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KURZFASSUNG DER DISSERTATION

In einem Teilchenbeschleuniger fiir Leptonen, wie es die Leptonmaschine des Future
Circular Colliders (FCC-ee) sein wird, stellt eine hohe Strahlenbelastung ein mogliches
Problem fiir viele Bereiche des Beschleunigerkomplexes dar. Studien zur Strahlenbelas-
tung leisten einen wertvollen Beitrag dazu, problematische Teilbereiche in der Maschine
zu evaluieren und Malnahmen zur Abschwéchung dieser Strahlenbelastung zu integri-
eren. In dieser Dissertation werden zwei Bereiche des FCC-ee Beschleunigerkomplexes
fiir unterschiedliche Operationsmodi untersucht.

Der erste Teil dieser Dissertation befasst sich mit der Strahlenbelastung in einer
moglichen Realisierung der Positronenerzeugungsquelle fiir den Z Operationsmodus bei
45.6 GeV. In diesem Losungsansatz erzeugen hochtemperatursupraleitende (HTS) Spulen
das Magnetfeld des Adiabatic Matching Devices (AMD), welches die Positronen in Vor-
wartsrichtung biindelt, bevor diese in den darauffolgenden Capture Linac geleitet wer-
den. Verglichen zu normalleitenden Spulen erreichen supraleitende Spulen signifikant
hohere Magnetfelder, was in weiterer Folge zu einer besseren Positronausbeute fiihrt.
In dieser Studie sollen neuartige Hochtemperatursupraleiter verwendet werden, welche
hoheren Hitzebelastungen durch Strahlen standhalten kénnen. Trotzdem sind diese Ma-
terialien anfallig auf Strahlenschdden, was detaillierte Strahlenbelastungsstudien in den
Spulen und der Umgebung notwendig macht. Das Target besteht aus amorphen Wolfram,
welches aufgrund seiner hohen Ordnungszahl optimal zur Erzeugung von Positronen
ist. Durch Bremsstrahlung und Paarproduktion wird im Target ein ausgeprégter elektro-
magnetischer Schauer gebildet, der eine hohe Strahlenbelastung im Target, den Spulen
und dem folgenden Capture Linac induziert. Der Capture Linac ist von normalleiten-
den Spulen umhiillt, welche die Positronen weiter in Vorwartsrichtung fokussieren. Am
Ausgang dieser Maschine werden die Positronen aus dem elektromagnetischen Schauer
gefiltert und nun noch weiter beschleunigt. In dieser Arbeit wird die Energiedepositions
mittels dem Monte-Carlo Programm FLUKA berechnet, um die Machbarkeit eines solchen
Setups zu evaluieren, wobei zwischen instantanen Effekten und moglichen Langzeit-
strahlenschdden unterschieden wird.

Im zweiten Teil dieser Dissertation, werden die Effekte durch Synchrotronstrahlung
(SR), welche durch die zirkulierenden Elektronen und Positronen ausgesandt wird, fiir
die Bogen des FCC-ee bei einer Energie von 182.5GeV (tf Modus) untersucht. Bei
dieser Strahlenergie wird durch SR eine grole Menge an Photonen mit hoher Energie
(>1.25MeV) ausgesandt, welche die Maschine schwerwiegend beeintrdachtigen konnen.
Um die Strahlenbelastung im Tunnel zu reduzieren, sind lokalisierte Photonenabsorber
vorhergesehen. Es werden unterschiedliche Materialien untersucht, und das Modell der
lokalisierten Photonenabsorbern wird mit einem Modell dhnlich zu dem von LEP ver-
glichen. Dieses besteht aus einer kontinuierlichen Schicht Wolfram, welches an den
dulderen Teilen der Vakuumkammern angebracht ist. Diese Arbeit untersucht die ab-
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sorbierte Leistung, die Gesamtdosis (TID) und Teilchenfluenzverteilungen in den Mag-
neten und in der Tunnelumgebung. Des Weiteren werden Optionen fiir Abschirmungen
der Elektronik analysiert und Uberlegungen beziiglich der Boosterposition angestellt.
Dieser Teil wird durch Studien der Bremsstrahlungserzeugung an Gasmolekiilen fiir den
Z Modus 45.6 GeV komplementiert. In diesem Modus ist der Strahlstrom signifikant
hoher, wodurch der Einfluss von Interaktionen der Strahlteilchen mit Restgasatomen in
der Vakuumkammer relevanter wird.

Die unterschiedlichen Themen dieser Dissertation belegen, dass die Strahlenbelas-
tung die Maschine erheblich beeinflusst. Die Belastung erreicht ein Niveau, wo eine Ab-
schwéchung der Effekte durch zielgerichtete Malinahmen dennoch moglich ist. Es wird
gezeigt, dass die Strahlenbelastung in den HTS-Spulen der Positronenerzeugungsquelle
hochstwahrscheinlich vertretbar sind. Dies stimmt ebenfalls fiir das Target selbst, sofern
ein durchdachtes Kiihlungssystem inkludiert wird. Die Strahlenbelastung im Beschle-
unigertunnel, die von SR herriihrt, erreicht ein hohes Niveau, selbst wenn dezidierte
Photonenabsorber verwendet werden. In Anbetracht weiterer Schutzmalnahmen, wie
zusétzliche lokale Abschirmungen von kritischen Komponenten oder optimierte Position-
ierung von Komponenten im Tunnel, wird das Ausfallrisiko dennoch betrachtlich gesenkt
werden konnen.

Energy Deposition Studies for FCCee in FLUKA
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ABSTRACT

Alepton collider, like the Future Circular Collider lepton machine (FCC-ee), faces various
radiation challenges in different parts of the accelerator complex. Radiation load studies
are valuable in finding potential showstoppers and mitigating issues, aiming to imple-
ment feasible solutions. This thesis studies two parts of the FCC-ee accelerator complex
for different operation modes.

First, the radiation load for a possible option of the positron production source is
studied for the Z-operation mode (45.6 GeV). This solution features a superconducting
solenoid made of high-temperature superconductor (HTS) coils as an adiabatic match-
ing device, which captures positrons produced in the target before they enter the capture
linac. Compared to normal-conducting coils, superconducting coils produce a solenoid
field with a higher magnetic field strength, improving the positron yield. In this setup,
novel HTS coils are implemented that can resist higher radiation loads than common su-
perconducting materials. Nevertheless, these coils still are prone to a high radiation load,
which requires a detailed analysis of the power load on the coils and their surroundings.
The considered target is made out of amorphous tungsten, which is optimal for positron
production due to its high atomic number. Bremsstrahlung and pair production generate
a significant electromagnetic shower in the target, implying a high radiation load in the
target itself, the superconducting coils, and the capture linac downstream. From this
electromagnetic shower, the positrons are then accelerated and at a later stage extracted.
The capture linac downstream is embedded in normal conducting solenoids that focus
the positrons in the forward direction. Energy deposition calculations with FLUKA are
carried out to assess the feasibility of such a setup, studying the heat load and long-term
radiation damage on the structure.

The second part of the thesis studies the synchrotron radiation (SR) emitted by elec-
trons and positron beams in the FCC-ee arcs for the rf-operation mode at 182.5 GeV.
At this beam energy, SR includes a vast amount of photons with energies higher than
1.25MeV (E.) that heavily impact the entire machine. Dedicated photon absorbers are
envisaged as a mitigation strategy to reduce the radiation load on the tunnel. Differ-
ent materials for the absorbers are investigated and compared to a layout resembling
the LEP SR mitigation strategy, which comprises a continuous shielding along the arcs.
The study assesses the heat load, time-integrated dose, and particle fluence distribution
in the magnets and the surrounding tunnel environment. Furthermore, shielding op-
tions for the electronics in the tunnel and considerations for the booster placement are
presented. This part is complemented with beam-gas bremsstrahlung studies for the Z-
operation mode, where the beam current is significantly higher and hence the impact of
interactions with residual gas atoms in the vacuum chamber is more relevant.
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The various topics in this thesis show that radiation is significantly impacting the ma-
chine, but to an extent where mitigation measures can be implemented efficiently. It is
demonstrated that the radiation load on the HTS coils of the positron production target
coils is most likely sustainable, which is also true for the target, considering an elabo-
rate cooling scheme. The radiation levels in the collider tunnel are challenging, even
if photon absorbers are used. Considering further mitigation strategies, like additional
localized shielding of critical components or optimised positioning of components in the
tunnel, can effectively reduce the risk of failure.
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FIRST CHAPTER

INTRODUCTION: MOTIVATION, CERN &
FCC-EE

1.1 Motivation

This thesis aims to find mitigation strategies for excessive radiation load in the accel-
erator complex of the Future Circular Collider Lepton machine (FCC-ee)[[1]]. The centre
of focus is the positron production source, where possibly superconducting solenoids are
used, and secondly, the impact of synchrotron radiation (SR) in the collider arcs, where
the highest beam energies are observed.

To understand why a new generation of accelerators is studied, the history of ac-
celerator physics should is reviewed. The theory of particle physics started to predict
new particles, fundamental particles, which would build the standard model from the
beginning of the 20th century. At the time, the means to measure such particles were
limited, which gave rise to the technology of accelerators, which developed itself into its
own branch of physics. The 700 kV generator, which was used to split lithium atoms with
400 keV protons in 1932, by Cockroft and Walton counts as the birth hour of accelerator
physics and the two men were honoured by receiving the Nobel Prize in 1951 [2} [3]].
The first circular accelerator was a cyclotron, designed by E. Lawrence, which acceler-
ated protons up to 1.25MeV[4]. In cyclotrons, the maximum reachable energy is limited
by the size of the machine, which led to the development of synchrotrons. The biggest
synchrotron to date is the Large Hadron Collider (LHC) at CERN (Conseil européen
pour la recherche nucléaire, European Organisation for Nuclear Research) [6]].

As the European centre for particle physics, CERN was founded in 1954. It serves as
a centre for developing new accelerator technologies and hosts several accelerators and
large experiments, where data for ground-breaking fundamental science is gathered. The
first synchrotron in place was the Proton Synchrotron (PS)[[7]], which accelerates protons
up to 26 GeV. Nowadays, the PS is used as one of the pre-accelerators in the accelerator
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2 Chapter 1. Introduction: Motivation, CERN & FCC-ee

chain leading up to the 27 km long LHC, where protons are accelerated up to 6.8 TeV. The
LHC hosts four main experiments, CMS[8]], ATLAS[9]], ALICE[10] and LHCb[11]], which
are evenly spaced along the ring. CMS and ATLAS are nearly counterparts, and both
detected the Higgs Boson within a short period of time, which was the primary goal of
LHC. This detection led to the Nobel Prize for P. Higgs and F. Englert in 2013[[12].

Since then, the question has persisted: What will the next significant milestone in
particle physics be? First, the baryonic matter in our universe only makes up for 16% of
all the matter in the universe. Next to the baryonic matter, there is dark sector which
is widely not understood yet. Precision measurements could shed light on this curious
part of our universe, which requires outstanding statistics.[[13]] For performing these
measurements, experiments must provide high luminosities to achieve these results, and
accelerators must be developed that allow for such collisions.

On one hand, research in accelerator physics is investigating better-performing accel-
erator technologies, like wakefield accelerators[14]], free electron lasers[15] or the Muon
Collider[[16]]. The other approach uses already known strategies but increases the scales
of the projects, leading to higher energies, higher luminosities and eventually promising
results. Next to FCC at CERN, several projects of this kind are in study at the moment, in-
cluding CLIC[[17]], CEPC (Circular Electron Positron Collider) and ILC (International
Linear Collider)[[19].

In 2020, the European Strategy for Particle Physics (ESPP) gave an update stat-
ing:

Europe, together with its international partners, should investigate the
technical and financial feasibility of a future hadron collider at CERN with a
centre-of-mass energy of at least 100 TeV and with an electron-positron Higgs

and electroweak factory as a possible first stage.

This statement launched the FCC feasibility study in 2021, which should provide a
feasibility report by 2025, with a mid-term review[21]] published in 2023. The baseline
for this project is an integrated programme, similar to the history of LHC, where LEP
(Large Electron Positron Collider), a lepton machine, was installed in the tunnel
first. Such an integrated programme provides the best output, timeline, and overall cost
option. If the project gets approved, the physics operation should start by 2040[23]].

The first stage, FCC-ee, is operated with energies up to 182.5 GeV[24]], which leads
to severe radiation load in the collider ring and its surrounding. In other parts of the
machine, like the positron production source, superconducting solenoids are foreseen,
prone to radiation issues. If possible problems occur, mitigation issues should be imple-
mented. This thesis contributes to the feasibility study with radiation load studies for
FCC-ee, adding to a reliable and complete study.

Energy Deposition Studies for FCCee in FLUKA
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1.2 Outline of the Thesis

This section provides an outline of the thesis. This first chapter discusses the moti-
vation and why this thesis is valuable and needed. Furthermore, the FCC-ee accelerator
complex is introduced together with the operational parameters. After reading this chap-
ter, the reader should be knowledgeable about the machine and its different components,
as they are a central part of the following chapters.

The second chapter discusses the underlying physics. First, beam physics is intro-
duced as it forms the foundation for the operation of an accelerator. The radiation load
in machines is caused by particle matter interactions, which are addressed next. Finally,
a whole section is devoted to synchrotron radiation, one of the primary radiation sources
in a circular lepton collider.

In the 3rd chapter, the simulation tool FLUKA is introduced after briefly establishing
the Monte Carlo method. Furthermore, the quantities observed in the simulations and
their impact on machines are discussed.

In Chapter 4, the results concerning the positron production source are presented.
This chapter is split into two main parts: the Adiabatic Matching Device (AMD), which
includes the positron target, and secondly, the Capture Linac, which follows downstream.
In the AMD, a solenoid field is foreseen to be provided by high-temperature supercon-
ducting (HTS) coils. It is evaluated if the use of these coils is sustainable, and the positron
target is studied in detail. These studies first analyses the properties of the observed par-
ticle types, and then in-depth energy deposition studies are elaborated. The second part,
which investigates the capture linac, follows the same structure. This structure is anal-
ysed in detail, as it has to be understood if cavities suffer from unsustainable heatload
and how much the solenoids around the linac are impacted.

Chapter 5 treats the second part of simulation results covering the SR studies for
the FCC-ee collider ring arcs. After a reminder of the relevant parameters, the total
absorbed power for several layouts in the accelerator components is discussed. Next,
mitigation strategies for protecting critical components, mainly electronics, in the tunnel
from too much radiation load are compared and discussed. This chapter concludes with
an additional section discussing beam-gas bremsstrahlung events in the FCC-ee arcs for
the lowest energy operation mode, which is more relevant due to the higher bunch
charge.

The thesis is concluded in Chapter 6, summarising the outcomes of the studies. It
highlights possible bottlenecks and gives incentives on what should be studied in more
detail in the future.

Energy Deposition Studies for FCCee in FLUKA
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1.3 The FCC Feasibility Study

The FCC (Future Circular Collider) is a feasibility study for a possible future accel-
erator and collider installed at CERN in the Geneva region (see Fig. [I.1). With a cir-
cumference of nearly 91 km, unprecedented energies and luminosities could be reached.
FCC is planned as an integrated programme to optimise knowledge gain, cost, and
time. First, there will be the lepton machine (FCC-ee), followed by the hadron ma-
chine (FCC-hh) on the same footprint. Such an integrated approach has been used
successfully with LHC, which was constructed in the same tunnel as the LEP accelerator.
With its extraordinarily high luminosity, FCC-ee will serve as a machine for precision
measurements up to the ¢7 threshold (182.5 GeV per beam), including establishing a bet-
ter accuracy of the Higgs mass. FCC-hh will explore a terrain of novel collision energies
up to 100 TeV, nearly one order of magnitude higher than LHC, hopefully bringing new
insights into the physics beyond the standard model. These two modes are possibly com-
plemented by an FCC-eh (lepton-hadron) and an FCC-ePb (lepton-heavy ion) operation,
where protons or Lead ions collide.[[13]

Fig. 1.1. FCC and the accelerator complex in the Geneva basin.

The timescale of the project is extensive, reaching until 2095, including the operation
of FCC-hh. FCC-ee should run from 2045 to 2063, with FCC-hh following from 2070 to
2095. Considering this timescale, construction should start during the High Luminosity
LHC (HL-LHC) operation[27]], so the time gap between the collider programmes can be
minimal[23]].

Generally, the fundamental technologies are already available for FCC-ee nowadays,
including areas like magnets, radio frequency (RF) technology[28], and vacuumf[29].
The challenge is to design an efficient, sustainable machine that performs optimally. Fur-
thermore, additional R&D efforts are made for particular parts of the machines, like a
superconducting solenoid for the positron production or the use of SWELL cavities in the
RF section[30].

For FCC-hh, where 100 TeV should be reached, dipoles with fields up to 16T are
necessary. These will be based on Nb3Sn superconductors, a brittle material that still
requires extensive R&D to make the technology usable.[31]

Energy Deposition Studies for FCCee in FLUKA
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Next, the FCC-ee is discussed in greater detail as it is the subject of study in this
thesis.

1.4 FCC-ee

FCC-ee is a lepton machine where electrons and positrons are accelerated and put
into collision. This collider type is attractive as extraordinarily clean results are produced
in the collisions between fundamental particles. With the achievable high luminosity,
precision measurements are possible, a type of research often seen in linear colliders.
The advantage of linear colliders is that higher energieq'| can be reached due to the lack
of SR, but only one experiment can be put in place. This draws attention to circular
colliders, where beams can collide particles often along several experiments along the
ring, where high luminosities can be reached. As mentioned, the emitted SR limits the
maximum reachable energy.The major advantage of FCC-ee compared to linear colliders
is that up to 4 experiments can be hosted in the ring, leading to reliable statistics and the
possibility of cross-checking results in the fashion of how ATLAS and CMS co-exist.

