (UHV)
conditions, the mean free path associated with residual gas in the vacuum
chamber can reach extremely large values. As a result, observing a statistically
significant number of beam—gas interactions in a tracking simulation would
require tracking a particle distribution over an impractically large number of
turns, leading to excessive computational demands. Moreover, because the
ultimate goal of these simulations is to evaluate beam lifetimes and beam loss
patterns resulting from beam-—gas interactions, it is not sufficient to merely
trigger interactions: a meaningful fraction of these must also lead to actual
beam losses.

To address this, 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 a target number of machine turns, thereby increasing
the interaction probability.

The average mean free path before biasing is computed from the individual
mean free paths A\ of each gas species k, defined as

1

Nk o

Ay = (3.7)

where 1y, is the average atomic density of species k, computed as the mean over
the machine circumference, and oy, is its total interaction cross-section. These
are combined into a total average mean free path A.ye using the harmonic sum:

L _ > )\ik (3.8)

)\avg 5

The biasing factor BF is then defined such that the biased mean free path
becomes equal to a target number of machine turns (the default value is set to
1):

A
BF = 28 (3.9)
Ltarget
where Liarget = Nurn-C, with C' the machine circumference and n¢ym the desired
mean free path expressed in units of machine turns. Finally, all cross-sections
are scaled uniformly by the biasing factor:

o — opiased = BF . gy, (3.10)

This procedure artificially increases the interaction rate in the simulation
while maintaining the correct relative contributions of the different gas species
and processes.

In practice, beam—gas interactions are enabled only during this first, artifi-
cially biased turn. From the second turn onward, they are disabled to study
the downstream transport and possible loss of the scattered particles. This
approach mimics the single-interaction regime expected under realistic UHV
conditions. Additionally, to prevent unphysical multiple interactions introduced
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by the biasing—given that the likelihood of multiple beam—gas interactions
for a single particle in realistic scenarios is extremely low—each particle is
restricted to undergo at most one interaction during the simulation.

The true beam lifetime can then be reconstructed from the survival fraction
of the tracked particles fsuv as:

Trev - BF
In(fourv)’
where Ty, is the revolution period. This expression is derived under the

assumption that beam—gas interactions cause the beam intensity N (¢) to decay
exponentially with time:

TR (3.11)

%{f) = furv(t) = exp (—j) ; (3.12)

where Ny is the initial number of particles, ¢ is time, and 7 is the beam—gas
lifetime. In the biased simulation, the interaction probability is artificially
increased, effectively compressing the timescale of the simulation by a factor
equal to the biasing factor BF. The simulated time corresponds to Tie - BF,
and the survival fraction fsuw = N(¢)/No observed at the end of the simulation
is used in Eq. to recover the true (unbiased) beam lifetime.

In addition to cross-section biasing, a further strategy is applied to enhance
simulation efficiency by increasing the fraction of beam—gas interactions that
result in actual particle losses. Specifically, the sampling of energy deviations
(for bremsstrahlung) and scattering angles (for Coulomb scattering) is restricted
to ranges where the resulting perturbations are likely to exceed the machine’s
acceptance limits. For example, bremsstrahlung events causing only minimal
energy loss—well within the momentum acceptance—are unlikely to lead to
particle losses and can be omitted. Similarly, Coulomb scattering events
producing very small angular deflections have negligible impact on particle
trajectories and may be excluded.

To maintain physical accuracy, when applying these restrictions, the total
cross-section is computed by integrating the differential cross-section over the
selected interval of energy deviations or scattering angles. This total cross-
section is then used to determine the interaction probability and mean free
path, ensuring consistency in the Monte Carlo simulation.

To further mitigate artifacts introduced by the artificial biasing—specifically
the tendency of interactions to cluster near a common initial tracking loca-
tion—the simulation is divided into multiple parallel runs. In each run, the
tracking starting point is randomly assigned to one of the inserted beam-gas
scattering centers. This randomization ensures uniform spatial sampling of
interaction points along the ring and leads to more accurate estimates of beam
loss distribution.

Suitable cutoffs for energy and angle can be initially estimated based on
the machine’s momentum acceptance and dynamic aperture. These values can
then be refined through simulation scans over different threshold parameters,
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identifying the point at which the number of simulated beam-gas-induced losses
saturates—indicating that all loss-inducing interactions are being captured.
Interaction events and their locations can be logged element-wise and saved
to dedicated output called beam-gas logs for offline analysis.
The modular structure of the implementation facilitates future extensions,
such as incorporating dynamic vacuum models or adding other beam—gas
interaction processes.

3.5.2 Touschek scattering routine

As will be discussed in more detail in Chapter [4 an essential aspect in the
development and application of novel simulation tools—such as the Xsuite—
BDSIM framework used in this work—is their validation against existing
codes and, most importantly, experimental data. Since the FCC-ee is an
electron—positron collider, the most relevant benchmarking opportunities arise
from comparisons with data from presently operating ete™ machines, such as
SuperKEKB. In the context of collimation and beam-loss simulations, typical
observables available for comparison include measured beam lifetimes and
beam-induced background levels in the experimental detectors.

However, a key difference between the FCC-ee and current ete™ colliders
lies in the beam energy: while the FCC-ee is designed for beam energies between
45.6 GeV and 182.5 GeV, SuperKEKB operates at significantly lower energies (4—
7 GeV). At these lower energies, Touschek scattering is typically the dominant
mechanism limiting the beam lifetime, in contrast to higher-energy machines
where Touschek losses are suppressed and other processes prevail.

Therefore, to enable meaningful benchmarking of collimation and beam-loss
simulations against experimental data from presently operating low-energy ete™
machines such as SuperKEKB, it is necessary to model Touschek scattering
and the resulting particle losses accurately. This requirement motivated the
development of a dedicated Touschek-scattering routine, carried out as part of
this thesis, for use in Xsuite-based simulations.

The implementation of the Touschek—scattering routine developed in this
work is organized into the following components:

e TouschekManager: Python class that serves as the main controller for
the Touschek—scattering simulation. It validates input parameters (e.g.,
Twiss and momentum-aperture tables, beam parameters), configures
TouschekScattering elements (see below), and orchestrates the full
beamline setup.

e TouschekCalculator: Python class that provides the physics back-end
for computing Touschek—scattering rates via the Piwinski formula (see

Eq. )

o TouschekScattering: Xtrack beam element (hybrid Python/C structure)
that acts as the Monte Carlo generator and selector for Touschek-scattered
particles.



3.5 Simulation developments 59

Simulation methodology

The implementation of the Touschek scattering routine is based on the approach
by Xiao and Borland [61], [105], originally developed for the ELEGANT [106]
beam dynamics code. This method uses a Monte Carlo sampling scheme
combined with the Piwinski formalism to evaluate the Touschek scattering rate
and to generate the kinematic parameters of the scattered particles. In this
thesis, their procedure is re-implemented within an Xsuite-based framework.
To ensure reproducible benchmarking against ELEGANT, the Monte Carlo
draws use an ELEGANT-like random number generator that reproduces the
same random streams, initialized from a user-provided integer seed.

In the simulation routine, the integral expression for the Touschek scattering
rate (see Eq. ) is evaluated using the general Monte Carlo approximation
of an integral of a function f(Z), in which N events are randomly sampled from
the phase-space volume V:

o VA
J@)dE = 5> 1@, (3.13)

Using this technique, the Touschek scattering rate for particles with momentum
deviation |§| = |AP/Py| greater than a threshold d,, can be computed as [106],
105]:

M
v v* do .
Ryic(|6] > Om =~ E [29 sin ©* p(Z1)p(Z2) } E i, (3.14)

i=1

where V is the total sampled (11-dimensional) phase-space volume, N is the
total number of simulated scattering events, and M is the number of scattered
particles with |0] > 5mE| The quantities with asterisks refer to the center-of-
mass frame: v* is the particle velocity, ©* is the scattering angle, and do*/dQ*
is the Mgller differential cross-section (see Eq. ) The Lorentz factor
is denoted by ~, and p(Z1) and p(#2) are the phase-space densities of the
interacting particles. The term r; represents the contribution to the total rate
from the i-th scattering particle with |§] > d,,

For sufficiently large N, the Monte Carlo result converges to the true
scattering rate.

When the threshold §,, is set equal to the local momentum acceptance d,,
Eq. gives the Touschek beam loss rate.

Monte Carlo integration is applied by generating a series of random scattering
events, each involving a pair of particles sampled from the bunch distribution.
The sampling is performed in normalized phase space, under the assumption
of a Gaussian-distributed bunch and in absence of X-Y coupling. In this space,

LA scattering event can generate one or two particles with |§] > d,,; in Eq. (3.14), each
particle with |§| > &, is counted individually.
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nine uniformly distributed random numbers are drawn within the following
intervals:

o [—ng\/Ez, Nur\/Ex]: two values assigned to the normalized horizontal posi-
tion X3 and slope X of particle 1;

o [~ny\/Ey, ny\/Ey]: two values assigned to the normalized vertical position
Y7 and slope Y/ of particle 1;

o [—ny\/Ez, Nzy/E2]: two values assigned to the normalized longitudinal
coordinate Z; and relative momentum deviation d; = Ap; /pg of particle
1.

Here, n., n, and n, are user-defined parameters that determine the phase-
space region from which the coordinates of the scattering particles are sampled.
The default values are

Ng =Ny =n, =3,

meaning the sampling extends up to three beam sigmas from the beam core.
The parameters €;, €, and ¢, denote the horizontal, vertical, and longitudinal
geometric emittances, respectively.

In total, this provides the 6D normalized coordinates (X1, X1, Y1,Y], Z1,01)
of the first scattering particle.

Then, three additional uniformly distributed random numbers are generated:

o one in [—ng./Eg, Nyy\/Es) assigned to X1;
o one in [—ny,/Ey,, Ny,/E,] assigned to Yy;

o one in [—n, /g, n,./;] assigned to ds.

The spatial coordinates of the second particle are assumed to match those
of the first, since they are assumed to scatter at the same point:

T2 = T1, Y2 =1Y1, =22=2%1.

At this stage, applying the relations that map between normalized and real
phase-space coordinates (see Eq. (2.4])), and including dispersive effects, yields

1 =Pz X1 + 01Dy,

X! —a, X
oy = L2l FO‘ Ly oD,
Particle 1 *
Y1 = /By Y1+ 01Dy,
Y! — o, Y
y’l 1 Ty 1 ! +51Dly

V/By
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T, — (SQDI
VBs

X/ — XQ
l‘l = -2 el +52D/r’
’ VBs
_ Y1 — 62Dy

Yp = Loyl d2Dy,.
VBy

where (3., , are the horizontal and vertical beta functions, a,,a, are the
corresponding Twiss alpha functions, and D,, D, and D/, D?’J are the horizontal
and vertical dispersion functions and their derivatives, respectively.

After this step, a complete set of phase-space coordinates for each of the
two scattering particles has been defined, namely (x,y, z, 2, ¥}, 01, 5, ¥4, d2).

Although the procedure has been described for a single scattering event,
the same approach is applied to generate an arbitrary number of events in the
simulation.

With these information, the (Gaussian) phase-space density p for each of
the scattering particles can be computed as

Xy =

Particle 2
Y,

N, 22 52
=——P expl——-"s-—
p 83 EyE, P 202 202
% ex _JG% + (axl'ﬂ =+ 61332?)2 B yé + (ayyﬂ + ﬁyy/ﬁ)Q (3.15)
P 202 202 ’ '
B,z By

where the terms xg, 7, ys, and yj; represent the betatron components of the
transverse positions and slopes (i.e., with the dispersive contributions removed),
and 034, 08,y, 0z, and o5 are the respective RMS beam sizes, bunch length
and energy spread.

To simulate the scattering process, two additional random numbers are
generated: one uniformly in the interval (0,7/2] to define the polar scattering
angle ©*, and another in [0, 27] for the azimuthal angle U*, both in the center-
of-mass (c.m.) frame. Using these angles, the corresponding Mgller differential
cross-section is computed.

The phase-space volume V from which the events are sampled—appearing

in Eq. (3.14)—is evaluated as:

2

V= (2n.vE) (2ny05)° (20422 (3.16)

\V/ BaBy Bz
Next, the scattering is applied to all generated particle pairs. To correctly
simulate the relativistic kinematics of the scattering process, each particle pair
is transformed from the laboratory frame to its center-of-mass frame using a
Lorentz boost. In this frame, the polar and azimuthal scattering angles ©* and
U* are sampled, and the particle momenta are rotated accordingly. The resulting
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Figure 3.5. Layout and optics for the 21.2 m circumference toy ring available among
the Xsuite example beam lines.

post-scattering momenta are then transformed back to the laboratory frame.
This ensures full conservation of momentum and energy for each scattering
event, and provides a correct treatment of the (relativistic) effect.

After scattering, the new phase-space coordinates of the particles in the
lab frame are available. If either particle’s final momentum deviation—i.e.,
|01] or |02|—exceeds a user-defined threshold §,,, then the particle and its
associated scattering rate contribution r; are recorded for further processing.
This threshold 4, serves as a lower bound on momentum deviation, below
which particle losses are not expected to occur in tracking simulations.

By repeating this process for a large number of samples, the Monte Carlo
integration of Eq. @ converges to a stable estimate of the Touschek scattering
rate for events with |§] > 0y,.

Similarly to what was done in Ref. [61], to verify the accuracy of the Monte
Carlo scattering rate simulation, both the Piwinski formula and the Monte
Carlo routine were applied to a toy ring available among the Xsuite example
beam lines, assuming a Gaussian-distributed beam. Figure[3.5]shows the optical
functions and layout of the toy ring and Fig. [3.6] the local Touschek scattering
rate computed with the Piwinski formula and with the Monte Carlo routine for
an electron bunch with population of 4 x 10° particles per bunch, transverse
emittances of €, = 10 nm (horizontal) and €, = 0.1 nm (vertical), an RMS
bunch length o, = 4 mm, and an RMS energy spread o5 = 0.01%. As seen
from the plot, the agreement between the Piwinski formula and the Monte
Carlo result is excellent.

The comparison of Touschek lifetimes predicted by the Piwinski formula
with experimental data has been extensively validated in the literature. Since
the Monte Carlo simulation implemented here shows excellent agreement with
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Figure 3.6. Comparison between local Touschek scattering rates obtained via the
Piwinski formula and Monte Carlo simulation. The level of agreement improves
with increasing the number of simulated scattering events N; for the case shown
here, M = 2 x 107 events were simulated at each scattering location. Reliable
convergence is typically achieved for M > 5 x 105,

the Piwinski method, it is therefore expected to achieve a comparable level of
agreement with the experimental measurements reported in those studies.

The simulation of beam losses from Touschek scattering in Xsuite is carried
out in several steps, as illustrated in Fig. 3.7}

A lumped-element approach is used to model beam loss. The accelerator lat-
tice is divided into a series of small segments, by placing TouschekScattering
elements at different locations. The number and spacing of these elements
should be chosen such that the optical functions vary slowly between adjacent
elements.

At each TouschekScattering element, the distribution of scattered par-
ticles is sampled using the Monte Carlo procedure described above. The
scattered particles are then tracked from the position of the corresponding
TouschekScattering element. The scattering rate associated with each of
these particles is scaled according to the total scattering rate integrated over
the section between the current and the previous TouschekScattering element.

In the tracking phase, we are only interested in scattered particles with
momentum deviation |6| > d,,, where d,, is defined as a user-specified threshold
smaller than the local momentum acceptance é,. By choosing d,, < d, (typically
with a safety factor of 0.8-0.9), we ensure that particles with nonzero betatron
amplitudes—which can be lost at smaller momentum deviations than the on-
orbit acceptance—are also taken into account, so that potentially lost particles
are not missed.

To accurately study beam losses from Touschek scattering, the local momen-
tum acceptance d,(s) must first be estimated using Xsuite tracking simulations.
At arbitrary reference locations s, a set of test particles is generated on the
closed orbit with varying momentum deviations §. These particles are then
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Figure 3.7. Workflow of Touschek scattering beam loss simulation using Xsuite.

tracked for a fixed number of turns—typically of the order of 1000—to evaluate
their long-term stability. The largest momentum deviation for which a particle
remains stable throughout the tracking is recorded as the local momentum
aperture J, at location s. Figure illustrates the resulting momentum aper-
ture profile along the SuperKEKB LER lattice used for the studies presented in
Chapter [ The threshold d,, is subsequently defined as a fraction aod,, where
ap < 1 is a safety factor set by the user to avoid underestimating beam losses.

While the local scattering rate could be calculated using Monte Carlo
integration, doing so for the entire machine would be computationally expen-
sive. Instead, Piwinski formula is used to rapidly estimate the total Touschek
scattering rate Rp over each lattice section. This is then used to normalize
and scale the Monte Carlo-generated scattered particle distributions at the
TouschekScattering elements.

Each scattered particle generated at a given TouschekScattering element
and associated with a local rate contribution r; (as defined in Eq. (3.14)) is
assigned a total scattering rate weight R; as follows:

i
= . 1
R; S /Rp, (3.17)

where Rp is the local Touschek scattering rate calculated via Piwinski formula,
and the integral is taken over the upstream section between the current and
previous TouschekScattering element.

In this way, the ensemble of scattered particles at each TouschekScattering
accurately represents the total scattering rate originating from the corresponding
section of the accelerator. The full beam-loss profile is then obtained by tracking
all scattered particles through the machine and recording the locations at which
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Figure 3.8. Local momentum acceptance J, along the SuperKEKB LER ring (2020-
06-23_1.2A_ 0.8x60_nb_1576_ cw_ 80) obtained with Xsuite tracking.

they are lost. The total beam loss rate is finally obtained as the sum of all R;
corresponding to lost particles.

The Touschek lifetime 7 can then be computed from the total bunch
population N, and the total beam loss rate > R; as

TTT = ZRZ

(3.18)

As noted in Ref. [61], obtaining a reliable estimate of the scattering rate
requires a large number of Monte Carlo events, typically M > 5 x 10°. In
addition, the accelerator lattice must be divided into a sufficiently large number
of sections, N, to accurately resolve the spatial variation of the beam optics.
As a result, the total number of particles that must be tracked scales with
M x N, which can lead to substantial computational demands.

To address this challenge, the same simulation speed-up strategy proposed in
Ref. [61] is adopted. Since only a small subset of the simulated scattering events
contributes the majority of the total scattering rate—while many low-weight
events represent rare, low-probability interactions—an efficient approach is to
track only the most significant particles. In practice only the highest-weight
subset that accumulates a fraction 1 — ignored_portion of the total simulated
weight at each TouschekScattering is retained, with ignored_portion = 0.01
by default (i.e. keep 99%). This method provides a good accuracy—efficiency
trade-off [61].

As part of the development and validation of the Touschek scattering routine,
dedicated simulations were performed on the toy ring introduced earlier using
both Xsuite and ELEGANT. The results obtained with the two codes were
found to be in excellent agreement in terms of the computed local momentum
acceptance profiles, Touschek lifetimes, and spatial distributions of Touschek
losses. This consistency provides strong validation of the implementation of
the routine within the Xsuite framework carried out in this work.
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Chapter 4

Simulation tool benchmark

As presented in the previous chapter, the Xsuite-BDSIM coupling was originally
developed to address the FCC-ee collimation simulation needs. Given the
novelty of this simulation framework, a key aspect is its validation against
experimental data. This chapter presents the first benchmarking of Xsuite—
BDSIM collimation and beam loss simulations against measurements from an
operating ete™ collider: SuperKEKB.

SuperKEKB is an ideal testbed for this purpose, as it shares several relevant
features with the FCC-ee design, including operation at high beam currents
sustained by continuous top-up injection, an ultra-low emittance regime, and
the implementation of a crab-waist collision scheme.

The results presented in this chapter aim to assess the reliability and
predictive capabilities of the Xsuite-BDSIM framework for collimation and
background studies in electron—positron colliders. In addition, a complementary
benchmark with measured beam loss patterns at the Large Hadron Collider
(LHC) is also presented at the end of this chapter.

4.1 Benchmark with measured backgrounds at
SuperKEKB

At SuperKEKB, beam losses are a major challenge for the Belle IT detector, as
they can cause backgrounds that degrade detector performance, trigger beam
aborts, or even damage sensitive components. To mitigate them, SuperKEKB
employs movable collimators that intercept halo particles before they reach the
interaction region (IR). Radiation levels in the IR are monitored by dedicated
detectors integrated into Belle II. These measurements provide continuous diag-
nostics and enable correlation studies between background levels and machine
conditions.

Beam-induced background simulations are essential to predict background
levels and ensure safe operation as the collider approaches its luminosity goal. At
SuperKEKB, beam-induced background simulations are historically performed
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using the SAD [107] tracking code, with the inclusion of Geant4-parametrized
collimator interactions. This approach has shown excellent agreement with
experimental data from dedicated background studies [I08], [T09].

As part of this thesis, the Xsuite-BDSIM simulation framework has been
benchmarked against background measurements carried out at SuperKEKB /Belle 11
in June 2020 [I08| I1I0]. In particular, simulated and measured dose rates were
compared at one of the IR diamond radiation monitors during a vertical col-
limator scan in the LER. This study represents the first ever validation of
Xsuite-based simulations for collimation and background modeling at a lepton
collider.

In this benchmark we target single-beam losses in the SuperKEKB LER
(positron ring) under the June 2020 conditions. In Xsuite, the dominant beam
loss sources are modeled as (i) particles scattered on residual gas (Coulomb and
bremsstrahlung) and (ii) final-state positrons from Touschek scattering. These
primaries are then tracked for multiple turns through the full nonlinear lattice,
with particle-matter interactions in the collimators simulated in BDSIM /Geant4.
A limitation of the experimental configuration is the absence of ring-wide beam
loss monitors; therefore, the comparison is performed at Belle IT only using
highly sensitive radiation monitors in the interaction region, where beam-
induced backgrounds provide a precise proxy for local losses. This makes the
study directly relevant for validating the end-to-end Xsuite-BDSIM prediction
chain used for collimation and background modeling.

4.1.1 SuperKEKB beam-induced backgrounds

The primary single-beam background sources relevant to this study are Touschek
and beam—gas scattering [108] [T09]. These processes generate off-momentum or
large-amplitude particles that deviate from the nominal orbit, forming a beam
halo. When these halo particles interact with the machine aperture—such as
collimators or vacuum chamber walls—they produce secondary particles that can
propagate toward the interaction region and contribute to detector backgrounds.
These background-inducing particles not only increase detector occupancy but
can also degrade sensor performance over time due to accumulated radiation
dose and neutron fluence, particularly in subsystems like the silicon vertex
detectors.

SuperKEKB operates with significantly higher beam currents and much
smaller vertical emittances than its predecessor KEKB, resulting in an overall in-
crease in beam-induced backgrounds. Touschek scattering becomes particularly
significant due to the ultra-low vertical emittance. The Touschek scattering
rate scales with the square of the beam current and is inversely proportional
to the number of bunches and the transverse beam size, making it especially
relevant in the high-current, low-emittance regime of SuperKEKB. To mitigate
its impact near the interaction region, dedicated horizontal collimators have
been installed close to the IR to intercept Touschek-scattered particles before
they reach Belle II.

Beam-—gas scattering remains a major background source due to interactions
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Figure 4.1. SuperKEKB LER interaction region optics and layout.

with residual gas molecules in the vacuum chamber. In particular, Coulomb
scattering events may lead to vertical beam losses in the IR because of the
large vertical beta functions near the final focus quadrupoles, see Fig. [I.1]
Although vacuum scrubbing reduces overall pressure, beam—gas backgrounds
are still relevant for background studies, especially under less-than-ideal vacuum
conditions.

To mitigate these effects, SuperKEKB employs several background sup-
pression strategies. Movable collimators are used to intercept halo particles
upstream of the detector region in both the LER and HER, as described in
more detail in Section [f.1.2] Vacuum scrubbing is employed to reduce residual
gas pressure and thus suppress beam—gas interactions.

In addition to active collimation, extensive passive shielding is installed to
protect the Belle II detector from secondary showers. Tungsten shields are
mounted around the final focusing quadrupoles (QCS), where beam losses are
expected to be most severe due to the high beta functions. Additional tungsten
shielding is positioned just outside the interaction point beam pipe and inside
the vertex detector, placed outside the acceptance region for physics signals to
avoid interference with measurements.

Synchrotron radiation (SR) backgrounds, while not the focus of this work,
are also addressed through dedicated engineering measures. The IP beam pipe,
whose profile for the Low-Energy positron Ring is shown in Fig. [1.§] is carefully
shaped to prevent upstream SR from striking the central beryllium section.
A tapered collimation section and ridge structures on the beam pipe surface
effectively stop or deflect both direct and reflected SR. Moreover, the use of
separate QCS magnets for each ring in SuperKEKB—unlike the shared magnet
scheme at KEKB—reduces SR backscattering from outgoing beam orbits by
allowing nearly straight beam trajectories through the IR.

Other background mechanisms, such as injection-related losses, may con-
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Figure 4.2. SuperKEKB collimator layout as of June 2020 [I08].

tribute during top-up cycles but are not considered here, as this work focuses on
steady-state single-beam operation. Similarly, two-beam processes like radiative
Bhabha scattering are excluded, as they only occur during collisions.

Accordingly, this study focuses exclusively on Touschek and beam-—gas
scattering as the dominant sources of single-beam backgrounds under the
relevant operating conditions.

4.1.2 SuperKEKB collimation

This section provides an overview of the SuperKEKB collimation system as
it was configured in June 2020, corresponding to the period during which the
experimental study presented in this chapter was conducted. A comprehensive
and up-to-date description of the SuperKEKB collimation system, including
more recent upgrades, can be found in Refs. |21} [I11].

The SuperKEKB collimation system [29] is designed to intercept beam
halo particles before they reach the interaction region (IR), thereby reducing
beam-induced backgrounds and protecting sensitive detector components. Each
ring is divided into twelve sections (D01-D12), and hosts a set of movable
collimators placed at high-beta locations. The placement is chosen based on
their phase advance relative to the IR to ensure optimal cleaning efficiency.

As of June 2020, the High Energy Ring (HER) and Low Energy Ring
(LER) were equipped with 20 and 10 collimators, respectively, as illustrated in
Fig. All LER collimators are of the newer SuperKEKB type, while all HER
collimators are inherited from KEKB. A summary of the collimator specifications
for the LER and HER is provided in Tables [£.1] and [£.2] respectively.

SuperKEKB-type collimators feature two movable jaws made of copper,
with high-Z tips made from tungsten (W) or tantalum (Ta), depending on
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Table 4.1. SuperKEKB LER collimator types and specifications (as of June 2020).

Name Type Orientation Bulk material Tip material Tip length [mm]
DO06H1 SuperKEKB Hor. Cu W 10.0
D06H3 SuperKEKB Hor. Cu W 10.0
D06V1  SuperKEKB Ver. Cu Ta 5.0
D06V2  SuperKEKB Ver. Cu Ta 5.0
D03H1 SuperKEKB Hor. Cu W 5.0
D02H1 SuperKEKB Hor. Cu W 5.0
D02H2 SuperKEKB Hor. Cu w 5.0
D02V1  SuperKEKB Ver. Cu W 5.0
D02H3 SuperKEKB Hor. Cu W 10.0
D03H4 SuperKEKB Hor. Cu W 10.0

Table 4.2. SuperKEKB HER collimator types and specifications (as of June 2020).

Name Type Orientation Bulk material Tip material Tip length [mm]

D09V1 KEKB Ver. Al Ti 40.0
D09V2 KEKB Ver. Al Ti 40.0
D09H1 KEKB Hor. Cu Ti 80.0
D09H2 KEKB Hor. Cu Ti 80.0
D09H3 KEKB Hor. Cu Ti 80.0
D09V3 KEKB Ver. Al Ti 40.0
D09H4 KEKB Hor. Cu Ti 80.0
D09V4 KEKB Ver. Cu Ti 40.0
D12Vl KEKB Ver. Cu Ti 40.0
D12H1 KEKB Hor. Cu Ti 80.0
D12V2 KEKB Ver. Cu Ti 40.0
D12H2 KEKB Hor. Cu Ti 80.0
D12H3 KEKB Hor. Cu Ti 80.0
D12V3 KEKB Ver. Cu Ti 40.0
D12H4 KEKB Hor. Cu Ti 80.0
D12V4 KEKB Ver. Cu Ti 40.0

the specific device. These tips typically have a length of 10 mm, although
shorter tips are also used in certain cases. For instance, the LER vertical
collimator DO6V1—central to this study—was installed during the 2019-2020
winter shutdown and features a 5 mm Ta tip. A schematic overview of the
SuperKEKB-type collimator layout and jaw geometry is shown in Fig. [4:3]

In contrast, the KEKB-type collimators used in the HER consist of a single
movable jaw, typically with a longer tip (up to 80 mm) made of titanium (Ti).
The bulk jaw material varies depending on the orientation: aluminum (Al) is
used for vertical collimators, and copper (Cu) for horizontal ones. Their design
is illustrated in Fig. [£.4}

Each jaw is mounted within a dedicated collimator vacuum chamber and
can be positioned with sub-100 um precision via motorized actuators. However,
the mechanical alignment between the collimator chamber and the beamline
reference—typically defined by the nearest quadrupole magnet—can vary sig-
nificantly. Alignment uncertainties are estimated to range from 200-500 pwm
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Figure 4.3. SuperKEKB-type collimators. (a) Conceptual drawing of the collimator
assembly for horizontal and vertical configurations. (b) Schematic of a SuperKEKB-
type collimator jaw with a 10 mm long high-Z tip. All dimensions are in mm.
Figure adapted from [108§].
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Figure 4.4. KEKB-type collimators. (a) Conceptual drawing of a KEKB-type
collimator assembly. (b) Schematic of a horizontal KEKB-type collimator chamber
with an 80 mm long Ti head. All dimensions are in mm. Figure adapted from [108].

for vertical SuperKEKB-type collimators and from 500-1000 um for horizontal
SuperKEKB-type and all KEKB-type devices. This can result in a notable
offset between the actual beam center and the nominal collimator position.
Collimator settings are carefully tuned during dedicated machine studies,
during which the jaws can be incrementally moved inward to probe their
influence on beam lifetime, radiation monitors, and detector backgrounds. For
this purpose, dose rate monitors—such as diamond sensors positioned around
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the IR beam pipe—provide direct observables for benchmarking beam loss
simulations.

Horizontal and vertical collimators serve distinct purposes. Horizontal
collimators are particularly effective at intercepting Touschek-scattered particles,
while vertical collimators primarily mitigate beam—gas Coulomb scattering. The
vertical collimators must often be closed down to apertures of the order of
1 mm, requiring high-precision actuation and control.

However, such narrow apertures introduce significant impedance contribu-
tions to the machine, which can trigger collective instabilities. In particular,
the Transverse Mode Coupling Instability (TMCI) sets an upper threshold on
the bunch current [I08]. This imposes a constraint on how tightly collimator
jaws can be closed.

As a result, the collimation system must balance multiple operational con-
straints: tighter settings improve halo interception and reduce IR backgrounds,
but at the cost of reduced beam lifetime, lower injection efficiency, and po-
tential stability issues. Wider settings alleviate these constraints but reduce
collimation effectiveness. Since SuperKEKB uses continuous top-up injection,
high injection efficiency is essential to minimize trigger veto dead time in Belle
II. Consequently, collimator optimization involves empirical tuning informed by
measured background rates, injection performance, and loss monitor signals.

4.1.3 SuperKEKB background study

On June 27, 2020, a dedicated single-beam background study was conducted
at SuperKEKB to validate simulation tools for beam loss and background
predictions [I08]. The study involved a stepwise scan of the vertical collimator
DO06V1 in the LER (e™ ring), while recording radiation dose rates at selected
Belle IT radiation monitors.

D06V1 had been installed earlier that year, during the 2019-2020 winter
shutdown, and was specifically designed to intercept beam—gas-scattered par-
ticles in the vertical plane before they could reach the interaction region. At
the time of the study, it featured a tantalum (Ta) head with a 5 mm long tip
(see Table . The collimator was chosen for this experiment because it was
expected to suppress the dominant IR background contribution from vertical
beam-gas Coulomb scattering in the LER.

During the scan, the DO6V1 jaw position was varied symmetrically in
discrete steps, and radiation levels were recorded by the diamond detector
named QCS-FW, located at +56.8 cm from the interaction point (IP) in the
forward direction of the positron beam. This detector is positioned near the
final focusing quadrupole QCS, a region characterized by large vertical beta
functions, and is highly sensitive to losses caused by off-momentum or missteered
particles.

To protect Belle II detector subsystems during the aperture manipulation,
high voltage was turned off in all sub-detectors. This ensured that background
measurements could be safely acquired without risking damage to sensitive
electronics.
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Figure 4.5. Measured dose rate at the QCS-FW diamond detector during the June
27, 2020 SuperKEKB LER background study, shown as a function of time and
overlaid with the DO6V1 collimator aperture. The raw dose rate (light red) is
displayed alongside a smoothed trend (solid red).

The evolution of the DO6V1 aperture and the corresponding QCS-FW dose
rate are shown in Fig. The plotted data highlight the correlation between
vertical collimator settings and measured background levels in the IR, offering
a clear benchmark for validating simulation predictions.

The main beam and machine parameters from measurements taken during
the study are summarized in Table

Table 4.3. SuperKEKB LER beam and machine parameters during the June 27,
2020 background study [108].

Parameter Value
Beam momentum p 4.0 GeV/c
Beam current [ 200 mA
Number of bunches N, 978
Horizontal emittance e, 3.3 nm
Vertical emittance ¢, 22 pm
Bunch length o, 5.0 mm
Inj. rep. 12.5 Hz

Hor./Ver. Tune Q,/Q, 45.525/43.581

4.1.4 Simulation setup

In this study, Xsuite-BDSIM was used to simulate beam losses at SuperKEKB /Belle II.
Touschek and beam—gas scattering were modeled using the dedicated routines
developed as part of this thesis, as described in Chapter [3]

To reproduce the June 2020 background study in simulation, the first step
involved converting the lattice description from SAD (native to SuperKEKB)
to Xsuite. This required a careful optics rematching strategy to account for
the native differences between the two frameworks. Details on this conversion
procedure and on achieving consistent lattice representation across optics codes
can be found in Refs. [112] [113].
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(a) (b)

Figure 4.6. (a) Schematic layout of a jaw of a SuperKEKB-type collimator, consisting
of a copper body with a short high-Z tip made of tantalum (Ta) or tungsten (W),
typically 5-10 mm in length. (b) View of the CollimatorTipJaw element ("jcoltip")
implemented in BDSIM, used to realistically reproduce the two-material structure
of SuperKEKB-type collimators in simulation.

Accurate modeling of the LER SuperKEKB-type collimators was also es-
sential. A new collimator geometry (“jcoltip”) was implemented in BDSIM to
reproduce the two-material structure of these devices, consisting of a copper
body and a high-Z tip, as shown in Fig. The Xsuite-BDSIM interface via
Xcoll was extended accordingly to support this new geometry.

Separate simulations were carried out for eight different DO6V1 collimator
settings and for each of the three single-beam background processes: beam—gas
Coulomb scattering, beam—gas bremsstrahlung, and Touschek scattering.

For beam—gas simulations, 1500 scattering centers were uniformly distributed
around the LER. As explained in Chapter [3] cross-section biasing was applied
during the first turn to increase the probability of beam—gas interactions.
Scattered particles were then tracked for 999 additional turns without further
interactions to simulate their transport through the lattice.

A realistic pressure profile corresponding to a beam current of 200 mA was
used as input. This profile was obtained by linearly interpolating between two
measured pressure profiles: one at zero beam current (py) and one at 1.2 A
(p1.2a), using the relation

200

P200mA = Po + (1200> (p1.2a — Po)-

To better estimate the effective pressure experienced by the beam—accounting
for the limited conductance between the vacuum chamber and Cold Cathode
Gauges (CCGs)—the dynamic component was scaled by a factor of three:

Dot = Po + 3 X (P200ma — Po)-

The resulting effective pressure distribution peg as a function of longitudinal
coordinate s around the ring, see Fig. was used in all beam—gas simulations.
Following established SuperKEKB practice, the residual gas was assumed to
consist of a single atomic species with atomic number Z = 7, corresponding to
a nitrogen-equivalent gas.
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Figure 4.7. Effective pressure profile pes(s) used in the beam—gas simulations for the
SuperKEKB LER, corresponding to a beam current of 200 mA. The profile was
obtained by interpolating between measurements at 0 A and 1.2 A and scaling the
dynamic component by a factor of three to account for conductance limitations
between the beam pipe and pressure gauges.

Touschek simulations employed 1000 scattering centers uniformly spaced
around the ring. At each center, scattered particles were generated and tracked
for 1000 turns.

Approximately 107 primary particles were simulated per beam-gas case,
and between 2 x 107 and 3 x 107 particles per Touschek case.

All simulations included the full nonlinear lattice, a detailed beam pipe
aperture profile, and realistic collimator geometries modeled in BDSIM/Geant4.
Synchrotron radiation and machine errors were not included. The omission of
synchrotron radiation is justified by the relatively short simulation time (1000
turns), which corresponds to roughly a quarter of the LER damping time and
is therefore not expected to significantly impact the results.

For each case, particle losses within +4 m of the interaction point (Belle II
region) were recorded and used as input for basf2 simulations to calculate the
dose rate at the QCS-FW diamond detector. The beam pipe aperture profile
in this region—critical for accurately determining loss locations—is shown in
Fig. 48] Contributions from all background sources were then summed to
determine the total dose rate for each DO6V1 collimator aperture.

Finally, following Ref. [I08], a vertical alignment offset of 150 um was applied
to the DO6V1 collimator in the simulation to better match the experimentally
observed response in the QCS-FW detector.

4.1.5 Results

The simulation results were compared with the experimental data collected
during the DO6V1 vertical collimator scan on June 27, 2020 [108]. Figure
shows the relative dose rate measured by the QCS-FW diamond detector as a
function of the DO6V1 aperture, expressed in units of the vertical beam size
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Figure 4.8. Beam pipe aperture profiles in the SuperKEKB LER within +4 m of the
interaction point (Belle II region), used for identifying local particle loss locations.
Top: horizontal aperture; bottom: vertical aperture.

oy . The predictions obtained using the Xsuite-BDSIM framework are overlaid
for direct comparison.

To enable a meaningful comparison, both datasets were processed following
the normalization procedure described in Ref. [I08]. Specifically, the dose rate
measured at small apertures (below 52 oy ), where the collimator absorbs most
stray particles, was averaged and used as a pedestal. This baseline value was
subtracted from all data points. The resulting values were then normalized to
the average dose rate measured at large apertures (above 92 ogy ), where the
background contribution saturates.

As shown in Fig. the Xsuite-based simulations reproduce the general
shape and features of the measured curve with excellent accuracy, including
the steep increase in dose rate between 60 and 80 ogy, followed by saturation
at larger apertures.

Figure corresponds to Fig. 16(a) in Ref. [108], which compares the
same normalized experimental dataset with normalized dose rates predicted
by SAD—-Geant4 simulations. The results presented here demonstrate that
Xsuite-BDSIM achieves a comparable level of agreement, showing an excellent
capability to model collimation, local beam losses, and beam backgrounds in
ete™ machines.
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Figure 4.9. Comparison of simulated and measured relative dose rates in the QCS-
FW diamond detector as a function of DO6V1 collimator aperture, expressed in
units of vertical beam size ogy. Simulated values were obtained with Xsuite—
BDSIM, including beam—gas and Touschek background sources.

In absolute terms—i.e., before applying the normalization procedure—the
ratio between the measured and simulated dose rates (commonly referred to
as the Data/MC ratio in SuperKEKB and Belle II background studies) is
approximately between 3 and 4. This level of agreement is consistent with
previous results obtained using independent SAD-Geant4 simulations [108],
and is considered excellent given the various uncertainties in the modeling.
These include the assumption of a single nitrogen-equivalent gas species with
Z =T, the extrapolation of the residual gas pressure profile to a 200 mA beam
current as discussed in Section the absence of machine imperfections such
as magnet misalignments and field errors, and possible uncertainties in how
accurately basf2 models the actual QCS-FW diamond detector response.

This level of agreement confirms the reliability of the entire simulation chain,
including the SAD-to-Xsuite lattice conversion, the two-material collimator im-
plementation in BDSIM, and the dedicated routines for Touschek and beam—gas
scattering. It also supports the applicability of the framework to operational
background predictions and future studies at SuperKEKB and other future
lepton colliders.

4.2 Benchmark with measured beam loss pat-
terns at the LHC

Given the potential limitation of the SuperKEKB benchmark outlined in
Sec. [II}-namely the absence of ring-wide beam loss monitors and the compari-
son restricted to beam-induced background signals at the Belle II region—a
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complementary benchmark with measured beam loss patterns at the LHC is
presented in this section. This section summarizes the work by the author of
this thesis that is reported in more detail in Ref. [TT4].

4.2.1 Setup

The benchmark targets the comparison between simulated and measured loss
maps recorded during the 2022 LHC Run 3 commissioning. The scenario
considered corresponds to LHC Beam 1, horizontal betatron collimation losses
(B1H) impacting on the primary betatron collimator TCP.C6L7.B1, protons at
6.8 TeV beam energy in physics conditions with collision optics, and §* = 30 cm
at IP1 (ATLAS) and IP5 (CMS).

In the simulation, primary protons impacting the TCP.C6L7.B1 collimator
jaws were generated with a maximum impact parameter b = 1 wm [37]. The
impact parameter b corresponds to the transverse depth into the collimator jaw
at which a particle hits the surface (further details are provided in Chapter @
Sec. . A total of 2 x 107 primary protons were tracked for 700 turns using
Xsuite through the full nonlinear LHC lattice. Particle-matter interactions
in the collimators were modeled with BDSIM/Geant4. Beam loss locations
were recorded during tracking, and the loss distribution along the longitudinal
coordinate s was binned in 10 cm intervals to produce the loss maps, showing
the beam loss distribution along the LHC ring.

The simulation was then compared with the measured loss map, obtained
using pilot bunches in the LHC with an intensity of approximately 10'° protons
each. For this measurement, a pilot bunch was excited transversely using the
LHC transverse damper (ADT) [I15], and the resulting losses were recorded
by the system of ionization-chamber Beam Loss Monitors (BLMs) distributed
around the full 27 km circumference [IT6], [I17]. From the BLM signals, position-
resolved loss distributions were reconstructed.

4.2.2 Results

Figures[4.10]and [£.11] show the comparison between the simulated and measured
loss maps for the full LHC ring and for the IR7 insertion (betatron collimation
insertion), respectively. The measured loss maps are expressed in terms of the
normalized BLM signal,
BLM;
BLMrcp’

where BLM; is the signal from the i-th BLM, and BLMrcp is the BLM signal
of the impacted primary collimator TCP.C6L7.B1 (which corresponds to the
maximum among all BLM signals). The simulated loss maps, are expressed in
terms of the cleaning inefficiency 7, defined as

Elost,As
1= FTCP A’ (4.1)

lost
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Figure 4.10. Comparison between measured and simulated LHC Run 3 (2022) B1H
loss maps for the full 27 km ring. Top: measured loss map reconstructed from
Beam Loss Monitor (BLM) signals. Bottom: loss map simulated with Xsuite—
BDSIM.

where Ejost, s is the energy lost from particles within each 10 cm bin, ElTosctP
is the energy lost on the impacted primary collimator TCP.C6L7.B1, and
As =10 cm is the bin width. For collimators only, the cleaning inefficiency 7 is

instead normalized to the collimator length, rather than to 10 cm.

It should be noted that the simulation reports the energy of the particles
impacting on the machine aperture, which is treated as a black absorber, while
the BLMs measure the secondary-shower signal outside the cryostat. The
proportionality between these two quantities is location dependent, as it is
determined by the local geometry and material composition of the elements
between the vacuum chamber and the BLMs. Consequently, quantitative
agreement is not expected to be better than at the level of typically about a
factor 10 [37].

Within this caveat, the agreement is generally good. The main loss locations
are reproduced, and in particular, the clusters of cold losses in the dispersion



4.2 Benchmark with measured beam loss patterns at the LHC 81

IR7
10° 3 mmmm Collimator
m Cold
— -1 ]
.+, 1o mm— Warm
=
o 1072 o
S
s 1073
é 1074 o
E 107
i} 4
Z 100
1077
19400 19600 19800 20000 20200 20400 20600
s [m]
IR7
0
10° o mmmm Collimator
o m Cold
10 3 s Warm
1072 o
—
I 1073 -
Kl
o 107¢
107>
1075 o
1077 .
19400 19600 19800 20000 20200 20400 20600

s [m]

Figure 4.11. Comparison between measured and simulated LHC Run 3 (2022) B1H
loss maps for the IR7 insertion (betatron collimation insertion). Top: measured
loss map reconstructed from Beam Loss Monitor (BLM) signals. Bottom: loss
map simulated with Xsuite-BDSIM.

suppressors downstream of IR7 are clearly visible in both simulation and
measurement. In contrast, warm-loss peaks at collimators and resistive magnets
appear relatively larger in the BLM data, consistent with the fact that the
BLMs also intercept showers generated upstream. A fully quantitative BLM-
level comparison would require an additional simulation stage to propagate
showers through a detailed 3D geometry model of the magnets and cryostat, as
performed in dedicated FLUKA-based studies [37, [118].

Overall, the LHC benchmark demonstrates that Xsuite-BDSIM reproduces
the measured loss patterns around the ring with satisfactory accuracy. It com-
plements the localized SuperKEKB validation by exercising the same prediction
chain against distributed losses in a hadron collider, thereby broadening the
scope of the benchmarking effort.
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Chapter 5

Collimation system design

This chapter presents the design of the FCC-ee beam halo collimation system
developed in this thesis work. For completeness, the main features of the
synchrotron radiation (SR) collimation system will also be briefly introduced
in a dedicated section.

The discussion focuses on the FCC-ee Z operation mode, featuring a beam
energy of 45.6 GeV. Despite being the lowest-energy operating point, the Z
mode features the highest beam current and total stored beam energy, making it
the most challenging scenario from a collimation point of view. This motivates
its selection as the primary focus of the study. Nevertheless, the methodologies
and principles outlined in this chapter are general and apply to all FCC-ee
operation modes.

5.1 FCC-ee halo collimation system

The motivations for implementing a beam halo collimation system in the FCC-
ee have been discussed in Section This section presents the design of the
FCC-ee halo collimation system developed as part of this thesis work, detailing
its layout, integration, operational principles, and design parameters.

The primary function of the halo collimation system is to protect the
machine’s aperture bottlenecks from beam losses under various operating
conditions, and to keep experimental backgrounds caused by these losses at
acceptable levels. In the FCC-ee, beam halo collimation is foreseen to be
implemented in one of the long straight sections—also referred to as technical
insertions. Specifically, the system is currently envisaged to be located in the
insertion at Point F (PF), as illustrated in Fig. In the collider layout
studied in this thesis, this insertion is foreseen to host both the betatron and
off-momentum collimation systems.

To achieve effective betatron and off-momentum halo cleaning within the
same insertion, the optics must be carefully designed to provide the appropriate
conditions for collimation in well-defined regions where the corresponding
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Figure 5.1. Optical functions of the FCC-ee V23 collimation insertion at Point
F (PF). The optics provide high beta functions with low dispersion for efficient
betatron collimation in the first half of the insertion, and a dispersion bump for
off-momentum collimation in the second half.

betatron or off-momentum collimators will be placed. This requires a careful
optics matching strategy that ensures the collimation insertion can fulfill its
functional requirements without compromising the collider performance. Ideally,
the integration of dedicated technical insertion optics — whether for collimation,
injection/extraction, or RF systems — should be fully transparent to collider
operation, preserving key performance indicators such as dynamic aperture
(DA), momentum acceptance (MA), and equilibrium emittance.

In the initial design phase of the FCC-ee collimation section, the adopted
strategy was to develop dedicated optics in PF capable of fulfilling the functional
requirements for both betatron and off-momentum collimation. This approach
aimed to achieve efficient cleaning performance while maintaining mechanical
jaw openings within acceptable limits to respect impedance constraints. An
example of such a dedicated optics configuration is shown in Fig. [5.1] corre-
sponding to the collimation optics developed for the FCC-ee V23 layout (2023)
in the Z operation mode.

This configuration enabled a two-stage, split-function collimation system
within the same insertion: betatron collimation was implemented in the first
half of the insertion, while off-momentum collimation was implemented in the
second half, downstream of the central beam crossing point. In the betatron
collimation section, the optics was optimized to maximize the beta functions
while keeping dispersion low; in contrast, the off-momentum region featured
minimized beta functions and a local dispersion bump.

As will be demonstrated in Chapter [6] a two-stage system—consisting of
both primary and secondary collimators—was adopted because it offers signifi-
cantly improved collimation performance compared to a single-stage system
relying only on primaries. Although this optics configuration satisfied the
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Figure 5.2. Simulated vertical emittance evolution vs. turn number for different
configurations. The plot shows that a significant vertical emittance blow-up
occurs only when both the dedicated collimation insertion optics and beam-beam
interactions are present.

collimation requirements well, it was found during this thesis work—specifically
when including beam-beam interactions at the four interaction points during
particle tracking—that the dedicated collimation optics in PF induced a signif-
icant vertical emittance blow-up. This effect is illustrated in Fig. [5.2] which
shows the evolution of the simulated vertical emittance over time for different
machine configurations. This study was performed with Xsuite simulations,
tracking a Gaussian-distributed beam matched to the equilibrium beam pa-
rameters at collision and initialized at the center of the RF section in Point H
(PH). To generate a nonzero vertical emittance in the absence of imperfections
or misalignments, vertical wigglers were included; these create local vertical
dispersion and were tuned in strength to reproduce the desired lattice emittance.
The rms vertical emittance was computed from the macroparticle coordinates
at each passage through PH and recorded as a function of turn number. The
results indicate that the emittance degradation occurs only when both the
dedicated collimation optics and beam-beam effects are simultaneously present.

This phenomenon was traced back to the fact that the inclusion of the
collimation insertion optics breaks the ideal four-fold super-periodicity of the
lattice, thereby introducing new resonances. The beam-beam interactions, in
turn, enlarge the beam’s tune footprint, increasing the likelihood of resonance
crossing — ultimately leading to the observed vertical emittance growth. The
effect does not occur if either the collimation insertion optics or the beam-
beam interactions are excluded. Similar studies performed with the specialized
injection optics in PB revealed the same emittance blow-up mechanism, further
supporting this interpretation.

In addition to the vertical emittance blow-up, the inclusion of the dedicated
collimation optics in PF also led to a sizeable reduction in the machine’s
momentum acceptance (MA), as illustrated in Fig. [5.3

These findings have played a critical role in guiding the further devel-
opment of the FCC-ee optics. They highlight how the introduction of new
resonances—arising from the breaking of the lattice’s super-periodicity—can
impose stringent constraints on the design of technical insertion optics. It is
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Figure 5.3. Impact of dedicated collimation optics on the machine momentum
acceptance (MA) for the FCC-ee Z operation mode. Left: MA with the standard
lattice. Right: MA with collimation insertion optics in PF, showing a clear
reduction.

worth stressing that this does not imply that specialized optics in technical
insertions are fundamentally incompatible. Rather, it reinforces a key design
principle already noted: technical insertion optics must be fully transparent to
the machine performance.

To address the limitations observed with dedicated collimation optics, an
alternative approach was proposed by the optics developers: adopting a collider
optics in which all technical insertions share the same optics layout. This
universal insertion optics preserves the perfect four-fold super-periodicity of the
ring and avoids the issues previously encountered, as demonstrated in Fig. [5.4]
The corresponding optics layout for the universal insertions is shown in Fig.

The FCC-ee V25.2 (2025) layout, which implements universal technical
insertion optics for injection/extraction, collimation, and RF, has therefore
been adopted as the baseline for this thesis. This is the optics configuration
considered for the remainder of the discussion and forms the basis for the results
presented in the following chapters.
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Figure 5.4. Vertical emittance evolution vs. turn number for the FCC-ee Z V25.2
lattice including beam-beam interactions. The lattice features universal technical
insertion optics for injection/extraction, collimation, and RF, preserving four-fold
super-periodicity and preventing vertical emittance blow-up.
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Figure 5.5. Optical functions of the FCC-ee V25.2 GHC lattice (Z-mode) with
universal technical insertion optics for injection/extraction, collimation, and RF.

5.1.1 Design of a collimation system layout for the FCC-ee

Once the FCC-ee optics layout is established—whether based on dedicated or
universal technical insertion optics—the design of the collimation system within
the PF insertion proceeds through a series of key steps carried out as part of
this thesis work.

Aperture and momentum bottlenecks

The first step in designing a collimation system layout is to identify the aperture
and momentum bottlenecks of the machine. This requires detailed knowledge
of the beam pipe aperture profile as well as its tolerances on manufacturing
and alignment, beam optics, and the imperfections on optics and orbit. By
combining these two elements, one can compute the minimum normalized
transverse aperture in both the horizontal and vertical planes, as well as the
minimum momentum aperture. These define the limiting regions—commonly
referred to as the aperture and momentum bottlenecks—that the collimation
system must be designed to protect.
The minimum normalized transverse aperture A" is defined as:

Amin — min(Au(S)> , (5.1)

ou(s)

where A, (s) is the local physical half-aperture at the longitudinal location s,
and o,(s) is the corresponding local RMS beam size. In the ideal case, the
beam size is given by:

ou(8) = /€y Bu(s) + D2(s) o2, (5.2)
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Table 5.1. Assumed FCC-ee parameters for maximum closed orbit distortion, beta-
beating factor, and parasitic dispersion factor.

Parameter Value
Maximum closed orbit distortion, Ap.cu 250 pm
Beta-beating factor, Bpeat 1.2
Parasitic dispersion factor, Dpa, 1.0

where €, is the emittance in plane wu, 8, (s) is the beta function, D,(s) is the
dispersion function, and oy is the relative RMS momentum spread.

However, this idealized estimate can overstate the actual available aperture,
since it neglects imperfections such as orbit drifts, beta-beating, and parasitic
dispersion. These arise from sources like magnet misalignments, field errors,
and alignment tolerances.

To obtain a realistic estimate of the transverse aperture bottleneck—also
referred to as the minimum beam stay clear (BSC)—one must account for
possible machine imperfections. In this context, the minimum normalized
aperture becomes:

(5.3)

Amin — min(’%(s)_%ﬂx“) 7

Gu(S)

where Apaxu is the maximum expected closed orbit excursion, and &, (s) is
the effective beam size corrected for optics distortions:

&u(s) =\ €u ﬁu(s) Bbeat + [Du (3) Dpar]2 Ug- (5.4)

Here, Bpeas represents the maximum expected beta-beating factor, and Dpay
accounts for parasitic dispersion.