FCC-ee has a circumference of 90.657 km, which results in 8 arcs with a length of
9.617 km (see Table[IL.1)). This translates into a bending radius of 12.24 km. Eight surface
sites are foreseen, which allow access to the eight main underground sites. The two (or
four) experiments will be located on opposite sides hosted in two (or four) of four short
straight sections of 1.4km. The long straight sections will host technical sites and have
a length of 2.031 km. Implementing this design leads to a fourfold symmetry, facilitating
the optics design.[32]

Parameter Optimised 2023
Total circumference 90.657 km

Total arc length 76.93 km

Arc bending radius 12.24km

Arc length (number) 9.617 km (8)
Length (number) of straights 1.4km (4), 2.031 km (4)
Superperiodicity 4

Table 1.1. The geometrical parameters for FCC-ee, as they are set by June 2023 .

The physics runs at FCC-ee are set to be at four different energies ranging from
45.6 GeV (Z), 80GeV (W), 120GeV (WH) to 182.5GeV (¢f). Each energy is selected so
that it operates at different particle thresholds, giving the name to the operation modes.
The beam current is defined as such that the SR power for the entire collider arcs always
stays at 50 MW/beam. Eventually, this means the higher the energy, the lower the beam

n CLIG, the possible future linear collider at CERN, collision energies of electrons up to 3.5 TeV could be

reached.
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6 Chapter 1. Introduction: Motivation, CERN & FCC-ee

current (see Table[1.2)). With the highest bunch intensities forseen at the lowest energies,
this means that also the highest luminosity is achieved for the Z operation mode.[24]

The synchrotron radiation energy loss per turn and per particle is nearly three orders
of magnitude higher for the #7 mode than for the Z mode, because the energy loss per
turn scales with E*.

Parameter Unit VA w ZH tt
Beam energy GeV 45.6 80 120 1825
Beam current mA 1270 134 26.7 4.94
Bunches/beam 15880 688 260 40
Bunch intensity 0%t 243 291 204 264
SR energy loss /turn GeV 0.04 037 19 10.0
RMS horizontal €, nm 0.71 2.16 0.67 1.55
RMS vertical ¢, pm 142 432 134 31
RMS hor. IP spot size pm 8 21 14 39
RMS ver. IP spot size nm 34 66 36 69
Luminosity/IP 10%*cm™2s™! 182 194 7.3  1.33

Table 1.2. Accelerator parameters for the four operation modes of FCC-ee. The values are given
for one beam each. (Root-mean square (rms); hor./vert. emittance (y,,); Interaction
point (IP))

Each operation mode should be running for several years. The final order has not
been decided yet, but the first proposal had the operation modes follow in ascending
energy order. The Z should be performing for 4 years and the W for 2years. After this
time, collision data five and four orders of magnitude higher than what was observed in
LEP should be obtained. The Higgs mode follows for 3 years, leading to unprecedented
precision measurements of the Higgs boson. After a downtime of approximately a year,
FCC-ee should start the ¢ operation mode, which should run for five years. However,
this schedule is still subject to change, and a final decision has yet to be taken.

As mentioned several times, SR has a significant impact on circular machines. This
thesis tackles the issues occurring due to SR in the arcs, especially in the operation mode
with the highest energy. A viable solution must protect the components sufficiently and
simultaneously it should be cost-efficient due to the length of the accelerator

1.4.1 | Injector Chain
So far, the collider ring of FCC-ee has been introduced, where particles are stored and
collide at top energy, which depends on the operation mode. The particles are injected
into the collider at the top energy, which they gain over the length of the injector chain.
This section introduces the reader to this part of FCC-ee.
The concept of the accelerator chain is similar to the one of LHC, where several stages
of accelerators are necessary to accelerate the particles to their final energy. With many

Energy Deposition Studies for FCCee in FLUKA
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1.4. FCC-ee 7

accelerators in several energy ranges already available at CERN, using existing machines
to accelerate the particles could be attractive. For FCC-ee, the injector chain consists of
several stages. Compared to a hadron machine like LHC, for FCC-ee, positrons must also
be produced and accelerated in this injector chain. Generally, the injector chain can be
split into three stages: the pre-injector, Super Proton Synchrotron (SPS) or High Energy
Linac, and the booster ring (see Fig. [1.2).

up to
Booster ring top Energ,

Electron-positron collider

e+

SPS 16GeV

or
High Energy Linac |20GeV

e- Linac Common Linac e+ Linac
1.54GeV 6GeV 1.54GeV DR

Pre-Injector

Fig. 1.2. Overview of the injector chain. The particles are produced and accelerated to 6 GeV in
the Pre-Injector. In the next stage, either the SPS or a High Energy Linac, the particles reach an
energy of 16 GeV or 20 GeV, respectively. In the booster, the electrons and positrons reach the
top energy before they are injected into the collider ring.

Figure shows that the pre-injector complex has several stages, where electrons
and positrons are produced and accelerated to 6 GeV. In the next stage, the leptons
are accelerated to up to 16 GeV (SPS) or 20GeV (HE Linac). So far, no decision has
been taken on which machine should eventually be used. Regardless of the decision, the
machine always accelerates the particle types separately, meaning the machines are filled
with either positrons or electrons. The advantage of the SPS is that infrastructure already
exists, but due to the small radius, excessive power loss due to SR is seen, which would
not be the case in a linac. The SR power loss limits the maximum energy that can be
reached with the SPS, which leads to the 20% lower number of achievable energy (16 GeV
instead of 20 GeV with the HE Linac)[36]]. The booster ring, placed in the same tunnel
as the collider rings, accelerates the electrons and positrons to the top energy, making a

Energy Deposition Studies for FCCee in FLUKA
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8 Chapter 1. Introduction: Motivation, CERN & FCC-ee

so-called top-up injection possible[37]]. Top-up injection allows a constant injection of
particles at top energy into the collider ring, which counteracts the short beam lifetime.

Next, the different acceleration stages are discussed in greater detail. The in-depth
discussion of the positron production target and the capture linac is be found in Chapter
[4] as it is a core part of this thesis.

The Pre-Injector

This section introduces the different components of the FCC-ee pre-injector complex
and briefly discusses their use.[38]

The pre-injector complex is an elaborated scheme (see Fig. [1.3), which is used to
accelerate electrons and positrons up to 6 GeV. The electrons are produced in an electron
gun and then accelerated to 1.54 GeV in an electron linac, within around 90 m. At this
energy, the electrons enter the common linac, which accelerates the electrons to 6 GeV.
Depending on the on the filling mode (e+ or e-), two different options exist for the
electrons at this point. If the electrons should be injected into the collider, they are
transferred into an energy compressor and further into the higher energy accelerators.
If positrons need to be produced, the 6 GeV electrons enter into the positron production
source.

) 90m EC

D_@ 1.54GeV 6GeV SPS or HE Linac
RFgun Common Linac Target  200MeV _ 1.54GeV ™

BC 140m .
Capture e+ Linac EC
Linac
65m
140m f— 53m
106m

Positron Production Source DR

~400m

Fig. 1.3. Sketch of the pre-injector complex. Blue lines describe the path of electrons, red the
path of positrons, and green lines indicate components that are used for accelerating both
types of particles. (The schematic is adapted from [38])

For the positron production, bunches of 6 GeV electrons impact on an amorphous
tungsten target. The target is embedded in a structure that provides a solenoid field,
also known as the adiabatic matching device (AMD), which is necessary to ensure the
positron capture and further improves the positron yield. In this study, the solenoid
field is achieved using HTS (High-Temperature Superconductor) coils placed around the
target. The produced positrons are shaped into a beam and accelerated to 200 MeV in the
capture linac. The positron linac, which follows immediately downstream, accelerates
the positrons to 1.54 GeV. In the energy compressor (EC), the energy spread of the beam
is reduced before entering the damping ring (DR), which shrinks the angular divergence
of the beam. This DR is required so that the beam can be inserted into the common

Energy Deposition Studies for FCCee in FLUKA
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1.4. FCC-ee 9

linac. Before the positrons enter the common linac, the beam passes a bunch compressor
(BC) where the bunch length is reduced from 5mm to 0.5 mnﬂ The positrons are then
accelerated to 6 GeV in the common linac and finally transferred into the next stage of
the accelerator complex.

In the following, the different components of the pre-injector complex are explained
in greater detail.

Electron Source

An RF gun is put in place, which generates electrons for the ring injection and the
electrons necessary for the positron production mode. It should provide electrons with
a transverse emittance of <4 mm-mrad and a bunch length of 1mm, so no specific
damping ring for the electrons is needed. Simultaneously, charge modulation of 10-
100% at 200 Hz has to be possible to account for changes in the electron bunch charge
needed for the top-up injection. This variation could be achieved using mirrors that
cut parts from the laser that induce the photoemission while the space charge density

remains constant.[[35|

In the current design, the electron source has a total length of 15m and consists of
four structures. First, there is the electron gun enclosed by a focusing solenoid. The
electron gun comprises 2.5 cells with a gradient of 100 MV/m over a length of 0.17 m. It
is operated at 3 GHz, the same frequency as the three travelling wave structures (TWS)
downstream. The TWS have each 120 cells and a length of 4m with a gradient of
16.2 MV/m for the first one and 25 MV/m for the other two (see Table[1.3)).

Number of cells Gradient Frequency Length

RF Gun 2.5 100MV/m 3GHz 0.17m
1st TWS 120 16.2MV/m 3GHz 4m
2nd TWS 120 25MV/m 3GHz 4m
3rd TWS 120 25MV/m 3GHz 4m

Table 1.3. Parameters for the components of the electron source, which consists of the RF gun
and three travelling wave structures (TWS).

This setup can meet all the bunch property requirements with some margin for a
bunch charge of 5nC. For bunches shorter than 0.5 mm, the emittance would bee too
large, while for an emittance <4 mm-mrad, the bunch length would exceed the bunch
length limit of 1 mm, not fulfilling the requirements. [41]]

2Bunch compressors are used to produce high charge density beams. After the source has produced a beam
with a small emittance, the density is increased at higher energies with the shortening of the bunch, where space
charge effects are no longer dominant.

Energy Deposition Studies for FCCee in FLUKA
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10 Chapter 1. Introduction: Motivation, CERN & FCC-ee

Electron Linac

The electron linac accelerates the particles from 200 MeV to 1.54 GeV. It linac has a
length of 67.5m and consists of 18 cells with a length of 3 m. It operates at 2.8 GHz with
a gradient of 25 MV/m. The FODO lattice has a 90° phase advance, with one quadrupole
per RF structure. The electron linac aims to reach the optimal working point, which
means 0.1%-0.15% of energy spread at the end of the electron linac while keeping the
emittance at an acceptable level. Several scenarios are studied on achieving these re-
quirements, including using a short bunch from the gun, a bunch compressor at the exit
of the electron linac, or producing shorter bunches in the gun and applying linearisation
downstream. All these solutions have different advantages and disadvantages that must

be studied thoroughly.

Common Linac

In the common linac, electrons and positrons are accelerated from 1.54 GeV to 6 GeV.
It has a total length of 232.5 m, including 62 accelerating structures of each 3 m. Similar
to the electron linac, the phase advance is 90°, and the gradient is found at 25 MV/m.

After the electrons have been accelerated in the common linac, they are either trans-
ferred into the further accelerator chain or impinge on the positron target, where they
produce positrons. The positrons accelerated in the common linac originate from the
positron source and, after the common linac, are also transferred into the further accel-
erator chain.[43]

Positron Target

While electrons can be relatively simply produced with an RF gun, the positron pro-
duction is more complex. One possible solution is to use an amorphous tungsten target
impinged by 6 GeV electrons. When the electrons enter the 17.5 mm long target, positrons
are produced through the bremsstrahlung and pair production effect. The so-called Adi-
abatic Matching Device (AMD) is a structure providing a solenoid field to enable the
positron production by manipulating the phase space of the particles. The aim is to find
an AMD solution, which results in the best achievable positron yield, while having a sus-
tainable technical solution. In this project, a novel solution using HTS coils that enclose
the target is studied. Such a setup can provide a higher magnetic field and improve the

positron yield.

A more detailed description of this component is given in Chapter[4] where the geom-
etry and the operational parameters are discussed in depth. Furthermore, other possible
positron production sources are introduced there.

Energy Deposition Studies for FCCee in FLUKA
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Capture Linac and Positron Linac

The angular spread of the positrons has already been mitigated in the AMD, and the
capture linac now forms the particles further into a beam, located around 20 cm down-
stream of the longitudinal target centre. The capture linac consists of five RF structures
surrounded by normal-conducting solenoids that add a solenoid field that focuses the
positrons into the forward direction. At the exit of the capture linac, the positrons are
accelerated to 200 MeV. Again, a detailed description follows in Chapter |4] as energy
deposition studies were performed for this machine part.

Between the two stages of the linacs, there is a chicane where the electrons are
separated from the positrons, and only the latter ones continue to be accelerated in the
positron linac. Then the positron linac follows, accelerating the beam to 1.54 GeV. In this
part of the machine, the RF structure is not enclosed in solenoids anymore. It consists
of 14 RF structures, with a gradient of 14 MV/m and 14 quadrupoles. The total length
of the positron linac is 58 m, which leads to 120 m for the length of the entire structure
from the capture linac to the exit of the positron linac. At the exit of the positron linac,
the positron energy is already matches the energy of the common linac. However, other
beam parameters, like the energy spread and the emittance, need to be manipulated first
so the beam matches the conditions of the common linac. This is done in the downstream
energy compressore and the following dampring ring.

Energy Compressor

The energy compressor (EC) manipulates the beam to reduce the energy spread
and hence to increase the percentage of positrons that have the correct energy to be
accepted downstream in the Damping Ring (DR). The reduction is achieved with a C-
shaped chicane and two RF structures downstream. The chicane consists of four 1 m
long dipoles with a bending angle of 15°. While the beam energy spread decreases, the
beam length increases from 2 mm to 4 cm. Similarly, the horizontal beam dimensions
grow. Quadrupoles are used for transverse focusing and dispersion compensation be-
tween the dipoles and RF structures. The EC system has a total length of 19 m.

Damping ring (DR)

The positron damping ring reduces the longitudinal and transversal emittance of
the positron beam. Longitudinal damping is achieved with SR damping EL while the
horizontal damping is through betatron motion. Crucial for the damping ring design are

3For lepton beams, a significant amount of energy is lost at every turn due to SR, which leads to the damping
of oscillations and transverse displacement. While the energy loss is recovered in the longitudinal direction in the
RF structures, the transverse component is not recovered, and this effect leads to a decrease in the emittance.

Energy Deposition Studies for FCCee in FLUKA



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

12 Chapter 1. Introduction: Motivation, CERN & FCC-ee

wigglers that increase the integrated magnetic field seen by the beam, which leads to a
reduced damping time for the same DR length.

The DR for the FCC-ee positron source has a length of 239.2 m following a racetrack
layout. The two straight sections house 2+2 wigglers of 6.64 m length each, with a mag-
netic field strength of 1.8 T. The beam is stored in the DR for 42.5 ms, while the damping
time varies from 5.4 ms for the longitudinal component to 10.8 ms for the transversal
component. The incoming beam has an energy of 1.54 GeV, and the emittance shrinks
from the ym scale to nm.

A DR with three straight sections and three arcs is proposed as a second option. This
solution would offer a higher magnetic field, which leads to a shorter damping time.
Fewer magnets would be needed, but this would cause the emittance to stay larger. [[48,

491

After the DR, the positron beam moves again through a bunch compressor before
entering the common linac. The compression is achieved using a dogleg scheme com-
prising two triple bend achromats[[50]. In the common linac, the 1.54 GeV positron beam
is accelerated in there to 6 GeV before it is transferred to another energy compressor and
into the next acceleration stage.

SPS or HE Linac

This acceleration stage is used for both particle types, electrons and positrons. Two
possible solutions are being investigated: the Pre-Booster Ring (PBR), which is foreseen
to be in the tunnel of SPS, or a High Energy (HE) linac. The choice will determine the
achievable energy reached in this accelerator stage, which is at 16 GeV for the solution
with the SPS and 20 GeV for the HE Linac solution. In SPS, the energy is limited by the
large amount of SR emitted due to the small bending radius. When the particles are
accelerated to the maximum energy, they are transferred into the booster ring.

The idea to use the SPS as an accelerator stage for FCC-ee is copied from LEP, where
the leptons were accelerated from 3.5 GeV to 20 GeV[51]]. The use of dedicated SR ab-
sorbers was inevitable, even with lower beam currents than what is expected for FCC-
eeE| For the SPS that is required for FCC-ee, an acceleration to 16 GeV leads to an energy
loss of 31.5MeV/turn, compared to 128 MeV/turn for 20 GeV. Furthermore, the energy
spread and the horizontal emittance can be held at a lower level to accelerate to 16 GeV.
The current SPS machine cannot withstand these SR properties, which would require an
upgraded machine with a new vacuum system with cooled chambers and an adequate
absorber layout.

The HE linac covers a length of 615m over 164 RF structures in 82 modules. The
baseline is an S-Band structure that is operated at 2.8 GHz with a voltage of 29.5 MV,
and the bunches from the beam are entering the linac with a frequency of 200 Hz. This

4Assuming an achieved bunch intensity of 8.6 x 1010 electrons (same for positrons), a beam energy of 18 GeV,
and the circumference of 6.9 km, one obtains an energy loss of 8.57 MeV/turn and a total SR power of 5 kW.
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1.4. FCC-ee 13

linac uses the same RF modules as the electron linac, which makes it cost-efficient for
spares. The bunch charge is 4.4 nC for both particle species, which is the same for the
solution using the SPS. Similarly to the requests of the RF gun, it is necessary that the
bunch-by-bunch intensity can vary between 0% and 100% during the top-up injection
for balancing out the collider ring intensities.[52]]

Both solutions are investigated for the mid-term review. The final decision will be
taken in a later stage of the project, considering feasibility and cost aspects.

Booster

The booster ring, also known as High Energy Booster (HEB), is needed due to the
particularities of a lepton machine. A beam in a circular collider at this energy range
is lost within a few minutes due to Bhaba scattering, beamstrahlung and SR[24]]. The
booster ring counteracts this phenomenon as it allows for constant top-up injection into
the collider ring, even if the RF system compensates for the energy loss due to SR.

Electrons and positrons enter the booster at 16 GeV or 20 GeV, depending on the
machine upstream. In the booster, they are ramped up to the final energy that depends
on the operation mode. Ramping up to top-energy takes less than 1s with a ramp rate
around 80 GeV/s-100 GeV/s.

The booster is built on the same footprint as the collider ring on top of the machine
due to the lower radiation levels than at the beam level (see Chapter [5). The design
of the detector bypasses is still a work in progress. Compared to the collider ring, the
machine has only one beam pipe[53]], alternately filled with electrons and positrons. The
magnets can stay with the same polarization for the operation of electrons and positrons,
as the particles only differ in their charges, which means that the electrons and positrons
are moving in opposite directions.

The FODO cells have a length of around 52 m, consisting of 4 dipoles, four quadrupoles
(1.5m) and two sextupoles each (0.5m). The magnetic field strength in the dipoles,
which have a length of 11 m, ranges from 6.4 mT at 20 GeV to 59.3 mT at 182.5 GeV. At the
injection, the low magnetic field strength poses a challenge.

The particles entering into the booster have an emittance (normalized) of 10 umx 10 wm.
While they are accelerated to 45.6 GeV (Z mode), the emittance shrinks to <0.3um
horizontally and <1.4pm vertically. The energy spread decreases from 0.1-0.15% to
0.04%.[54]]

When the particles reach these beam parameters, they are inserted into the collider
ring.
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14 Chapter 1. Introduction: Motivation, CERN & FCC-ee

1.4.2 | Injection scheme

So far, the layout of the accelerator chain has been discussed. Electrons and positrons
go through the acceleration process and eventually enter into the collider ring. An elab-
orate injection scheme has been developed to guarantee a smooth operation and is dis-
cussed now.

The collider ring is filled alternatively with electrons and positrons, which means
that the booster is operating once with electrons and then with positrons. If the collider
ring is filled from scratch, a so-called bootstrap filling is necessary, which keeps charge
imbalances between the two beams at 5% at the Z mode and 3% for the other operation
modes. During the top-up injection, the bunch charges must be kept balanced in the
collider ring, which requires the injected bunch charges to vary between 0% and 100%
in the booster as the lifetime per bunch is different[/55].

1o

et
3kEV

Z Mode Booster cycle time

Injection time 40s
Ramp up 0.32s
8000 RF pulses x 8000 RF pulses x Flat top 1.9s
2 bunches (40s) 2 bunches (40s) Ramp down 0.32s

le ti 42.54;
tnacup [ [ [l [l IL Il === [ ][] - ——

to 20GeV - e
1 injection

Collider ring

Booster ring
16000 bunches

Fig. 1.4. Filling scheme of the injector chain. Blue lines indicate the electron bunches and red
lines are the positron bunches. (Plot adapted from )

In Fig. the filling of the collider is explained in greater detail, assuming the
solution using the HE Linac to accelerate the leptons to 20 GeV and a further acceleration
for the Z mode. The electrons and positrons, respectively, leave the HE Linac in 8000 RF
pulses with two bunches each, so 16000 bunches in total. Between two RF pulses, there
are 5ms and between two bunches, 15ns. Between a train of electrons and a train of
positrons, there is a gap of at least 2.54s. The 16000 bunches of electrons are injected
into the booster®, which takes 40s. As soon as all electron bunches are in the booster,
the energy is ramped up to top energy, which takes 0.32s, and then it stays at flat top
energy for 1.9 s, before ramping down again for 0.32s. This leads to a booster cycle time
of 42.54s.

From the booster, the 16000 bunches are transferred to the collider ring. The filling
from scratch takes 127.62 s per species, which results in 680.64 s for both beams, which is
close around 11 min20s.

For the top-up injection mode, a time of 42.54 s is assumed per species.[40]]

5Table shows a slightly different value for the total number of bunches. This inconsistency is due to the use
of different parameter sets in different groups.
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SECOND CHAPTER

THEORETICAL BACKGROUND

This chapter discusses the underlying physical principles. First, beam physics is in-
troduced, followed by beam machine interaction mechanisms. The sources of secondary
particles are discussed, focusing on those relevant to this project, including synchrotron
radiation.

2.1 Short Introduction to Beam Physics

In this section, the physics of beams moving around the accelerator is discussed.
Sources like or any CAS proceedings like are recommended for deeper infor-
mation, as only a short introduction is given here. Even though this thesis is not on beam
physics, it is crucial to understand the basics of the operation of an accelerator.

2.1.1 | Lorentz Force and Beam Rigidity
The Lorentz force describes the force a particle experiences in an accelerator,

ﬁLorentZ = q(E+ U x E)» (2.1)

with g being the charge, E being the electric field, # being the velocity of the particle
and B being the magnetic field the particle is moving through. For moving particles
around an accelerator, electric fields, as well as magnetic fields, can be used. For bending
the particle onto the right trajectory in a high-energy accelerator, the magnetic field is
superior to the electric field due to the amplification factor of v = ¢. Therefore, bending a
particle in a high-energy accelerator requires only a small magnetic field compared to the
electric field necessary to achieve the same bending. There are some cases of low-energy
rings where it is easier to bend the particles with the electric field. For accelerating
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16 Chapter 2. Theoretical background

particles in RF structures, the electric field is used to accelerate the particles to higher
energies.

Assuming that there is a magnetic component in the y direction and velocity in the
z direction and all the other components are 0, Equation 2.1 reduces for an electron to

Fiorentz = eVB. (2.2)
The other force a particle on a bent trajectory experience is the centrifugal force,

ymov?

FCentrifugal =T (2.3)
P
where again only the longitudinal velocity, v,, is assumed to be non-zero. In Equation
Y= #, is the relativistic gamma factor, and p is the bending radius of the machine.
If those two equations are now set to be equal, one can obtain the beam rigidity,

B p= w = B, (2.4)
e e
that is a normalised measure of how difficult it is to bend the beam. One can approx-

imate the inverse bending radius with,

1 B[T]
— =0.2998

. (2.5)
plm] E[GeV]

In the arcs of the collider, the dipoles bend the beam by a given angle, depending
on the magnetic strength. The bending angle «a is also given as, a = %”, where [,, is the
magnetic length of the dipole. Over the length of the full ring, an angle of 27 is achieved

if all dipoles are added up.

2.1.2 | Frenet-Serret Coordinate System

The optimal trajectory of a particle in an accelerator is the design orbit. On this orbit,
turn after turn, the particle is precisely at the same position as it was one turn before. A
curvilinear coordinate system is the best choice to describe the orbit, and the transversal
plane is described by the coordinates x and y, where the design particle follows along
x=y =0 (see Fig. [2.1)). In reality, a particle does not stay on this trajectory but deviates
from the design orbit due to various physical effects, leading to a displacement in the
horizontal and vertical plane.

Longitudinally, the particle on the design orbit follows s, with an arbitrary point
chosen as s =0. z gives the longitudinal offset of the particle compared to s tangentially
along the ring. With this system, the position of a particle with respect to the design
orbit is always known.
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2.1. Short Introduction to Beam Physics 17

Fig. 2.1. Frenet-Serret Coordinate System.

2.1.3 | Different Magnets

The path of the particles through the machine is defined by the bending of the dipoles
and the straight field-free sections in-between. However, the beam particles do not per-
fectly follow the design orbit but go around the ring with offsets. Higher-order magnets,
like quadrupoles, sextupoles, octupoles, and even higher-order magnets, are used to
keep the beam focused.

Dipoles, Quadrupoles and Higher Order Magnets

So far, dipoles have been discussed as they are used for bending the particles so they
follow the right trajectory. For magnetic fields up to 2 T, mostly iron-dominated magnets
can be used[56]], while for higher magnetic field strengths, superconducting magnets
are needed, like is the case in LHC at CERN([5]]. The magnets discussed here have only
transversal field components. Dipoles have a component in the horizontal direction, x,
or vertical direction, y, while the other ones are zero (see Fig. . Since a bending
in the horizontal plane is needed in an accelerator, the magnetic field is in the vertical
direction that can be described with equipotential lines as y = +g, with 2g being the gap
between the two poles.

The next higher order of magnets are quadrupoles that focus the beam in horizontal
and vertical directions. While the field focuses the beam in one plane, it acts defocusing
in the other planeﬂ which means focusing and defocusing quadrupoles are needed. Oth-
erwise, the beam would blow up. The field lines in a quadrupole can be described with
Xy = J_r%RZ. With that, the magnetic field in x and y can be described as,

By=-8y
(2.6)
By =-g-x,

where g is the gradient, the minus assures that a focusing quadrupole with a positive

amplitude leads to a Lorentz force that reduces the amplitude. After dividing g by the

. . . . . _ g _ g . .
beam rigidity, the normalised gradient, k = D7 = Bpo 1S obtained.

11f the quadrupoles are focusing the beam in the horizontal plane, they are defocusing it in the vertical plane,
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18 Chapter 2. Theoretical background

(a)

(b) (c)

Fig. 2.2. Schemes of magnetic field lines in (a) dipoles, (b) quadrupoles and (c) solenoids.

An iron-dominated quadrupole, as it is relevant for this thesis, is built with four
hyperbolic-shaped poles. If this setup is rotated by 45°, one obtains a so-called skew
quadrupole that can be described as (x? — y*) = 3R?. Perfectly shaped field lines are only
achieved by infinite parabolas. In reality, so-called shimming on the edges has to be
added to manipulate the magnetic field lines so they resemble a perfect quadrupole as
much as possible[57].

Higher-order magnets like sextupoles and octupoles are used to correct higher-order
beam errors.

These higher orders magnets lead to more complex fields. The full normalised mag-
netic field can be described using a Taylor expansion as follows:

@=l+kx+lmx2+lnx3+... 2.7
ple p 2! 3!

For B(y), this would look quite similar, only that the first term disappears as the
bending in dipoles only happens in the horizontal plane. The second term describes the
quadrupole, the third one the contribution of the sextupoles, and the higher-order terms
describe the contribution from the higher-order magnets.

It is also possible to build combined function magnets, where by shaping the poles in
a certain way, the field lines result in a field that one obtains by overlapping a quadrupole
and dipole field. However, they are usually not used for the collider ring but more for
special cases like transfer lines.[56]]

Solenoid Fields

So far, the discussed magnetic fields only have transversal but no longitudinal com-
ponent. However, for special applications, a magnetic field in the longitudinal direction,
a solenoid field, is helpful. They are used, for example, in the CMS experiment, which
stands for "Compact Muon Solenoid"[[8]], but also in specific locations of an accelerator

and vice versa.
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2.1. Short Introduction to Beam Physics 19

chain, like the positron production source. Here, the magnetic field helps to catch the
particles that otherwise form a highly divergent beam. However, this magnet type is not
commonly found in storage rings or synchrotrons[56].

In a solenoid, the current is going through cylindrical coils that provide a magnetic
field, with components in the longitudinal direction, B, and components in the radial
direction, B,. Due to symmetry considerations, the angular contribution B, evens out to
0. In the centre of the solenoidal field, the radial component also vanishes. The radial
component is the most dominant in the fringe fields, where the magnetic field lines turn
back to close the loop (see Fig. [2.2).

The magnetic field strength is calculated using Stoke’s theorem, which leads to

Bo(x=0,y=0) = poprJ, (2.8)

with o being the magnetic permeability, u, being the relative permeability and J the
current that flows through the coils. The current is directly proportional to the achieved
magnetic field. In other words, the maximum of the magnetic field is limited by the
current in the coils. Therefore, superconducting coils are discussed in Chapter [4] as they
can carry higher currents.

2.1.4 | Transversal Beam Dynamics: Equation of Motion, Phase Space, Emit-
tance, and Divergence
The equation of motion describes the movement of a particle. The radial acceleration
a, a particle experiences is given as

2 2
asp (d@) , 2.9)

=4 P\ar

with 6 being the bending angle of a dipole magnet. The first term describes the

change in the bending radius for a particle following the design orbit, which is 0. For the

general case, where the particle has a transversal offset, p should be replaced by p + x.

The second term describes centrifugal acceleration. In the next step, the equilibrium
between the centrifugal force and the Lorentz force has to be found,

2 m 2

d v
F=m xX+p)— =evB. 2.10
PTZ (x+p) ) (2.10)
Using By = By + x% and x' = % = %d—i, one finally obtains the following equations

of motion for the particle in x and y:

1

X" —x(k—- —)=0
0

(2.11)

¥ +yk=0.
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20 Chapter 2. Theoretical background

In the x component, there is an additional term, 1/p?, that describes the phenomenon
of weak focusing in dipoles. The term in the bracket is often defined as K := # — k. The
vertical dipole field does not impact the vertical beam component, so this term does not
appear in the equation for y. Both these equations resemble the harmonic oscillator, so
similar solutions can be found for x and y. The solutions for x and x’, with as xy as
amplitude and x; as angle, can be found at:

x(8) = xo - cos(v/IK|s) + x; - \/IITI sin(v/|K]s)
(2.12)

x'(s) = —xo - VIKIsin(v/IK]s) + xg - cos(v/|K]s).

These equations can be put into a matrix that makes the handling more convenient:

cos(v/K]s) ﬁ sin(v/[K]s)
—VIK]|sin(v/|K]s) cos(vV|K]s)

for a focusing quadrupole. For the defocusing quadrupole, the matrix changes as the
magnetic field is rotated concerning the focusing quadrupole,

Moo = ( (2.13)

2.14
V|K|sinh(v/|K]|s) cosh(v/|K]s) ( )

The drift space between two quadrupoles is described with the following simple ma-
trix,

1 g
oo = ( cosh(v/|K]s) \/Wsmh(\/lKls))‘

1 s
Mgyige = o 1l (2.15)

As already discussed, if a quadrupole focuses the beam in one plane, it defocuses
the beam in the counter plane. However, a combination of magnets in the accelerator
must be found where finally the beam is focused. This condition can be achieved with
a so-called FODO cell consisting of a focusing quadrupole, a drift space, a defocusing
quadrupole and another drift space. As it is more convenient to have a symmetric cell,
it is usually defined from half of a focusing quadrupole and ends with the other half of
the focusing quadrupole. These periodic cells, repeating themselves many times, usually
make up the building blocks of the arcs in an accelerator.

Emittance and Twiss Parameters

So far, a single particle moving through the accelerator has been discussed, but a
beam consists of many particles, which can be described as an ensemble of particles.
Each particle is characterised by a set of 6 parameters (x, px, y, py, 5, E), which makes the
particles distinguishable. For systems where the energy E does not change, p, and p, can
be replaced by x' and y’, meaning the slope of the particle trajectory. This assumption
is possible as small angles are assumed, so sin(x’) ~ x’. Furthermore, if AE = 0, there
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2.1. Short Introduction to Beam Physics 21

is no coupling between the horizontal and vertical planes. The lack of coupling makes
it possible to split the 6D phase space into 3x2D phase space, which is much easier to
handle.

The area that the particles occupy in the phase space is called emittance, ¢, which is
one of the most important parameters to describe the beam. If the planes are decoupled,
the beam has three independent emittances, one in x, one in y and one longitudinal one,
and generally, it is held as low as possible. If it exceeds a certain limit, the vacuum cham-
ber can be touched, which must be avoided. Due to Liouville’s theorem that states that
the phase space must stay constant, the emittance stays constant along a beam transfer
line. However, the emittance changes with the energy of the particles. To account for
this, a normalised emittance, ¢, is introduced and it has the following form:

&n = Pye. (2.16)

tan(2¢)=
2a/G-B)

“a e/B

—» X

\J

Fig. 2.3. Phase space ellipse with twiss parameters indicated.

The ellipse of the emittance can be described as

yx? +2axx’ + Bx” =¢, (2.17)

where a,  and y are the so called Twiss parameters (see Fig. fulfilling fy—a? = 1.
These coefficients must not be confused with the relativistic parameters  and yﬂ The
area of the ellipse is given as A = we. Every particle in the beam moves along a different
ellipse within the envelope ellipse without ever leaving the envelope.

While the shape of the ellipse changes moving through the line, the area stays con-
stant. If the ellipse is located in the first and third quadrant, it translates into a diverging
beam, and vice versa.

As in the previous section, the equation of motion for the beam is the baseline. The
form is fairly similar to the description for a single particle, only without the term for
weak focusing. Instead it has periodically repeating elements that show in k(s) = k(s+ L),

2Usually, one know from context if either the Twiss parameters or the relativistic parameters are meant.
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x"(s)—k(s)-x(s) =0, (2.18)

which is also known as Hill’s equation. The solutions for x(s) and x'(s) now include
the Twiss parameters, especially f(s), also known as the betatron function:

x(s) = Ve/ B(s) cos(y(s) — P)
. (2.19)
x'(s)=Ve ,3(8)(Eﬁ’(S)COS(w(S)—¢>)+sin(w(8)) ,

where v is giving the phase oscillation and ¢ is given by the initial condition.

The periodic betatron function gives amplitude of a transverse oscillation of any par-
ticle at a certain location s along the ring. The number of oscillations per turn per
revolution unit of 27 is also known as tune, Q, of a machine, which has crucial impacts
on designing a working lattice for a machine.

Dispersion

So far, transversal beam effects have been discussed, but particles of a beam also have
an energy spread. A distribution of particles with respect to their energy or momentum
is visible, which is usually in the range of A—p” ~1.0-1073.

This effect impacts the beam stability negatively, as it leads to changes in the bending
of the beam or focusing strength for offset particles. So if a particle with too little energy
comes into a dipole, it is bent more than it is designed for, while for a particle with higher
momentum, it is bent less.

Taking the energy spread into account, the equation of motion changes into a hetero-
geneous differential equation,

1 Ap 1
¥ x5 -k==L.= (2.20)
P p P
This implies that a solution in form of
x(8) = xp(s) + x;(s) (2.21)

has to be found, with the first term being the solution for the situation without energy
spread. Here, the dispersion is introduced, which is defined as

x;i(s)

D(s) = (2.22)

Aplp’

and can be calculated analytically by beam optics codes. Similar to the betatron oscil-
lation that describes the orbit offset for a particle with ideal momentum, the dispersion
function describes the offset arising from a momentum deviation.
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2.1. Short Introduction to Beam Physics 23

2.1.5 | Time Structure

In an accelerator, the beam has a continuous structure or is bunched. In storage rings,
the beams are usually bunched, as acceleration with the RF structures is convenient. A
bunch pulse is defined by the duration of an RF pulse and is split into smaller micro-
bunches. For a typical C- or S-Band linac, the pulse duration is usually in the range of
us[i58].