The nominal values for Apaxt, Bheat, and Dpar assumed in this thesis are
summarized in Table 5.1l These values are based on mechanical tolerances and
optics correction studies carried out for the FCC-ee [I19] 120, 121].

Disclaimer on aperture bottleneck evaluation. The method adopted
here for the evaluation of the minimum BSC is a simplified approach compared
to more sophisticated methods available, for instance in MAD-X [122] [123],
which provides a dedicated APERTURE computation routine accounting for de-
tailed mechanical and alignment tolerances and performing angular scans to
detect possible aperture bottlenecks in skew planes. However, dedicated checks
performed for the FCC-ee case considered here have confirmed that, with
the present tolerance assumptions, these additional effects have a negligible
influence on the resulting minimum BSC value, as the dominant contributions
arise from the closed-orbit distortion and -beating, and that a 1D aperture
calculation can fully reproduce the bottleneck found in a 2D study for the
present FCC-ee optics and beam pipe geometry. Should future revisions of the
mechanical or alignment tolerances introduce larger impacts on the evaluated
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minimum BSC, a more complete aperture analysis d la MAD-X may become
warranted.

The minimum linear momentum aperture is defined as:

A
i =i 55— 5.5
[Dz| - Dpar 59

where A, is the mechanical aperture in the horizontal plane, D, is the hori-
zontal dispersion function, and Dy,, is the parasitic dispersion factor. Only
the horizontal plane is considered in this context, as the beam bending and
associated energy-dependent orbit deviations occur in this plane only.
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Figure 5.6. Beam-stay-clear (BSC) along the FCC-ee ring in the horizontal and
vertical planes for the Z operation mode. The minima in each plane define the
aperture bottlenecks.
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Figure 5.7. Linear momentum aperture along the FCC-ee ring for the Z operation
mode. The minimum defines the momentum bottleneck.
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Table 5.2. Minimum normalized BSC and linear momentum aperture for the FCC-ee
7 operation mode. Also shown are the lattice elements where each minimum
occurs.

Value Plane At element

Min. BSC 11.50, H QC2L2
Min. BSC 8150, V QC1L2
5min 20% H QIQ

To illustrate these concepts in the context of the FCC-ee, the computed
beam-stay-clear (BSC) along the ring in both the horizontal and vertical planes
for the Z operation mode is shown in Fig. Similarly, Fig. shows the
corresponding profile of the linear momentum aperture. From these results, the
limiting locations—i.e., the longitudinal positions where the minimum BSC or
momentum aperture occurs—can be identified. These values are summarized
in Table [5.2] which reports the minimum horizontal and vertical BSC, the
minimum momentum aperture, and the lattice element at which each minimum
is reached. The values of these minima constitute the reference inputs for the
definition of the collimator settings discussed in the following section.

The minimum BSC in the horizontal plane is found at the QC2L2 quadrupoles,
while the vertical-plane minimum occurs at the QC1L2 quadrupoles. These
quadrupoles are part of the FCC-ee final focus system. For reference, the
interaction region optics for the Z operation mode is shown in Fig. [5.8] As seen
in the figure, the aperture bottlenecks coincide with the locations of the largest
beta functions, as expected from the inverse scaling of the normalized aperture
with beam size.

The momentum bottleneck is instead found at the QI2 quadrupoles, located
in the technical straight sections. These quadrupoles correspond to the regions
where the largest negative horizontal dispersion D, is reached, as shown in

Fig. [5.3]

Collimator settings

After identifying the aperture and momentum bottlenecks, the next step is to
define the collimator settings—that is, the normalized apertures at which each
collimator will be positioned.

In general, collimators must be set with apertures smaller than those of the
corresponding bottlenecks to ensure effective protection.

For betatron collimation, the collimators must impose a transverse cut that
sets the new limiting aperture for on-momentum particles. This cut must be
sufficiently small, with adequate margins, to effectively protect the aperture
bottlenecks from beam halo losses, while avoiding a significant reduction of the
beam lifetime due to interception of stable particles from the beam core.

Similarly, for momentum collimation, the collimators must define a momen-
tum cut that is small enough to protect the momentum bottleneck, but not
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Figure 5.8. Optical functions in the FCC-ee interaction region for the Z operation
mode (V25.2 GHC lattice). The highest beta functions occur in the final focus
quadrupoles, QC2L2 and QC1L2, where the horizontal and vertical aperture
bottlenecks are also located.

so small as to significantly reduce the momentum acceptance and compromise
beam lifetime.

The retraction—i.e., the difference in normalized aperture between a col-
limator and the aperture bottleneck it protects—must be feasible from an
operational standpoint. Experience at the LHC indicates that absolute retrac-
tions in the range of 100-300 wm can be reliably achieved. In the FCC-ee,
this corresponds approximately to 1o, in the horizontal plane and 150, in the
vertical plane.

In a single-stage collimation system, individual collimators directly protect
the aperture bottlenecks. In a multi-stage system—such as the one foreseen for
the FCC-ee, additional secondary collimators are inserted between the primaries
and the bottlenecks in a hierarchical arrangement. FEach stage must be separated
by a sufficient retraction margin to maintain the intended collimation hierarchy,
while still respecting mechanical and operational constraints.

Based on the bottleneck values summarized in Table [5.2] and taking into
account the minimum retraction margins discussed earlier, the collimator
settings selected for the FCC-ee V25.2 GHC optics in the Z operation mode
are: 9.50, and 10.50, for the horizontal primary and secondary betatron
collimators, respectively; and 50,0, and 65,0, for the vertical primary and
secondary betatron collimators, respectively. For momentum collimation, the
selected settings are 180, and 280, for the primary and secondary collimators,
respectively. The aperture of the primary momentum collimator corresponds
to a momentum cut of 1.1%, which lies just outside the machine momentum
acceptance of 1.0% reported in Table
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Collimator placement

Once the halo collimator settings are defined, suitable locations for the collima-
tors must be selected within the dedicated collimation insertion at Point F (PF).
The primary betatron collimators, being the closest to the circulating beam in
terms of normalized aperture, are typically placed at locations where the beta
function is maximized and also where the dispersion is small. This choice serves
multiple purposes: it increases the physical jaw opening for a given normalized
aperture—thereby reducing the collimator’s impedance contribution—and it
results in a more transversely spread-out beam halo at the collimator location.
The latter is beneficial both for cleaning efficiency and for mitigating local
energy deposition in the collimator material. A more distributed impact profile
reduces the risk of excessive localized heating, which can induce thermal stresses
and potentially damage the collimator jaws.

For the primary off-momentum collimator, a different placement criterion
applies: it is typically located where the normalized dispersion, D, /+/B;, is
maximized. This enhances the off-momentum to betatron cleaning efficiency
and reduces the impedance contribution by allowing for a wider physical jaw
opening at a given momentum cut.

Secondary collimators — both for betatron and off-momentum cleaning

— are then placed at locations that satisfy optimal phase advance conditions
with respect to their corresponding primaries. These optimal phase advances
are derived to maximize the efficiency of a two-stage collimation system, as
described in Ref. [124]. The goal is to ensure that any particle scattered at the
primary collimator with a deflection angle equal to or larger than a certain
threshold is intercepted by a downstream secondary collimator. This improves
halo cleaning efficiency by reducing the number of particles potentially leaking
to sensitive regions of the machine.

For a one-dimensional (1D) case—either purely horizontal or purely ver-
tical—with a primary collimator opening of n; ¢ and a secondary opening of
ng o, the optimal primary-to-secondary phase advance piop is given by [124]:

72
Hopt, = arctan <n2nl> , (5.6)

ni

for positively scattered particles (i.e., with positive scattering angle ) from the
primary collimator. For negatively scattered particles (i.e., § < 0), the optimal
phase advance becomes:

2,2
Hopt = T — arctan <nznl> . (5.7)

ny

It is important to note that the solutions for . are periodic with period
7. Therefore, the full set of optimal phase advances can be expressed as:

ni —n?
Hopt = arctan % +nm for 6 >0, (5.8)
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ni —n?
Hopt = T — arctan 2 L) +nr ford <o, (5.9)
ni

where n =0,1,2,....

These multiple solutions offer flexibility in selecting practical locations for
the secondary collimators, especially when constrained by physical layout or
integration issues. In practice, the most convenient solution (typically with
n = 0orn = 1) is chosen to balance phase advance optimization with mechanical
feasibility.

Since scattered particles can exit the primary collimator with either positive
or negative angles, two secondary collimators are placed per primary collimator
— one positioned at a phase advance popt as given by Eq. , and the other
at a phase advance pop as given by Eq. (5.9). This ensures interception of
particles in both scattering directions, thereby maximizing the collimation
efficiency and phase space coverage.

This concept is illustrated in Fig.[5.9] which shows a schematic example of a
two-stage collimation system. A two-sided primary collimator (TCP) is placed
at a phase advance ¢ = 0, while two two-sided secondary collimators, TCS.1
and TCS.2, are positioned at phase advances fiopt,1 and fiopt,2, corresponding
to the optimal phase advances for positively and negatively scattered particles,
respectively, as given by Eqs. and with n = 0.

Alternatively, TCS.1 and TCS.2 can also be placed at equivalent phase
locations corresponding to higher-order solutions of the same equations with
n > 0. In the figure, the positions of TCS.1 and TCS.2 with n = 1 are also
shown, labeled as TCS.1* and TCS.2*, respectively. The trajectories of particles
scattered with positive (8 > 0), negative (6 < 0), and zero (# = 0) scattering
angles are included.

As can be seen, the scattered particles reach their maximum transverse
amplitude at the locations of TCS.1 and TCS.2. This implies that the particles
impact the secondary collimators with maximum depth into the jaw material,
which in turn maximizes the probability of absorption. Equivalently, these are
also the locations where the minimum scattering angle 8 required to reach a
normalized amplitude of nsy at the secondary collimator is achieved.

To provide additional flexibility in the positioning of secondary collimators —
particularly given the preference for locations where the local beta functions are
sufficiently high to keep the physical gaps acceptable for impedance constraints

— small deviations from the exact optimal phase advances can be tolerated.
Within the framework of the FCC-ee collimation system design developed in this
thesis, a maximum deviation of £20° from the ideal values given by Egs.
and has been considered acceptable.

The collimator settings and placement strategies outlined in this section im-
pose requirements on the optics functions and phase advances at the collimator
locations. These requirements are summarized in Table for the betatron
collimators and Table [5.4] for the momentum collimators.
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Figure 5.9. Schematic representation of a two-stage collimation layout. A two-
sided primary collimator (TCP) is placed at phase advance ¢ = 0, and two
secondary collimators, TCS.1 and TCS.2, are positioned at the optimal phase
advances fiopt,1 and fopt,2 for intercepting positively and negatively scattered
particles, respectively (with n = 0). Alternative secondary collimator positions
corresponding to higher-order phase advance solutions (n = 1) are also shown
as TCS.1* and TCS.2*. The trajectories of particles scattered at the TCP with
positive (8 > 0), negative (6 < 0), and zero (6 = 0) angles are illustrated. As
shown, the scattered particles reach their maximum normalized amplitude at the
locations of the secondary collimators, resulting in maximum impact depth and
enhanced absorption efficiency.
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Table 5.3. Betatron collimator placement requirements. TCP: Primary collimator,
TCS: Secondary collimator, H: Horizontal, V: Vertical, o: betatron RMS beam size.
These collimators must protect the horizontal and vertical aperture bottlenecks.

Collimator Setting Optics Requirement Phase Advance Requirement Note

TCP.H 9.50 D, =0, 3, max — —

TCS.H1 10.50  Highest possible 3, [5.2°, 45.2°] from TCP.H (25.2° ideal) Valid also at +nm
TCS.H2 10.50  Highest possible 3, [134.8°, 174.8°] from TCP.H (154.8° ideal) ~ Valid also at +nm
TCP.V 500 D, =0, 3, max

TCS.V1 650 Highest possible 3, [19.7°, 59.7°] from TCP.V (39.7° ideal) Valid also at +nm
TCS.V2 650 Highest possible 3, [120.3°, 160.3°] from TCP.V (140.3° ideal)  Valid also at +nmw

Table 5.4. Momentum collimator placement requirements. TCP: Primary collimator,
TCS: Secondary collimator, HP: Horizontal-momentum, o: betatron RMS beam
size. These collimators must protect the momentum bottleneck.

Collimator Setting Optics Requirement Phase Advance Requirement Note

TCP.HP 180 D, //B; max — —

TCS.HP1 280 High D, /v/Bs [30°, 70°] from TCP.HP (50° ideal) Valid also at +nm
TCS.HP2 280 High D, /v/Bs [110°, 150°] from TCP.HP (130° ideal) Valid also at +nm

FCC-ee PF collimation layout

The FCC-ee V25.2 GHC optics has been developed to meet the collimation
requirements outlined in this section. The optics of the PF insertion, together
with the proposed collimator layout fulfilling all spatial and optical constraints,
is presented in Fig. The choices of collimator jaw materials and lengths,
along with the rationale behind them, are outlined later in Section (see also
Table [5.5)).
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Figure 5.10. Optics functions and proposed collimator layout in the PF insertion
of the FCC-ee V25.2 GHC optics (Z-mode). The placement of primary and
secondary collimators satisfies the required optical functions and phase advance
constraints.
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Tertiary collimators for local protection

In addition to the halo collimators placed in the PF insertion (i.e., the primary
and secondary collimators for betatron and momentum collimation), the FCC-ee
collimation system also includes a set of tertiary collimators for local protection.

The primary role of the PF collimators is to provide global machine protec-
tion and to localize losses within the PF insertion, thereby preventing excessive
radiation doses elsewhere in the ring and reducing the risk of experimental
backgrounds. This assumes that beam loss processes occur on timescales slow
enough (i.e., multi-turn losses) for halo particles to be intercepted and removed
by the localized collimation system. However, this assumption does not always
hold. In particular, fast beam loss mechanisms can cause particles to be lost
within a single or only a few turns, without sufficient time for interception
by the PF collimators. As a result, such particles may be lost elsewhere in
the machine, potentially causing damage to sensitive components. In addition,
even with the two-stage collimation system in PF, a fraction of halo particles is
expected to leak out of the insertion and may be lost elsewhere in the ring.

When losses occur outside the PF insertion, they are most likely to man-
ifest near existing aperture restrictions. In the FCC-ee, the tightest aper-
ture constraints are found in the vicinity of the experimental interaction re-
gions—especially at the final focus quadrupoles and the synchrotron radiation
(SR) collimators, described in Section

These regions are particularly sensitive for two reasons. First, SR collimators
are optimized for photon absorption and are therefore typically less robust
than the halo collimators against direct beam impacts. Second, even if they
are not physically damaged by beam losses, their proximity to the detectors
makes them a potential source of secondary particle showers, which can increase
experimental backgrounds and compromise physics performance.

To mitigate these risks, additional tertiary halo collimators have been
included into the FCC-ee collimation system. Specifically, two collimators—one
for the horizontal and one for the vertical plane—are installed upstream of each
interaction region hosting SR collimators and an experimental detector. Their
locations are chosen to be in phase (at a phase advance that is a multiple of )
with the aperture bottlenecks in the final focus system and the SR collimators.
Since these elements sit at different individual phases, it is not possible to be
exactly in phase with all of them simultaneously. Instead, candidate drift spaces
upstream of the IP were scanned, and the TCT positions were selected by
minimizing the phase mismatch across all protected elements while respecting
practical installation margins. This ensures that any particle on a loss trajectory
toward these sensitive components is intercepted first by the tertiary collimators.
Following this procedure, the horizontal tertiary collimator (TCT.H) is placed
approximately 700 m upstream of the interaction point (IP), while the vertical
tertiary collimator (TCT.V) is located about 460 m upstream. The optics
layout of the FCC-ee interaction region over the region extending from 800 m
upstream of the IP to the IP itself is shown in Fig. together with the
placement of the tertiary collimators.
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Figure 5.11. Optical functions in the FCC-ee interaction region (Z operation mode)
over the upstream section extending from —720 m to the interaction point (IP).
The locations of the horizontal and vertical tertiary collimators (TCT.H and
TCT.V) are indicated. Their placement is chosen to be in phase with the aperture
bottlenecks in the final focus system and the SR collimators, ensuring effective
local protection of the interaction region.

The tertiaries act as local primary collimators, directly shielding critical
components. As such, they are not required to be retracted relative to the
secondary collimators in PF and are set to the same normalized apertures:
10.50, in the horizontal plane and 650 in the vertical plane. Nevertheless, the
system is designed such that the majority of primary beam losses are intercepted
within the PF insertion, with the tertiary collimators providing an additional
layer of protection only for residual or fast-loss particles escaping the main
collimation system in PF.

As will be shown in the following chapter, these tertiary collimators are
essential for providing effective local protection to the FCC-ee interaction
regions.

Shower absorbers

In addition to the primary and secondary collimators installed in the PF
insertion, the FCC-ee collimation system includes shower absorbers [I1], which
play a key complementary role to the secondary collimators in managing
secondary particle showers produced by the interaction between the beam halo
and the primary collimators.

When high-energy electrons or positrons strike the jaws of the primary col-
limators, intense electromagnetic showers are initiated. Due to possible shallow
impacts on the primary collimator jaws and the rather extended longitudinal
development of these showers, FLUKA Monte Carlo simulations [125] [126] have
shown that only a small fraction of the incident energy is absorbed by the jaws
themselves [127, [128]. The majority of the energy escapes as secondary photons,
electrons, and positrons, with a large portion reaching downstream vacuum
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Shower absorbers

y collimator

Figure 5.12. Geometry of the FLUKA model used to simulate energy deposition in
the FCC-ee V23 GHC betatron collimation section. Primary and secondary colli-
mators, as well as horizontal and vertical shower absorbers, are shown. Courtesy

of S. Marin [127], 128].

chambers, secondary collimators, or surrounding structures.

This uncontrolled energy leakage results in significant power deposition
in the environment—up to nearly 50% of the total beam loss energy—posing
concerns for equipment integrity, tunnel activation, and radiation protection.

To address these challenges, dedicated shower absorbers have been proposed
and studied. These are placed between the primary and secondary betatron
collimators and are designed to intercept the shower particles before they reach
downstream components. The absorbers adopt the same structural design
as the secondary collimators but are set with wider jaw openings to avoid
interfering with the collimation hierarchy. The absorber material is currently
assumed to be TZM, a molybdenum-based alloy.

FLUKA simulations by the SY-STI group at CERN [127, [128] have shown
that a configuration with just two optimized shower absorbers—one horizontal
and one vertical—can reduce the fraction of energy deposited in the environ-
ment from nearly 50% to about 15%. This significantly enhances the overall
effectiveness of the collimation system and reduces potential long-term radiation
effects. The optimal configuration studied for an earlier FCC-ee collimation
optics layout (V23, shown in Fig. placed the first absorber about 20 m
downstream of the primary collimators, and the second another 20 m further
downstream. The layout of the FLUKA geometry model used to perform these
simulations—corresponding to the FCC-ee V23 GHC betatron collimation sec-
tion—is shown in Fig. The figure illustrates the longitudinal arrangement
of the primary and secondary collimators, along with the two shower absorbers
inserted between them. Increasing the number of absorbers yielded diminishing
returns, and since each additional absorber contributes to the total impedance,
it was deemed unnecessary to add more than two absorbers at this stage.

Although the detailed absorber design and layout will evolve with future
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updates to the collimation optics, the inclusion of shower absorbers is expected
to remain a fundamental feature of the FCC-ee halo collimation system. Their
function is complementary to the core design developed in this thesis and forms
a crucial part of the overall strategy to mitigate beam loss effects, particularly
from a radiation protection standpoint.

5.2 FCC-ee SR collimation system

The design of the synchrotron radiation (SR) collimation system for the FCC-ee
is not part of this thesis work. Nevertheless, its main scope and characteristics
are briefly outlined here, based on the studies presented in Refs. [129] 130} [13T],
to provide sufficient context for the broader FCC-ee collimation strategy.

In the FCC-ee, synchrotron radiation is expected to be the dominant source
of machine-induced background impacting the detectors. An effective SR
collimation system is therefore essential both to reduce the flux of SR photons
reaching the experimental regions and to mitigate power deposition in the inner
beam pipe of the interaction regions (IRs) caused by SR losses.

The SR collimation system consists of a set of movable collimators and fixed
masks, installed upstream of each interaction point. The layout was initially
developed for the FCC-ee Conceptual Design Report (CDR) [9] and has been
refined in subsequent iterations to follow updates in the machine layout and
optics. In its latest configuration—corresponding to the FCC-ee lattice version
V25.2 GHC—the system includes six movable SR collimators (TCRs), four
horizontal and two vertical, and two fixed masks (TCRMSs), one with a circular
aperture and the other with a rectangular one. The SR collimation layout is
shown in Fig. [5.13

As shown in Fig. [5.13] the movable collimators are strategically placed at
key locations. One horizontal collimator (TCR.H.WL) is installed immediately
downstream of the last dipole upstream of the interaction point. A second
horizontal collimator (TCR.H2.C0) is located midway along the drift region
between the last dipole and the beginning of the final focus system. Additional
collimators—both horizontal and vertical (TCR.H.CO and TCR.V.C0)—are
placed just downstream of the first final focus quadrupole (QCO0), while others
(TCR.H.C2 and TCR.V.C2) are located upstream of the second quadrupole
(QC2). These collimators are primarily intended to intercept SR photons
generated in the upstream arcs and final focus magnets before they reach the
experimental region.

Unlike the halo collimators installed in the PF insertion, the SR collimators
are not designed to intercept charged particles. Their apertures are instead
matched to the estimated physical aperture bottlenecks and are not retracted
for active protection.

Following the movable SR collimators, two fixed masks are installed as
final shielding elements near the detector. The first (TCRM.C2) is a circular
mask placed between the QC1 and QC2 quadrupoles, with an aperture of
15 mm. The second (TCRM.C1) is a rectangular mask installed just downstream
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Figure 5.13. Layout of the FCC-ee synchrotron radiation (SR) collimation system
for the V25.2 GHC lattice. The system includes six movable SR collimators
(TCRs) and two fixed masks (TCRMs). Collimators are positioned to intercept
SR photons from upstream arcs and final focus magnets, while the masks provide
final shielding near the detector.

of QC1 and closest to the interaction point, featuring a 7 mm horizontal
aperture and a 13 mm vertical aperture. These masks are designed to intercept
residual SR photons not caught by the upstream collimators, as well as SR
photons originating in QC2 and QC1. However, under realistic operating
conditions—such as with magnet misalignments or orbit excursions—a small
fraction of scattered photons may still reach the detector. Ongoing studies are
assessing the impact of this residual SR-induced background on sub-detector
performance and are informing further optimization of the mask design.

At present, the movable SR collimators are assumed to be 10 cm long and
made of Inermet 180, a tungsten-based heavy alloy with high photon absorption
capability. The fixed masks are also made of Inermet 180 but are shorter, with
lengths of 2 cm (TCRM.C2) and 6 cm (TCRM.C1). These specifications are
subject to refinement as detailed energy deposition and thermo-mechanical
studies progress.

5.3 FCC-ee halo collimator design parameters

This section summarizes the main design parameters assumed for the beam halo
collimators in the FCC-ee, including their material composition, jaw length,
and the criteria guiding these choices.

Designing beam-intercepting devices, such as collimators, for the FCC-ee
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presents a unique set of challenges. The FCC-ee operates in an unprecedented
regime for lepton colliders, with the highest stored beam energy ever considered
for an eTe~ machine. The combination of large stored beam energy and ex-
tremely small transverse beam sizes results in exceptionally high energy density,
which imposes stringent requirements on the robustness and effectiveness of the
collimators. Even a small fraction of the beam intercepted under abnormal or
accidental conditions can cause significant energy deposition, risking damage
to both sensitive machine components (e.g., superconducting magnets) and the
collimators themselves.

Moreover, impedance-driven instabilities are a critical performance concern
in the FCC-ee. All machine components must therefore be carefully designed
to minimize their contribution to the overall beam-coupling impedance. Colli-
mators are particularly relevant in this context, as they are known to be major
contributors to impedance.

Beyond survivability and impedance, another essential functional require-
ment for the collimators is efficient absorption of beam halo particles and the
electromagnetic showers they produce. This ensures that the intercepted energy
is effectively dissipated and does not propagate downstream, where it could
jeopardize sensitive components, raise radiation levels, or create experimental
backgrounds.

Unfortunately, these design goals often conflict. For instance, highly ro-
bust materials—such as carbon-based composites—offer excellent resistance
to thermal shock and mechanical damage but typically exhibit low density
and poor electrical conductivity. This limits their effectiveness in stopping
high-energy particles and results in higher impedance contributions. Conversely,
dense metallic materials with good electrical conductivity—desirable for efficient
energy absorption and low impedance—are generally more susceptible to direct
beam impacts. Their high density leads to energy being deposited in small
volumes, which can cause localized overheating, thermal stress, and material
failure.

As a result, selecting the optimal collimator material and geometry involves
carefully balancing these competing requirements. The choices made for the
FCC-ee build on best practices and operational experience from previous
machines such as LEP, the LHC, and SuperKEKB, while being specifically
adapted to the unique challenges posed by the FCC-ee.

The following subsections describe the current assumptions for collimator
materials and jaw lengths, along with the rationale behind these design choices.

Collimator materials

The choice of material for each type of halo collimator in the FCC-ee must
balance several competing demands, including robustness against direct beam
impacts, effectiveness in absorbing secondary particles, and minimization of
impedance.

The primary and tertiary local protection collimators (TCPs and TCTs),
being potentially exposed to direct high-intensity beam losses, must be made
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from highly robust materials. Carbon-based materials such as carbon-fibre
composites (CFC), graphite, and molybdenum carbide—graphite (MoGr) are
considered suitable candidates for these roles due to their high thermal shock
resistance and capacity to withstand intense beam impacts. Among these,
MoGr [I32] offers an attractive compromise, providing approximately an order
of magnitude higher electrical conductivity than conventional graphite, while
retaining comparable robustness.

For the secondary collimators (TCSs), which are not exposed to direct
beam impacts but must efficiently absorb out-scattered particles and shower
debris from the primaries, higher-density and higher-Z materials are preferred.
Molybdenum (Mo) and TZM (a titanium—zirconium—molybdenum alloy) are
considered as candidate materials, offering improved stopping power and reduced
energy leakage, along with better electrical conductivity compared to carbon-
based materials.

In the tracking studies presented in this thesis, MoGr has been assumed as
the jaw material for the TCPs and TCTs, while Mo is used for the TCSs.

Collimator lengths

The assumed jaw lengths for the FCC-ee halo collimators are 25 cm for the
primary collimators (TCPs) and 30 cm for the secondary collimators (TCSs).
These values are motivated by estimates from earlier studies, such as those
presented in Refs. [IT4], and are consistent with previous experience from LEP
and analytical considerations relevant to FCC-ee.

At LEP, a length corresponding to approximately two radiation lengths
was found to be suitable for primary collimators [133]. This provided a good
balance between avoiding excessive heating of the collimator blocks due to
showering electrons and positrons, and ensuring that traversing particles would
lose sufficient energy to fall outside the machine’s momentum acceptance.

For the FCC-ee secondary collimators, the length requirement is more
stringent. Analytical estimates indicate that the collimators must be capable
of fully stopping an e* of up to 182.5 GeV—the beam energy in the FCC-ee tt
operation mode—under normal incidence [114]. This motivates a longer jaw
length for the TCSs compared to the TCPs.

While these values serve as first-order estimates, a more refined determina-
tion of the optimal collimator length is typically carried out through dedicated
tracking simulations. In these studies, the length of each collimator type is var-
ied parametrically, and key figures of merit for collimation performance—such
as cleaning efficiency, energy loss in critical components, and leakage to sensitive
regions—are monitored as a function of the collimator length. This allows
identification of the point beyond which further increasing the length yields
diminishing returns. The selection of an optimal collimator length must also
take into consideration impedance requirements, which favor collimator lengths
that are as short as possible. Examples of such parametric studies and their
outcomes can be found in Ref. [134].
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Mechanical design

Although the mechanical design of the collimators lies outside the scope of this
thesis, it is assumed that the collimators will follow a layout similar to that of
the LHC, with two independently movable jaws per collimator, each equipped
with built-in beam position monitors (BPMs). Separate motors are assumed
for the upstream and downstream ends of each jaw, enabling precise control of
the jaw tilt angle. A minimum motor step of 5 wm—consistent with the LHC
collimator system—is tentatively assumed, though this value will be refined as
the FCC-ee design evolves.

The collimator parameters and settings for all FCC-ee collimators, including
the SR collimators and shower absorbers, are summarized in Table [5.5]

Table 5.5. Summary of collimator parameters and settings for the FCC-ee Z operation
mode. The momentum cut is not reported for collimators located in regions with
negligible dispersion. All collimators are assumed to feature two movable jaws
and integrated beam position monitors (BPMs). The tertiary collimators (TCTs)
and synchrotron radiation collimators (TCRs) are replicated at each of the four
interaction points (IPs), resulting in a total of 43 collimators per beam: 9 PF
halo collimators, 2 PF shower absorbers, 8 TCTs, and 24 TCRs. Abbreviations:
TCP — Target Collimator Primary; TCS — Target Collimator Secondary; TCSA
— Target Collimator Shower Absorber; TCT — Target Collimator Tertiary (local
protection); TCR — Target Collimator Radiation (SR collimator); H — horizontal
betatron; V — vertical betatron; HP — horizontal-momentum.

Name Plane Material Length [cm] Gap [0] Gap [mm] ey [%)]
TCP.H.B1 H C-based 25 9.5 5.6 -
TCP.V.B1 \Y% C-based 25 50 1.4 -
TCS.H1.B1 H Mo-based 30 10.5 6.2 -
TCS.V1.B1 \4 Mo-based 30 65 2.2 -
TCS.H2.B1 H Mo-based 30 10.5 6.5 -
TCS.V2.B1 \Y% Mo-based 30 65 3.6 -
TCSA.H.B1 H Mo-based 30 15 3.6
TCSA.V.B1 \Y% Mo-based 30 91 1.6 -
TCP.HP.B1 H C-based 25 18 12.5 1.1
TCS.HP1.B1 H Mo-based 30 28 11.0 3.5
TCS.HP2.B1 H Mo-based 30 28 8.3 1.3
TCT.H.B1 H C-based 25 10.5 2.4 -
TCT.V.B1 \Y% C-based 25 65 7.3 -
TCR.H.WL.B1 H W-based 10 11.5 20.4 -
TCR.V.C0.B1 \Y% W-based 10 81.5 7.1 -
TCR.H.C0.B1 H W-based 10 11.5 25.0 -
TCR.H2.C0.B1 H W-based 10 11.5 21.3
TCR.V.C2.B1 \% W-based 10 81.5 8.2 -
TCR.H.C2.B1 H W-based 10 11.5 18.0 -

It is worth noting that a detailed evaluation of the impedance contribution
of the FCC-ee collimators to the overall machine impedance budget is beyond
the scope of this thesis. Nevertheless, the design studies presented here have
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been periodically shared with the BE-ABP impedance team at CERN, which
is assessing these effects in parallel studies. Although a complete picture of the
FCC-ee impedance budget is not yet available—since several components still
need to be modeled [I35]—estimates for the FCC-ee optics version V25.2 GHC,
considering the collimation layout discussed in this chapter, indicate that the
impedance contribution from the collimation system has increased in this
optics version and might be too high and, as a consequence, there is a risk for
impedance-driven instabilities [I35], even when mitigation strategies based on
feedback systems and optimized chromaticity are applied—strategies that had
proven effective in earlier design iterations [135].

This change in behavior in the V25.2 GHC optics has been traced primarily
to the vertical primary betatron collimator (TCP.V.B1) [1306], which gives the
largest impedance contribution. This is mainly due to its very small half gap of
approximately 1.4 mm—the smallest among all collimators (see Table —a
consequence of the extremely low vertical emittance foreseen for the FCC-ee
(about 2 pm) and the relatively low beta-function values in the FCC-ee V25.2
GHC betatron collimation section, which in turn are a consequence of the
new universal insertion optics. The material choice, constrained by robustness
requirements to be carbon-based, further contributes to its high impedance due
to its low electrical conductivity.

This is a known issue, and several mitigation strategies are under study.
One ongoing effort focuses on optimizing the collimator geometry, for instance
through improved taper transitions between the vacuum chamber and the
collimator jaws [I136], to minimize impedance. This work is being carried out
by the impedance team in the BE-ABP group. In parallel, increasing the beta
functions in the betatron collimation sections has been proposed, as this would
allow larger physical gaps for the same collimator settings, thereby reducing
impedance. First results from new optics iterations show promising potential
for achieving this without compromising collider performance [137].

Moreover, since the settings of the primary betatron collimators are deter-
mined by the minimum beam stay-clear (BSC) of the machine, an increase in
the BSC—achievable by enlarging the physical aperture at the current aperture
bottleneck locations (i.e., in the final focus systems)—could enable more relaxed
collimator settings. Discussions in this direction have already started [I38].

Alternative solutions that could help reduce impedance are also being
explored. One promising approach is crystal collimation, where thin bent
crystals deflect halo particles toward dedicated absorbers featuring gaps that
are typically larger than those of conventional secondary collimators; exploratory
studies conducted as part of this thesis are presented in Chapter [} Another
option is nonlinear collimation (NLC), a scheme successfully implemented at
SuperKEKB [IT1] [139] 1T40], where sextupole pairs generate closed nonlinear
kicks that drive halo particles to large amplitudes. Therefore, they can be
intercepted by a (nonlinear) collimator kept at a larger physical gap than without
the nonlinear kicks, hence reducing the impedance. NLC has demonstrated
impedance reduction at SuperKEKB [139] [140] and is being considered for
other future lepton colliders, such as the Super Tau-Charm Facility [I41]. Given
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its potential benefits, it is foreseen to study the applicability of nonlinear
collimation to the FCC-ee in future work.

In summary, while the present impedance contribution from the FCC-ee
collimation system is higher than desirable, the issue has been clearly identified,
its causes understood, and several viable mitigation strategies are under active
development. The outcomes of this work provide essential input to these
ongoing optimization efforts and will guide future iterations of the collimation
and optics design toward a solution compatible with impedance constraints.
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Chapter 6

FCC-ee collimation
performance

The performance of the FCC-ee collimation system is critical for ensuring the
safe and reliable operation of the collider. Building on the system design and
layout presented in Chapter [5} this chapter presents a detailed evaluation of
the system performance based on tracking simulations.

The primary objectives of the simulations are to quantify the collimation
cleaning efficiency and to assess the level of protection provided to sensitive
components, such as superconducting magnets (e.g., the final focus quadrupoles),
the interaction region (IR), and the experimental detectors. The simulations
also offer insight into local beam loss patterns and energy loss in the collimators
and downstream elements, providing a first assessment of potential risks related
to component damage, magnet quenches, or background generation. They
are also used to guide the optimization of key collimator design parameters,
including jaw material, length, and geometry.

The studies presented in this chapter are based on high-statistics Xsuite-
BDSIM multi-turn tracking simulations, described in Chapter [3] performed
with realistic machine optics (GHC V25.2) and collimator settings. Several loss
scenarios were considered: generic beam halo losses (Section, off-momentum
losses (Section , beam-gas scattering (Section , Touschek scattering
(Section , and beam-beam interaction losses (Section . For a complete
assessment of the collimation performance, fast beam losses due to, e.g., failures
or accidental conditions need to be investigated in addition to the sources of
regular beam losses shown here. This goes beyond the scope of this thesis
work and will be examined closely in the future. First preliminary results are
found in Ref. [36]. However, this thesis also includes an initial collimation
performance evaluation for a generic failure scenario, performed using the
optimized collimation layout established in this work. This study, serving as a
generic proxy for fast accidental losses such as asynchronous dumps, injection
failures, or sudden beam loss events, is presented in Section [6.6]
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The analysis focuses on the FCC-ee Z operation mode, which represents
the most challenging scenario from a collimation point of view due to the
highest stored beam energy. All simulations presented in this chapter are
performed for the positron beam (Beam 1, B1), for which a complete magnetic
lattice description is available at the time of writing. The magnetic lattice of
the counter-rotating electron beam (Beam 2, B2) is expected to be specular-
symmetric, and at the FCC-ee beam energies considered here the particle-matter
interaction processes relevant for beam—collimator interactions are equivalent
for electrons and positrons. The collimation performance obtained for B1 is
therefore expected to be representative of that for B2.

6.1 Generic beam halo losses

The first beam loss scenario considered in this study is the so-called generic
beam halo loss scenario. This scenario is used to evaluate the performance of
the collimation system in the presence of a slow, continuous loss mechanism,
where the transverse amplitude of the beam particles increases gradually over
many turns. In such case, the beam halo is progressively populated by particles
diffusing outward from the beam core.

Given the slow nature of this loss mechanism—characterized by a gradual,
diffusive increase of the transverse particle amplitudes over many turns, as can
arise from operational setting errors, orbit drifts, or certain classes of beam
instabilities—the first element encountered by the halo particles as they reach
large transverse amplitudes is one of the primary collimators, which by design
correspond to the smallest normalized aperture of the machine in each plane
(see Chapter [5| and Table . This forms the basis of the simulation approach
adopted here: modeling the full halo dynamics is challenging, as it depends
on the interplay of various machine imperfections — such as magnetic errors,
dynamic aperture, and noise in feedback or RF systems. Moreover, simulating
the diffusion process would require tracking particles over an extremely large
number of turns, making it computationally inefficient for large parameter
scans. While such simulations are feasible and are occasionally performed for
dedicated studies or validation tests, a more practical and efficient approach
is adopted here: simulations begin directly at the point where halo particles
impact a primary collimator.

A matched beam halo distribution impinging on the jaws of a primary
collimator is therefore generated. This distribution serves as the initial condition
for the simulation. The simulation then proceeds with the BDSIM Monte
Carlo scattering engine, which models the particle-matter interactions at the
collimator. The particles scattered out from the primary collimator are tracked
through the machine for a number of turns — typically around 500 — which is
sufficient, as most particles are lost within the first few turns due to the large
initial amplitudes and the initial interaction with the collimator.

Losses on the beam pipe aperture or other collimators are recorded, and the
resulting longitudinal loss distribution along the machine is analysed through
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Figure 6.1. Example of a direct halo particle distribution impacting on the horizontal
primary collimator TCP.H.B1 in the FCC-ee V25.2 GHC in the Z operation mode.
The upper-left plot shows the particle distribution in horizontal phase space
(z—p<), with collimator jaws indicated by vertical black lines at x = +5.76 mm
(corresponding to £9.504). A zoom-in on the left jaw region (x > 0) is shown in
the upper-right inset, where the maximum impact parameter bmax is indicated
by a red arrow. The bottom plots show the same distribution in vertical phase
space (y—py, bottom left) and longitudinal phase space (z—d, bottom right). The
distribution is generated using the equilibrium beam parameters at collision for
the FCC-ee Z mode, as listed in Table

loss maps, i.e., histograms showing the number of particle losses as a function
of the longitudinal coordinate s.

The exact shape of the impacting halo distribution is not known a priori.
In these simulations, a standard assumption is made: as in LHC collimation
studies [37], a uniform distribution is generated in transverse phase space at
the primary collimator, extending from the collimator jaw edge up to a specified
maximum impact depth (or impact parameter b). An illustration of such a
distribution is shown in Fig. [6.1}

To ensure conservative results, and since b is not known in detail as it depends
on the diffusion speed, the maximum impact parameter by, is typically set
to the critical impact parameter bet, corresponding to the impact parameter
that yields the worst-case cleaning performance. This value is determined from
dedicated impact parameter scans, as discussed in Section[6.1.2] However, in the
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FCC-ee studies presented here, no clear critical value has been identified: the
collimation performance was observed to degrade monotonically with decreasing
impact parameter. As explained in detail in Section [6.1.2} this behavior is
attributed to the limited vertical dynamic aperture of the FCC-ee lattice used
in the studies presented here, rather than to an intrinsic limitation of the
collimation system. It should also be noted that impact parameters significantly
smaller than the micrometer scale are not considered realistic, as effects such
as collimator jaw surface roughness or flatness become non-negligible at that
level. For these reasons, a maximum impact parameter of 1 pm is adopted in
the simulations presented here. Studies of collimation performance including
realistic surface-roughness effects are left as future work. First studies on this
matter from the energy-deposition point of view are presented in Ref. [142].
An intrinsic feature of this simulation strategy is that beam losses are
evaluated on a per-particle basis, without explicitly modeling the time evolution
of the loss process. This allows the resulting loss distributions to be rescaled a
posteriori to different beam loss rates corresponding to different assumed beam
lifetimes. In the studies presented here, a conservative assumption is adopted
for the loss rate: the beam lifetime is assumed to drop to 5 minutes, which is
approximately one third of the nominal lifetime expected during regular FCC-ee
operation in the Z operation mode (about 17 minutes, see Table [1.2)). This
choice ensures that the simulated conditions represent a pessimistic scenario. If
the collimation system proves effective under these conditions, its performance
can be expected to be satisfactory under nominal or less severe circumstances.

Simulation setup

Based on the considerations discussed above, two Xsuite-BDSIM simulations
were set up for the FCC-ee positron beam (Beam 1, B1) at a beam energy
of 45.6 GeV, corresponding to the Z operation mode. One simulation was
configured to model generic horizontal betatron collimation losses (referred to
as B1H), and the other to model generic vertical betatron collimation losses
(B1V). The initial direct halo distributions were generated at the locations of
the corresponding primary collimators: TCP.H.B1 for the horizontal case and
TCP.V.B1 for the vertical case.

The distributions were generated using the equilibrium beam parameters at
collision, as listed in Table Since the simulations do not include beam—beam
interactions, the vertical geometric emittance at collision — equal to 1.9 pm

— was artificially preserved during tracking through the inclusion of vertical
wigglers. These wigglers were configured to introduce local vertical dispersion
and tuned in strength to reproduce the desired equilibrium vertical emittance.

Each simulation used a total of 5 x 106 macroparticles. The particles were
tracked for 500 machine turns in the full nonlinear FCC-ee lattice (V25.2
GHC [15], Z operation mode), which includes the crab-waist collision scheme,
a detailed model of the machine aperture, and the complete collimation system.
The collimators were modelled in BDSIM/Geant4, as described in Chapter
Synchrotron radiation effects — including both radiation damping and quantum



6.1 Generic beam halo losses 111

IPA PB IPD PF PG PH 1PJ PL IPA
104 mmmm Collimator
10° == Cold
— Warm
. 1o?
B 10!
=
A, 10°
107t
102
e 1 W |1 1l
T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
s [m]

Figure 6.2. Loss map for the full FCC-ee ring for the B1H generic halo loss scenario.
The plot shows the power load along the full machine, binned in 10 cm intervals,
assuming a beam lifetime of 5 minutes.

PF

10* 3 mmmm Collimator
10° 4 = Cold

-E m Warm
102

10! 1

10°

107t 1

1072 1

107 4 T T

33000 33250 33500 33750 34000 34250 34500 34750 35000
s [m]

P[W]

Figure 6.3. Loss map in the PF collimation insertion for the B1H generic halo loss
scenario. The collimator region is zoomed in to highlight the distribution and
efficiency of the local cleaning.

excitation — were included throughout the machine, along with the effects
of RF cavities and magnet tapering. For synchrotron radiation, a stochastic
quantum excitation model was used, where each particle receives individual
random energy kicks during tracking, in contrast to simplified mean models that
only reproduce average energy loss and damping without including excitation
effects.

Beam loss locations were recorded during tracking, and the loss distribution
along the longitudinal coordinate s was binned in 10 cm intervals to produce
the loss maps for the generic halo loss scenarios. The results are presented and
discussed in the following section.

Results

The simulation results for the generic beam halo loss scenario are presented in
the form of loss maps in Figs. and for generic horizontal betatron
collimation losses (B1H), and in Figs. and for generic vertical
betatron collimation losses (B1V). These are power load distribution loss maps,
showing the local loss power in each 10 cm bin along the machine. The power
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Figure 6.4. Loss map in the downstream interaction region (IPD) for the B1H
generic halo loss scenario. The plot spans from 725 m upstream of IPD to 20 m
downstream. Losses in this region are particularly critical due to the presence of
final focus quadrupoles and detector components.

loads have been computed by summing, in each bin, the total energy of all
particles lost in that bin and dividing this quantity by the assumed beam
lifetime of 5 minutes. A different binning scheme is used for collimators only,
where each collimator is represented by a single bin corresponding to its physical

length (see Table [5.5)).

The performance of the FCC-ee collimation system for generic betatron
halo losses can be assessed from the loss maps shown in Figs. for BIH
and Figs. for B1V. In both cases, more than ~98 % of the beam losses
are intercepted and confined within the collimation insertion located in PF.
This demonstrates that the collimation system is effective in localizing losses in
the dedicated collimation region, while strongly suppressing losses elsewhere in
the ring.

The cleaning performance is consistent across planes: in both B1H and B1V,
losses on the tertiary collimators (TCTs) are suppressed by approximately two
orders of magnitude relative to those in PF. Synchrotron radiation (SR) colli-
mators downstream of the TCTs experience even lower power loads, suppressed
by 4 to 5 orders of magnitude. Since collimators upstream of the interaction
points — including the TCTs and the synchrotron radiation (SR) collimators —
may contribute to experimental background, their losses should be suppressed
as much as possible. The acceptable loss limits on these collimators will need
to be determined in future studies, including detailed shower simulations from
the collimators to the experimental detector. All other elements outside the
PF insertion show losses reduced by more than five orders of magnitude.

Zoomed views of the PF insertion are shown in Figs. and In both
scenarios, the peak power loads on the collimators range from 100 W to 20 kW.
Additional power loads, up to approximately 10 W, are observed on elements
located between the primary (TCP) and secondary (TCS) collimators.

As expected, in B1H, the majority of losses are intercepted by the horizontal
betatron collimators, while in B1V they are absorbed primarily by the vertical
ones. In both cases, however, the off-momentum collimators in the second half
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Figure 6.5. Loss map for the full FCC-ee ring for the B1V generic halo loss scenario.
The plot shows the power load distribution along the full machine, binned in
10 cm intervals, assuming a beam lifetime of 5 minutes.
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Figure 6.6. Loss map in the PF collimation insertion for the B1V generic halo loss
scenario. The collimator region is zoomed in to highlight the distribution and
efficiency of the local cleaning.

IPD

10* 'i = Collimator
3 mmm Cold
m— Warm

—-700 —600 =500 —400 -300 —-200 -100 0
s—sipp [m]

Figure 6.7. Loss map in the downstream interaction region (IPD) for the B1V
generic halo loss scenario. The plot spans from 725 m upstream of IPD to 20 m
downstream. Losses in this region are particularly critical due to the presence of
final focus quadrupoles and detector components.
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of the insertion intercept a non-negligible number of scattered particles. The
highest power load among these is observed on the horizontal off-momentum
primary collimator TCP.HP.B1, with a peak power load of approximately 30 W
in B1IH and 100 W in B1V. These losses are attributed to off-momentum
particles that have lost energy in upstream interactions with the betatron
collimators.

Clear signs of interplane scattering are also observed. In B1H, the high-
est individual power load in the insertion is recorded on the vertical primary
collimator TCP.V.B1, caused by vertical scattering of particles initially inter-
acting with TCP.H.B1. Conversely, in B1V, small horizontal losses appear
on TCP.H.B1. This occurs because TCP.V.B1 is positioned downstream of
TCP.H.B1, meaning that particles reaching TCP.H.B1 in B1V do so after one
or more machine turns.

In both planes, the secondary collimators experience higher power loads
than the primaries. This trend is consistent with the assumed collimator design
parameters: the primary collimators are made of low-density carbon-based
material (MoGr), whereas the secondaries are based on higher-density molyb-
denum alloys (Mo). The 30 cm length assumed for the Mo-based secondaries
corresponds to roughly 30 radiation lengths, compared to less than 2 radia-
tion lengths for the 25 cm C-based primaries. These differences explain the
significantly higher absorption capacity of the secondary collimators.

It should be noted that the simulations presented here do not yet include
the dedicated shower absorbers foreseen between the primary and secondary
betatron collimators in PF. Their future inclusion is expected to reduce the
observed clusters of warm losses in this region by concentrating power loads
onto the absorber blocks. This would help to lower material activation and
radiation levels in surrounding equipment.

Zoomed-in loss maps of the interaction region around IPD are shown in
Figs. and In both B1H and B1V, this region is particularly sensitive
due to the presence of superconducting elements — such as the final focus
quadrupoles and crab sextupoles — as well as experimental detector compo-
nents. The maximum power loads on the TCTs reach up to 100 W. Losses on
superconducting magnets are minimal, with the most exposed of such elements
being the crab sextupoles upstream of the IPs, where power loads remain below
100 mW.

Similar to PF, small clusters of warm losses are observed downstream of the
TCTs in both planes. This indicates that additional shower absorbers will likely
be required in this region as well, to localize these losses and lower radiation
levels in potentially critical areas.

Overall, these results indicate that, under the assumed conditions, the FCC-
ee collimation system provides effective protection to sensitive components. The
system successfully confines the majority of losses within the PF collimation
insertion and limits power loads on superconducting and detector regions to
acceptable levels. While dedicated energy deposition and thermo-mechanical
studies are still required to determine whether the observed loads are fully
tolerable, the values obtained here are likely within operational limits.
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Figure 6.8. Conceptual illustration of the effect of collimator angular alignment.
Left: A halo particle impacts the collimator jaw with a nonzero angle 6, interacting
with only a fraction of its length. Right: When the collimator jaw is aligned with
0, the particle trajectory is parallel to the jaw surface, allowing interaction along
the full length and maximizing absorption efficiency.

6.1.1 Collimator angular alignment

As observed in previous studies [114], [143] 144, [134] and confirmed by the
simulations presented here, angular alignment of the primary collimators can
significantly improve the performance of the FCC-ee halo collimation system.

Beam halo particles typically strike the primary collimator jaws with a
non-zero angle, rather than parallel to the jaw surface. This angle of incidence
depends on the local optical functions at the collimator location. For a primary
collimator set at a transverse cut npcp (in units of the RMS beam size), the
angle at which particles intersect the collimator jaw is

€u

0 = —nrcp - o

where «,, and (8, are the Twiss parameters in the transverse plane u, and €, is
the geometric emittance in that plane.

Because of this non-zero incidence angle, halo particles interact with only
a fraction of the full collimator jaw length. Under the simplified assumption
of straight-line particle trajectories through the jaw material, the effective
length inside the collimator traversed by particles with impact parameter b is

approximately
b
Lett sin§’ (6:2)
where b is the impact parameter, and 6 is given by Eq. .

To mitigate this effect, the primary collimators can be angularly aligned
to the local beam divergence, thereby maximizing the effective interaction
length seen by halo particles. This ensures that particles interact with a larger
(ideally full) jaw length, enhancing the absorption efficiency of the collimator.
A conceptual illustration of this principle is shown in Fig. [6.8]

To quantify the performance gain, new simulations were carried out with
the primary collimators tilted to match the beam divergence at their locations.
Specifically, the horizontal primary collimator TCP.H.B1 was aligned to the
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Figure 6.9. Loss map for the full FCC-ee ring for the B1H scenario with angularly
aligned primary collimators. The plot shows the power load distribution binned
in 10 cm intervals, assuming a beam lifetime of 5 minutes.
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Figure 6.10. Loss map in the PF collimation insertion for the B1H scenario with
angularly aligned primary collimators.
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Figure 6.11. Loss map in the interaction region (IPD) for the B1H scenario with
angularly aligned primary collimators.

local beam divergence of 63.7 purad in the B1H case, while the vertical collimator
TCP.V.B1 was aligned to a vertical divergence of 7.7 urad in the B1V case.
The resulting loss maps are shown in Figs. and These figures
show the power load distribution for the B1H scenario with angularly aligned
primary collimators, assuming a beam lifetime drop to 5 minutes.
The results clearly demonstrate a substantial improvement in collimation
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performance due to angular alignment. In particular, the power load on the
TCTs upstream of the IPs is reduced by nearly two orders of magnitude com-
pared to the case with untilted primary collimators illustrated in Figs. [6.21{6.4]
This enhanced suppression of leakage losses highlights the importance of angular
alignment for optimal system performance.

The specifications for the mechanical design of the FCC-ee collimators
have been updated based on these results. Therefore, the collimator design,
as discussed in Chapter o] should include the capability to tilt the jaws via
independent motorized actuators on either side. This allows precise angular
positioning of the jaws with respect to the local beam divergence.

Although the performance gain is most pronounced for the primary collima-
tors, a similar strategy is expected to benefit other collimators in the system —
including secondary and tertiary collimators — albeit with reduced sensitivity
due to the much larger impact parameters involved. Taking the horizontal
plane as an example, the typical maximum impact parameters are on the order
of 10 mm for the secondary collimators, as shown in Figs. and and
around 100 pum for the tertiary collimators, as illustrated in Fig. The
larger impact parameters at the TCS compared to the TCT are explained
by the higher horizontal S-function at the TCS locations relative to those of
the TCTs, as can be seen in Figs. [5.10] and [5.11] Accordingly, and based on
these findings, the current design foresees the inclusion of angular adjustment
mechanisms for all collimators, enabling full exploitation of this performance
enhancement across the system.

What has been presented so far corresponds to an idealized scenario in
which the primary collimator jaws are perfectly angularly aligned with the local
beam divergence. While this setup provides an upper bound on the achievable
collimation performance, it represents a best-case configuration that is not fully
achievable in practice. In a realistic machine environment, small deviations from
the optimal angular setting are inevitable due to factors such as mechanical
tolerances, actuator precision, misalignment, and deviations from the ideal
optics.

To evaluate the robustness of the collimation system to such deviations,
a dedicated set of simulations was performed in which the tilt angle of the
primary collimators was varied around the optimal value. This parametric study
allows quantifying the degradation in performance as a function of angular
misalignment.

The resulting dependence of collimation performance on tilt deviation is
presented in Fig. The performance is evaluated in terms of the global
inefficiency, defined as:

losses outside PF

global inefficiency = (6.3)

total losses
where PF denotes the collimation insertion. A smaller value of global inefficiency
indicates more effective loss containment within the collimation region, and
thus better overall collimation performance.
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Figure 6.12. Impact parameter distribution on the horizontal secondary collimator
TCS.H1.B1 for horizontal betatron losses (B1H), simulated with an untilted
primary collimator TCP.H.B1 and a 1 pm maximum impact parameter.
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Figure 6.13. Impact parameter distribution on the horizontal secondary collimator
TCS.H2.B1 for horizontal betatron losses (B1H), simulated with an untilted
primary collimator TCP.H.B1 and a 1 wm maximum impact parameter.