As a time structure is attached to the beam, different definitions of currents exist that
depend on the regarded time span. The average current is defined as

nuq

)
Tre P

I = (2.23)
with n, being the number of micro-bunches per pulse, g the charge in one micro-
bunch and T;ep the repetition time.

Another time-related property that must be considered is the duty factor of a machine,
which describes the actual beam time available for an experiment. A typical number for
the duty factor is around 80%, which is also the case for the FCC-ee machine[50], as it
will be discussed at a later stage.
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2.2 Beam Machine Interaction

This section and the following discuss the beam-machine interaction. While this
section stays more qualitative in discussing the beam-machine interaction, the following
section quantitatively discusses the physical phenomena.

In the previous section, where beam physics was discussed, it was assumed that
the beams move through a perfect vacuum without any disturbances, which is far from
reality. In an optimal machine, the beam particles would circulate infinitely long in the
ring, which is not the case as all beam particles and secondaries will eventually interact
with the environment or decay at some point. In a collision point, these interactions are
deliberate, but for the rest of the accelerator they are destructive. Therefore, the reasons
for the interactions must be well understood and mitigated if necessary.

The underlying physical processes represent a vast spectrum of different atomic and
nuclear processes. The effects seen in hadrons can be highly complex, less so for leptons,
which are the centre of attention in this thesis. These processes are discussed in more
detail in the next section.

The interactions between the beam and the machine lead to different effects on the
machine. Generally, one distinguishes between long-term radiation effects that lead to
material degradation over time and instantaneous effects that can lead to heating of
the material and limits the operation of the machine in this way. The related physical
quantities can be calculated with codes like FLUKA (see Chapter|3)), and the risks can be
assessed and mitigated if needed.

This chapter is mainly based on information from [|59].

2.2.1 | Beam Intercepting Devices

Usually, the beam is meant to go through the accelerator with as little interaction as
possible. In some cases, these interactions are deliberate and forced.

Over time, the quality of the beam degrades due to various factors, up to a point
where it is more beneficial to dispose of the beam and insert a new one into the machine.
For disposal, the beam is steered on a dump where the beam impacts. The huge impact
of beams on the dump leads to a high strain on the material. Depending on the machine,
the activation of the material is another issue. Hence, studying and developing beam
dumps is highly important when designing a collider.

Another area where beam intercepting devices are used is in the field of machine
protection or beam manipulation. Typical tools are collimators placed in locations where
the halo around the beam should be removed to achieve a beam as clean as possible, for
example, next to the experiments.

For completeness, devices for beam extraction, like stripping foils or crystals, should
also be mentioned. These devices are used to manipulate a beam to transfer it from one
accelerator to the next. The devices manipulate the beam in different ways. Stripping
foils can change the charge of the circulating particles, and bent crystals are used for
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2.2. Beam Machine Interaction 25

selecting specific particles with the right angle with respect to the crystal axis while
simultaneously discarding the other particles.

Finally, beam intercepting devices are often used for particle production on targets,
like in neutron facilities where spallation targets produce neutrons[[60]. This thesis uses
a target to produce positrons from impacting electrons. The radiation of such a target
can be hostile for machine components as the dose and heat load levels are potentially
high. Therefore it is essential to study this region in great detail.

2.2.2 | Sources of Secondary Particles

The beam intercepting devices just discussed are a source of secondary particles.
However, secondaries are also produced due to various other effects.

A large contribution of secondaries is due to luminosity production, meaning col-
lisions in experiments. While the majority of the secondaries goes into the different
detectors that are enclosing the collision point in a cylindrical shape, the most energetic
particles are scattered in forward direction. They exit the experiment and enter back into
the collider. The long straight sections just next to the collider often host superconduct-
ing magnets [61]] which makes it important to study the energy deposition there.

In the collider, the beams circulate in vacuum chambers, where the machine require-
ments determine the quality of the vacuum. A higher vacuum is more beneficial for a
stable beam, but similarly is more expensive and harder to maintain. The lower the qual-
ity of the vacuum, the more likely collisions between the beam and the residual gas in
the vacuum chamber. For hadrons, this leads to inelastic scattering events. More rele-
vant in this thesis are the interactions with electron and positron beams, which lead to
bremsstrahlung losses (see Section where beam particles can lose significant en-
ergy. If the RF system does not constantly replace this energy, bremsstrahlung shortens
the beam lifetime. The underlying physical theory of bremsstrahlung losses is discussed
in the following section.

The vacuum chambers must be thoroughly cleaned before a machine is operated.
Otherwise, dust or other macroscopic objects can interact with the beam and induce
unwanted losses.

Regarding circular electron-positron colliders, synchrotron radiation is a primary
source of secondaries. Here the beam loses significant energy in the form of photons.
These photons impact somewhere else on the machine, and the beam lifetime decreases
due to this effect, which requires compensation by the RF system. The machine can be
protected by placing absorbing material in the way of the SR photons. As this type of
secondary production plays a significant role for FCC-ee, SR is discussed in great detail
in the section.
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2.3 Quantitative Description of Secondary Particle Production

The previous section discussed the basics of beam-machine interaction, focusing on
the macroscopic effects and their consequences. This section delves into the underly-
ing physics of these effects, which are also the foundation of this thesis. FCC-ee is a
lepton machine, so the occurring effects are mainly electromagnetic, caused by elec-
trons, positrons, and photons, which are all stable particles. Electrons and positrons are
charged negatively and positively, respectively, with a mass of 511keV/c. Photons are
the gauge bosons for the electromagnetic force and are massless. Furthermore, effects
caused by neutrons are also covered due to their possibly severe impact on the machine.

This section introduces the relevant electromagnetic effects, including, Bremsstrahlung,
pair production, and Compton scatterinﬂ Furthermore, photo-nuclear effects are dis-
cussed.

This section is mainly based on the literature such as and Chapter 30].

2.3.1 | Interaction Probabilities, Cross Section and Mean Free Path

The cross-section characterizes the probability of an interaction between two particles
happening. Several definitions exist for different types of cross-sections, and three of
them are discussed here.

The microscopic cross-section, o, is commonly given in the unit of barn, where
1b=1x10"2*cm?. The area given as the cross-section is directly proportional to the
probability of the reaction happening. The size of the microscopic cross-section depends
on the energy and the type of the atoms, the mass, A, and the charge, Z.

The microscopic cross-section correlates directly with the mean free path, A, which
gives the average distance a particle travels between two collisions in m. As said, the
mean free path is the inverse of the product of the microscopic cross-section, the material
density, p, and the Avogadro constant, N4,

1
" Nupo'

(2.24)

Equation shows that a larger o and a higher density lead to a shorter distance
between interactions. If the material is a compound, the different relative weights of the
constituents must be considered.

The inverse of the mean free path,

==, 2.25
1 (2.25)

is also known as the macroscopic cross-section, with the units of cm™!. It measures
the likelihood of an interaction happening per unit length.

3Synchrotron radiation (SR) is another electromagnetic effect. Due to its complexity and importance in this
thesis, the next section is dedicated to SR and not further discussed here.
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The interaction probability for a particle moving through a homogeneous material is
given with

1
p(hdl = Ze‘%dl, (2.26)

with [ being the distance travelled by the particle. If the particle travels indefinitely
far through the material, at some point, there has to be an interaction leading to

f plhdl =1. (2.27)
0

The probability of a particle having interacted with the matter within a certain length,
1, is calculated with the cumulative distribution function,

=~

P(l) =folp(l’)dl’ =1l-e 1. (2.28)
The probability that the particle has undergone an interaction after A is around 63%,
after 21, the probability is around 86.5%, and at 95% for 3A.
The exponential function can be expanded in a Taylor series for a thin target, meaning
d << A, with d being the target thickness, which leads to P(d) =~ % Here, the interaction
probability is simply given by the ratio of the target thickness and the mean free path
length.

Finally, there is the differential cross section, %, which is a measure for the proba-
bility of the particles being scattered into a solid angle (see Fig. [2.4). If a particle scatters
on another particle within an impact parameter of b and b+ db, it is scattered with an
angle of 6 to 8+ d6f. The area of the small ring is do = 2nbdb, whereas the large ring has
an area of dw = 270df['] The differential cross section now gives the ratio between the
small and large rings, resulting in a characteristic value for different combinations of two
particles. Additionally, there is the double differential cross section, which measures

the probability of a particle being scattered into a certain angle with a specific energy,

do
dwdE*

2.3.2 | Photon interactions

Now an overview of electromagnetic interactions is given, including interactions of
electrons (e—), positrons (e+) and photons (y). Some specific effects like Bremsstrahlung
and Synchrotron Radiation are later explained in greater detail, as they are the main
effects causing energy deposition for the projects in this thesis. In the following, the
effects are discussed in increasing order of the energy domain, where these phenomena
are relevant.

4 Assuming small 6, so sin(6) = 6.
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dw=210d6

Fig. 2.4. Differential cross section schematic.

For Rayleigh scattering, also known as coherent scattering, the incoming photon
is scattered on the atomic electron without ionising the atom. As shown in Fig.
Rayleigh scattering is never the dominant contributor to the cross-section, which scales
with Z2. In accelerators, this kind of scattering usually is negligible, as it does not con-
tribute to any absorption or emission of photons or other electromagnetic particles.

If the incoming photon is absorbed, and an electron is released from the atom, the
effect is called Photoelectric effect, proposed by Albert Einstein and resulted in a Nobel
prize in 1921 [63]]. The energy of the released electron, E = Ey — U;, is equal to the dif-
ference between the incoming photon energy, Ey, and the binding energy of the electron
to the atom, U;. The energy of the incoming photon must exceed the binding energy for
the electron to be emitted. If the incoming photon interacts with an electron of an inner
shell, the emission is followed by an atomic relaxation of an electron from an outer shell
jumping down to the vacancy. This atomic relaxation leads to an emission of an X-ray or
a so-called Auger electron.

The photoelectric effect dominates at energies up to tens of keV for high Z materials
and up to hundreds of keV for low Z materials. The cross-section of this interaction
depends strongly on the atomic number of the material with oc Z*75.

In the range of MeV the cross section is dominated by Compton scattering. The
dominant range varies strongly for different materials. With a cross-section dependence
on the atomic number of oc Z, the Compton-dominated region is much smaller for high
Z than low Z materials.

In this process, also known as incoherent scattering, an incoming photon with the
energy Ep hits a bound atomic electron. The incoming photon transfers some of its
energy to the electron, and both particles are scattered under an angle, while the energy
of the incoming photon splits into Ey = Ej + E._. The amount of energy transferred from
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2.3. Quantitative Description of Secondary Particle Production 29

the incoming photon to the electron is not pre-defined and can range from nearly zero
to a significant fraction of the photon’s energy. This effect is crucial in the chapter about
photon absorbers, as this mechanism is dominant there.

If the energy of the incoming photon exceeds 1.022 MeV and it moves in the field
of a nucleus, pair production happens, where a photon produces an electron-positron
pair.The threshold energy of the effect is defined by the sum of the rest mass of an
electron and a positron. The cross-section of this effect scales with Z2, so it depends
stronger on the atomic number than Compton scattering. As it can be seen in Fig.
for the case of higher Z materials, like lead, pair production is the dominating effect
at already 5MeV, while it is only at 25 MeV for carbon. Together with Bremsstrahlung,
explained later in greater detail, pair production is responsible for the electromagnetic
shower development and is used for positron production in positron targets.
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Fig. 2.5. Cross section of photon effects, comparing two different materials, on the left side a
low Z material (carbon) and on the right side a high Z material (lead). The plots are taken

from .

2.3.3 | Energy Loss in Matter

If a charged particle moves through a material, it loses energy. The energy loss orig-
inates from Coulomb interactions of the incoming particle with the field of the atomic
electrons. This process, also known as electronic energy loss, dominates at lower en-
ergies up to tens of MeV for electrons and positrons and higher energies for heavier
particles. The so-called radiative loss becomes the dominant process for particles with
higher energies.[59]oc

When the incoming particle interacts with the nucleus of an atom, the particle does
not lose as much energy but is mainly subject to an angular deflection. The corre-
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Eo>U;

Y
(b) Photoelectric Effect

Ey>1.022MeV
Y

(d) Pair Production

(c) Compton Scattering

Fig. 2.6. Electromagnetic Interactions. Plots taken from

sponding energy loss is also known as Non-Ionising Energy Loss (NIEL), as the atom
is not ionised but possibly displaced. A related quantity is the Displacement per Atom
(DPA)[164]], giving the fraction of displaced atoms. If the incoming particle exceeds the
binding energy of the atom to the lattice, the atom can be removed from the original
position and form a vacancy-interstitial atom pair (Frenkel pair[65]).

Coulomb Scattering

Coulomb scattering is the scattering between two point-like charges following the
potential

1 zZé?
4dmeg R
with &9 being the permittivity, z and Z the charges between the interaction is hap-
pening, and e is the elementary charge. The charges can either be attractive or repulsive
without impacting the cross-section.
The cross-section, also known as the Rutherford cross-section, can be described with

V(R) =

) (2.29)

dOoRuth z27%e*

_ , (2.30)
dQ 4c2ﬁ2p2sin4(g)

where g = v/c, 6 is the scattering angle, and p the momentum. One of the most
important takeaways from is that forward scattering is much more likely backward

scattering due to % o 1/sin* (g) Using the 4-momentum transfer, ¢ = 2psin (g), and

. 2 . .
the target recoil energy, T = %4, where M is the target mass, the cross-section can be
transformed to,

dopun 2nz°Z%e*

dr ~  BT?M 2.31)
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In Equation it shows that d‘;“]t“h o %, which points to the fact that low energy
transfers are much more likely than large energy transfers.[66]

As it was just seen, the interaction with atomic electrons dominates the energy loss
of particles. Since it is impossible to track every incoming particle, and the particles act

as an ensemble, energy loss is treated statistically.

The interaction of the projectiles with the atomic electrons dominates the energy loss
of particles. The energy loss per unit path length %lelec, also known as the electronic
stopping power, is calculated using the differential cross-section,

art
The electronic stopping power is calculated by integrating the probability of each
energy transfer happening, %(T}, times the energy, T, over all possible energy transfers
up to Tynax and multiplying it by the number of interactions N.

dE Tmax do-(T)
——lelec = Nf T darT. (2.32)
dx 0

Coulomb interactions also occur between the incoming particle and the atomic nu-
cleus, which leads to nuclear stopping power, which is dominant in low energy ranges
(up to 100keV/u) in the case of heavy projectiles. Contrary to the electronic energy loss,
the atom is not ionised by this effect, which is why this type of energy loss is also known
as non-ionising energy loss (NIEL). This effect is closely related to the displacement of
atoms (DPA), which is discussed in greater detail later. For a lepton machine like FCC-ee,
the effects of nuclear stopping are expected to be minor.

Energy loss of electrons

The average energy loss of heavy particles, M >> m,, can be described with the Bethe-
Bloch formula. However, this equation cannot be used for electrons and positrons, as the
projectile and target have the same mass. This leads to larger deflection effects, and
the onset of radiative losses happens at lower energies. At low energies, the electrons
lose their energy mainly due to ionisation, meaning Coulomb interactions. Radiative
losses dominate for higher energies, where Bremsstrahlung is the underlying process. It
depends on the Z of the material where this transition happens. For low Z materials,
radiative losses start to dominate above a few tens MeV, while for high Z materials, this
threshold is below 10 MeV (see Fig. [2.7).

With the mass being the same for the incoming and target electron, the largest energy
transfer possible between the two electrons is T, = T/2. Considering quantum mechan-
ics, it follows that the two electrons are indistinguishable after the interaction, meaning
it is unknown which electron was the target and which was the projectile before. With
these considerations, the average stopping power is described as

— <@> = Kéi[l (M) - F(y)], (2.33)

dx A ? 212
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with K being a constant, Z the atomic number of the impacted material, A the atomic
mass of the impacted material, § = v/ ¢, with v being the velocity of the incoming electron,
I the mean excitation energy for the material and F(y) a correction function.[|67]]

Radiation Length

As just discussed, ionisation dominates lower energies, while Bremsstrahlung domi-
nates the energy losses for higher energies. The energy, where the two contributions are
equal, shown in Fig. is the critical energy Ec. The higher the Z of the material, the
lower the critical energy.
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Fig. 2.7. Energy loss for electrons and positrons in lead. The plot is taken from .

In the region where radiative losses dominate, the energy loss is almost linearly
proportional to the electron energy by a factor X !, the inverse radiation length, which
can be then noted as

i _ £ (2.34)
dx B XO ' '
If this equation is solved for the average energy of the electrons, one finds
X
(E(x)) =Ey-exp|——|, (2.35)
0 P( Xo)

which means that the energy of the electron decreases exponentially with the dis-
tance travelled in the medium, with E, being the energy at x = 0. The radiation length
is the length that is needed to reduce the energy of the electrons by 1/e, which is a char-
acteristic length and is different for every material. The higher the Z of the material, the
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shorter the radiation length. For tungsten, the radiation length is 0.35 cm[|68]]. Generally
the radiation length can be approximated with

716.4g/cm?A
Z(Z+1)In(287/VZ)’

,and Z and A are the atomic number and mass of the

(2.36)

I _
0=

where X; = Xop in g/cm?

material.
The radiation length is the length over which an electron loses all but le of its energy
and can be approximated by using

, 716.4g/cm? A
Xy =
Z(Z+1)In(287/VZ)
with X} being Xop in g/cm?. With the equation being an approximation, the experi-
mental values from the PDG website [[70] should be taken into account.

(2.37)

In Fig. one can see that the cross-section for pair production is constant for high-
energy photons. This cross-section can be brought into relation to the radiation length
using

7 A
9 pNuXo

This means the shorter the radiation length, the larger the cross-section for the pair
production. For this reason, high Z materials are usually the choice for targets as due to

the larger cross-section a better positron yield can be achieved.

(2.38)

Opair =

2.3.4 | Energy Deposition & Electromagnetic showers

When a particle loses energy moving through a volume, the energy loss is not neces-
sarily equal to the amount of energy deposited in the same volume. This is due to the
possibility of energy being carried away in so-called §-rays, which are energetic. The
actual energy deposition depends on several factors, like the beam energy, the beam size,
the longitudinal and transversal distribution in the beam, and the impacted material.