TCT.H left jaw TCT.H right jaw

10! 4

Counts

100 - 1
T T T T T T T T T
120 100 80 60 40 20 O O 20 40 60 80 100 120

impact parameter [pm] impact parameter [pm]

Figure 6.14. Impact parameter distribution on the horizontal tertiary collimator
TCT.H upstream of IPJ for horizontal betatron losses (B1H), simulated with an
untilted primary collimator TCP.H.B1 and a 1 pm maximum impact parameter.
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Figure 6.15. Global inefficiency as a function of primary collimator tilt deviation A#@.
The minimum inefficiency is reached at the ideal tilt alignment (A6 = 0 prad),
with performance degrading as the deviation increases.

As shown in Fig. [6.15] any deviation from the ideal tilt angle results in a
measurable increase in global inefficiency. For example, a deviation of 5 urad
leads to an increase in inefficiency by nearly a factor of 3, while a deviation of
10 prad yields a degradation of almost a factor of 5. A more detailed view of
this trend is shown in Fig. where the factor increase in global inefficiency
relative to the ideal tilt case is plotted as a function of tilt deviation. Three
curves are presented, corresponding to the maximum, average, and minimum
observed ineficiency increase across the set of horizontal betatron collimation
(B1H) studies, alongside a reference line representing the inefficiency increase
with no tilt applied.

This analysis confirms that while angular precision is important, the system
remains relatively robust: even with tilt deviations as large as 25 urad, the
collimation performance remains significantly better than in the un-tilted case.
At this extreme, the inefficiency is still improved by approximately a factor
of 3 relative to the case with parallel collimator jaws. For reference, in the
LHC collimator design, a minimum motor step size of 5 pwm is implemented,
corresponding to an angular resolution of approximately 5 urad for a 1 m-long
jaw. While the active jaw length of FCC-ee collimators is expected to be shorter,
the full collimator tank — including tapers to reduce impedance — will be
significantly longer. This allows placing the actuators farther apart, enabling
angular alignment precision comparable, or even better, to that achieved in the
LHC. These results underline both the importance of implementing angular
alignment and the tolerable range of deviations that can be accommodated
without dramatic performance loss.
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Figure 6.16. Factor increase in global inefficiency as a function of tilt deviation.
The maximum, average, and minimum inefficiency factors are shown relative to
the ideal tilt case. The blue horizontal line indicates the inefficiency level with no
tilt applied.

6.1.2 Impact parameter scan

The impact parameter b—defined as the transverse distance between the edge
of the collimator jaw and the incoming particle trajectory—plays a key role
in determining the interaction between beam halo particles and the collimator
material, and thus in shaping the overall collimation performance.

Smaller impact parameters correspond to shallower, more grazing interac-
tions, resulting in shorter effective path lengths through the jaw material. This,
in turn, leads to fewer particle-matter interactions, smaller angular kicks, and
an increased probability for particles to escape interception by halo collimators
and leak towards downstream regions. Conversely, larger impact parameters
correspond to deeper penetrations into the jaw material, where particles receive
stronger kicks and are more efficiently absorbed within the collimation insertion.

To quantify the dependence of the FCC-ee collimation performance on this
parameter, a dedicated series of simulations was carried out for the B1H case
(i.e., horizontal betatron collimation losses for the FCC-ee positron Beam 1),
systematically varying the maximum impact parameter by, of the direct halo
distribution on the horizontal primary collimator TCP.H.B1. The purpose of
this study was to investigate whether a critical impact parameter could be
identified—i.e., a value of by, at which the global collimation performance
reaches a minimum—and to understand how the system efficiency varies for
different impact parameters.

The simulations were performed using the same setup and parameters as
in the generic beam halo study (Section . The only parameter varied was
the maximum impact parameter b,,,,, which was scanned from 2 um down
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to 0.01 um. Each simulation tracked 5 x 10° macroparticles for 500 turns in
the full nonlinear FCC-ee lattice, including synchrotron radiation effects, RF
cavities, a full aperture model, and collimators modeled in BDSIM/Geant4.

The results of the scan are presented in Fig. which shows the behavior
of the global inefficiency (defined in Eq. ) as a function of the maximum
impact parameter by ax.-

15.0 4

12.5 A

10.0 A

7.5 A

Global inefficiency [%]

5.0 1

2.5 1

T
0.0 0.5 1.0 1.5 2.0
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Figure 6.17. Global inefficiency as a function of the maximum impact parameter
bmax for the FCC-ee positron beam (B1) in the Z operation mode. Each point
corresponds to an Xsuite-BDSIM tracking simulation of 5 x 10° macroparticles for
500 turns in the full nonlinear FCC-ee lattice (V25.2 GHC). A monotonic increase
in global inefficiency is observed with decreasing bmax, indicating that shallower
particle—jaw interactions lead to less effective confinement of losses within the PF
collimation insertion. No critical impact parameter is observed within the studied
range.

A clear monotonic trend is observed: the global inefficiency increases (i.e.,
the collimation performance worsens) monotonically with decreasing buyax,
indicating that shallower halo—primary collimator interactions systematically
lead to poorer confinement of beam losses within the collimation insertion in
PF. The reasons for this trend are discussed in detail below.

This trend differs from that typically observed in LHC studies [37], where a
critical impact parameter is found around 1 pm—corresponding to a minimum
in collimation cleaning performance—beyond which the efficiency improves
again as byax increases. In that case, when b,y is smaller than the critical
value, the impact with the primary collimator is too shallow to immediately
produce a loss. Instead, the particle receives a weak perturbation that allows it
to survive one or more turns in the ring until it eventually re-encounters the
primary collimator at a larger impact parameter and is then efficiently removed.
This mechanism results in the observed improvement in cleaning performance
for bpax < bmax,crit-

In the FCC-ee case, no such turning point is observed: the global inefficiency
increases continuously as by,.x becomes smaller.
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Figure 6.18. Full-ring loss maps for the B1H impact-parameter scan: left byax =
1 pum, right byax = 0.01 pm. Power loads are shown per 10 cm bin assuming a
5 minute beam lifetime. As bmax decreases, losses at the TCTs upstream of the
IPs increase, with a concurrent rise at TCP.H.B1.
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Figure 6.19. Loss maps in the PF collimation insertion for the B1H impact-
parameter scan: left bmax = 1 pm, right bmax = 0.01 pm. Power loads (single-bin
per collimator; 10 cm bins elsewhere) assume a 5 minute lifetime. Smaller byax
yields higher losses at TCP.H.B1 and reduced loads on the horizontal secondaries,
consistent with increased leakage downstream.

Loss maps obtained in the scan are reported in Figs. [6.1846.20] for two
representative cases with bypax = 1 pm and by ax = 0.01 pm. By comparing the
loss maps obtained for different by, values, several trends can be observed.

First, a comparison of the full-ring loss maps (Fig. shows that the
overall increase in losses for smaller impact parameters occurs mainly at the
tertiary collimators (TCTs) located upstream of each interaction point. This
effect can be seen in more detail in Fig. [6.20] In addition, the losses at the
horizontal primary collimator TCP.H.B1 itself increase as by,.x decreases, as
shown in Fig.[6.19] indicating the presence of a multi-turn re-impact mechanism
similar to that observed in LHC collimation studies. However, as shown in
Fig. since the global inefficiency continuously increases with decreasing
bmax, this effect appears to be counteracted by the concurrent rise in losses at
the TCTs as byax is reduced.

Focusing on the PF collimation insertion (Fig. , it is also observed
that the losses at the secondary horizontal betatron collimators decrease for
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Figure 6.20. Loss maps of the interaction region around IPD for the B1H impact-
parameter scan: left bnax = 1 um, right bmax = 0.01 um. The plotted region
spans from 725 m upstream of IPD to 20 m downstream. TCT losses grow
markedly as bmax decreases, highlighting increased leakage toward the interaction
regions.

smaller impact parameters. In contrast, in the vertical plane, losses at the
primary vertical betatron collimator TCP.V.B1 decrease with decreasing byax,
while losses at the downstream secondary vertical collimators TCS.V1.B1 and
TCS.V2.B1 increase.

These trends can be explained as follows. For smaller and smaller b,,, the
angular kicks acquired by the particles interacting with the primary collimator
become too small to be intercepted by one of the downstream secondary
collimators (or by another collimator in PF in a different plane). As a result,
an increasing fraction of these weakly scattered particles escapes interception in
the PF insertion and travels further downstream. As opposed to the LHC case,
where particles exiting the collimation insertion can come back and interact
with the primary again on a later turn, many of the particles escaping PF in
FCC-ee typically end up outside of the dynamic aperture, causing them to be
lost on the TCTs. This behavior is explained in detail below.

As a representative example, the left (positive-z) jaw of TCP.H.B1 has
been considered. In linear optics, the transport between the primary collimator
location sy and a downstream point s can be written as

I(S) = 637 (COS Aﬂm + azo sin A,Ufr) To + / ﬁ?: ﬂz,O sin A,“m (pm,O + Apac)a

z,0

(6.4)
where z¢ and p; o denote the horizontal position and normalized transverse
momentum of the particle at the entrance of TCP.H.B1, and Ap, represents the
horizontal kick imparted by the interaction with the collimator jaw. The param-
eters ;0 and oy o are the Twiss parameters at the location of TCP.H.B1, while
Bz is the beta function at the downstream observation point (e.g., TCS.H1.B1
or TCS.H2.B1). The angle Ay, corresponds to the horizontal betatron phase
advance between the two locations.
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Figure 6.21. Horizontal kick distributions of the outgoing particles from TCP.H.B1
for different impact parameters.

By inverting Eq. and imposing the amplitude conditions at the start
(TCP.H.B1) and at the end of the transport (TCS.H1.B1 or TCS.H2.B1), it is
possible to compute the range of horizontal kicks for which a particle will not
be intercepted by one of the horizontal secondary collimators. This results in
the following window:

Ap, € (—5.48 x 107°, +6.52 x 107%) . (6.5)

By tracking the direct halo distributions with varying impact parameters
through the TCP.H.B1 collimator, the outgoing particle distributions can
be recorded and the horizontal kicks Ap, imparted to the particles can be
analyzed. The resulting distributions are shown in Fig. for bpax = 1 um,
bmax = 0.1 um, and b, = 0.01 um.

From Fig. [6.2] it is evident that the horizontal kick distribution progres-
sively narrows as bnyax decreases. More specifically, the fraction of particles
scattered within the angular window defined in Eq. increases with de-
creasing byax. This implies that a larger number of particles interacting with
TCP.H.B1 receive kicks too small to reach the downstream horizontal secondary
collimators, thereby bypassing the horizontal betatron collimation system in
PF. Consequently, a greater fraction of these particles leaks beyond PF and
is eventually lost further downstream (e.g., on the TCTs), leading to a higher
global inefficiency as by,ax is reduced.

The above example provides a simplified, semi-analytical demonstration that
for smaller by, a larger fraction of particles can bypass the horizontal betatron
collimation system. However, since additional collimators are also present in PF—
in the vertical and horizontal-momentum planes—a full quantitative assessment
requires detailed particle tracking including all collimator interactions.

This was performed using Xsuite-BDSIM. Direct halo distributions with
varying bmax values were tracked from the TCP.H.B1 primary collimator to the
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Table 6.1. Number of particles escaping the PF collimation insertion for different
impact parameters bmax. Each case corresponds to 10° primary positrons inter-
acting with the positive-x jaw of TCP.H.B1.

bmax [Hm] Particles escaping PF

1.0 5084 (5.1%)
0.1 30320 (30.3%)
0.01 86318 (86.3%)

end of the PF collimation insertion. At the end of the tracking, the number of
surviving particles was recorded. The results are summarized in Table

In this study, 10° primary positrons were generated to interact with the
left (positive-z) jaw of TCP.H.B1 for three different impact parameters: 1 pm,
0.1 um, and 0.01 um. As expected, with decreasing impact parameter, the
number of particles escaping the PF collimation region increases significantly.

However, it is important to stress that a larger fraction of particles escaping
the PF collimation insertion is not, by itself, sufficient to explain the observed
increase in losses at the TCTs for smaller b,,,x. More precisely, this increase
cannot be fully explained by considering linear optics alone.

In a purely linear optics regime, particles that bypass the halo collimation
system in PF should not be intercepted by the TCTs, since these are set at
the same normalized betatron amplitude as the secondary collimators (TCSs),
as detailed in Chapter [5] Therefore, to account for the observed rise in TCT
losses, nonlinear effects must play a role.

This can occur if the particles escaping the halo collimation system in PF lie
outside the dynamic aperture (DA). In that case, they occupy a nonlinear and
chaotic region of phase space where linear optics no longer apply. Nonlinear
beam dynamics then dominate, leading to chaotic and unpredictable trajectories
in which the transverse amplitudes of these particles can grow rapidly. As a
consequence, particles escaping the PF collimation system are eventually lost
on the first aperture restrictions they encounter—namely, the TCTs.

Hence, the observed increase in global inefficiency with decreasing by,,x most
likely originates from nonlinear dynamics and dynamic-aperture exceedance of
the particles escaping the collimation system in PF.

To confirm this interpretation, the direct halo distributions (each consisting
of 10° particles) with varying byax values (1 pm, 0.1 pwm, and 0.001 pwm) were
tracked using Xsuite-BDSIM up to an endpoint at the end of the collimation
insertion PF, chosen as the dispersion-free location corresponding to the point
where the horizontal dispersion D, crosses zero downstream of the momentum
collimation section.

At this endpoint, the normalized betatron amplitudes of the particles were

computed as
7\ 2 2
A;Orm — () + (pg”> , (6.6)
Oy Op,
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() ()

Here, x and y denote the transverse particle positions at the endpoint, while p,.
and p, are the corresponding normalized transverse momenta. The quantities
o, and oy represent the local horizontal and vertical beam sizes, and o, and
op, are the corresponding rms beam divergences.

The resulting particle distributions were then plotted in the (A7°™, Ajer™)
plane. An approximate yet representative XY dynamic aperture (DA) bound-
aryﬂ was superimposed on the same plot for reference. The corresponding
results are shown in Fig. [6.22]
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Figure 6.22. Normalized amplitude distributions (A;*"™, A}°™) of particles escaping
the PF collimation system for different bmax values. The dashed line indicates the
approximate XY dynamic aperture limit.

As shown in Fig. [6.22] a substantial fraction of the particles escaping the
PF collimation system lie outside the XY -DA limit. Moreover, the number of
particles beyond the DA boundary increases significantly as by, decreases. This
confirms that the degradation of the global cleaning performance for smaller
impact parameters originates from nonlinear beam dynamics and dynamic-
aperture exceedance of the particles escaping the PF collimation system.

To further quantify this effect, the number of particles found outside the
XY-DA limit was counted for each b,.x. The results, summarized in Table
show that the fraction of particles exceeding the dynamic aperture increases
markedly with decreasing byax, confirming the strong correlation between
smaller impact parameters, DA exceedance, and the rise in global inefficiency.

In summary, this study demonstrates that the observed increase in losses on
the TCTs with decreasing impact parameter by, originates primarily from a
limitation of the machine’s dynamic aperture, most notably in the vertical plane,
as illustrated in Fig. [6.22] As will be shown later in this chapter, the same
limited vertical DA also amplifies beam-residual gas Coulomb-scattering losses,
highlighting its crucial role in shaping both halo- and beam—gas—induced loss

IThe precise XY-DA contour is reported later in this chapter; see Fig.[6.38|for comparison.
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Table 6.2. Fraction of particles escaping the PF collimation insertion and fraction
lying outside the dynamic aperture (DA) for different impact parameters bmax.
Each case corresponds to 10° primary positrons interacting with the positive-z
jaw of TCP.H.B1.

bmax [um] Particles escaping PF Particles outside DA

1.0 5084 (5.1%) 4004 (4.0%)
0.1 30320 (30.3%) 21984 (22.0%)
0.01 86 318 (86.3%) 40836 (40.8%)

patterns. Since this behaviour arises mainly from a DA constraint rather than
from an intrinsic limitation of the collimation system itself, it is expected that
continued optimization of the FCC-ee lattice design—including improvements to
the dynamic aperture—will progressively mitigate this effect. With an enlarged
DA, the increased TCT losses observed at smaller by, values should become
less significant, and multi-turn re-impacts on primary collimators would emerge
more clearly, making it possible to identify a critical impact parameter. An
example of such an improved optics configuration is the FCC-ee lattice with
Local Chromatic Correction (LCC) optics, which is currently being developed in
parallel to the Global Hybrid Correction (GHC) optics considered in this thesis.
For the time being, however, a maximum impact parameter of byax = 1 pm is
retained as the standard reference for evaluating the FCC-ee collimation system
performance against generic beam halo losses.

6.1.3 Single-stage halo collimation

As mentioned in Chapter [5] the halo collimation insertion in PF adopts a
two-stage collimation system with one primary and two secondary collimators
per plan(ﬂ because it offers improved cleaning performance compared to a
single-stage system relying only on primary collimators. To provide a direct
comparison with the results presented earlier in this chapter for the two-stage
system, this section reports the FCC-ee collimation performance for the generic
beam halo loss scenarios when the secondary collimators in PF are removed.
The goal is to visualize the change in beam loss patterns and leakage outside
the halo collimation insertion in PF when only the primary collimators are
present.

Simulation setup

The simulation setup is the same as that described in Section for the
B1H and B1V cases (FCC-ee V25.2 GHC [15], Z operation mode). The only
modification is the removal of the secondary collimators in PF. The same initial
direct halo distributions are used, generated at TCP.H.B1 for the horizontal

2Horizontal, vertical, and momentum
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Figure 6.23. Loss map for the full FCC-ee ring for the B1H generic halo scenario
without secondary collimators in PF. Power loads are binned in 10 cm intervals
and normalized to a 5 minute beam lifetime.
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Figure 6.24. Zoomed view of B1H losses in the PF insertion without secondary
collimators. Larger clusters of aperture losses appear due to the absence of
secondary collimators.

case (B1H) and at TCP.V.B1 for the vertical case (B1V). Tracking includes
synchrotron radiation with damping and quantum excitation, RF cavities,
magnet tapering, a detailed aperture model, and BDSIM/Geant4 collimator
interactions, as in the baseline study. Particles are tracked for 500 turns, and
losses are binned longitudinally in 10 cm intervals, with collimators shown as
single bins corresponding to their physical length (Table [5.5). Power loads are
reported under the same conservative lifetime assumption used for the generic
halo studies (5 minutes).

Results

Figures[6.23|and [6.24]show the loss maps for the B1H case when only the primary
collimators are installed in PF. A clear degradation of the overall cleaning
performance is observed with respect to the two-stage baseline configuration
(Figs.. The most evident change is the significant increase in loss leakage
outside the halo collimation insertion, particularly on the tertiary collimators
(TCTs) located upstream of the interaction regions. Although the peak power
loads on the most exposed TCTs do not increase dramatically—with the vertical



6.1 Generic beam halo losses 129

IPG PH IPJ PL IPA

IPA PB IPD PF
10* = Collimator
102 =$§;’;rtlm
10
E 10t
Ay 10°
1071
| Bl I 1i
AT O WO — 1
0

10000 20000 30000 40000 50000 60000 70000 80000 90000

s [m]

Figure 6.25. Loss map for the full FCC-ee ring for the B1V generic halo scenario
without secondary collimators in PF. Power loads are binned in 10 cm intervals
and normalized to a 5 minute beam lifetime.
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Figure 6.26. Zoomed view of B1V losses in the PF insertion without secondary
collimators. Larger clusters of aperture losses appear due to the absence of
secondary collimators.

TCT upstream of IPG featuring an increase of roughly a factor of two—the
removal of the secondary collimators causes all TCTs, including those that
were less exposed in the two-stage configuration, to intercept comparable levels
of losses. An overall increase in losses is also observed on the SR collimators
located downstream of the TCTs. This results in higher and less localized losses
in the IRs. This effect is particularly undesirable, since losses on IR, collimators
can generate secondary showers directed toward the experimental detectors. In
general, it is a design goal of the collimation system to concentrate losses on
collimators placed far from the detectors—such as those in PF—rather than on
elements in the vicinity of the experiments, where particle showers may cause
unwanted backgrounds that degrade the quality of experimental data.

In addition to the increased leakage toward the interaction regions, the loss
maps reveal larger aperture losses within the PF insertion itself and in the
arcs between PF and IPG, as well as between IPG and PH. The absence of
relatively dense (Mo-based) secondary collimators leads to a larger fraction of
scattered halo particles escaping the primary collimator jaws and impacting
surrounding components. This translates into higher power deposition in
the environment, raising potential concerns for equipment integrity, tunnel
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Table 6.3. Global inefficiency (Eq. (6.3)) for single-stage and two-stage (baseline)
halo collimation in PF.

Case Single-stage Two-stage Increase factor
B1H 12.0% 2.0% 6
B1V 8.9% 0.6% 16

activation, and radiation protection.

Figures [6.25] and [6.26] show the corresponding results for the vertical case
(B1V). The overall picture is similar to that observed for B1H: the removal of
the secondary collimators results in larger leakage outside the PF insertion and
increased losses on the TCTs and SR collimators, as well as larger aperture
losses in PF and in the arcs. It is particularly worth noting that, in the B1V
case, the maximum power loads on the collimators upstream of IPG increase by
approximately two orders of magnitude compared to the two-stage configuration,
highlighting the crucial role of the secondary collimators in absorbing particles
out-scattered from the primary collimators.

Global inefficiency. To quantify the overall impact, the global inefficiency
defined in Eq. (6.3) has been evaluated for the single-stage and two-stage
configurations. For B1H, the global inefficiency increases from 2.0% (two-stage)
to 12.0% (single-stage), i.e. by a factor of 6. For B1V, it increases from 0.6%
(two-stage) to 8.9% (single-stage), i.e. by a factor of 16. These figures confirm
quantitatively the trends visible in the loss maps: removing the secondary
collimators substantially degrades loss localization in PF and increases leakage
toward the interaction regions.

The observed degradation when removing the secondary collimators is
consistent with the collimator material and length choices discussed in Chapter [5]
In the two-stage system, the combination of relatively short (<2 Xo) low-density
C-based primary collimators, with X being the radiation length, followed by
longer (on the order of 30 X) higher-density Mo-based secondary collimators,
provides robust initial interception and efficient downstream absorption of
scattered debris. Without the secondary stage, a larger fraction of the scattered
halo is lost onto warm elements in PF and leaks toward the IR, increasing the
load on the TCTs, SR collimators, and nearby components. This comparison
therefore supports the design choice of a two-stage halo collimation system
in PF to maximize cleaning efficiency and minimize leakage toward sensitive
regions of the machine.

6.2 Off-momentum losses

This section presents an evaluation of the collimation performance of the
proposed FCC-ee collimation system against off-momentum particle losses, i.e.
losses originating from particles that acquire large transverse amplitudes as a
consequence of a momentum offset Ap with respect to the reference momentum
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Po-

To investigate this mechanism, a dedicated RF sweep simulation has been
set up. In this simulation, the RF-cavity frequency is slowly varied during
tracking. When the sweep is sufficiently slow, the RF bucket remains stable
and follows the frequency shift, effectively moving its center to a non-zero
momentum deviation § = Ap/py while keeping the particles captured. As
a result, the average momentum offset of the tracked bunch is progressively
increased, thereby populating the off-momentum halo in a controlled, quasi-
adiabatic way. This scenario could represent both a slow failure of the RF
system and other relatively slow beam-loss processes that lead to significant
off-momentum losses.

As the bunch drifts to larger § values, particles with sufficiently large
momentum deviations eventually reach transverse amplitudes that exceed the
physical or dynamic aperture, leading to losses. These losses are recorded
during tracking to assess how efficiently the collimation system confines off-
momentum losses away from sensitive regions. The RF-sweep functionality
used here is implemented in the Xcoll package, developed specifically to study
off-momentum losses and the associated collimation performance.

Simulation setup

Based on the RF-sweep setup described above, an Xsuite-BDSIM simulation
was performed for the FCC-ee positron beam (Beam 1, B1) at a beam energy of
45.6 GeV (Z operation mode). The initial distribution was a matched Gaussian
bunch at the beginning of the arc section between IPA and PB, using the
equilibrium collision parameters in Table Since beam—beam interactions
were not included, the vertical geometric emittance at collision—1.9 pm—was
preserved by means of vertical wigglers introducing local D, and tuned to
reproduce the target equilibrium value.

A total of 5 x 10° macroparticles were tracked for 6000 turns in the full
nonlinear FCC-ee lattice (V25.2 GHC [15]), including the crab-waist collision
scheme, a detailed aperture model, and the complete collimation system. Col-
limators were modeled in BDSIM/Geant4. Synchrotron radiation (radiation
damping, quantum excitation) and lattice tapering were included. For SR,
a stochastic quantum-excitation model was used, i.e. each particle receives
individual random energy kicks at each step.

The RF sweep was configured to shift the RF frequency by 300 Hz over 6000
turns, i.e. +0.05 Hz/turn (toward negative § in this study). This corresponds
to moving the bucket center by

Ad ~ —2.63% over the full sweep,

i.e. a per-turn change of ~—4.38 x 1076, In bucket units, this is a shift of ~0.55
bucket heights. By the end of the sweep the bunch center reached § ~ —2.6%.
This value is significantly larger than the momentum acceptance of the machine
(about 1%); therefore, all particles are expected to be lost over the course of
the simulation.
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Beam-loss positions were recorded throughout tracking, and the longitudinal
loss distribution was binned in 10 cm intervals to produce loss maps for the
off-momentum scenario. The corresponding results are presented following
section.

Results

The off-momentum loss maps are shown in Figs. and The plots show
the longitudinal distribution of beam losses, expressed as power loads in 10 cm
bins. Power loads are obtained by summing, in each bin, the energy of all lost
macroparticles and normalizing consider a beam lifetime drop to 5 minutes.
Collimators are displayed with a single bin corresponding to their physical
length.
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Figure 6.27. Longitudinal distribution of off-momentum losses in the FCC-ee (full
ring) from the RF-sweep simulation. Losses are shown as local power loads in
10 cm bins, assuming a 5 minute beam lifetime. Most losses are intercepted in
the PF collimation insertion, confirming the effectiveness of the off-momentum
collimation system.
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Figure 6.28. Zoomed view of the PF collimation insertion for the off-momentum
scenario. Losses are concentrated in the off-momentum collimation section, with
minimal leakage outside the collimation insertion.

The first losses appear around turn 1700, when the RF bucket center is
0 ~ —0.75%. From that point, losses rise rapidly; by turn 2400 (bucket center
at § ~ —1.05%) the entire bunch is lost.
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As intended, the first losses occur at the machine momentum bottleneck,
which by design is the primary off-momentum collimator TCP.HP.B1. The loss
maps show that the vast majority of losses, i.e. more than 99 %, are intercepted
in the second half of the PF insertion, corresponding to the off-momentum
collimation section. The most exposed device is the primary off-momentum col-
limator TCP.HP.B1, with a peak load of ~35 kW. Downstream, the secondary
off-momentum collimators TCS.HP1.B1 and TCS.HP2.B1, together with the
secondary vertical betatron collimator TCS.V2.B1, absorb the remaining debris,
with loads up to several hundred watts. TCS.V2.B1 intercepts a non-negligible
fraction of particles scattered vertically in the interaction with TCP.HP.B1. No-
ticeable warm losses appear between the primary and secondary off-momentum
collimators, driven by out-scattering at TCP.HP.B1; these remain well confined
within PF.

Lower losses are also observed on the horizontal and vertical primary be-
tatron collimators, TCP.H.B1 and TCP.V.B1 (both below 100 W). Residual
losses on the vertical TCTs upstream of the IPs are strongly suppressed—by
about four orders of magnitude relative to TCP.HP.B1. Outside PF, losses are
negligible across the ring.

Overall, the off-momentum loss pattern confirms that the FCC-ee collima-
tion system effectively localizes off-momentum losses in the dedicated section.
Compared to the generic betatron-halo case (Section , off-momentum losses
are even better confined within PF, with significantly reduced leakage toward
the interaction regions. The absolute power levels are comparable to those in
the halo case, while the spatial confinement is improved. As in the betatron-
collimation studies, performance is expected to benefit further from angular
tilts of the collimator jaws, maximizing the effective interaction length of the
off-momentum halo with the material.

6.3 Beam-gas losses

Although in the FCC-ee the beam lifetime is limited by radiative Bhabha
scattering at the interaction points, a precise understanding of beam-—gas
interactions remains essential. These interactions may influence local loss
patterns, contribute to experimental background, and place constraints on the
design and performance of both the vacuum and collimation systems [11}, 114,
145, (143, [144), [134].

In this section, we present a study of beam losses arising from beam—gas
interactions in the FCC-ee. The results are obtained using the dedicated
beam-gas Monte Carlo routine developed in the context of this thesis and
described in Chapter [3] The validity of this simulation routine has been
benchmarked through comparison with experimental background measurements
at SuperKEKB, showing very good agreement, as discussed in Chapter [4

This study provides quantitative estimates of both the beam lifetime con-
tributions and the spatial loss distribution associated with beam—gas interac-
tions, under realistic FCC-ee operating conditions. The relative importance of
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Figure 6.29. Residual gas pressure profile in a representative FCC-ee arc section,
obtained from SYNRAD++ and MOLFLOW simulations after 1 hour of beam
conditioning at nominal Z-mode current [147].

bremsstrahlung and Coulomb scattering processes is examined, with particular
attention to their impact on loss localization, collimation performance, and
implications for detector backgrounds.

Simulation setup

Beam-—gas losses in the FCC-ee have been evaluated using the Xsuite-BDSIM
simulation framework, with the setup described in Chapter 3] Simulations
were performed for the positron beam (B1) at a beam energy of 45.6 GeV,
corresponding to the FCC-ee (V25.2 GHC [I5]) Z operation mode.

The vacuum pressure profile used as input to the simulations was based on
SYNRAD++ and MOLFLOW [I01], [102] calculations, performed by vacuum
experts under a pessimistic assumption of only 1 hour of beam conditioning
at nominal Z-mode current [I46]. In these simulations, the dominant gas
load arises from photon-stimulated desorption (PSD) induced by synchrotron
radiation, as is typical for electron storage rings. A NEG-coated vacuum
chamber has been considered. These calculations were originally carried out
for two representative sections of the FCC-ee V23 lattice: a 130 m-long arc
cell [147] (see Fig. and the machine-detector interface (MDI) region [148],
extending from about —600 m to about +250 m relative to the interaction point
(see Fig. . Although these calculations were based on an earlier lattice
version (V23), no significant differences in vacuum performance are expected
for the more recent V25.2 lattice, and the profiles have therefore been retained
for the present study.

To construct a full-ring pressure profile, the arc pressure profile was peri-
odically repeated to cover the full FCC-ee arcs and stitched together with the
MDI pressure profile. For the long straight sections (LSS), a flat pressure of
5 x 10719 mbar was assumed, based on guidance from vacuum experts. This
relatively low value is justified by the near-absence of bending magnets in the
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Figure 6.30. Residual gas pressure profile in the machine—detector interface (MDI)
region of the FCC-ee, derived from SYNRAD++ and MOLFLOW simulations
after 1 hour of beam conditioning at nominal Z-mode current [148].

LSS, which results in significantly lower synchrotron radiation (SR) photon
flux compared to the arcs. Since photo-stimulated desorption (PSD) by SR
photons is the dominant source of residual gas in the beam pipe, pressure levels
in the LSS are expected to be substantially lower than in the arcs. A notable
exception to this assumption is the collimation insertion (PF), where sizable
local beam losses on collimators, shower absorbers, and nearby components may
cause local pressure rises. A more detailed evaluation of pressure conditions in
this region is planned for future work.

The assumed residual gas composition in the FCC-ee vacuum chamber
was taken to be 85% Hs, 10% CO, and 5% COs, consistent with typical gas
compositions observed in modern synchrotron light sources.

The resulting pressure profile for the full FCC-ee ring, constructed as detailed
above, is shown in Fig. [6.31]

Beam-residual gas interactions were simulated using the dedicated routine
described in Section [3.5.1] with bremsstrahlung and Coulomb scattering pro-
cesses treated in separate runs. A total of 22,500 beam—gas scattering centers
were placed uniformly along the 90.7 km ring, corresponding to an average
spacing of approximately 4 m. Each simulation tracked 107 primary particles
over 1000 turns.

As described in Section the first turn was artificially biased to cor-
respond to one effective mean free path using cross-section scaling, thereby
increasing the probability of interactions. To avoid unphysical clustering of
interactions near a common starting location due to this biasing, the simula-
tions were split into 1000 independent parallel runs of 10* particles each, and
the starting location in each run was randomly assigned among the 22,500
scattering centers. Following the biased first turn, particles were tracked for an
additional 999 turns without further beam—gas interactions, allowing the study
of the propagation and loss distribution of beam—gas scattered particles.
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Figure 6.31. Full-ring residual gas pressure profile for the FCC-ee Z operation
mode. The profile combines arc and MDI regions from SYNRAD++/MOLFLOW
simulations with flat pressures of 5 x 107 mbar assumed in the long straight
sections (LSS).

Synchrotron radiation effects—including damping, quantum excitation, and
energy recovery in RF cavities—have been included, as well as magnetic lattice
tapering. The simulations also included a detailed aperture model, as well as
collimator geometries modeled using BDSIM /Geant4.

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

6.3.1 Beam-Gas bremsstrahlung losses
Results

The performance of the FCC-ee collimation system in mitigating beam-gas
bremsstrahlung losses is demonstrated in Figs. [6.32H6.34] which show the
distribution of beam-residual gas bremsstrahlung losses in the FCC-ee. The
losses are presented as power loads, assuming the full stored beam energy
in the Z-mode and the effective simulated machine time t,;,, which—given
the cross-section biasing applied on the first simulated turn as explained in
Section [3.5.1}—can be computed as

tsim - (BF + Nurns — 1) : Treva (68)

where BF is the cross-section biasing factor introduced in Section [3:5.1] n¢urns
the number of simulated machine turns, and T;e, the machine revolution period.
Since in most cases BF > nyums, the effective simulated machine time can be
well approximated by tgim ~ BF - T .. For aperture losses, the longitudinal bin
size is 10 cm, while for collimators it corresponds to the respective collimator

length (see Table [5.5)).
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Figure 6.32. Longitudinal distribution of beam—gas bremsstrahlung losses in the
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FCC-ee (full ring). Losses are shown as power loads, assuming the simulated
beam-gas bremsstrahlung lifetime under pessimistic vacuum conditions after only
1 h of beam conditioning at nominal Z-mode current.
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Figure 6.33. Zoomed view of beam—gas bremsstrahlung losses in the PF collimation
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insertion. Losses are concentrated on the horizontal primary collimator TCP.H.B1
and the off-momentum primary collimator TCP.HP.B1, consistent with the pre-
dominantly off-momentum nature of bremsstrahlung-induced losses.
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Figure 6.34. Zoomed view of beam—gas bremsstrahlung losses in the interaction

region around IPD. Residual losses are mainly absorbed by the horizontal TCTs,
with secondary power loads below a few mW on superconducting magnets and
around 1 W on downstream SR collimators.
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From the same simulation, the beam—gas bremsstrahlung lifetime under the
pessimistic vacuum assumption of 1 hour of beam conditioning at full Z-mode
current is estimated to be 274 minutes.

From Fig. it is clear that the highest beam—gas—induced losses are
observed on the beam halo collimators in the PF insertion, confirming that
the system effectively localizes losses in the dedicated collimation section and
suppresses them elsewhere in the ring.

A closer view of the PF insertion is shown in Fig. [6.33] which indicates that
most losses are intercepted by the horizontal primary collimator TCP.H.B1 and
the off-momentum primary collimator TCP.HP.B1, with peak power loads of
approximately 100 W and 10 W, respectively. This loss pattern is consistent
with the inelastic nature of bremsstrahlung interactions, which primarily cause
off-momentum losses. Consequently, the losses tend to concentrate in the
horizontal plane, where the dispersion function is non-zero.

Lower losses—approximately one order of magnitude lower than those on
the primary collimators—are also observed on the tertiary collimators (TCTs)
upstream of the interaction points, particularly the horizontal ones (TCT.H).
This is again attributed to the inelastic nature of bremsstrahlung interactions.
A zoomed view of the interaction region around IPD is shown in Fig.[6.34] This
region is particularly sensitive due to the presence of superconducting magnets,
such as the final focus quadrupoles and crab sextupoles, as well as nearby
experimental detector components. As seen in Fig. the maximum power
loads on the TCTs reach up to 10 W, while losses on superconducting magnets
remain below a few mW. Power loads on synchrotron radiation collimators
downstream of the TCTs are even lower, with maxima around 1 W.

Overall, the results indicate that, even under the pessimistic vacuum condi-
tions considered (i.e., after only 1 hour of beam conditioning at full nominal
Z-mode current), the FCC-ee collimation system performs effectively. Beam—
gas bremsstrahlung losses are confined to the dedicated collimation regions,
and losses in sensitive regions are limited to acceptable levels. While detailed
energy deposition and thermo-mechanical studies will be required to fully assess
tolerability, the simulated power loads are likely within operational limits.

It can therefore be concluded that, under the studied conditions, beam-gas
bremsstrahlung interactions are not expected to represent a limiting factor for
FCC-ee performance.

6.3.2 Beam-Gas Coulomb scattering losses
Results

The performance of the FCC-ee collimation system in mitigating beam-gas
Coulomb scattering losses is illustrated in Figs. [6.35) which show the
spatial distribution of Coulomb-induced losses around the ring. The losses are
expressed as power loads, assuming the full stored beam energy in the Z-mode
and the effective simulated machine time ty,,, computed in the same way as
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Figure 6.35. Longitudinal distribution of beam-gas Coulomb scattering losses in
the FCC-ee (full ring). Losses are shown as power loads, assuming the simulated
beam-gas Coulomb scattering lifetime under pessimistic vacuum conditions after
only 1 h of beam conditioning at nominal Z-mode current.
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Figure 6.36. Zoomed view of Coulomb scattering losses in the PF collimation
insertion. Losses are dominated by vertical angular kicks intercepted by the
vertical betatron collimators.

described for the bremsstrahlung case in Section [6.3.1
tsim = (BF + Nurns — 1) : Trev~ (69)

As before, since in most cases BF > niums, this reduces to tgm ~ BF - Tiey.
For aperture losses, the longitudinal bin size is 10 cm, while for collimators it
corresponds to the respective collimator length (see Table .

Under the pessimistic vacuum assumption of 1 hour of beam conditioning
at full Z-mode current, the beam—gas Coulomb scattering lifetime is estimated
to be 42 minutes, i.e. more than a factor of six shorter than the bremsstrahlung
lifetime reported in Section The beam-gas lifetimes are summarized in
Table

As shown in Fig. [6.35] Coulomb scattering losses are approximately equally
intercepted by the halo collimators in the PF insertion and the tertiary colli-
mators (TCTs) upstream of the interaction regions. This contrasts with the
bremsstrahlung case discussed in Section [6.3.1] where losses were primarily
absorbed by the PF collimators and were about one order of magnitude lower
at the TCTs.
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Figure 6.37. Zoomed view of Coulomb scattering losses in the interaction region
around IPD. Significant losses are observed on the vertical TCTs, with secondary
showers extending downstream.

This distribution arises from the sensitivity of the studied FCC-ee Z-mode
lattice (V25.2 GHC) to vertical angular deflections. As shown in Fig.
this lattice features a limited vertical dynamic aperture of about 25 units
of normalized betatron amplitude, making it susceptible to relatively small
kicks. In the arcs, where most beam—gas interactions occur, the vertical rms
divergence is approximately o, ~ 0.3 urad. A typical vertical kick of 10 prad
from Coulomb scattering thus corresponds to a 300, deflection—enough to
immediately drive the particle beyond the DA limit.
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Figure 6.38. Transverse dynamic aperture (DA-XY) for the FCC-ee V25.2 GHC Z
operation mode, including the effect of synchrotron radiation: damping, quantum
excitations, RF cavities and lattice tapering.

Once outside the DA, the motion of these particles becomes chaotic and
no longer follows the linear optics of the lattice. Their subsequent trajectories
are therefore largely unpredictable, and it is no longer guaranteed that they
will be intercepted at the smallest normalized aperture of the ring (i.e., at the
primary collimators in the PF insertion). Particles entering this chaotic regime
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can quickly acquire very large transverse amplitudes and be lost at various
downstream locations. This mechanism explains why Coulomb-induced losses
are observed with comparable magnitude at the tertiary collimators (TCTSs)
and the primary collimators, despite the larger normalized aperture of the
TCTs. The resulting loss pattern is thus a direct manifestation of nonlinear
dynamics beyond the DA limit and highlights the importance of dynamic
aperture optimization for minimizing beam losses close to the interaction
regions.

This sensitivity is further amplified near the interaction regions, where
the vertical beta function §, reaches several kilometers, as shown in Fig. [5.8
reducing o, even further and resulting in losses from even smaller deflections.
By contrast, horizontal kicks are less critical due to the larger beam divergence
in that plane, and Coulomb-induced losses remain predominantly vertical. As
also discussed in Chapter [} the tendency for Coulomb interactions to cause
vertical losses is consistent with observations at SuperKEKB, owing to the
similarities between the two machines.

This is reflected in the collimator loss pattern. As shown in Fig. the
vertical primary collimator TCP.V.B1 and the vertical secondary collimator
TCS.V2.B1 exhibit peak power loads of about 1 kW. The vertical TCTs upstream
of the interaction points, visible in Fig. [6.37] intercept losses at the level of
hundreds of W. These values are roughly an order of magnitude higher than
those observed for bremsstrahlung losses, consistent with the shorter beam-gas
Coulomb scattering lifetime.

Beyond the collimators, Fig. [6.37] also reveals sizable secondary particle
showers downstream of the vertical TCTs. Notably, the superconducting crab
sextupoles located in this region are exposed to power loads of up to 1 W,
although these values remain well below critical thresholds.

While the overall power loads remain within tolerable limits, the results
underscore a non-negligible contribution of Coulomb scattering to beam losses at
FCC-ee beam energies, contrary to the common expectation that bremsstrahlung
would dominate under such conditions.

The observed high rate of losses on the vertical TCTs—located approximately
400 m upstream of the interaction points—raises some concerns regarding
potential experimental background contributions. To assess this impact, the
results of these simulations have been provided as input to FLUKA-based
studies, which simulate full particle shower development and transport through
the interaction region environment, including collimators, magnets, beam pipe,
and detector components.

In conclusion, although beam-gas Coulomb scattering was previously con-
sidered a minor contributor at FCC-ee beam energies, under specific machine
conditions such as limited vertical dynamic aperture, it may lead to significant
losses with distinct spatial patterns. Nevertheless, no showstoppers have been
identified, and the FCC-ee collimation system still provides effective mitigation,
containing the majority of the losses within the dedicated collimation regions.
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Table 6.4. FCC-ee V25.2 GHC Z-mode beam—gas lifetimes from tracking simulations
under a pessimistic vacuum scenario (1 hour of beam conditioning at nominal
current), and projections for a fully conditioned machine obtained by scaling
linearly with the expected ~100x reduction in residual gas pressure.

Process 1 h conditioning [min] Fully conditioned (x100) [min]
Bremsstrahlung 274 27400
Coulomb scattering 42 4200

6.4 Touschek scattering losses

This section presents a study of beam losses arising from Touschek scattering in
the FCC-ee. While this mechanism plays a major role in limiting the beam life-
time and contributing to background levels in several existing electron—positron
colliders, it is not expected to significantly impact the FCC-ee performance.
This is primarily due to the higher beam energies foreseen in all FCC-ee opera-
tion modes, which strongly suppress Touschek scattering losses, as discussed in
Chapter

Despite this, Touschek scattering remains relevant in the context of this
thesis for two key reasons. First, as discussed in earlier chapters, an important
component of the FCC-ee design effort involves benchmarking the employed
simulation tools against data from currently operating colliders. Since Tou-
schek scattering plays a significant role in existing eTe™ colliders such as
SuperKEKB—used in this thesis as a reference machine for benchmarking the
Xsuite-BDSIM simulation tool, as presented in Chapter [d]—it was essential to
implement a dedicated Touschek scattering simulation routine, as described in
Chapter [3] Second, once such a routine is available, applying it to the FCC-ee
comes at minimal cost. Therefore, a quantitative evaluation remains valuable
to confirm this expectation and ensure that no unforeseen beam loss scenarios
are overlooked.

The remainder of this section presents a study of Touschek losses in the
FCC-ee Z operation mode, using the simulation routine developed in the context
of this thesis.

Simulation setup

The Touschek scattering routine developed as part of this thesis and described
in Chapter [3| has been used to evaluate beam losses from Touschek scattering in
the FCC-ee. The routine has been integrated into the Xsuite-BDSIM simulation
framework.

Simulations were performed for the positron beam (B1) at a beam energy
of 45.6 GeV, corresponding to the FCC-ee (V25.2 GHC [15]) Z operation mode.
This represents the most critical case for Touschek scattering in the FCC-ee,
since the Touschek loss rate decreases rapidly with increasing beam energy, as

shown in Eq. (2.46]).
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Figure 6.39. Local momentum aperture profile for the FCC-ee (V25.2 GHC) Z
operation mode, obtained from Xsuite tracking.

To simulate the worst-case scenario for Touschek losses, the study was carried
out assuming nominal beam intensity while adopting the most pessimistic
conditions in terms of bunch parameters. These correspond to the configuration
with the highest 6D phase-space density, which in the FCC-ee occurs in the
absence of collisions at the interaction points (single-beam mode). As shown
in Table[I.2] when beams are stored without collisions, the vertical geometric
emittance €, (lattice vertical emittance in the table), the bunch length o,
and the energy spread o5 are each reduced by approximately a factor of three.
Altogether, these reductions yield much denser bunches in 6D phase space,
thereby enhancing the Touschek scattering and associated losses.

It should be emphasized that such a configuration does not represent a
standard operation mode: the FCC-ee is not foreseen to store single beams
at full nominal intensity. Nevertheless, exploring this overly pessimistic case
provides a robust safety margin—if Touschek scattering is shown not to be
performance-limiting under these extreme conditions, it can be confidently
excluded as a concern in realistic operating scenarios.

For completeness, simulations were also performed for a more realistic
configuration with bunch parameters corresponding to colliding beams. This
allows a quantitative comparison and illustrates the extent to which Touschek
losses are alleviated under nominal collision conditions.

The local momentum aperture profile for the FCC-ee (V25.2 GHC) Z opera-
tion mode was obtained through tracking, following the procedure described in
Section The resulting profile, used as input for the Touschek scattering
simulation, is shown in Fig. [6.39]

A total of 1610 Touschek scattering centers were used in the simulation.
Given the 90.7 km circumference of the FCC-ee, using uniformly spaced scatter-
ing centers—as done in the SuperKEKB simulations in Chapter [d—would be
computationally prohibitive. It is worth remembering that to obtain physically
meaningful results, the placement of Touschek scattering centers must resolve
the local variations of the optical functions. Accordingly, a non-uniform distri-
bution of scattering centers was adopted: larger spacing was used in regions
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with slowly varying optics (such as the arcs), while denser sampling was applied
in regions where the optics vary rapidly, such as the interaction regions.

A total of 3 x 107 Touschek-scattered macroparticles were tracked over
1000 machine turns. Synchrotron radiation effects—including damping, energy
recovery in the RF cavities, and magnetic lattice tapering—were included in
the simulation. Quantum excitation was not included. This choice is motivated
by the fact that in this simulation framework, each macroparticle is assigned
a weight corresponding to its contribution to the total Touschek scattering
rate. Including quantum excitation could introduce losses due to secondary
mechanisms unrelated to Touschek scattering itself (e.g., photon emission
driving particles beyond the momentum aperture), which would bias the result.
For this reason, only deterministic SR effects were included.

The simulation included a detailed aperture model and realistic collimator
geometries implemented via BDSIM/Geant4. Beam loss locations, along with
the corresponding Touschek rate contribution of each macroparticle, were
recorded and binned longitudinally in 10 cm intervals to generate loss maps,
representing the Touschek scattering losses along the FCC-ee ring.

Results

The results of the Touschek scattering simulations are presented here for two
selected configurations: the pessimistic nominal-intensity single-beam mode
(no collisions) and the more realistic nominal-intensity colliding-beam mode,
representative of the nominal FCC-ee operating conditions. It should be noted
that beam—beam interactions are not explicitly included in the colliding-beam
configuration; the simulations are performed for a single beam, but with the
larger equilibrium emittances, bunch length, and energy spread corresponding
to colliding-beam conditions.

For the single-beam mode, the spatial distribution of Touschek losses is
shown in Figs. [6.40 The losses are expressed as power loads, assuming
the full stored beam energy in the Z operation mode. The power load in
each bin is obtained by summing the energies of all lost macroparticles in that
bin, weighted by their corresponding Touschek scattering rate factors R; (see
Eq. ) For aperture losses, the longitudinal bin size is 10 cm, while for
collimators it corresponds to the respective collimator length.

As shown in Fig. [6.40, Touschek losses are distributed across the full ring, as
expected from the continuous intrabunch nature of the scattering mechanism.
Nonetheless, the highest losses are observed on the halo collimators in the PF
insertion. Figure [6.41] shows that peak local power loads in this region reach
values at the kW level, with the highest losses observed on the horizontal pri-
mary betatron collimator TCP.H.B1 and the primary off-momentum collimator
TCP.HP.B1. This is consistent with the expectation that Touschek scattering
predominantly induces losses in the horizontal plane, as it causes large energy
deviations in the scattered particles.

Outside of the PF insertion, the Touschek-induced power loads are sup-
pressed by more than one order of magnitude. As shown in Fig. [6.42] residual
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Figure 6.40. Longitudinal distribution of Touschek scattering losses in the FCC-ee
(full ring) for the pessimistic single-beam configuration (no collisions). Losses are
shown as local power loads in 10 cm bins, obtained by summing the energies of
lost macroparticles weighted by their Touschek scattering rates R;.
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Figure 6.41. Zoomed view of Touschek scattering losses in the PF collimation
insertion for the single-beam configuration. Peak loads occur on the horizontal
primary betatron collimator TCP.H.B1 and on the primary off-momentum colli-
mator TCP.HP.B1, consistent with the predominantly off-momentum character of
Touschek scattering losses.
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Figure 6.42. Zoomed view of Touschek scattering losses in the interaction region
around IPD for the single-beam configuration. Residual losses are mainly in-
tercepted by the TCTs and SR collimators; loads on superconducting elements
remain negligible.
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Figure 6.43. Longitudinal distribution of Touschek scattering losses in the FCC-ee
(full ring) for the nominal colliding-beam configuration. Owing to the reduced
phase-space density in the collision regime, the overall Touschek losses decrease
markedly with respect to the single-beam case, while losses remain well localized
in the PF insertion.
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Figure 6.44. Zoomed view of Touschek scattering losses in the PF collimation
insertion for the colliding-beam configuration. The halo collimators efficiently
intercept the reduced Touschek-scattered particles; peak loads are significantly
lower than in the single-beam case and remain concentrated on TCP.H.B1 and
TCP.HP.B1.

losses are mostly localized on the tertiary collimators and SR collimators. Losses
on magnets or other critical components remain minimal, with peak power levels
on the order of one watt or below. A small amount of Touschek losses is recorded
near the detector region; although further dedicated simulations are required to
quantify the corresponding experimental background contribution, the overall
impact is expected to be negligible compared to other dominant background
sources such as synchrotron radiation or radiative Bhabha scattering.

The simulation yields a Touschek lifetime of about 1 hour for the Z operation
mode in this pessimistic case. This confirms that, even under extreme conditions,
Touschek scattering does not pose a limitation to the beam lifetime in the
FCC-ee.

In the more realistic colliding-beam configuration, the reduced phase-space
density results in a significantly lower Touschek scattering probability and,
consequently, reduced associated losses, as shown in Figs. [6.43}{6.45] In this
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Figure 6.45. Zoomed view of Touschek scattering losses in the interaction region
around IPD for the colliding-beam configuration. Only small residual losses are
observed on the TCTs, with no appreciable loads on superconducting magnets or
detector-adjacent components.

scenario, the simulation yields a Touschek lifetime of about 13 hours, further
confirming that Touschek scattering is not expected to represent a performance-
limiting effect in the FCC-ee.

It is worth noting that the Touschek lifetimes obtained from these simula-
tions are in good agreement with those computed using Piwinski’s analytical
formula (see Eq. (2:47)). Furthermore, the 13 h Touschek lifetime obtained for
the realistic colliding-beam configuration is consistent with earlier analytical
estimates made for the FCC-ee Conceptual Design Report [9], which predicted
a Touschek lifetime in the range of 15-30 h for the Z operation mode [149].

In the colliding-beam configuration, the lower phase-space density leads to
a substantial reduction of Touschek-induced losses along the ring. As seen in
Figs. the power deposition is uniformly reduced by about one order
of magnitude relative to the single-beam case, while the spatial loss pattern
is preserved: losses remain mostly intercepted in the PF insertion, with the
horizontal primary (TCP.H.B1) and the primary off-momentum (TCP.HP.B1)
collimators capturing the majority of Touschek-scattered particles. Residual
leakage toward the interaction regions is further suppressed, and loads on the
TCTs and nearby warm elements remain modest. No significant losses are
observed on superconducting magnets.

Altogether, these results confirm that Touschek scattering is not a performance-
limiting effect in the FCC-ee, and that the proposed FCC-ee collimation system
appears fully appropriate to handle the associated Touschek losses. The pes-
simistic single-beam case demonstrates large safety margins, while the colliding-
beam case provides additional reassurance that Touschek-induced losses and
lifetimes will remain well within acceptable limits for all FCC-ee operation
modes.
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Table 6.5. Summary of simulated Touschek lifetimes in the FCC-ee Z operation mode
for the two configurations considered. Values are obtained with the Touschek-
scattering rotuine described in Sec. [6.4] assuming a bunch population of N, =
2 x 10*! particles. The single-beam case corresponds to the pessimistic, high
phase-space-density configuration (no collisions), whereas the colliding-beams case
represents realistic nominal collision conditions. The assumed bunch parameters
for both configurations are reported in Table @

Configuration Touschek Lifetime [h]
Single-beam (no collisions) ~1
Colliding-beams ~13

6.5 Beam-beam losses

Beam—beam interactions at the collision points represent one of the dominant
mechanisms of particle loss in high-luminosity eTe™ colliders. At FCC-ee, they
contribute directly to the so-called luminosity lifetime, i.e. the rate at which
particles are removed from the stored beams due to hard scattering processes in
the collisions. The main channel is radiative Bhabha scattering, but additional
effects such as beamstrahlung (BS) and beam-beam kicks may also influence
single-turn trajectories and ultimately the final loss location of halo particles.
In fact, in the FCC-ee these three processes — radiative Bhabha scattering,
beamstrahlung, and beam—beam kicks — are the main contributors to the beam
lifetime in nominal operation, and they can produce distinct beam loss patterns.
Moreover, large beam—beam kicks can in some cases drive particles directly
onto the collimators. This is a new regime in which it becomes important to
include these effects in studies of the collimation performance.