The radiation length, X, is the characteristic feature of the impacted material in the
case of a lepton machine. For analysing the effects, one has to distinguish between lower-
energy particles in the MeV regime and higher energies, as the effects are changing.

If a MeV electron beam impacts a target, first, the energy deposition builds up and
then forms a broad peak. If the Z of the material increases, the peak is more pronounced,
which is formed by the Coulomb scattering of the electrons while they are decelerating.
This process is followed by a contribution due to Bremsstrahlung photons, which is pos-
sibly still significant, depending on the energy and the material.

Contrarily, for a relatively heavy proton beam, a Bragg peak appears, which is much
sharper, and the tail is less pronounced. More details can be found in the literature.
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If the energy of the incoming beam is high enough, meaning from tens to hundreds
of MeV, shower production is possible. In the case of impacting electrons and positrons,
the main effect is the production of Bremsstrahlung, while impinging photons lead to pair
production. In an electromagnetic shower, these effects happen in the form of a cascade,
meaning photons produced by Bremsstrahlung will then undergo pair production. The
newly produced electrons and positrons can undergo Bremsstrahlung again.

The particles decrease their energy from generation to generation. As soon as they
go below the critical energy, E., radiative effects become less important, and ionisation
effects dominate.

A simplified way to describe the shower development was described by Heitler [71]
and uses the fact that the radiation length X, applies to Bremsstrahlung and pair pro-
duction. After passing one radiation length, an interaction takes place, and one particle
splits is replaced by two particles:

N(t) = 2¢, (2.39)

where N is the number of particles and ¢ the generation number, which also can
be interpreted as the number of X,. As discussed before, the energy decreases from
generation to generation, which can be described with

E(t) = Ep/2t, (2.40)

where Ej is the energy at the entrance of the material, which also defines the number
of particles that will be produced. The shower maximum is reached as soon as E(¢) = E,,
and after this, the shower decreases. Taking this condition into account, the generation
of the maximum is
E

tmax X log(E—(:). (2.41)

The radiation length is proportional to A/(Z?p), meaning the electromagnetic show-
ers are shorter, the higher the atomic number and the higher the density of the material.
Depending on the aim of the material put in place, high or low Z materials should be
selected with care as their properties impact the energy deposition behaviour strongly.
Generally, low Z materials are more robust as they absorb less power, leading to a milder
and slower shower development. Similarly, these properties indicate that low Z materi-
als are not suitable as absorbers and other protection elements.

Heitler provides a clear and simple model, but it cannot predict the situation accu-
rately on a quantitative level. However, as this shower process is complex and it is im-
possible to solve this issue analytically, the best way is to use MC Codes such as FLUKA.

2.3.5 | Bremsstrahlung
This phenomenon is one of the crucial effects for both parts of this thesis, so it is
discussed in more detail.
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As the name says, Bremsstrahlung, breaking radiation, occurs if a charged particle,
mainly electrons (or positrons), is decelerated in the Coulomb field of an atom. In this
process, kinetic energy is is taken by the generation of a photon, while the impacting elec-
tron loses this energy. Depending on the Z of the material, this process is the dominant
mechanism for energy loss of electrons and positrons in the range of MeV or a few tens
of MeV. The cross-section of this effect is proportional to AZ/I—22, so this effect becomes
more critical for high Z materials. Similarly, the effect is much smaller for a proton of
the same energy as an electron, so this is why this effect is particularly important for

lepton machines.[72]

In targets with high Z, this effect is used to produce high numbers of photons and
further positrons. Less beneficially, Bremsstrahlung also happens for beam electrons
interacting with residual gas molecules in the vacuum chamber, leading to energy depo-
sition and possibly decreasing beam lifetime. These two applications are discussed in
more detail in later chapters.

The cross section was first described by Bethe and Heitler in 1934 [73]], which is
corrected and extended for several physical effects, some in the original work, some
several tens of years later. As the quantitative description of the cross-section is not
necessary in the scope of this thesis, a qualitative description follows to give the reader
an overview to the contributions.

The first effect corrected for is the screening by the electron cloud of the Coulomb
field of the nucleus. It depends on the energy of the incoming electron if it feels the
screening effect. If the electron enters at lower energies, there is hardly any screening,
while for ultra-high relativistic particles, there is the full screening effect.

Secondly, there is not only the Coulomb field from the nucleus, but the electrons
around the nucleus also provide a field. Therefore, also Bremsstrahlung happens be-
tween the incoming electron and the atomic electrons. After the calculations, it is evident
that this effect only scales with Z and not Z2.

The cross-section of Bethe and Heitler is based on perturbation theory, which assumes
plane waves for the electrons, as it considers the Born approximation, which is valid
as long as the energy is high enough. For lower energies, plane waves can no longer
be assumed. Instead, Coulomb waves should be used, which is considered with the
Coulomb correction.

As discussed previously, the power loss goes with —% = X%’ which then leads to the
energy loss in the material depending on the distance as seen in Equation[2.35] However,
this is the average energy loss, where the large fluctuations of the energy loss are not
included, which are anyways not impacting the photons spectrum. The cross-section of
the bremsstrahlung events is calculated in two parts, with specific selected cut energy,
splitting high-energy and low-energy photons, as the energy loss scales differently for
high- and low-energy photons.[72]
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Beam Life Time Reduction due to Bremsstrahlung

As just discussed, the energy losses due to Bremsstrahlung fluctuate strongly and
can also take away a large amount of the initial energy of the incoming electron in one
interaction. This can be an issue for lepton colliders as these particles are more prone
to such losses than protons, which are about a factor of 1000 heavier. These losses
are caused by interactions with the residual gas in the vacuum chamber. If an electron
of the beam undergoes a significant energy loss, the energy loss exceeds the energy
acceptance of the machine, and the particle is lost. Therefore, it is crucial to calculate
the probability of such events happening. In an accumulation of these events happening,
the beam lifetime gets shorter. [56]]

Taking the relative energy loss § = dE/E, into account, the probability of this event
happening was derived by Bethe and Heitler. After some calculations, it follows that the
probability for an energy loss of a particle per radiation length is larger than the energy
acceptance with

4
Prag = =2 In8ce. (2.42)

The probability of a particle loss per unit time is proportional to the inverse of the

beam lifetime. Therefore, the beam lifetime is composed of
TI;rlemsstrahlung = _gc - %Lir,lz InGacc. (2.43)

The sum is used to include the radiation lengths L, ; for several different gas species.
As the radiation lengths are usually given for a pressure of 760 Torr, the residual partial
gas pressure P; is given for each molecule type.

From Equation [2.43|is clear that the beam lifetime due to bremsstrahlung events only
depends on the pressure of the vacuum and the machine’s energy acceptance.

2.3.6 | Photonuclear Interactions

Energy deposition is mainly due to Coulomb interactions of charged particles. In
the case of a lepton machine, the main contribution comes from the atomic interactions
of electromagnetic particles. However, due to the severity of the effects of neutrons,
photonuclear interactions must also be considered.

Neutrons are usually more abundant high energy hadron machines. However, with
electrons of such high energies as in FCC-ee, secondary photons can lead to photonuclear
interactions.

The incoming particles interacted with the atoms’ Coulomb field in the previously
discussed interactions. Now, the nucleus of the atom absorbs the photons directly, which
can lead to the emission of nuclei. The photon energy threshold above which neutrons
can be emitted depends on the neutron binding energy of the material. The energy
range, where the photonuclear effect is especially large, is also known as Giant Dipole
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Resonance[74]. In Fig. the contribution can be seen for lead at around 10 MeV. A
higher energy photon can emit more neutrons, but its probability is lower.

Neutrons are particularly interesting as they are the only ’stable’ neutral hadrons with
a mean lifetime of around 15 min. If a neutron with a few MeV is emitted, it is mainly
slowed down by elastic scattering. If the neutron thermalises it is normally caught by a
nucleus.
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Fig. 2.8. Different cross sections of neutrons in tungsten (W-184). Plot produced with .

As shown in Fig. the elastic cross section dominates over a wide energy range.
The resonances are characteristic of every material due to the nuclear structure of differ-
ent nuclei. Since tungsten is used widely in this project, the plot was generated for one
of its isotopes.

For higher energies, inelastic scattering contributes to the cross-section. This happens
above a certain threshold and contributes to the deceleration of the neutrons.

The radiative cross-section is inversely proportional to the neutron velocity below the
resonance region, which means that the probability of absorbing a thermal neutrorﬂ is
higher than a fast one. For heavier materials, it is likely that these neutrons also induce
fission. The values for the neutron cross sections are usually measured and stored in
databases, where the values can be read out.

5Thermal neutrons are neutrons with an energy of 0.025 eV
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2.4 Synchrotron Radiation

Synchrotron radiation (SR) is electromagnetic radiation emitted by a charged parti-
cle following a curved trajectory. SR is actively used in light sources, as the radiation
provides high brilliance that can be used in a wide range of research[76]. In storage
ring, SR is a parasitic effect and the resulting issues have to be mitigated.

The physical foundation for the description of SR was given with the Maxwell equa-
tions formulated in 1873, stating that moving charges lead to electromagnetic waves.
The experimental demonstration followed in 1887 by Hertz. Later, Liénard and Wiechert
described the potentials of moving charges and the energy loss of relativistic charged
particles following a circular path.

After the theoretical description of SR, it took several years until the effect was seen
experimentally in a machine. The first indirect confirmation was found in 1946 at the
Great Energy 100 MeV betatron by Blewett[78], where the expected energy loss could
be shown. Trying to directly detect SR failed in the first place, as the experiment was
searching in the microwave regime. Finally, SR was directly observed at the Great Energy
70MeV synchrotron[79] when it was understood that the SR is to be found at much
shorter wavelengths.

One of the main issues of SR is the energy loss per turn of the beam, which a suitable
RF system must replace. Depending on the size and energy of the machine, the beam
loses energy up to the range of GeV/turn. The energy loss per turn heavily affects the
design of the machine in terms of size and maximum achievable energy.

SR impacts several areas of the accelerator design. In beam dynamics, it leads to
effects like radiation damping, affecting the design of the vacuum system, and quantum
excitation. Close to the interaction points, SR substantially impacts the design of the
Machine Detector Interface (MDI) region, as only a certain amount of background pho-
tons can be accepted[[80]. The RF system design depends strongly on the SR energy
loss per turn since it is responsible for restoring the lost energy. Finally, SR leads to gas
desorption in the vacuum chamber, degrading the vacuum quality and leading to beam
losses.

This thesis focuses on energy deposition in the FCC-ee arcs caused by SR. The energy
loss per turn impacts the machine and the tunnel infrastructure, leading to radiation
damage that must be well understood. The goal has been to develop feasible shielding
solutions to reduce the impact of SR in the FCC-ee arcs.

2.4.1 | Basic Properties of Synchrotron Radiation

The phenomenon of synchrotron radiation is explained by electrodynamics, stating
that an accelerated charge radiates electromagnetic waves. Liénard describes the emitted
instantaneous power of a relativistic accelerated charge, whereas it does not matter if
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the acceleration is in longitudinal or radial direction. However, as it is shown later, the
radiation effect for a particle following a straight trajectory is much smaller than for a
bent trajectory.

For a non-relativistic particle, the generated power is described by the Larmor for-

mula ,

pP=

e (dﬁ ) (2.44)

6megmi e’ dt)
where ¢ is the vacuum permittivity, ¢ the speed of light, mq the rest mass of the
particle and p the momentum.

Equation is only valid for non-relativistic particles and therefore cannot be used
in the case of FCC-ee, where the electrons are relativistic. This indicates that the Lorentz
invariant form using dt = )l/d t has to be considered. The instantaneous power emitted in
a machine with relativistic particles, hence considering the Lorentz invariant form, is

e’c 1

A2
:%(mocz)z (_p)

- (dE) ] (2.45)

drt

2
. . . dE
For a storage ring, where the energy of the particle does not change over time, (E)

disappears, and the power results in

e’c 1 ,(dp)?
=— 7= - 2.46
67eg (moc?)? ( dt) (2.46)
In a circular machine, the radiated power is proportional to y? (y = 2) while for

linear machines, the power is proportional to ﬁ, which is orders of magmtude smaller.

Using % =pw = p%, Equation |2.46 simplifies to

e’c 1

" 6meg (Mo )4 p

ST

(2.47)

NImj

where Ej, is the beam energy and p the bending radius.

From Equation [2.47] it becomes evident that the instantaneous power scales strongly
with the beam energy and the mass of the particles. For lighter particles, the effect
is much stronger, which explains the relevance of the topic for a lepton collider. The
SR power can be decreased by using a larger circumference of the accelerator, which
explains the large footprint of the FCC-ee machine.

However, for practical applications, the power loss per turn is more interesting, as
this number indicates how much energy has to be replaced by the RF system. For this,
the instantaneous power (Equation [2.47) has to be integrated over one turn,

Uy=9 dtP = ds ! E4 2.48
= t —ds= —_—, 4
0 f f 380 (m002)4 ( )
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where it is assumed that all the dipoles along the ring have a similar bending radius
p. In FCC-ee for the operation mode of 182.5 GeV, the energy loss per turn, Uy, is found
at 9.2 GeV/turn for the CDR parameters.

Another key property is the power the beam emits in the form of SR. Considering
the beam current, Ij,, the number of electrons in the ring, N,, and the orbit time T, the
beam power is calculated with

Py = YoNe _ Uoly (2.49)
To e

In FCC-ee, this translates to 50 MW per beam for all four operation modes, which is
a design choice [24]]. The same beam power for all operation modes is achieved using
a higher current for the operation with lower energies. The highest energy leads to the
most challenging energy deposition conditions, which is explained by the SR spectrum
discussed in the next section.

Equations and can be approximated for lepton machines with

E*[GeV]
UplkeV] =88.46———
plm]
(2.50)
4
Pag [kw] = 88,46 .10V ITIAL
p[m]

Table compares the characteristic numbers of different machines, showing the
significant differences between hadron machines like LHC and lepton machines, like LEP
or FCC-ee.The beam energy is several orders of magnitude larger in LHC, but due to
the large mass of the protons the SR power significantly smaller. Regarding the lepton
machines, a difference in radius shows strongly effects on the energy loss per turn and
the critical energy, which is already described in Equation The critical energy, E.,
is another characteristic property of SR, which is introduced in more detail in the next
section.

EinGeV rinm UjpinMeV JinmA E; inkeV PinMW

LEp 45.6 3026 126 0.32 70 0.4
945 3026 2332 0.75 619 13.37
LHC 7000 2784  0.0069 0.85 0.045 0.0037
456 12240 39.1 1280 17.2 50
80 12240 370 135 92.8 50
_ap¥
FCC-ee 120 12240 1869 26.7 313 50
1825 12240 10000 5.0 1101 50

Table 2.1. SR Parameters in various machines. *...The FCC-ee numbers are given for the updated
2023 version[32]. The values for LHC and LEP are taken from and [84], respectively.
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2.4.2 | Spectra of SR

So far, the energy loss and power of SR have been discussed, giving a first estimate
of the impact on the machine and the tunnel. However, to comprehend the impact of
the SR photons on the machines on a deeper level, it is necessary to understand the
spectrum that defines how penetrating the photons concerning energy deposition are. A
short introduction following Part IX] and is given now, but for diving deeper
into the mathematics and theory behind, relevant literature is recommended.

Synchrotron light is emitted constantly all along the ring. For an observer located in
one point, the synchrotron light appears periodically over time as a short flash (see Fig.

Fig. 2.9. Synchrotron light emitted along the ring. (Graphic similar to ||

Synchrotron radiation is usually high in brightness and strongly focused due to the
relativistic velocity of the particles. A non-relativistic particle emits radiation as well,
however this follows a sin?@ distribution, where 6 is the angle with respect to the accel-
eration axis (see Fig. [2.10). If the reference frame for the relativistic particle is moved
from the lab system to the centre of mass system, the particle now is non-relativistic as
well. In this reference frame, the radiation is the same as for a non-relativistic particle.
However, in the lab system the radiation distribution for a relativistic particle is strongly
forward-directed, with an opening angle of 1/y per side (see Fig. [2.11)). This means that
the opening angle gets smaller for higher energy and lighter particles, which is the effect
used in light sources.

Next, the SR spectrum has to be elaborated. The duration of the synchrotron light
seen by an observer at one point has to be calculated, depending on the paths of the
beam electron and SR photon (see Fig. [2.12). An electron travelling along the circular
trajectory from A to B covers a distance of 2p/y. A photon is not bent, which leads to
a distance of 2psin(1/y). Considering that the photon moves straight with the speed of
light, ¢, and the electron with fSc, the length of the flash is found at

20 2 ; 1 (2.51)
YBc ¢ vy
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Fig. 2.10. Electromagnetic radiation from a non-relativistic particle in the lab system. In the
centre of mass system of a relativistic particle, the particle sees a similar radiation pattern.

Fig. 2.11. Synchrotron radiation from a relativistic particle in the lab system.

For a more convenient expression, the sinus is expanded to the third order, sin)l/ ~

1__1
Yy 6y
Using these expansions and f = 1, the light pulse duration results in

2
+0(y°). Furthermore, y >>1,s0 f=1/1- ()l/) can be expanded to = 1—#+O(y4).

sr=2P_ (2.52)
3¢y
The pulse duration is proportional to 1/y3, so it becomes shorter with higher electron
energy. The shorter peak in the time domain, the broader is the observed spectrum in
the frequency domain.
For the effective pulse duration, per definition [56] only the half pulse duration
should should be considered. Now, the critical photon frequency w. can be calculated,
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Fig. 2.12. Geometric scheme to understand the duration of the SR light flash.

which gives the upper end of the spectrum in the frequency domain,

3
Wem — = Ec—_ (2.53)

Knowing the relation between frequency and energy, . = hiw,, the critical energy, .,
results in

3hic E°

Ec= m? (254)

The critical energy splits the SR spectrum into two parts of equal power. For energy
deposition studies, this property is crucial, as it establishes how energetic the majority of
particles are. As discussed in the previous section, different energy ranges are associated
to different interaction mechanisms, which eventually lead to a different distribution of
the deposited energy. The critical energy for electron machines can also be calculated by

using

E3[GeV3) s o
eclkeV] = 2.2183W = 0.66503E*[GeV*] B[T]. (2.55)

For FCC-ee, the critical energyff is found at 1.25MeV for the 7 operation mode at
182.5GeV and at 0.019 MeV for the Z operation mode at 45.6 GeV, which shows that for
higher energies much more energetic particles are emitted by SR. In Fig. the spectra
for the two energies at two different currents are plotted. For the same beam power but
different beam energies and beam currents, the total radiation load on the machine is
identical. However, the distribution of the power differs, as the energy range of the beam
determines the dominant physical effects that occur in the scope of the interaction. For
low beam energies, the power is absorbed mostly locally, while for high beam energies,

6The critical energies are given for the currents given in the FCC-ee CDR, which were used for the simulations
in this thesis if not said otherwise.
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effects like Compton scattering occur that results in a wider spread of power as particles
can be back-scattered.

182.5GeV, 5:4mA —
45.6GeV, 1390mA i 1

m . :

= .

o 1

2 : N

> ; F

© ‘= 182.5GeV ., ]
C 1

1073 102 101 100 101

Photon energy in MeV

Fig. 2.13. SR spectrum for an electron beam of 182.5 GeV and 45.6 GeV, respectively. The plot is
displayed using a double-logarithmic scale and normalised to the respective current.

The spectrum of SR in a circular accelerator comprises the harmonics of the revolu-
tion frequency w, up to the critical frequency w,, and even beyond that.

It is worth remarking that the spectral distribution of the SR only depends on the
critical energy, the radius of the machine and some added mathematical functions, and
was found independently by Schwinger[87]], and Sokolov and Ivanenko[|88]]. If the spec-
trum gets normalized to the critical frequency, it no longer depends on the energy and
a universal distribution is observed, valid for any energy and machine size. As shown in
Fig. for low energies, the spectrum rises slowly, just up to the critical energy and
beyond that, it decreases exponentially.
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THIRD CHAPTER

METHODS AND TOOLS

This chapter discusses the background and application of Monte Carlo Simulations. Sub-
sequently, FLUKA, Flair, and Linebuilder, the tools used for this thesis, are presented.
This part finishes with a discussion of the scored quantities and their relevance for the
machine.

3.1 Monte Carlo Simulations

In accelerators, highly energetic particles lead to a hostile radiation environment that
must be considered for the tunnel and the accelerator component design. Monte-Carlo-
based radiation transport simulations are used to gauge the severity of the impact present
in different locations. These simulations allow for mitigating possible issues over several
iterations while improving the layout and reducing the impact on the machine and its
environment.

A core part of the radiation transport problem is the radiation source, which can
take various forms and shapes. The reasons for radiation in an accelerator are manifold,
ranging from physical effects like synchrotron radiation to interaction with residual gas
molecules and beam impact on targets, to name a few. The particles constituting the
radiation are various: photons, leptons, hadrons, and heavy ions. For FCC-ee, especially
electromagnetic particles in an energy range from keV to GeV are concerned, including
electrons, positrons, and photons. For neutrons that are also present in the machine
in small fractions, the lower end of the energy range is given by the thermal neutrons
(0.025 eV at 300K).

The radiation source interacts with the matter of the implemented geometry. Combi-
natorial geometry uses different bodies, like planes, spheres, cones, and cylinders. These
bodies are the baseline for defining regions with an assigned material, which can be pure
or compound. Furthermore, magnetic or electric fields can be present, which can heavily
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influence the behaviour of charged particles.

The particles of the radiation source undergo interactions with the matter they are
propagating in. In this process, secondary particles can be produced, as well as full par-
ticle showers. Accurate results are obtained by considering the various interaction prob-
abilities and describing the interaction outcome employing suitable models and data.

Finally, the produced radiation has to be quantified. In experiments, different quanti-
ties can be measured. The equivalent for simulations is the so-called scoring that allows
estimating them. Depending on the problem, the scoring can deliver spectra, deposited
energy, quantities related to material damage, biological effects and activation of materi-
als.

As discussed in the previous chapter, particle-matter interactions include different
processes, such as angular deflections of the incoming particle, displacement of atoms,
and ionisation, which results in energy loss and eventually in energy deposition.

So far, the radiation transport problem has been discussed qualitatively. Now, an
introduction to the quantitative solution of this problem is given [90]. An ensemble of
particles, which possibly consists of different particle species, at a position r, moving
with the energy of E, along the direction of Q = (0,(pﬂ is known as the radiation field.
The transport equation aims to describe the change of the radiation field at a later time
within a small volume V, which has a surface S. Another required quantity is the particle
density at the radiation source, ngy(r, E,Q, t = 0). In equation Q" denotes a direction
so that the scattering angles Q' bring it eventually to Q, and N is the target atom density.

The transport equation is written as,

f g EQ, 1) :_j(dAj(r,E,Q, 0-a
v ot s

- Nf drn;(r, E,Q, H)v(E)o (E)
1

[0}
N fv dr f dE' f 4, B9, 0B o 3.1)

do—sec,i

+vadrde'fdQ’;nj(l‘,E'»Q’» t)v(E,)dQ”dE”

+fversource(ryE,Q, 1.

The change in the radiation field is a sum of several contributions. The first term de-
scribes the particles moving through the volume without being scattered. The following
two terms express the number of particles scattered out of and into the volume. The
second to last line considers the contribution from secondaries due to interaction events.
The last term describes the source particles already in the volume before any interaction.

19 and ¢ are the polar and the azimuthal angle.
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Equation can be solved for any arbitrary source density and geometry as long
as realistic cross-sections are considered. However, an analytic solution of this integro-
differential equation is only possible in a few specific cases, including cases with an
infinite medium, only one particle species or taking only a few interaction mechanisms
into account.

Therefore, this problem must be tackled numerically, where the Monte Carlo method
is well-suited. Another method is the numerical quadrature integration, which can solve
general cases but is relatively inefficient. The stochastic Monte Carlo method can solve
the transport equation for any geometry and radiation field while being efficient. The
knowledge of the cross-sections of the interactions allows the simulation of the ensemble
of particle histories. The more refined the cross-sections are, the higher the reliability of
the results. The particle tracks are accumulated to achieve good statistics, allowing for
reliable physical observable predictions. [[90]

Simulating radiation transport based on the Monte Carlo method was developed in
the 1940s as part of the Manhattan Project[[91]]. While the method gets its name from
the casinos in Monte Carlo, the main project drivers were Nicholas Metropolis, Stanislaw
Ulam[92]], Richard Feynman, Richard von Neumann, and Enrico Fermi[93]].

The Monte Carlo method benefits from the Central Limit Theorem, which states that
for a large number of random trials, N, the mean of the Gaussian distribution will move
towards the actual expectation value, with the standard variation evaluations decreasing
as o« 1/V/N. Therefore, reducing the error bars by a factor of 10 requires an increase of
the trials by two orders of magnitude.

In radiation load studies, the Monte Carlo (MC) method solves the radiation trans-
port equation by calculating the particle tracks and the following energy deposition nu-
merically. As long as the cross sections of the microscopic events are well known, in this
case, mainly electromagnetic effects, like bremsstrahlung, Compton scattering, SR, and
pair production, the Monte Carlo method delivers reliable results for the macroscopic
effects.

3.2 FLUKA

FLUKA is one of several particle tracking codes, next to Geant4[97],
MCNP[98]], MARS[99], PHITS[100] and Penelope[101]], to name a few of them. The
capabilities of this tool cover a vast amount of physical effects and can be applied in a
wide range of fields. This thesis focuses on lepton beams in the energy range of several
hundreds of GeV in a large accelerator complex and how to mitigate possibly destructive
effects.

In FLUKA, photon interactions are calculated down to 100 eV and electron and positron
interactions down to 1keV. Neutrons are tracked to the meV range, which is necessary
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due to the large cross-section of thermal neutrons. While these are the relevant particles
for this thesis, FLUKA offers a much wider range of interactions not discussed here.

The microscopic interactions lead to macroscopic effects, which are calculated in
FLUKA. The consequences of radiation include heating, thermal shock, quenching, mate-
rial deterioration, oxidation, and shielding requirements. The code can also be used in
medical physics or for radioprotection, where the activation of materials and the impact
on the environment and users is investigated. Energy deposition translates into power
density, total power, and dose, while other quantities like DPA and particle and dose
equivalent fluences can be calculated.

However, there are some limitations to MC codes like FLUKA. First, the simulated
medium is assumed to be amorphous and isotropic. Furthermore, the material is not
affected by the previous particles, which means that organic insulators do not change
their physical properties even though they would in reality if the total dose has been
too high. In reality, particles produced in showers possibly interact with each other. This
effect, assumed to be negligible, is not considered in FLUKA, as the particles only interact
with the medium.

Furthermore, the next step of a particle does not depend on the previous one, which
means that it is a Markovian process.

The code is historically based on Fortran, using different input files and input cards.
For a better user experience, a graphic user interface, Flair, is used, which is discussed in
more detail in the next section.

3.2.1 | Simulation Ingredients

Several inputs are mandatory for launching a FLUKA simulation, and more options
can be added for more elaborate simulations.

In every case, it is necessary to provide a particle source, such as a beam or a particle
distribution. A beam is the simplest solution, where the particle type, the energy, the
energy spread, the divergence and spatial distribution need to be provided. Additionally,
the beam position has to be given, indicating the origin and the direction, which can be
done in Flair[[102]], so no Fortran coding is necessary. If a particle distribution should be
used as a source, a designated user routine written in Fortran has to be implemented.

The main task before launching a simulation is often to implement the geometry. In
FLUKA, a combinatorial geometry has to be implemented, meaning logical operations
are defined between bodies. The bodies vary from infinite planes, RPPs (Rectangular
ParallelePiped), spheres, cylinders, and cones. A boolean geometry is preferred over
a CAD geometry as it provides higher precision. These bodies then form zones, which
get embedded in so-called regions. The regions have the appropriate material assigned,
which can be pure or compound. It is important to note that every point in the geometry
world has to be assigned to one and only one region, as it otherwise leads to errors.
If present, a magnetic field must also be added to the geometry to represent the real
conditions.
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The equivalent of a measurement at an experiment is the scoring in a simulation.
Scoring can be performed on a region basis or in an independent Cartesian or cylindri-
cal mesh, to name a few. The mesh size of the scoring has to be thoroughly thought
through, as smaller meshes require more computing time and lead to more significant
statistical errors. For a coarse mesh, the seen value will approach the true value quicker,
and the statistical errors will be smaller, but no fine resolution is given. So, for a general
overview of a large geometry, a large mesh is most likely sufficient, while for understand-
ing the impact on detailed components, a mesh in the range of millimetres is required.
Other types of scoring exist as well, where, for example, the amount of particles moving
through a boundary is registered. With all those types of scoring options, it is possible to
measure all kinds of quantities, like total power, power density, flux, dose, and DPA, to
name some relevant ones in this thesis.

There are some cases where the expectation value converges slower than desired
due to various issues. These issues could range from scarce amounts of secondaries in a
region to too little of a particular particle type. If this is happening, adding some biasing
to the simulation is necessary. Biasing exists in several types and is powerful. However,
the user has to be careful not to trigger un-physical changes that might appear in the
results.

All the information above is merged into one input file, a text file that adheres to
columns as needed for Fortran to read the file correctly. The simulation can be launched
after producing the executable file, possibly embedding different user routines. The
simulations are usually run in sequences called cycles. Each of the cycles has the same
amount of primaries. The cycles run in series, but it is possible to launch several jobs in
parallel to reduce the runtime of the simulation. The measure to gauge the run time of a
simulation is usually the average CPU time per primary, which decides how long it takes
to run an extensive simulation as a function of the total number of primary histories
required by the desired scoring.

3.3 FLAIR

Flair[[102]] is a graphical interface based on python3 to facilitate using FLUKA. It
allows the user to work on an intermediate level, where the user still sees how the input
information is translated into the FLUKA input card.

One of the core elements of Flair is the geometry editor (see Fig. [3.1)), which enables
a more intuitive way of building geometries where the geometry is visible from different
angles and in 3D. Furthermore, using this editor makes it easier to debug the geometry
in case of errors.

The other main benefit of using Flair is the input file editor that allows a simple way
of adding information to the input cards without worrying about the correct formatting
of the input file (see Fig. [3.2). Possible errors will be spotted and remarked on, which
makes debugging much more straightforward. As mentioned above, when one card is
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Fig. 3.1. Geometry editor in Flair, displaying the FCC positron source in 3D (top), side cut
(bottom left) and the cross-section (bottom right).

selected in Flair, its FLUKA counterpart is displayed at another place on the screen, so
the user sees what is happening from the FLUKA perspective.

T TITLE “"FCCee target Simuration + +

set the defaults for precision simulations

> DEFAULTS - PRECISIO ¥

Define the beam characteristics (6GeV) - 2 bunches, rms ©.5mm

3% BEAM Beam: Momentum v p: 6.0 part: ELECTRON v
Ap: Gauss v Ap(FWHM): 0.0141 Ad: Gauss ¥ Ad (FWHM): 2.35e-05

Shape(X): Gauss v x(FWHM): 0.11774 Shape(Y): Gauss v  y(FWHM): 0.11774
Define the beam position
% BEAMPOS x: 0. y: 0. 7:-20.9
cosx: 0. cosy: 0. Type: POSITIVE v

(a)

TITLE
FCCee target Simulation
* Set the defaults for precision simulations

DEFAULTS PRECISIO
* Define the beam characteristics (6GeV) - 2 bunches, rms @.5mm
BEAM 6.0 -0.0141 -2.35E-05 -0.11774 -0.11774 ELECTRON
* Define the beam position
BEAMPOS 0. 0. -20.9 a. 0.

(b)

Fig. 3.2. Input card in (a) Flair and (b) directly in FLUKA.

Another benefit is the possibility of compiling the executable and launching simula-
tions directly from Flair, where the simulation status can be observed. After a successful
simulation run, post-processing is possible within Flair, where scoring output files are
merged. One final helpful tool in Flair is directly generating plots from the output file
with the underlying geometry. The plotting tool is based on gnuplot [103]. However,
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the user can still manipulate and plot the data in any other framework.

3.4 Line Builder

If the simulation setups get too complex because full beamlines over several hundreds
of meters should be simulated, setting up the simulation, even in Flair, is tedious and
error-prone. Line Builder (LB) was developed to facilitate this task. It is a Python
program that supports the user to build the beamlines in a more automatised way.

One of the core elements of the LB is the so-called fedb (FLUKA Element Data Base),
where the different FLUKA models of the magnets and other components are stored. Each
geometry is saved and split into three files containing the bodies, regions and assigned
materials, respectively. This database should be kept updated so that any user can access
it.

LB builds the line by placing the magnets according to the provided Twiss file. Usually,
those Twiss files are produced with MadX[[105]] and are received from the beam optics
group. The information about the magnetic strength in the Twiss file is translated by the
LB into the actual magnetic field value, which can also be used to re-normalise and input
map.

Other information eventually found in the input file, like the physics settings or bi-
asing, is prepared in a folder called customised files, with a file for each type of
information. One of the main files is the file that lists all the required elements from the
fedb that are included in the beamline. This file also defines the scoring that is associ-
ated to each element. For additional general scoring in the customised files. Another
essential ingredient in this folder is the input file for the tunnel geometry and the beam
pipe interconnects between the elements. Depending on the problem, a 2D tunnel sec-
tion can be created, which is then bent by the LB according to the Twiss file. For parts of
the accelerator, where the tunnel section changes along with the longitudinal direction,
like for interaction regions, a 3D tunnel with the exact length is used.

Finally, there is the LB input card that is a text file, where the fundamental informa-
tion is saved. This includes the particle type, energy, the Twiss file path, and the names
of the additional user routines that should be included.

LB is then called in a command line, and the final FLUKA input file is created, as
it is otherwise assembled in Flair. Building the executable with LB that automatically
includes all the selected user routines is also possible.

3.5 User Routines

More custom tasks are not possible to perform directly with Flair. For this, it is nec-
essary to include user routines that need some Fortran code implementation for specific
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needs.

In this thesis, user routines are applied in several cases for various simulations. First,
a routine called mgdraw_exbkg. f is used for the positron production source simu-
lations, which dumps particles as soon as they enter a dedicated region. These particles
and their properties, like particle type, energy, location, and angle, are saved into an
ASCII file and can be analysed. This information allows to understand the constituents
and the origins of the energy deposition later on on a deeper level.

In the studies of the SR in the FCC-ee arcs, the usrmed.f routine has been
employed. In the arcs, the FODO cells occur periodically, only one half cell has to be
implemented if this routine is used. As soon as the particles reach the end of the cell,
they enter into a dedicated material, which activates the user routine. In this simulation,
gold is chosen as it is not present elsewhere in the beamline. The routine retrieves the
information about the particles energy, location and angle. On the latter two a translation
and rotation is applied, so they are correctly reinserted at the beginning of the line. The
energy is retrieved, as only secondaries should be reinserted but no primaries, to simulate
the SR effects of the beam moving through a half cell. The use of the usrmed.f routine
enables a clean and efficient way of simulating the SR impacts in the FCC-ee arcs.
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3.6 Radiation Consequences: Scored Quantities

The radiation effects on the material are distinguished between instantaneous and
long-term effects. Generally speaking, these effects impact the material negatively and
should be held to a possible minimum. The components in the machine react differently
on the radiation impact, depending on the materials and the operating temperature. A
machine operated with superconducting devices has other restrictions than a machine
operated at room temperature. With the experience that has been gained over the past
decades, it is possible to assess if the radiation load is sustainable on components or not.

It shall be noted that this thesis does not cover simulations for assessing the activation
of material or of the environment, as these are done by the Radiation Protection (RP)
group. Generally, in the FCC-ee arcs, the activation of material is expected to be low, as
it is caused by photons in the energy range of the Giant Dipole Resonance[74]], which is
higher than the SR photon energy.

First, the instantaneous effects are discussed, emphasising the general meaning and
the further implications for this thesis.

3.6.1 | Instantaneous: Heat Load

The heat load is usually the first quantity to be investigated when simulation results
are available. It is given per machine component and is usually measured in W. Depend-
ing on the beam power, size, location, and component type, the absorbed power can vary
from a few mW to several hundred kW. The heat load or absorbed power per component
is essential and helpful as the power distribution on the whole setup is assessed.