In this section, we present dedicated simulation studies of beam—beam
induced losses in the FCC-ee (V25.2 GHC [15]) Z operation mode. The aim is
to evaluate the resulting multi-turn beam dynamics, to quantify the beam losses
from spent-beam particles, and to assess the effectiveness of the collimation
system in localizing these losses and protecting sensitive regions of the machine.

The simulations presented here were performed using the beam—beam models
available in Xsuite, specifically those implemented in the Xfields package. The
development and integration of these models into Xsuite are described in
Ref. [I50]. These models have been benchmarked against established simulation
tools, showing very good agreement [I5I]. An important advantage of these
models is their modularity, which enables seamless integration with other studies

— such as collimation studies — thereby offering a unified simulation framework
to address the demanding requirements of complex machines like the FCC-ee.
This makes it possible to simulate beam losses caused by beam—beam effects,
including their interaction with the collimation system, as presented in this
section.
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Simulation setup

For the studies presented in this section, the positron beam (B1) was simulated
at a beam energy of 45.6 GeV, corresponding to the FCC-ee Z operation mode,
which represents the most critical case in terms of stored beam energy and
beam-beam effects. A total of 107 macroparticles were tracked in the full
FCC-ee nonlinear lattice for 1000 turns.

Synchrotron radiation effects — including damping, quantum excitation,
and energy recovery in RF cavities — were included, together with magnetic
lattice tapering. The simulations also incorporated a detailed aperture model,
collimator geometries modeled using BDSIM/Geant4, and weak—strong beam-—
beam interactions (beam-beam kicks, beamstrahlung, and radiative Bhabha
scattering) at each interaction point. In the weak—strong beam-beam model,
dynamic effects during tracking are applied only to the strong beam.

The initial particle distribution was a Gaussian bunch, matched at the
center of the RF section in PH. The initial emittances and bunch length were
set to the equilibrium values in collision, as reported in Table [[.2]

After 1000 turns, beam loss positions were recorded and binned longitudi-
nally in 10 cm intervals to generate loss maps, showing the beam loss distribution
along the FCC-ee ring.

Results

The results of the beam—beam loss simulations for the FCC-ee Z operation mode
are shown in Figs. [6.46}6.48] Losses are presented as power loads, assuming
the full stored beam energy in the Z-mode and the effective simulated machine
time

tsim = Nturns * Trevy (610)

where nyums is the number of simulated turns and 7Ty, the revolution period
of the machine. The beam lifetime from the simulation is 14 minutes, in good
agreement with the nominal expectation of 17 minutes reported in Table
which assumes no physical aperture limitations. For aperture losses, the
longitudinal bin size is 10 cm, while for collimators it corresponds to the
respective collimator length (see Table [5.5)).

As shown in Fig. losses are predominantly concentrated in the vicinity
of the interaction regions, with distinct clusters observed downstream of the
interaction points (IPs). These local losses originate directly from beam—beam
interactions and cannot be intercepted by the collimation system in PF or by
any other collimators, as the scattered particles do not survive long enough
to reach them. In addition, losses of comparable magnitude are observed on
the halo collimators in PF and on the tertiary collimators (TCTs). These
correspond to particles driven into the halo by beam—beam interactions at
earlier turns and subsequently intercepted.

The zoomed view of the PF insertion in Fig. shows that the highest
recorded loads in this region occur on the primary halo collimators, confirming
that the system is effective in intercepting non-local beam—-beam losses, i.e.,
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Figure 6.46. Longitudinal distribution of beam-beam induced losses in the FCC-ee
(full ring). Losses are shown as power loads, normalized to the simulated beam
lifetime in collision (luminosity lifetime).
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Figure 6.47. Zoomed view of beam—beam induced losses in the PF collimation
insertion. The halo collimators intercept scattered particles driven into the beam
halo by beam—beam interactions.
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Figure 6.48. Zoomed view of beam—beam induced losses in the interaction re-
gion around IPD. Local cold losses are observed on the downstream final-focus
quadrupoles and crab sextupoles, while no losses are recorded upstream of the IP.

losses originating from beam—beam interactions at the IPs but occurring at
locations well away from the interaction point. Similarly, the TCTs upstream
of the IPs contribute to the cleaning performance by absorbing a fraction of
scattered particles. Notably, no losses are recorded between the TCTs and the
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IPs, demonstrating that elements such as synchrotron-radiation collimators and
upstream magnets remain unaffected by beam—beam—induced losses.

A zoomed view of the interaction region around IPD is provided in Fig.
Losses are observed on the final-focus quadrupoles and crab sextupoles located
downstream of the IP, while no losses are recorded upstream. The absence of
losses upstream of the IP is particularly reassuring, as it excludes any direct
exposure of the synchrotron-radiation collimators or incoming superconducting
magnets to beam—beam debris.

It should be emphasized, however, that in this simulation setup—covering
1000 turns and tracking 107 macroparticles—only a small fraction of the initial
particles is actually lost. As can be seen from the rather noisy character of
the loss maps in Figs. the limited number of lost macroparticles
leads to large statistical fluctuations. Consequently, the statistical uncertainty
on the estimated power load from beam—beam losses is very high, reaching
up to 100% in bins where only a single macroparticle is lost. Therefore, no
quantitative conclusions are drawn here regarding the absolute power loads. A
dedicated high-statistics study of beam—beam induced losses, based on biased
radiative Bhabha generation, is presented in the next subsection to address this
limitation.

Overall, the results indicate that the FCC-ee collimation system provides
effective mitigation of beam—beam induced losses around the ring. The majority
of non-local beam—beam losses are intercepted within the dedicated collimation
regions, while unavoidable local losses downstream of the IPs are present
and merit more detailed analysis, as discussed in the following section. An
important outcome of these studies is that the proposed collimator settings are
compatible with the large transverse kicks experienced by particles in the beam—
beam interaction, allowing such particles to be efficiently intercepted without
compromising the collimation hierarchy. Although beam-beam losses do not
appear, in first approximation, to pose a limitation for machine performance,
the possibility of backgrounds arising in the detector regions warrants further
investigation. As the FCC-ee design progresses, the addition of dedicated
collimators downstream of the [Ps—similar to the physics-debris collimators
employed at the LHC—may be considered to further suppress these losses.

Improved statistical sampling of beam—beam losses through biased
radiative Bhabha generation

While the multi-turn weak—strong beam—beam simulations described above
provide a description of the beam dynamics on a realistic timescale—with
the simulated number of turns directly corresponding to the real machine
time—the number of macroparticles undergoing hard interactions within this
period remains very small. As a result, the statistical sample of lost particles is
limited, and many longitudinal bins in Figs. contain only one or two
loss events, leading to large statistical fluctuations. To obtain high-statistics
loss maps, one would need to track for a substantially larger number of turns,
which would significantly increase the computational cost. Although the current
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simulations reproduce the overall loss mechanisms and beam lifetime, their
limited statistics hinder a detailed quantitative assessment of localized power
loads, especially in the regions downstream of the IPs and in the tails of the
loss distribution outside PF.

To overcome this limitation, a dedicated high-statistics study was devised,
focusing exclusively on the beam—beam process dominating beam-beam losses at
the FCC-ee, namely radiative Bhabha (RB) scattering. In this complementary
approach, the beam-beam model was configured to include only the RB process,
while the corresponding cross-section was artificially increased by a fixed bias
factor in order to enhance the occurrence of RB scattering events. This
procedure ensures that nearly all tracked macroparticles undergo a single RB
interaction when passing through the interaction point, providing a statistically
rich sample of post-scattering trajectories. The resulting outgoing particles
(“RB debris”) were then extracted immediately downstream of the interaction
point and used as input distributions for subsequent multi-turn tracking in the
full machine.

For each of the four FCC-ee interaction points, an independent sample of RB-
scattered positrons was generated using this biased configuration. Each sample
was initialized with the nominal optical functions, equilibrium emittances, and
bunch length in collision, consistent with the parameters reported in Table
A total of Nrp macroparticles (of order 10° per IP) were generated. These post-
interaction macroparticles were then tracked for 100 turns in the full nonlinear
FCC-ee lattice (V25.2 GHC, Z mode), including synchrotron radiation effects,
RF cavities, magnet tapering, and a detailed aperture and collimator model,
with collimators implemented in BDSIM/Geant4. No further beam-beam
interactions were applied during this tracking, as the aim was to study the
propagation and loss locations of the RB debris produced in single RB scattering
events.

The total energy lost in each longitudinal bin was converted into steady-
state power considering the total stored beam energy E'S &~ 17.7 MJ and
the design luminosity lifetime associated with radiative Bhabha scattering,
Trp ~ 22 min, as reported in Table [[.2] The corresponding steady-state total
power loss due to RB scattering is then P!t = Eft /mgp ~ 13.4 kW. The
relative energy-loss distribution obtained from the simulation, i.e. the fraction
of simulated beam energy lost in each longitudinal bin, was scaled by this total
power to obtain the physical power-loss profile:

(sim)
E: Esior
P = J stored (6.11)

J (sim) ’
Etot RB

sim) .

where Ej(-Sim) is the total simulated energy loss in bin j and E&™ is the total
simulated energy loss over the full ring. This normalization ensures that the
integrated power over all bins reproduces the expected steady-state RB power
loss at design luminosity.

The resulting loss maps are presented in Figs. [6.49H6.51]
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Figure 6.49. Longitudinal distribution of RB-induced losses in the FCC-ee (full
ring). Losses are shown as power loads, normalized to the RB lifetime. The loss
map represents the superposition of RB-induced losses from all interaction points.
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Figure 6.50. Zoomed view of RB-induced losses in the PF collimation insertion.
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Figure 6.51. Zoomed view of RB-induced losses in the interaction region around
IPD.

The loss maps shown in Figs. [6.49H6.51] provide a high-statistics represen-
tation of the steady-state power deposition resulting from radiative Bhabha
(RB) scattering at design luminosity. Compared to the multi-turn weak—strong
beam—beam simulations presented earlier, where the limited number of hard
interactions resulted in large statistical fluctuations, the biased RB generation
method yields a smoother and quantitatively reliable loss profile across the full
machine.
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At a global level, the RB-induced losses are localized within the regions
already identified in the unbiased simulation: approximately 90 % of the losses
occur in the sections downstream of the interaction points, with the remaining
~10 % intercepted by the halo collimation system in PF.

In the PF collimation insertion (Fig. , the halo collimators intercept
a sizable fraction of RB debris particles. These correspond to RB-scattered
particles that survive long enough to reach the collimation insertion in PF. The
most loaded collimators are the primary off-momentum collimator TCP.HP.B1
and the horizontal primary collimator TCP.H.B1, with peak power loads of
approximately 100 W and 10 W, respectively. This is consistent with expecta-
tions from RB scattering, which generates particles with significant momentum
deviations and therefore leads predominantly to losses in the horizontal plane.
This confirms that the existing collimation system provides effective interception
of long-range RB debris.

Most losses, however, remain concentrated in the vicinity of the interaction
regions. The zoomed view around IPD in Fig. |6.51] reveals distinct clusters
immediately downstream of the IP, corresponding to particles with large energy
losses in the RB process that are lost very soon after scattering. These losses
primarily impact the first few elements of the final-focus system downstream
of the IP—namely the superconducting quadrupoles of the final-focus doublet,
the crab sextupoles, and the first warm dipoles. The main cluster of losses
starts around 50 m downstream of the IP, corresponding to the location of
the first warm dipole, where the horizontal dispersion D, begins to grow. The
dispersion is also large at the downstream crab sextupole, which explains the
enhanced losses observed on these elements at s ~ +150 m from the IPs. The
simulated peak power loads on cold elements are of the order of 1 W on the
crab sextupoles and about 0.1 W on the superconducting quadrupoles of the
final-focus doublet. Higher power loads, up to 10-20 W, are observed on the
warm magnets downstream of the IP, mainly in the dipoles. These values are
consistent with the estimates from the unbiased simulation (Fig. but are
now statistically well resolved.

It is worth noting that the losses on the superconducting quadrupoles of
the final focus immediately downstream of the IP are essentially unavoidable,
as they cannot be intercepted by collimators placed between the IP and these
magnets. This is due to the very limited space available and to the fact
that these quadrupoles are integrated within the Machine—Detector Interface
(MDI) structures, which involve a complex cryostat and support assembly.
What can be done instead—and has in fact been proposed following dedicated
energy-deposition studies—is to include a thin layer of tungsten shielding, a few
millimeters thick, inside the beam pipe of these quadrupoles [I52]. The function
of this shielding is to protect the superconducting coils from energy deposition
caused by interactions between the RB debris and the magnet material, thereby
reducing the risk of quenches induced by local heating. For the nearby crab
sextupoles and other warm magnets downstream of the IP, the situation is
more flexible: if required, additional local absorbers or collimators could be
strategically placed to intercept RB debris and confine the losses. The optimal
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design and placement of such protective devices should be investigated in future
studies.

Outside the interaction regions, the biased study confirms that RB debris
losses in the arcs and long straight sections are not a concern, with power loads
typically of a few watts or less.

In summary, the biased RB study provides a statistically enhanced repre-
sentation of the expected loss pattern, reducing statistical fluctuations and
enabling a clearer identification of hot spots for beam—beam losses outside
the main collimation insertion. In particular, it allows for a more precise
quantification of the losses downstream of the IPs and in the arcs, which are
otherwise obscured by statistical noise in the unbiased simulations. Overall,
the simulations indicate that collisional beam—beam losses are not expected
to be performance-limiting for the FCC-ee, and that the proposed collimation
system design appears adequate to handle these losses.

6.6 Generic failure scenario

In addition to the regular beam loss mechanisms discussed in the previous
sections, accidental or failure-induced beam losses can represent critical oper-
ational scenarios for the FCC-ee. Such events may arise, for instance, from
asynchronous beam dumps, impedance-driven instabilities, injection failures,
sudden RF trips, or interactions with dust particles in the beam pipe, as
observed at SuperKEKB [I53]. Although a full characterization of these fail-
ure modes requires dedicated studies for each specific case—such as those
reported in Ref. [36] for impedance-driven instabilities following a feedback-
system failure—it is nevertheless useful to evaluate the collimation system
response to a simplified, representative failure scenario.

To this end, a generic failure scenario has been simulated to assess the
system performance under fast beam-loss conditions. The study models a
Gaussian bunch impacting the horizontal primary collimator TCP.H.B1 with
an impact parameter of one %EL where o, is the horizontal rms beam size at
the TCP.H.B1 location, thereby representing a generic proxy for any sudden
beam—collimator interaction caused by a machine failure.

This study complements the steady-state beam-loss analyses presented
earlier in this chapter by exploring an extreme, time-localized loss scenario
representative of accidental beam impacts.

Simulation setup

The study was performed for the FCC-ee (V25.2 GHC [15]) Z operation mode at
a beam energy of 45.6 GeV. An Xsuite-BDSIM simulation was carried out with
a total of 107 macroparticles, tracked for 1000 turns in the full nonlinear FCC-
ee lattice. The simulation included synchrotron radiation effects (damping,

3An impact parameter of one o corresponds to a deep impact condition on the primary
collimator, i.e. a direct and significant interception of the beam with the collimator jaw.
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quantum excitation, and magnetic lattice tapering) and RF cavities, with
the physical beam-pipe aperture limitations and all collimators modeled in
BDSIM/Geant4. Particle losses during tracking were recorded in longitudinal
bins of 10 cm.

The initial condition represents a fast-failure proxy: a matched Gaussian
bunch was prepared immediately upstream of the horizontal primary betatron
collimator TCP.H.B1, using the equilibrium emittances and bunch length at
collision (see Table . The bunch was generated around the closed orbit and
then horizontally displaced so that its centroid impacted the left (positive-z)
jaw of TCP.H.B1 with an impact parameter of 10,, where o, is the local
horizontal rms beam size at TCP.H.B1.

Each of the 107 macroparticles represents a fraction of the real beam
population. This approach allows evaluating loss scenarios involving an arbitrary
number of bunches deeply impacting TCP.H.B1 a posteriori, by rescaling the
results according to the corresponding macroparticle weighting. In the present
study, the results have been rescaled to represent the impact of 40 bunches
at full nominal intensity, which corresponds to the estimated damage threshold
for a molybdenum-—graphite (MoGr) primary collimator according to detailed
FLUKA energy-deposition studies performed by the CERN SY-STI group for
similar deep-impact conditions [154].

Results

The resulting loss maps are presented in Figs.[6.52and [6.53} corresponding to the
impact of 40 bunches at full nominal intensity. These plots show the longitudinal
distribution of energy deposition from particle losses on the collimators and
on the beam-pipe aperture along the full FCC-ee ring (Fig. [6.52)), as well as a
zoomed view of the PF collimation insertion (Fig. [6.53]). For aperture losses,
the longitudinal bin size is 10 cm, while for collimators it corresponds to the
respective collimator length (see Table [5.5). It is important to recall that,
unlike the collimators—whose materials are explicitly modeled and for which
the interaction of beam particles with the jaw material is simulated through
detailed Monte Carlo particle-matter interactions using BDSIM/Geant4—the
beam pipe is treated in the simulation as a black absorber. In this model, any
particle touching the physical aperture limit of the beam pipe is instantaneously
registered as lost at that location, without further shower development being
simulated.

As can be seen from Figs. and the vast majority of the energy
deposition—exceeding 99 %—occurs locally within the PF collimation insertion.
The primary collimator TCP.H.B1, which directly intercepts the incoming
bunches, absorbs the largest fraction of the total energy stored in the 40 bunches.
With the total stored energy per bunch being about 1.5 kJ, the total stored
energy in 40 bunches amounts to 58.8 kJ. Of this total, 24.5 kJ are lost in the
simulation, with 22.8 kJ deposited in TCP.H.B1l—corresponding to roughly
38.8% of the total energy stored in 40 bunches and about 93% of the total
energy lost.
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Figure 6.52. FCC-ee generic failure scenario loss map, corresponding to 40 bunches
at full nominal intensity impacting the left jaw of the horizontal primary collimator
TCP.H.B1 with an impact parameter of 1 o,. The plot shows the power deposition
along the full ring.
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Figure 6.53. Zoomed view of the loss distribution in the PF collimation insertion
for the generic failure scenario with 40 bunches impacting TCP.H.B1.

Downstream of TCP.H.B1, lower losses are registered on other collimators.
The vertical betatron primary collimator TCP.V.B1 is the most exposed among
these, with recorded losses of about 1.4 kJ (approximately 5.7% of the total
energy lost). The secondary betatron collimators, both horizontal and vertical,
are less exposed and register losses in the range of 10-100 J.

Outside the PF insertion, only a very small fraction of the total lost energy is
detected, amounting to less than 1% of the total energy lost. Within this small
fraction, most of the losses are registered on the vertical tertiary collimators
upstream of the IPs, where the recorded losses are at most of the order of a
few tens of joules. This demonstrates that the halo collimation system in PF is
capable of suppressing losses on the TCTs by about three orders of magnitude
with respect to the maximum losses registered in PF.

Losses on the beam-pipe aperture occur almost exclusively between the
collimators within the PF insertion. The most loaded region is the beam-
pipe section between the horizontal primary betatron collimator TCP.H.B1
and the vertical primary betatron collimator TCP.V.B1, where losses of up
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to a few tens of joules are recorded. Input from energy-deposition studies
performed by the CERN SY-STI group [I55] indicates that the estimated
damage threshold of the Cu beam pipe for fast beam-loss events depends
strongly on the spatial loss distribution. For localized, direct impacts on the
beam pipe, a fraction of a single FCC-ee bunch (of the order of 100 e*)
would already be sufficient to reach the melting point of copper. However,
for distributed losses—as expected for particle losses occurring downstream
of the primary collimators as a consequence of beam—collimator interactions—
the melting threshold corresponds to several x 103 e*/m. Even assuming a
conservative (pessimistic) threshold of 1 x 10'3 e*/m, this translates, in the
units reported in the loss maps presented here, to approximately 7 kJ within a
10 cm bin. This value is more than two orders of magnitude above the maximum
losses of only a few tens of joules recorded on the beam pipe downstream of
the impacted collimators. One can therefore confidently conclude that the
maximum beam-pipe losses remain well below any critical threshold. This
confirms that, even under such failure-like conditions, no damage to the Cu
vacuum chamber is expected, and that the directly impacted primary collimator
remains the only potentially vulnerable component.

From these results, one can also estimate that, to reach the Cu melting
threshold in such a failure scenario, an increase by a factor of approximately 350
in the energy lost on the beam pipe would be required. In terms of the number
of bunches deeply impacting the TCP, this corresponds to about 40 x 350 ~ 1400
bunches, which is higher than the 12000 bunches foreseen to be stored in the
FCC-ee in the Z-operation mode.

Overall, these results confirm the robustness of the FCC-ee halo collimation
system under failure-like conditions. Despite the severity of the simulated
impact, the losses remain almost entirely confined within the PF collimation
section, with the impacted primary collimator intercepting nearly all of the lost
energy. Since all downstream collimators experience loads reduced by orders of
magnitude, the corresponding impacting distributions are significantly more
diffuse than at the first impacted element, and the losses on the beam-pipe
aperture remain well below critical thresholds. It can therefore be concluded
that, in such a failure scenario, the only potentially damaged device would
be the directly impacted primary collimator, confirming that the present col-
limation system provides effective protection against this class of accidental
beam-loss events. It should nevertheless be stressed that, for a fully conclusive
assessment, failure scenarios leading to more severe losses or involving qualita-
tively different impact conditions should be investigated using dedicated initial
conditions representative of those specific cases. In addition, the potential
risk of primary particle impacts on the secondary collimators during certain
failures—for instance, if a coherent orbit oscillation were out of phase with the
primary collimator—should be examined in future studies.
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Chapter 7

Crystal Collimation for the
FCC-ee

The design principles and performance of the FCC-ee collimation system have
been described in the previous chapters. What has been discussed so far
corresponds to what is considered, at the time of writing of this thesis, the
baseline design for the FCC-ee collimation system.

As part of this thesis, a bent-crystal-assisted collimation scheme has also
been explored as a possible alternative to the present baseline design. The aim
is to investigate whether such a scheme could further improve collimation per-
formance and address the unique challenges posed by the FCC-ee. This chapter
presents the first studies aimed at assessing the feasibility of implementing a
crystal-based collimation system in the FCC-ee.

First studies on crystal collimation for the FCC-ee were performed as part
of this thesis work and have been published in Ref. [I56]. These studies were
conducted using the FCC-ee lattice version V23 GHC, which included dedicated
collimation optics (see Fig. . In this chapter, an updated study is presented
based on the same methodology but using the more recent FCC-ee lattice
version V25.2 GHC, featuring universal straight-section optics. This is the
reference version adopted throughout the rest of this thesis. The main design
principles and analysis procedures remain unchanged; only the lattice version,
simulation setup, and results have been updated accordingly.

7.1 FCC-ee crystal collimation system

As an alternative to the baseline design described in Chapter |5 which relies
on conventional amorphous primary collimators, the use of bent crystals as
primary halo deflectors has been explored.

As outlined in more detail in Section this approach exploits channeling
in bent crystals, whereby beam halo particles are guided along crystallographic
planes and coherently steered toward designated absorbers. Compared to con-
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ventional amorphous collimators, this method offers the potential for enhanced
collimation efficiency and for reducing the impedance contribution of the halo
collimators.

The principle is as follows: bent crystals are installed in the collider and
oriented such that the crystalline planes are parallel to the incoming halo
trajectories. Halo particles entering within the critical channeling angle 6.,
defined in Eq. , are captured in the potential well between planes and
follow the crystal curvature—i.e., they are channeled. After accumulating a
significant angular deviation, these particles exit the crystal and are directed
onto a downstream secondary collimator, which acts as an absorber.

In the first exploratory studies carried out as part of this thesis, the chan-
neling of 45.6 GeV (FCC-ee Z operation mode) electrons and positrons in bent
Si crystals with planar orientations (110) and (111) was investigated.

The location of the FCC-ee horizontal primary betatron collimator, TCP.H.B1,
was selected as the candidate site for a horizontal, two-sided bent crystal col-
limator. The remainder of the halo collimation system layout was preserved,
with the horizontal betatron secondary collimators serving as absorbers for the
channeled beam halo. As described in detail in Chapter [5] the positions of
the secondary collimators were already optimized in the baseline amorphous
collimation system design. Maintaining these optimized conditions in the crystal
collimation scheme ensures that halo particles which are not channeled, and
are instead scattered amorphously, will still be effectively intercepted by the
secondary collimators.

7.2 Crystal collimator parameter selection

In order to assess the feasibility of bent-crystal collimation in the FCC-ee, it is
essential to determine a suitable set of parameters for the crystal collimator.
The most relevant are the crystal length [ and the bending angle €, which
together define the crystal bending radius R =1/6.

The choice of these parameters requires a careful balance between competing
effects. On the one hand, large bending radii are desirable to provide a smooth
deflection of the particles, thereby enhancing the probability that halo particles
will remain in the channeling state for the full length of the crystal. On the other
hand, crystals that are too long increase the probability of nuclear interactions,
which, by increasing the dechanneling rate, reduce the channeling efficiency.
Shorter crystals therefore tend to perform better in this respect.

The optimal performance of the system thus results from a compromise: the
crystal must be long enough to achieve the desired bending with a sufficiently
smooth deflection, while at the same time not exceeding the length at which
nuclear interactions become detrimental. For this reason, a range of candidate
parameters has been explored in this thesis.
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7.2.1 Crystal bending angle

The first parameter considered is the bending angle of the crystal. This quantity
directly determines the impact parameter of the channeled halo particles on
the downstream absorbers. Larger bending angles produce larger deflections,
which in turn increase the distance between the channeled trajectories and
the machine reference orbit when they reach the absorber. From the point
of view of collimation performance, this is highly beneficial, as it allows the
absorbers to be potentially placed at a larger physical half-gap while still
effectively intercepting the channeled beam halo. A larger impact parameter
also helps to reduce sensitivity to misalignments and to uncertainties in the
optics. However, increasing the bending angle also implies either a longer
crystal or a smaller bending radius, and both of these factors tend to reduce
the channeling efficiency. For this reason, a range of bending angles has been
investigated.

Three bending angles were considered, following the first studies reported in
Ref. [I56]: 50 prad, 100 prad, and 150 prad. These values span from relatively
modest deflections, which maximize channeling efficiency, to stronger bends
that enhance the impact parameter but come at the expense of efficiency. To
estimate the effect of these bending angles on the particle trajectories, the
standard formalism of transverse beam dynamics can be applied. The horizontal

displacement of a particle deflected by a crystal with bending angle 6 is given
by

= B (s) 0s Q. (S¢r) sin z(s
z(s) = Be(S0r) (cos Apg + oz (ser) sin Apg) z(ser) (7.1)

4V B2(5) Be(ser) sin Apig (7' (ser) +6),

where ,(s) and S;(s.r) are the horizontal beta functions at the observation
point and at the crystal location, respectively, a,(s¢.) is the corresponding
Twiss a-parameter at the crystal location, and Ay, is the betatron phase
advance between the two points. The quantities x(s..) and z’(s..) denote,
respectively, the horizontal position and angle of the particle at the crystal
location. The second term of Eq. contains the contribution of the angular
deflection imparted by the crystal. It is this term, which depends on the bending
angle 0, that determines the separation of the channeled trajectories from the
reference orbit.