The heat load is also used to design the cooling of the components if necessary. How-
ever, it does not indicate the power distribution in the components, which has to be
evaluated by the power density.

For obtaining the heat load data in FLUKA, a scoring per region of the power is
available. After transforming the binary file into an ASCII file, the can be manipulated
by the PowerByRegion.py script. This script provides a table of all the absorbed power
and the statistical error for each component with the applied normalisation.

3.6.2 | Instantaneous: Power Density

The absorbed power shows how much power goes onto one region or component
but does not show the power distribution. The power density in W/cm? is calculated
for this and is crucial for the design of the machine and its elements. First, it has to be
understood why and how power density is deposited in the material.

If the power density rises above kW/cm? for even a very short time, this can lead to
the melting of the material, ultimately destroying a component. After such an event, the
machine possibly requires a downtime of several months as it has to be repaired and
prepared again. A failure like this usually happens for fast beam losses, where the beam
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impacts the beam pipe instead of a beam dump.

If the machine is operated at low temperatures, meaning in a superconducting state,
there is the risk of quenching the superconducting magnets. In a quench, the supercon-
ductivity of a magnet is lost, changing it back into a normal conducting device, as soon
as the critical temperature ha been exceeded. Eventually, this leads to downtime of the
machine for several hours as the magnets have to be cooled down again after a quench.
In an accelerator like LHC, quenching can be critical, as the magnets are connected in
series, so if one magnet quenches, this phenomenon is transmitted to the neighbouring
dipoles as well.

For low-temperature superconductors that are operated at liquid helium temperature,
a quench limit of the order of 10 mW/cm?3 applies. This threshold is likely much
higher for more modern superconductors, like high-temperature superconductors (HTS),
which can be operated at temperatures of liquid nitrogen. Precise numbers have to be
still determined.

Generally speaking, if a large gradient in power density is observed in a component,
it is usually easier to cool, and locally higher values are more likely acceptable. On the
other hand, mechanical stresses have to be evaluated.

This quantity is technically assessed in FLUKA using the USRBIN card to score energy
density maps. Depending on the structure of the geometry, either a cylindrical or a
Cartesian mesh is selected. The mesh size should be according to the needed resolution
but not too fine, as this leads to poor statistics and high computational efforts. In FLUKA,
the scored quantity has the units of GeV/cm3pp (per primary), meaning that for obtaining
a power density, one has to apply a normalisation factor that takes the current setup into
account.

3.6.3 | Long term: Ionising Dose

Long-term effects impact the components of an accelerator cumulatively. One of the
relevant quantities is the ionising doseEL which is measured in Grey, Gy, with the units of
J/kg.

If dose levels are too high, the material becomes brittle and starts to degrade. The
change in structure leads to a change of material properties that is destructive. The
electronics installed in the tunnel and organic materials used as insulators are particu-
larly vulnerable to high levels of ionising dose. Organic materials, like epoxy, resin, and
G11, are used as insulators in coils. The incoming radiation produces free radicals in
the insulator. These free radicals undergo different reactions, ranging from cross-linking
to gas to oxidation, significantly accelerating the degradation. These chemical reactions
change the molecular structure, which eventually results in a change in the macroscopic
structure and its properties. Doping the material with certain additives can lead to a
beneficial increase in the dose resistance of the material. However, if high dose levels
are expected, organic materials should be avoided.[108]|

2Dose is different from activation and should not be confused.
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The other critical parts in the machine regarding dose are the electronic components.
In R2E (Radiation to Electronics) terms, the Total Ionising Dose (TID) induces cumula-
tive effects that add up over time. The effects are relatively similar to what happens
in organic materials. Generally, a charge builds up in oxides, leading to a shift of the
thresholds and an increased leakage current, ultimately destroying the components.

Depending on the part of the machine one is looking at, different thresholds for
a tolerable dose are observed. For superconducting magnets with organic material as
insulators, the typical threshold is assumed to be at 30 MGy[[109, [108]], and then they
must be replaced. In the case of HTS materials, this threshold still needs to be clarified.
For R2E, the thresholds usually are far below, at a few Gray[[110].

3.6.4 | Long term: Displacements per Atom (DPA)

Another long-term effect impacting the machine is related to the displacements of
atoms. Contrary to the ionising dose, the DPA mainly refer to inorganic material. Due to
the underlying physical mechanism, DPA are usually higher in the case of hadron beams
as leptons are lighter and have no strong interaction, which makes displacement less
likely. Nevertheless, electron beams can lead to relatively high DPA values if the energy
and beam intensity is high enough.

On a macroscopic level, high DPA levels lead to swelling of material. In parts where
a precise geometry is necessary, like in RF cavities, DPA can impact the behaviour of such
components. Otherwise, swelling can also be problematic in space-restricted places.

These effects are caused by processes at the atomic level. The DPA are a dimension-
less number proportional to the number of Frenkel pairs[65] (see Fig. [3.3), Ng, in a
material. It is given as[64]]

A
VNap

DPA =

Nr (3.2)

with A being the molar mass in g/mol, V the volume in cm3, N4 the Avogadro number
in mol™! and p the mass density in g/cm®. As it is a dimensionless number, it tells
the average fraction of atoms that are displaced, so 0.3 DPA means that 3 out of 10
atoms are displaced. In reality, acceptable values are in the range of 1 x 107> DPA/year to
1 x 1073 DPA/year.

If a recoil with an energy E,, i.e. the primary knock-on atom (PKA), hits an atom in
the lattice, and its energy is higher than the displacement energy E;, the atom will be
displaced and form a vacancy at its former location and end up as an interstitial atom
somewhere else in the lattice. The combination of the interstitial atom and the vacancy
is also known as a Frenkel pair. The DPA is a calculated value, usually using empirical
formulas. The first ones to mathematically describe this phenomenon were Kinchin and
Pease (1955) with this simple step function,
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Fig. 3.3. Visualisation of a Frenkel pair. (Figure taken from )
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This means that if the energy of the PKA, E,, is lower than the displacement energy
E4, the number of Frenkel pairs N(E,) stays 0. If the energy exceeds the displacement
energy, a Frenkel pair is generated. There is an upper limit of 2E; since more than one
Frenkel pair would be produced if the energy was higher than that value.

By performing BCA (Binary Collision Approximation) simulations, Norgett, Robinson,
and Torrens, found a way to describe the physical reality more accurately in 1974[112)
113],

0 E,<Ey,
N(E)) =41 Eg<E,<?34 (3.4)
% E,> %.

The model described in equation is also known as DPA-NRT. The factor of 0.8
was obtained by the BCA simulations, which is a factor that describes the displacement
efficiency. Differently to the initial description, the displacement energy now also takes
into account that a fraction of the energy of the PKA is transferred to the atomic motion,
E, = Epxa x f(Epka). This model is the most used one in radiation damage simulations
nowadays. However, it strongly overestimates the actual DPA. The root of the cause
is found in the fact that this type of DPA calculation does not take the recombination in
cascades into account. In reality, some Frenkel pairs in cascades move back into a correct
lattice position, decreasing the number of vacancies.

In 2018 a new model was developed by Nordlund et al.[114]], known as Athermal

Recombination Corrected DPA (ARC-DPA). Generally, the description,

0 E,<E,
N(E)) =11 Eq<Eq<?%4 (3.5)
SErE(Ea) Ea> T3,
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looks quite similar to the one for the DPA-NRT, except for a weighting function &(Ey).
This function gives the relative damage efficiency, meaning the ratio between the actual
number of Frenkel pairs and the number of Frenkel pairs calculated by the DPA-NRT
model, which after some consideration, gives

1- Carcdpa Darcdpa

((Ep)=———
4 2E1/0.8)bucara 4

+ Carcdpa- (3.6)

The two constants Darcdpa and Carcdpa are either experimentally found or with the help
of molecular dynamic (MD) simulations. The advantage of this type of DPA calculation
is that it is considerably the most accurate description. However, these coefficients have
to be obtained for every material, and often, it is not possible to get an accurate result if
a particular, not-so-common material is considered.

The three types of DPA calculation were discussed in detail as the latter two were
implemented into FLUKA recently. Over the course of the thesis, studies were performed
to understand the differences and gauge the results.

3.6.5 | Long term: Equivalent Fluence Values

In electronics[115] [116]], there is a differentiation between cumulative damage and
single-event effects (SEE). As the name says, the cumulative effect can lead to a reduced
equipment lifetime over time, while SEEs are of stochastic nature and can happen at any
time of the operation.

In the case of cumulative effects, ionising and non-ionising effects are distinguished.
The ionisation effect, induced by the Total Ionising Dose (TID), was discussed before-
hand.

The non-ionising energy losses (NIEL) lead to displacement damage in materials. In
the subject of R2E, this quantity is measured by the Silicon 1 MeV neutron equivalent
fluence (Si-1MeVN-eq), which is given in cm™. Depending on the neutron production
threshold of the material, this quantity is often dominated by neutrons in the case of
high Z materials and dominated by electromagnetic particles for low Z materials.

The other type of effects, SEEs, are stochastic, caused by a single particle impacting
a small sensitive volume. The underlying physical effect is either direct or indirect ionisa-
tion of the volume. The first mechanism is based on high Linear Energy Transfer (LET),
which is associated to heavy ions, which are scarce in a machine like LHC during proton
operation. More likely to happen is indirect ionisation, where a nuclear interaction leads
to high-LET secondaries. For the latter case, two different quantities are investigated.

These two fluences, both measured in cm™2, are, on the one hand, the High Energy
Hadron equivalent fluence (HEH-eq) and, on the other end of the energy scale, the
Thermal Neutron equivalent fluence (TheN-eq). High energy hadrons (>20 MeV), which
also include neutrons, lead to soft and destructive SEEs through nuclear reactions. For
hadrons between 0.2 MeV-20 MeV, a weight function is applied that makes their effect
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much smaller. This contribution is expected to be small for a machine like FCC-ee, where
high-energy neutrons are scarce.

Thermal neutrons have an energy of around 0.025eV at room temperature (300 K).
Neutrons in this energy range lead to soft SEEs, for example, single-bit flips that lead to
a wrong output. Typically, their effect is mediated through a 1°B(n, ) reaction. This type
of radiation usually can be easily shielded with a layer of boron to catch the neutrons
outside the electronic component. The thermal neutron equivalent fluence is more rele-
vant with the inverse of the particle velocity, weighing the contribution of higher energy
neutrons. Therefore, it is more relevant in a machine like FCC-ee.

Even though this thesis is not a thesis on R2E, it is crucial to assess the R2E levels in
the machine to understand where more investigations and optimisation must be done.
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FOURTH CHAPTER

POSITRON PRODUCTION SOURCE

In a lepton collider like FCC-ee, the production of positrons plays a crucial role. One of
the design options for the positron production source of this machine features a supercon-
ducting solenoid made of high-temperature superconductor coils (HTS) as an adiabatic
matching device (AMD). The AMD performs a phase space rotation of the positrons pro-
duced in the target before they are accelerated in the capture and positron linac. The
superconducting coils allow for a higher magnetic field strength, which improves the
positron yield. The considered target is made out of tungsten, which generates a signif-
icant electromagnetic shower, possibly implying an unacceptably high radiation load in
the superconducting coils and the capture linac downstream. The linac downstream is
embedded in normal conducting solenoids that are used to focus the positrons into the
forward direction further.

Energy deposition calculations with FLUKA are carried out to assess the feasibility of
such a setup, studying the heat load and long-term radiation damage on the structure for
the Z-operation mode, which has the highest bunch intensity. The impact of the radiation
is studied for the target itself, as a high heat load is expected here, as well as extensive
DPA. Furthermore, the radiation load on the HTS coils is evaluated since quenching and
degradation of the material have to be avoided. Finally, the distribution of secondaries
and power of the electromagnetic shower on the capture linac is investigated to quantify
the heat load in the cavities and the dose in the solenoids.

Parts of this chapter have been presented in [[117].
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4.1 Introduction to the FCC-ee Positron Source

4.1.1 | Positron source: Target and Adiabatic Matching Device

The positron production source consists of several different parts. This section dis-
cusses the positron capture system and the positron production target, which is hit by
6 GeV electrons to produce positrons[i38]]. The capture system, also known as the match-
ing device, matches the positrons and focuses them in the forward direction. Down-
stream, the positrons are injected into the capture linac, the second part of the positron
production source, which is discussed in the following section.

Target Choice: Conventional Scheme versus Hybrid Scheme

Two schemes are under consideration for the target: a conventional scheme and a hy-
brid one. This thesis explores the conventional scheme, but both schemes are discussed
here for completeness.

An amorphous tungsten target is used in the conventional scheme[[44]], as it is a high-
Z material with a high melting point of 3695 K[68]]. High-Z materials lead to a positron
yield increase since the cross-section of the processes producing the electromagnetic
showers, Bremsstrahlung and pair production scale with Z2. An extensive discussion
about the underlying physics is given in Chapter [2| The target has to be long enough
longitudinally for the shower to develop enough, which is assumed to be at five radiation
lengths, Xo. For tungsten, the radiation length is 0.3504 cm, considering a density of
19.3g/cm®[68].

The disadvantage of the conventional scheme is the risk of excessive heat load on
the target, meaning unacceptable Peak Energy Deposition Density (PEDD). The limit of
PEDD is assumed to be at 35]/g.

The other option is a crystal-based positron source, where an oriented crystal pro-
duces photons efficiently. Electrons impinge on a crystal with a small angle compared
to the crystal axis experience a strong electric field originating from the crystal atoms.
The coherent interaction of the electrons with the crystal lattice leads to the emission of
coherent radiation. If the incoming particles align well with the main axis of the crystal,

the particles are channelled, which is the case if the impacting angle is lower than the

critical angle, ¥ = %, with Uy being the potential well of the crystal and E is the en-

ergy of the impacting beam. In the case of a tungsten crystal at room temperature where
10 GeV electrons impact along the main axis, the critical angle is 0.5 mrad. The radiated
power is much higher in this orientation than if the particles had impacted the crystal in
a random orientation. Additionally, the radiation length in a crystal is much shorter than
in an amorphous material, 0.6 mm compared to 3.5 mm for tungsten.[118]

The hybrid scheme combines the crystal and the amorphous target.[[44] If electro-
magnetic showers develop in a thick crystal, similar issues concerning heat load oc-
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cur. Additionally, an increased temperature induces thermal vibrations, leading to a
decreased channelling effect. The hybrid scheme is applied to avoid an excessive heat
load on the crystal. Here, a thin crystal of around 1 mm-2 mm produces high-power
photons that impact a conventional amorphous target downstream[[118]]. Using a thin
crystal prevents significant heat load issues on the crystal, shifting the radiation load to
the amorphous target downstream, which has to be thoroughly studied.

Crystal-driven positron production has already been investigated in experiments, like
at the WA 103 experiment at CERN[119]]. Hybrid targets are still in an early stage of
their development, with some tests performed in Orsay[[119], and it was considered for
KEK target[[120].

The advantage of a hybrid scheme is that a higher positron yield can be achieved
while obtaining less heat load on the amorphous tungsten target. However, since the hy-
brid scheme is still experimental, the conventional target is still considered the baseline
for FCC-ee. [[44]

Adiabatic Matching Device (AMD): High Temperature Superconducting Solenoid
versus Flux Concentrator

The production of positrons in the target leads to a large transversal momentum
spread of the positrons at the target exit, which is reduced with a matching device
while increasing spatial spread of the particles. A matching device is a focusing solenoid
with a large axial magnetic field at the target exit and decreasing to around 0.5 T down-
stream. Generally, two types of matching devices exist - the Adiabatic Matching Device
(AMD), with an adiabatically decreasing magnetic field, and the Quarter Wave Trans-
former (QWT), with an abrupt transformation of the magnetic field, which is generated
by DC or pulsed coils.[44] For further context, the AMD is discussed, which is already
used in machines like SLAC[121]], LAL (Orsay) [44]], and SuperKEKB (KEK)[122].

The advantage of the AMD is that it captures positrons within a wide bandwidth.
However, it leads to a stronger lengthening of the bunch compared to the QWT, which
must be compensated downstream in the RF structure. Mechanically, the AMD is often
realised with a Flux Concentrator (FC)[123, |124, 125]. A superconducting solenoid
instead of the FC is investigated for the FCC-ee positron source in this thesis, which is
still in its R&D phase.

Positrons moving along a magnetic field undergo a periodic motion. The action
integral, A, of such a motion is an adiabatic invariant. During a slow variation of an
external field, in this case, the magnetic field, B, the action integral stays constant. For
the transverse motion of a particle in a constant magnetic field, the action integral can
be described with

2
Py

A:f pidg; = —=, 4.1)
; 1 1 eB
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where (p;,q;) are the canonical variables, p; is the transverse momentum of the
particle, and e is the charge.

As the period of motion and the action integral change slowly, in the case of a slowly
changing magnetic field, this can improve the acceptance yield.

The magnetic on-axis field is analytically described as

C1l+pz

B, (4.2)

with z = 0 being at the target exit. u gives the decay rate of the magnetic field. For the
FCC-ee positron source, the decay rate is fixed at 50m~!. The peak magnetic field at z=0
is given with By =12 TE[, while B, gives the resulting on-axis field decaying adiabatically
from By to 0.5 T.[126] Now, the realisation of such a magnetic field is discussed.

In a FC, conically tapered solenoids (see Fig. provide the magnetic field for
positrons exiting the target. The coils are powered by fast pulses of 25us length and a
high peak current of 20kA. The peak magnetic field strength is at 7 T, which results in
a cone diameter of 8 mm at the entrance of the FC to 44 mm at the exit downstream.
Longitudinally, the cone stretches over 70 mm, while the entire device has a length of
14 cm.[[127]

The shape of the magnetic field can be seen in Fig. The peak of the magnetic
field is slightly downstream of the target exit, as the distance between the target and the
field-giving FC is 2 mm apart from each other. After the peak, the magnetic field declines

adiabatically.[128]]

T T T T
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Fig. 4.1. Magnetic field in the Flux concentrator. Plot provided by I. Chaikovska ()

Such a FC is installed at the Super KEKB positron source, powered with a 6 us pulse
current of 6kA. These quantities lead to a peak field of 1.8 T.Around the FC, there are
bridge coils that are powered with 600 A and add another 0.5 T, which can be seen in Fig.