By applying Eq. to the FCC-ee optics, the transverse trajectories
of halo particles deflected by 50, 100, and 150 urad can be computed. The
resulting trajectories are shown in Fig. for halo particles deflected by the
left jaw (positive x) of the crystal collimator. Trajectories for halo particles
deflected by the right jaw (negative z) are specular.

As explained in detail in Chapter [5] the secondary collimator TCS.H1.B1 is
located at a position optimized for the interception of halo particles outscattered
at the primary horizontal collimator TCP.H.B1 with positive scattering angles
(8 > 0), while TCS.H2.B1 is placed at a location optimized for the interception
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Figure 7.1. Horizontal beam envelope (9.50) in the betatron collimation section
in PF. Dashed lines: particle trajectories deflected by a crystal with 50, 100, or
150 urad bending angle.

of particles outscattered with negative scattering angles (6 < 0). This can be
observed quantitatively in Fig. where the trajectory for § = 50 urad nearly
misses TCS.H2.B1 but intercepts TCS.H1.B1 with a sizeable impact depth.

In the crystal-collimation configuration, the primary amorphous collimator
TCP.H.B1 is replaced by a bent crystal designed to impart a controlled positive
angular kick (6 > 0) to the halo particles. Therefore, one could, in principle,
rely solely on TCS.H1.B1 as the absorber, potentially removing TCS.H2.B1.
However, not all particles incident on the crystal are channeled: a fraction is
unavoidably deflected by angles different from the nominal bending angle, and
some particles can even be deflected at angles of opposite sign with respect
to the bending one. For this reason, in these first studies it was considered
more prudent to keep the FCC-ee collimation layout unchanged—except for
replacing the primary with the crystal—to ensure good cleaning performance
also for the non-channeled halo particles.

Additionally, as can also be seen in Fig. for sufficiently large 6 values
(0 > 0 ~ 47 urad), where 6 denotes the minimum deflection required for a
particle to reach the left (positive-z) jaw of TCS.H2.B1, halo particles deflected
by the crystal will first impact on TCS.H2.B1 rather than on TCS.H1.B1 only.
Therefore, keeping the current layout of the secondary collimators offers an
additional layer of protection in the crystal-collimation configuration.

To clarify the interception mechanism, the impact locations of halo particles
for different deflection cases are summarized below. The example refers to halo
particles impinging on the left (positive-z) jaw of the crystal collimator:

o Negative deflection angle (6 < 0): particles are directed toward
negative x and are intercepted by the right (negative-z) jaw of TCS.H2.B1.

o Small positive deflection angle (0 < 6 < é) particles are deflected
toward positive  but not enough to reach the left (positive-z) jaw of
TCS.H2.B1; they are therefore intercepted by the right (negative-z) jaw
of TCS.H1.B1.
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o Large positive deflection angle (6 > é) particles are deflected toward
positive z and are intercepted by the left (positive-z) jaw of TCS.H2.B1.

These different cases are illustrated in Fig. [7.2}
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Figure 7.2. Trajectories of halo particles in the FCC-ee betatron collimation section
for different deflection angles 6 imparted by the crystal collimator. The 9.50
beam envelope is shown in red. Dashed blue, orange, and green lines correspond,
respectively, to halo particles deflected with negative angles (6 = —20 prad), small
positive angles (0 <6 =40 prad < é), and large positive angles (f = 120 urad >
0).

7.2.2 Crystal length

The second key parameter is the crystal length. This must be chosen in such a
way that the bending radius R = [/6 is sufficiently large to allow channeling to
occur smoothly. A lower bound is set by the so-called critical radius, R., which
represents the minimum curvature radius for which the interplanar potential
still provides a stable channeling well. An approximate expression for R,. is [67]:

Ro~— LT
U/(mmax)

where E is the beam energy and U’ (Z;na.) is the maximum gradient of the
planar potential. For silicon crystals in the (110) and (111) orientations,
U'(max) = 5 GeV/em [78]. Inserting E = 45.6 GeV (FCC-ee Z operation
mode) yields a critical radius of roughly R. ~ 9 cm. To guarantee stable
channeling, the bending radius R of the crystal must therefore be several times
larger than this value. A conservative requirement of R > 3R, has been adopted
in this study.

To explore the performance across a broad parameter space, six different
crystal lengths were considered, ranging from 50 pm up to 500 pum. Combined
with the candidate bending angles, these values correspond to bending radii
between the tens of centimeters and the meter scale, thus comfortably above
the critical threshold.
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For reference, the bent crystals installed in the LHC collimation system
feature a bending angle of about 50 urad and a length of 4 mm, corresponding
to a bending radius of approximately 80 m. Given the critical radius at the
LHC beam energy is about 14 m, this configuration operates at roughly six
times the critical radius—consistent with the conservative stability margin
adopted here.

7.2.3 Critical angle

Another important figure of merit for crystal collimation is the critical channeling
angle, 6.. This angle defines the maximum angle of a halo particle with respect
to the crystal plane that still allows it to be captured in the channeling regime.
It is a function of the beam energy and the crystal bending parameters, and

can be approximated as
R, 20Uy
bo=(1- 7]/,
( R ) E

where Uy is the depth of the interplanar potential well, about 20 eV for the
Si orientations of interest [78]. For the FCC-ee Z mode with 45.6 GeV beam
energy, this expression yields critical angles of order 20 urad or larger for all
parameter combinations considered. This is significantly larger than the angular
spread of the beam halo at the candidate crystal collimator location, which
is typically of the order of 1 urad or less. The large margin between 6. and
the halo divergence indicates that channeling conditions in the FCC-ee can
be robustly maintained during operation. Importantly, this conclusion also
holds for the highest-energy FCC-ee operation mode at 182.5 GeV (¢t mode),
where the critical angle is reduced by about a factor of two but still remains an
order of magnitude larger than the typical beam halo angular spreads. It is
also worth noting that channeling is successfully achieved in the LHC crystal
collimation system during heavy-ion operation, where the critical angle is as
small as about 2 urad [75]. By comparison, the FCC-ee conditions are more
favorable.

7.2.4 Channeling simulations

With the parameter space of bending angles and crystal lengths defined, dedi-
cated channeling simulations were performed to quantify the expected efficien-
cies. The simulations were carried out using BDSIM, which, as described in
detail in Chapter [3] provides a particle-tracking framework including detailed
particle-matter interactions. In particular, BDSIM allows the use of the Geant4
crystal channeling module [79], which has been extensively validated against
experimental data. The version available in BDSIM 1.7.7 was used for this
work. Although this version does not yet incorporate certain advanced features
such as channeling radiation and strong-field effects [I57], it provides a reliable
baseline for studying channeling efficiencies at the FCC-ee beam energies.
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Figure 7.3. Heat maps of channeling efficiency for various Si planar orientations,
bending angles, and crystal lengths.

The simulations were performed for both electrons and positrons at 45.6 GeV,
using silicon crystals in the (110) and (111) planar orientations. A Gaussian
distribution was generated in both transverse planes with o, , = 1 pm and
angular spreads o, ,» = 1 prad. The electric fields of the Si crystal planes were
taken from Ref. [I58]. For each parameter set, the channeling efficiency €., was
computed as

where n.j is the number of particles exiting the crystal with a deflection angle
within [0 — 0., 6 + 0.], and ny, is the total number of incident particles.

The results of these simulations are summarized in Fig. They reveal
clear trends with bending angle, length, and particle type.

The selection of the optimal crystal parameters requires a trade-off between
channeling efficiency and the achieved impact depth (or impact parameter)
at the downstream absorbers. The quantity that ultimately determines the
collimation performance is the absorption efficiency in the absorbers, which
depends on both factors: a higher channeling efficiency ensures that more halo
particles are coherently deflected, while a larger impact parameter increases the
likelihood that these particles are ultimately removed by the absorbers. To fully
exploit the present layout of absorbers (secondary collimators), as discussed in
Section [7.2.1] the condition is to have a sufficiently large positive deflection,
0> 9, so that the channeled trajectories are intercepted by TCS.H2.B1, while
the other possible trajectories are also intercepted, either by TCS.H2.B1 or
by TCS.H1.B1. This constrains the practical choice for the bending angle
(among the scanned ones) to 100 or 150 urad. However, in the present optics
version, as shown in Fig. [7.1] a deflection of 150 prad is too strong, causing the
channeled trajectories to intercept the beam-pipe aperture between the crystal
and TCS.H2.B1. Consequently, § = 100 prad is identified as the most suitable
choice, offering a sufficiently large deflection to maximize absorption at the
absorbers while maintaining good channeling efficiency and adequate aperture
margins.

Channeling Efficiency
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Table 7.1. First candidate parameters and settings for the FCC-ee (Z) horizontal
betatron crystal collimation system.

Type Count Plane Material ! [mm] 6 [urad] Half-gap [0 (mm)] a, fB,[m] TCP-TCS Apu, [deg]
e’ beam

crystal-TCP T i St (110) 0.2 100 95 (5.6) 6.3 196 B
absorber-TCS 2 H Mo 300 - 10.5 (6.2, 6.5) 2.5,-1.2 501, 457 152.5, 193.8
e~ beam

crystal-TCP 1 H Si (111) 0.1 100 9.5 (5.6) 6.3 496 -
absorber-TCS 2 H Mo 300 10.5 (6.2, 6.5) 2.5,-1.2 501, 457 152.5, 193.8

It should be noted that intermediate bending angles between 50 and 150 prad
could, in principle, provide an even better balance between efficiency and
impact parameter, and their exploration is left for future studies involving full
tracking simulations with varying crystal lengths and bending angles aimed at
optimizing the overall cleaning performance. Moreover, bending angles below
approximately 47 prad, for which the channeled halo would miss TCS.H2.B1
and instead impact TCS.H1.B1, could also be investigated. A comprehensive
assessment of these configurations through dedicated tracking simulations over
a broader range of crystal parameters is therefore proposed as future work.

For the above reasons, the crystal parameters adopted in this study were, for
electrons, a crystal with # = 100 purad and [ = 100 pum in the (111) orientation,
which achieves a single-pass channeling efficiency of about 50%. For positrons,
a crystal with 8 = 100 prad and ! = 200 um in the (110) orientation, which
achieves a single-pass channeling efficiency of almost 90%. These parameter
choices represent a realistic and balanced starting point for the design of a
crystal-collimation system for the FCC-ee.

The resulting candidate parameters for the FCC-ee crystal collimation
system are summarized in Table [7.1]

It is worth adding that the simulation setup used here has been validated
by reproducing, with good agreement, the results of the 6.3 GeV electron beam
channeling experiment conducted at SLAC [159]. Additionally, while the SLAC
experiment reported a channeling efficiency of approximately 22% for a 6.3 GeV
electron beam, the BDSIM simulations performed here yield significantly higher
efficiencies. This difference is consistent with expectations based on the scaling
behavior of the dechanneling length [160], i.e., the characteristic length of the
exponential decay of a population of channeled particles due to scattering with
crystal nuclei and electrons. In our case, the crystal parameters for electron
beam channeling are [ = 100 um and 6 = 100 urad, corresponding to a bending
radius of R = 1 m. In contrast, the SLAC experiment used a shorter crystal
of | =60 pm and a larger bending angle of § = 400 prad, resulting in a much
smaller bending radius of R = 0.15 m. The dechanneling length increases
linearly with beam energy for a given set of crystal parameters (I, 6, R =1/0),
and linearly with R for a fixed beam energy. In this work, both the beam
energy and the bending radius are significantly larger—each by a factor of about
seven—compared to the SLAC experiment. Therefore, a longer dechanneling
length is expected, and a higher channeling efficiency is in line with expectations,
despite the ~ 70% longer crystal considered in this study.
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7.3 Crystal collimation performance assessment

Once optimal crystal collimator parameters for the electron and positron beams
were identified, two further BDSIM simulations (one per beam type) were
conducted, simulating a realistic FCC-ee halo beam impacting on a two-sided
bent-crystal collimator with a maximum impact parameter of 1 pm. The
impacting distribution corresponds to the same direct halo distribution used
for the generic beam halo loss scenario discussed in Section [6.1] and shown in
Fig.

The channeled halo distributions emerging from the crystal were then used
as input to perform collimation tracking in the full FCC-ee ring, using the
Xsuite-BDSIM simulation setup.

In these simulations, a channeled beam halo consisting of 5 x 106 macroparti-
cles (45.6 GeV e~ or e™) was tracked in the full nonlinear FCC-ee lattice for one
machine turn, accounting for the effects of synchrotron radiation (damping and
quantum excitations), RF cavities, magnetic lattice tapering, and incorporating
a detailed aperture model as well as collimators modelled in BDSIM /Geant4.
The simulation output is the distribution of beam losses on collimators and
machine apertures around the ring.

It should be noted that the tracking was limited to one machine turn
because of a current limitation of the Xsuite-BDSIM coupling, which does not
yet support crystal collimators (with crystal channeling physics) in a multi-turn
tracking setup. For this reason, a decoupled simulation approach was adopted:
first, a BDSIM simulation including crystal channeling physics was used to
generate the channeled halo distributions; these were then imported into the
Xsuite-BDSIM framework for one-turn tracking with amorphous collimator
interactions. A full implementation of crystal collimators within the Xsuite—
BDSIM coupling is foreseen in the near future. Nevertheless, for the present
studies, this one-turn approach still provides meaningful results: in simulations
based on direct-halo distributions impacting a primary (or crystal) collimator,
the vast majority of particles are lost within the first turn. Therefore, the
resulting beam-loss patterns already offer a representative picture of the overall
collimation-cleaning performance and allow for a reliable comparison between
the investigated crystal-collimation system and the baseline system relying on
amorphous collimators.

The same type of simulation was performed for the standard amorphous-
collimator-based collimation system, and the one-turn collimation cleaning
performance was compared.

The results of this comparison are reported in Fig. [7.4] as loss maps, showing
the local cleaning inefficiency around the ring, defined as 7 = Nigss as/(Niot AS),
where Nigss as is the integrated number of particles lost in [s, s + As], and Niot
is the total number of simulated macroparticles. In Fig. only the loss map
for the e™ beam is shown for the amorphous case, as for the e~ beam the
collimation performance is equivalent.

Figure [7.4] shows that the one-turn collimation-cleaning performance of the
crystal-collimation system is improved compared to that of the amorphous-
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Figure 7.4. Loss maps for horizontal betatron collimation losses: full FCC-ee
ring (left) and PF halo collimation insertion (right) for e™ beam with standard
collimation (top), e* beam with crystal collimation (middle), and e~ beam with
crystal collimation (bottom).

collimation system for both electron and positron beams. Notably, crystal
collimation of the positron beam halo reduces the maximum losses at the
tertiary collimators (TCTs) upstream of each interaction point by about one
order of magnitude. The reduction of TCT losses for crystal collimation of the
electron beam halo is less pronounced, with the maximum TCT losses reduced
by roughly a factor of two. This smaller improvement in the collimation-
cleaning performance for the electron beam is expected and consistent with the
significantly lower channeling efficiencies for electrons compared to positrons,
as shown in Fig.

Examining more closely the beam-loss patterns in the collimation insertion
PF in Fig.[7.4] several additional observations can be made. First, in the crystal-
collimation configuration, no losses are registered on the crystal collimator itself
for either beam type, indicating that channeled particles are effectively steered
toward the absorbers. Second, a clear reduction of losses is observed at the
primary vertical collimator TCP.V.B1: the reduction amounts to about two
orders of magnitude for the positron case and to approximately one order
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Figure 7.5. Impacting distributions on the TCS.H2.B1 absorber.
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Figure 7.6. Impacting distributions on the TCS.H1.B1 absorber.

of magnitude for the electron case. This improvement arises because, with
channeling, halo particles are coherently steered toward the absorbers in the
horizontal collimation plane, resulting in far fewer particles being amorphously
scattered into the orthogonal (vertical) plane. The smaller reduction observed
in the electron case is again consistent with the lower channeling efficiency of
electrons. At the same time, in the crystal-collimation configuration for both
beams, a significant increase in losses is observed on the first absorber in the
collimation plane, TCS.H2.B1, as expected from the channeled trajectories.
Specifically, the losses on TCS.H2.B1 increase by about a factor of four compared
to the amorphous-collimation case for both ¢~ and et beams.

A larger asymmetry in the losses between the two absorbers, TCS.H2.B1
and TCS.H1.B1, is also evident in the crystal-collimation case. This reflects
the fact that most of the beam-halo particles are deflected toward TCS.H2.B1,
while a smaller fraction is deflected by the crystal at negative angles, thereby
being directed toward TCS.H1.B1. The losses on TCS.H1.B1 are higher for the
electron beam than for the positron beam, consistent with the lower electron
channeling efficiency and the consequently larger number of particles exiting
the crystal with a negative deflection angle.

Furthermore, the crystal-collimation system registers fewer off-momentum
losses compared to the amorphous-collimation system. This reduction likely
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originates from the smaller fraction of out-scattered off-momentum particles
from the collimators, due to both the increased interaction of the beam halo with
high-density absorbers rather than amorphous low-density TCPs, and the larger
average impact parameter on the TCS.H2.B1 absorber achieved with crystal
collimation (see Fig. [7.5)). Finally, in the crystal-collimation configuration
for both beam types, a substantial reduction—by up to more than one order
of magnitude—is observed in local aperture losses within the PF collimation
insertion. This reduction is particularly advantageous in mitigating radiation
levels in a region that is otherwise a hotspot for activation.

Figures[7.5|and[7.6]show the impact distributions on the absorbers TCS.H2.B1
and TCS.H1.B1 for all studied cases. In the amorphous-collimation configura-
tion, the distributions extend smoothly from the absorber edge up to a maximum
impact parameter of about 25 mm on both TCS.H2.B1 and TCS.H1.B1. In
contrast, in the crystal-collimation cases, distinct channeling peaks, the onset
of dechanneling tails, and additional peaks corresponding to non-channeled
particles negatively deflected onto the opposite TCS.H2.B1 javvﬂ are visible
on TCS.H2.B1. The latter contribution is more pronounced for the electron
beam, consistent with its lower channeling efficiency compared to the positron
beam. These distributions provide a clear explanation for the superior cleaning
performance of the crystal-collimation system relative to the amorphous system,
as well as for the better performance observed for the positron beam compared
to the electron beam. The main performance gain of crystal collimation lies
in increasing the impact parameter of the channeled halo particles on the
downstream absorbers. In the present study, the average impact parameter
on TCS.H2.B1 increases from 6.9 mm in the amorphous-collimation case to
7.4 mm for crystal collimation of the electron beam, and to 10.9 mm for crystal
collimation of the positron beam.

Finally, an additional observation from Figs. and is that, in the
crystal-collimation configuration, the impacting distributions are more spa-
tially concentrated. While this better localization at larger impact parameters
is beneficial for cleaning efficiency—and potentially advantageous from an
impedance standpoint if the absorber mechanical gaps can be increased to
reduce impedance while maintaining effective collimation—it may also pose
challenges in terms of local energy deposition on the absorbers. Dedicated
future studies will therefore be required to assess whether the absorbers can
safely withstand the energy deposition associated with such localized impact
distributions.

7.4 FCC-ee crystal collimation summary

In this thesis, the feasibility and performance of a bent-crystal collimation sys-
tem have been explored as an alternative to the baseline amorphous collimation
system in the FCC-ee. The channeling of electrons and positrons in bent Si
crystals along the (110) and (111) planar orientations has been investigated.

IThese correspond to particles following the blue trajectory shown in Fig. [7.2
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Simulations identified optimal crystal orientations and initial crystal param-
eters—such as bending angle and length—to maximize channeling efficiency
while maintaining compatibility with the FCC-ee collimation optics. The initial
working points were selected to be Si(111) with (0, {) = (100 prad, 100 pm) for
the e~ beam and Si(110) with (6, [) = (100 prad, 200 um) for the et beam,
achieving channeling efficiencies of approximately 50% and 90%, respectively.

Collimation-tracking simulations showed that the one-turn cleaning efficiency
of the crystal-collimation system is improved relative to the amorphous baseline.
Additionally, significant reductions (up to a factor of 10) in local aperture losses
within the halo-collimation insertion were observed for both beam types, which
is advantageous for reducing radiation levels. The studies presented in this
thesis have so far evaluated the crystal-collimation performance for electron
and positron beams only against generic beam-halo losses. For a complete
assessment of the crystal-collimation performance, it will be necessary to extend
the analysis to other regular beam-loss scenarios and, more importantly, to
abnormal and failure scenarios, in order to determine whether a crystal-based
system can provide a sufficient level of machine protection. Furthermore, a full
evaluation should include the study of cleaning inefficiency using multi-turn
simulations.

If the performance of the crystal-collimation system is confirmed by these
additional studies, crystal collimation of electron and positron beams could
be considered a promising strategy also for existing ete™ colliders such as
SuperKEKB [I8] and DA®NE [I61], as well as for future Higgs or Tau-Charm
factories.

Future work should focus on assessing multi-turn collimation performance,
using the latest channeling simulation routines (including channeling radiation
and strong-field effects), and extending the studies to additional beam-loss
scenarios—both regular and abnormal—to fully evaluate the capabilities of
a crystal-based collimation system. Further efforts should also explore other
channeling processes such as axial channeling and (multiple) volume reflection.
In addition, dedicated studies are required to evaluate whether the absorbers
can withstand the energy deposition from channeled beam halos; these studies
will guide the optimization of absorber design parameters, including material
and length.
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Chapter 8

Conclusions

This thesis presents a comprehensive design and performance study of the beam
collimation system for the Future Circular electron—positron Collider (FCC-
ee), a proposed next-generation lepton collider aiming to push the frontiers of
precision physics by delivering unprecedented luminosities. The combination
of high stored beam energy and ultra-low emittances expected in the FCC-ee
represents a completely new operational regime for lepton machines, introducing
unique beam-loss and collimation challenges for this class of accelerators.

The goal of this work was to design a beam collimation system capable of
ensuring both the efficient reduction of beam losses in the interaction regions—
to minimize the risk of unwanted experimental backgrounds—and the reliable
protection of machine components, while accommodating the unique constraints
imposed by its demanding beam parameters and beam-dynamics regime. Achiev-
ing this required not only conceptual and analytical design efforts, but also the
development and validation of advanced simulation tools able to model beam
losses and collimation processes under realistic machine conditions.

In this context, dedicated simulation routines to model beam-residual gas
interactions and Touschek scattering were developed. While similar capabilities
exist in other codes, the distinctive feature of these implementations is their
native integration within the Xsuite framework. This allows these effects to
be combined self-consistently with others, such as online Monte Carlo particle—
matter interactions in collimators and, where relevant, beam—beam interactions,
enabling beam-loss and collimation studies of unprecedented complexity.

Beyond the development of simulation tools, this thesis has delivered the first
end-to-end validation of Xsuite-based collimation and background simulations
at a lepton collider, using data from a machine study performed at SuperKEKB.
In this benchmark, the simulations accurately reproduced the beam-induced
background dose-rate evolution measured in the Belle II detector during a
vertical collimator scan. To complement this validation, the same simulation
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tool was also benchmarked against measured beam-loss patterns with protons
from the LHC. Together, these studies provide a direct validation of key
ingredients relevant for simulation-based FCC-ee predictions.

On the design side, this thesis proposes for the FCC-ee a multi-stage halo
collimation system implemented in the PF technical insertion. The system
is based on primary and secondary betatron and off-momentum collimators,
complemented by shower absorbers and by tertiary collimators upstream of
the interaction regions, with settings chosen to protect the identified aperture
and momentum bottlenecks while respecting operational and integration con-
straints and minimizing impedance as far as permitted by the present optics
configuration. Together, these elements provide global halo cleaning in PF and
additional local protection of the final-focus systems and synchrotron-radiation
collimators against residual or fast beam losses.

A detailed quantitative evaluation of the impedance contribution of the
FCC-ee collimators was beyond the scope of this thesis. First studies indicate
that the present baseline may lead to excessive impedance, driven primarily
by the vertical primary betatron collimator. However, this limitation is well
understood, and several mitigation paths are already under study, including
geometry optimization, optics modifications, and alternative collimation schemes
such as crystal or nonlinear collimation. An actionable roadmap is therefore in
place to converge on a collimation and optics design compatible with impedance
constraints.

The performance of the proposed FCC-ee halo collimation system was
evaluated through an extensive simulation campaign covering the main regular
beam-loss mechanisms expected during operation. In addition, a dedicated
study was performed for a generic failure scenario, representing a proxy for
sudden beam—collimator interactions caused by machine failures. All studies
were carried out for the FCC-ee Z operation mode, which is the most challenging
from a collimation standpoint due to the highest stored beam energy.

Overall, the FCC-ee baseline collimation system proposed in this work is
shown to provide robust protection and efficient cleaning, with strong resilience
to both regular and accidental beam-loss scenarios that are well represented
by the generic failure proxy studied here. The results establish comfortable
performance margins, validate the design choices, and highlight clear paths for
further improvement.

Beyond the baseline collimation system relying on conventional amorphous
collimators, this thesis also explored crystal collimation as a possible alternative
strategy for the FCC-ee. Bent-silicon crystals were investigated as replace-
ments for the horizontal primary collimator jaws, and first crystal-collimator
parameters were identified.

Tracking simulations of generic beam-halo losses indicate that a crystal-
based system can achieve higher one-turn cleaning efficiency than the baseline
amorphous system, especially for the positron beam, while offering the potential
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for a reduced impedance contribution. These results suggest that crystal
collimation is technically feasible and performance-wise promising for the FCC-
ee. However, a complete assessment will require further multi-turn studies
over a broader range of beam-loss scenarios, including abnormal and failure
conditions. If confirmed, crystal collimation could represent a viable evolution
of the FCC-ee collimation baseline and a potential upgrade path for other high-
luminosity eTe™ colliders such as SuperKEKB or future Higgs and 7—Charm
factories.

Future studies will include a full quantitative assessment of the collimation
performance across all FCC-ee operation modes as part of the forthcoming
technical design phase, complementing the studies presented in this thesis for
the most critical Z operation mode. Furthermore, beyond the present baseline
GHC optics used throughout this thesis, the collimation performance should
also be evaluated for alternative optics and layouts, such as the Local Chromatic
Correction (LCC) optics [16] presently under development by the FCC-ee optics
design team. Additional beam-loss mechanisms, including scattering of beam
particles on thermal photons, as well as further accidental and failure scenar-
ios—such as fast losses induced by impedance-driven instabilities, equipment
failures, and sudden beam losses from beam—dust interactions (as observed at
SuperKEKB)—will also be investigated.

Further assessments of tolerances to beam losses for the most sensitive
machine components are recommended, including the experimental detectors,
superconducting magnets, and other critical elements, to establish precise
requirements and provide feedback for continued optimization of the collimation
system design.

Additional studies are also foreseen on energy deposition in collimators, ra-
diation aspects, engineering design, and impedance, for which the improvement
paths outlined above should be explored.

The work presented in this thesis has combined conceptual design, simulation
developments, and experimental validation into a coherent framework for de-
signing and assessing beam-collimation system performance in high-luminosity
lepton colliders. Beyond its application to the FCC-ee, the methods developed
here constitute a reusable and extensible approach that can be applied to the
study and optimization of collimation systems in other present and future
high-luminosity e*e™ colliders.
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