112 T is the on axis peak magnetic field for the HTS solution that is investated in this thesis.
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Fig. 4.2. Geometry sketch of the flux concentrator with the beam coming from the right side.
The sketch is provided by [127].

The whole structure is embedded in a vacuum vessel. The target is installed 2 mm
upstream of the FC, with a slight offset of the beam axis, as the electron beam also goes
through this structure in this machine. If positrons should be produced, the electron
beam is steered onto the target. Otherwise, the beam moves through a small hole, all
within a 7 mm diameter.

| LAS (large aperture S-band) |

Fig. 4.3. Geometry of the Super KEKB target. The schematic is taken from .

A different solution is investigated for the FCC-ee positron source. Instead of a FC,
HTS coils should be used to produce the magnetic field. Here, no tapered coils are used,
but the coils are all placed at the same radial distance from the beam. Furthermore, the
coils are already upstream of the target, which results in the peak of the magnetic field
within the length of the target (see Fig. [4.1). With this technology, high magnetic field
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64 Chapter 4. Positron Production Source

strengths can be achieved, which improves the positron yield by a factor of two.[131]]
HTS coils are preferred over low-temperature superconducting coils, as the cooling can
be done with liquid nitrogen instead of liquid helium and higher magnetic field values
can be achieved.

4.1.2 | Positron source: Capture and Positron Linac

This part of the accelerator chain captures, transports and accelerates the positrons
that exit the matching device with a large transverse emittance and energy spread. The
positron linac is split into two parts, the capture linac and the injector linac. The cap-
ture linac reduces the energy spread of the positrons exiting the matching device and
accelerates them to 200 MeV. Downstream, the positron linac accelerates the positrons to
1.54 GeV. After passing through the system of the two linacs, the positrons are matched
to the conditions required to enter the DR.

This thesis quantifies the power deposition and long-term ionising dose in the cap-
ture linac and the surrounding solenoid, and the required shielding is designed. A stand-
ing wave or a travelling wave RF structure is proposed for this linac, whereas the first
is the current baseline. This RF structure is embedded in a normal conducting solenoid
that generates a constant magnetic field. The first RF structure is operated in decelerat-
ing mode to improve the capture efficiency.

An S-Band and an L-Band structure are studied for the capture linac, where S and L
are a reference to the operation frequency band. The S-Band linac would be operated at
3.0 GHz with a solenoid field of around 1.5 T, while for the L-Band version, the frequency
is at 2.0 GHz and a magnetic field strength of 0.5T. A similar structure as the latter
was already proposed for the CLIC injector.[128]] Depending on the chosen structure,
the longitudinal position of the target changes slightly with respect to the coils and the
magnetic field. For now, as a baseline, the L-Band linac is chosen.

The normal conducting solenoids around the RF structure provide the magnetic field
in the forward direction. They are split into one long solenoid covering nearly all of one
structure, with each one shorter solenoid to the side (see Fig. [4.15). In the connectors
between two structures, there is also a short solenoid. While the short solenoids are
smaller in the longitudinal direction, they have a larger radial extension. The fringe fields
and other changes in the magnetic field are not considered for energy deposition studies,
as a constant magnetic field is sufficient to simulate a constant magnetic field along the
vacuum chamber. Additionally, no time-dependent electric field is implemented, whereas
this simplification does not affect the results significantly, as shown later.
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4.1.3 | Parameters used for the FCC-ee Positron Source

This thesis investigates two scenarios for the electron drive beam parameters: an
optimistic and a pessimistic case. The second scenario is based on the maximum bunch
charge the electron can deliver, while the first scenario is expected to be more realistic
if the simulated positron yield can be achieved. Depending on the positron production
yield and the capture efficiency, the electron beam power for the positron production
hence varies about a factor of 4 (see Table. So far, an electron yield of 1 is assumed,
whereas an electron yield of a factor 2 would decrease the bunch charge by a factor 2. It
is important to understand the positron yield in order to determine the required bunch
population of the drive beam.

However, the required beam parameters are still subject to evolution since the positron
transmission efficiency is still unknown. The latter is mainly determined by positron
losses in the damping ring, particularly during the injection. The parameters assumed in
this thesis are given in Table[4.1] which shows all the parameters used for the simulations
done for this part of the machine[[133]].

Optimistic Pessimistic

e- drive beam energy 6 GeV

Beam size (RMS) 0.5 mm

Bunch length (RMS) 1 mm

Energy spread (RMS) 0.1%

Repetition rate 200Hz

Bunches per pulse 2

Target length 5Xp=17.5mm
Bunch intensity 1.8x10%e~ 3.47x100e-
Beam current 1.43nC 5.56nC
Beam power 3.43kwW 13.34 kW

Table 4.1. Parameters for the optimistic and pessimistic scenario used for obtaining the results
of the positron source simulations.

All results presented in this chapter exhibit a linear dependence on the electron drive
beam power. Therefore, the results can be rescaled to the final beam parameters once
established.

These parameters correspond to the Z operation mode (45.6 GeV), which has the
highest beam intensity of all four operation modes[33]]. Even though the final energy
will be higher for the other operation modes, the electron drive beam energy for positron
production stays the same while having lower beam intensities.

The parameters in Table are necessary to calculate instantaneous properties like
heat load and power density. The number of electrons that hit the target per year is also
required for long-term effects like the dose or DPA, with 185 days assumed to be a year of
operation and a duty factor of 0.804[50]. Furthermore, only half of the time, the electron
bunches hit the target, as during the other time, the electrons exiting the common linac
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enter into the higher energy accelerator chain and the collider ring. Considering these
assumptions, for the pessimistic case, one obtains:

2bunches-200Hz-3600s-24h-185days-0.804-3.47 x 10! e—/bunch-0.5 = 8.9 x 10'° e—/year.

4.3)

For the optimistic case with a lower bunch charge, 4.6 x 10! e—/year impinge on the

target. This assumption is conservative, assuming that the same beam intensity is needed
during the filling from scratch and the top-up injection.
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4.2 Radiation Load Studies for the Target and the AMD

This section discusses the matching device and target in more detail. First, the ge-
ometry is discussed, followed by a particle distribution analysis and energy deposition
studies. In the appendix, two parts are devoted to this part of the machine. There, the
different DPA models implemented in Fluka and their impact on the simulation results
are elaborated (see App. [A). The second appendix assesses the energy deposition for the

P3 experiment at PSI[[134] (see App. .

4.2.1 | Evolution of the AMD and Target Configuration

The work presented in this section was based on an iterative design approach in
close collaboration with magnet engineers from PSI/Switzerland and beam dynamics
experts from the BE/ABP group at CERN. The AMD and target configuration evolved
over several months, taking into account engineering constraints, radiation shielding
requirements and beam dynamics. The coil and cryostat geometry and the magnetic
field configuration were developed at PSI, whereas the BE/ABP group performed the
positron yield optimisation. In the scope of the thesis, all radiation load calculations for
the AMD and target were carried out, and the shielding design was developed.

The project started from scratch, with a basic model to prove the concept and derive
the first radiation load estimates. Through several iterations, the layout evolved into a
more realistic design. This section highlights the evolution of the AMD and target layout
by presenting the corresponding Fluka geometry models. The radiation load results are
only presented for the most recent geometry versions.

The material for the cylindrical target is W-Re26, a tungsten alloy that changed to
pure tungsten in later stages. Tungsten is often used for targets due to its high Z num-
ber, which leads to high positron production efficiency. The radius of the target varies
between the different versions, but the length stays nearly the same. Positron yield opti-
misation studies showed that a target length of about 17.5 mm to 18 mm, corresponding
to 5Xo, is the optimal length.[[132]] This length allows sufficient shower propagation in
the target and achieves the best positron yield.

Dedicated thermo-mechanical studies are needed to develop an engineering solution
that copes with the heat load in the target and shielding. These engineering studies
are beyond the scope of the thesis. The total heat load and peak power density are
significant; therefore, it is unclear if the target can be stationary. It is under study if a
moving target is needed, as it is used at SLAC[[44]]. Also, cooling and installation features
are still under investigation.

In the following paragraphs, the different models are discussed. Version 4 is not
presented since it was discarded by the group at PSI before energy deposition studies
could be performed. An according magnetic field is implemented for each version, rep-
resenting the field produced by the coils. The materials used for the components of the
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positron source are always the same for all different versions, except for a few variations.
The components of interest include the coils, the cryostat, the target, the shielding, the
mounting structure, and the vacuum chamber.

The material choices are similar in several versions, so they are presented now. As
discussed, the target is made from tungsten or a tungsten alloy. The high Z of tungsten
is also beneficial for the absorption of secondary showers, and therefore, it is also used
for a possible radiation shielding. The vacuum chamber is made of copper, which has
good manufacturing and desorption properties. The aluminium vessel for the coils is
embedded in a stainless steel cryostat. The mount between the vessel and the cryostat
was initially intended to be epoxy and later changed to steel since it is not sensitive to
the ionising dose like organic materials. The coils are HTS coils made out of YBCO tape,
which has the critical temperature within the range of liquid nitrogen[[135]].

This study aims to optimise the geometry for an optimal positron yield while keeping
the heat load on the components as low as possible.

Version 1

A simple geometry (see Fig. was designed for the first model (V1) of the positron
production target. The target has a length of 1.6 cm and a diameter of 4 cm. A large coil
upstream and eight small coils downstream produce an adiabatically declining magnetic
field. All coils are made out ReBCO tape and covered by a 1 mm copper layer. These
components are embedded in an iron or Inermet180 cuboid with a length of 21 cm and
spreading 20 cm in x and y.

Upstream of the target, the vacuum chamber has a diameter of 2 cm, while down-
stream, it widens up to 4cm. A dedicated vacuum chamber was neglected for the first
model.

No radiation shielding, cryostat, or vessels were implemented in this model, as it
served purely as a proof of concept simulation. Furthermore, cooling the coils would be
difficult in this setup, and this amount of tungsten would not be feasible.

Version 2

Version 2 (V2) represented the first realistic setup, which has the most complex ge-
ometry (see Fig. [4.5) compared to all other versions. The target has a thickness of 2 cm
and extends radially over the full positron production source. Close to the centre, the
target produces positrons, while further outside, the absorbing properties of tungsten
are used as shielding for the geometry downstream. Furthermore, the target separates
the upstream and downstream cryostat. The vacuum chamber has a radius of 2 cm, up-
stream and downstream of the target. The stainless steel cryostat separates the vacuum
from the coils.

Four 1.2 cm wide HTS coils are located upstream at a radius of 5.9 cm, and the length

Energy Deposition Studies for FCCee in FLUKA



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hub

4.2. Radiation Load Studies for the Target and the AMD 69

——— R

Fig. 4.4. 3D model of target V1. One large coil and eight small coils are embedded in a thin layer
of copper, surrounded by a tungsten block. The green centre piece displays the target, with the
beam entering from the left side.

is kept for all following versions. They are embedded into an aluminium and copper
structure held by organic fibre glass mounts. Organic components should be avoided
regarding energy deposition, as they are prone to radiation damage. Outside the alu-
minium and copper structure is another vessel made out of a layer of copper and iron.

Downstream of the target, a 2cm thick layer of Intermet180 parallel to the beam
acts as shielding, located within the cryostat. Another 3 cm of tungsten shielding is also
implemented parallel to the two downstream coils. The coils are different sizes and
placed further outside than the upstream coils. Like upstream, these coils are embedded
in a structure of aluminium and copper and held in place by fibreglass mounts.

This version is a realistic model, as it contains all the operationally essential parts
not included in V1, like the vessel or the cryostat. All the coils are larger than those in V1,
essential for producing an adequate magnetic field due to their location further outside.

The shielding is only located downstream, as negligible heat load was expected up-
stream. The shower produced in the target mainly impacts the components placed down-
stream, so extensive shielding was added. It turned out that the shielding normal to the
beam axis was not needed, as the radiation load was insignificant.

Furthermore, it was remarked that the inorganic mounts would be preferable over
organic fibreglass, as it is less prone to radiation damage.

Finally, this version was discarded, as a less complex solution could be envisaged
with Version 3.
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Fig. 4.5. 3D model of target V2. Upstream of the target (light green), four coils are embedded
in an aluminium structure. Epoxy mounts (neon green) connect the coils with the cryostat.
Downstream, the shielding (blue) protects two coils.

Version 3

In version 3 (V3) (see Fig. [4.6), the main difference compared to V2 is that there
is no separation between an upstream and downstream part of the positron production
source.

The cylindrical target is embedded in the beam pipe, with a length of 1.8cm and a
radial component of 3 cm, located at the same longitudinal position as the last coil. The
target length gets closer to 1.75cm (= 5Xy), which is found to be the optimal length.
Next to the classic target design, a more complex U-shaped target was also implemented
to shield the coils simultaneously. This design was discarded due to its complexity and
limited effect.

Contrary to V2, no dedicated shielding is implemented in this version, as the radiation
load on the coils was expected to be low due to their position upstream of the target.
Seven coils of 7.5cm are used in this geometry, again embedded in an aluminium and
copper structure. As requested, an inorganic material, copper, that withstands radiation
better, is now used for the mounts.
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Fig. 4.6. 3D model of target V3, that includes seven coils embedded in an aluminium structure.
No shielding between the target and the coils is used in this version.

The geometry of this version was already promising, with an acceptable complexity
level and positron yield. However, the radiation load was significant, particularly the
integrated dose on the coils. So, a further iteration was performed.

Version 5

Version 5 (V5) is the version that followed V3 after V4 was discarded in the early
stages by the PSI group. The complexity level is similar for V3 and V5, but significant
changes were introduced, like the number of coils, radiation shielding, and the target
size.

The target has a thickness of 1.8 cm and a radius of 4.375 cm, which is larger than in
the other presented versions. Increasing the target size should help dissipate the heat
and protect components further outside. The target exit is located 1.35 cm downstream
of the peak magnetic field (20T).

Further outside, an Inermet180 shielding with a thickness of 1.8 cm covers the whole
geometry longitudinally. This addition was deemed necessary, as the heat load on the
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coils in the V3 was too high.

In this version, five coils are installed to produce the magnetic field. The first three
coils are upstream of the target, and the last two overlap with the target position. They
are located at a radius of 8.2cm and extend 6.3 cm to the outside. As in the previous
versions, they have a thickness of 1.2 cm and are separated by 1 mm of copper.

The coils are embedded in a copper and steel vessel, which encloses the coils. The
mount that connects the vessel to the cryostat is now made from iron, compared to
copper in V3.

30.05cm

Fig. 4.7. 3D model of target V5, where the target is surrounded by a tungsten shielding. At a
position of 8.2 cm radially to the outside, there are five coils of the same size. The coil the
furthest downstream overlaps longitudinally with the target position.

Version 6 - S Band & L Band

V6 is the most recent version, where the radiation load for two different target po-
sitions is studied. Depending on the RF structure downstream (S-band or L-band), a
different target position gives the optimal positron yield. Furthermore, V6 is essential,
as the same geometry will be installed in the P? experiment at PSI, where no shielding is
needed due to the smaller beam power. It would be optimal if the identical layout could
also be used at the FCC-ee positron production source with the addition of a tungsten
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shielding.

Fig. 4.8. 3D model of target V6, which is the most realistic geometry. The setup of the vessel, the
cryostat and the coils is mostly similar to V5, with the difference that the coils are at a radial
position of 6.1 cm and extend shorter to the outside. The longitudinal position of the target
depends on the type of RF structure downstream. A shielding is located between the coils and
the target, but the final design has yet to be established.

Structurally, V5 and V6 are relatively similar, having the same number of coils and
an identical setup of the vessel and the mounts. The target size, the location of the coils,
and the shielding are realised differently in V6. Additionally, a vacuum chamber with a
thickness of 0.5 mm is implemented in this version.

For this version, simulations are performed for the optimistic and the pessimistic
case, where the electron beam has different power (see Table [4.1]). Additionally, for the
optimistic case, there has been a distinction in the target placement between the S-Band
version and the L-Band version. Depending on the choice of the capture linac design,
S-Band or L-Band, the target must be placed at a different longitudinal position. For the
optimistic case, the W-Re26[136] target has a radius of 1.925 cm and for the pessimistic
parameter set, the target is pure tungsten with a radius of 1.5cm. The target radius
influences the positron yield, with a larger radius being beneficial[137]]. However, for
the heat extraction, a target as small as possible improves the efficiency and feasibility
of this solution[[138]]. Therefore, a compromising solution still has to be found.
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In the pessimistic case, the target is pure tungsten as it allows to manufacture the
target and the shielding from one piece, which is beneficial for the heat extraction. The
shielding is 1.9 cm for the pessimistic case, while it is thinner for for the optimistic case
(1.475 cm), where the target and the shielding would need to be two separate elements.
The shielding longitudinally covers the area from the first coil upstream to the end of the
cryostat.

The target length is 17.5mm, equal to 5Xj, allowing for sufficient shower develop-
ment. The target exit varies for all three versions, being at 4.1 cm (Optimistic: L-Band),
2.0 cm (Optimistic: S-Band), or 3.5 cm (Pessimistic), downstream of the peak field.

Finally, the coils are in a slightly different position, compared to V5, being at a radius
of 6.1 cm and they have a radial extension of 5.45 cm.

Overview of different studied versions

After introducing the various versions, a summary is given for the versions that will
be used in the upcoming section.

V5 V6 - optimistic V6 - pessimistic
L-band S-band

Beam power 3.43kW 3.43kW 13.37kW

Thickness 1.8cm 1.75cm 1.75cm
Target Radius 4.375cm 1.925cm 1.5cm

Exit 3.1cm 20cm 4.1cm 3.5cm
Shielding Thickness 1.8cm 1.475cm 1.9cm
Coils Radial Position 8.2cm 6.1 cm

Radial extension 6.3cm 5.45cm

Table 4.2. Overview of the various AMD versions that are investigated in detail.
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4.2.2 | Secondary Particle Distribution from the Target

As a start to the radiation load assessment, the shower of secondaries is investigated
in close detail in different versions and at various points in the machine. In this type
of simulation, the energy carried by the particles is analysed, leading to a better under-
standing of the device and evaluating the plausibility of the results before launching the
energy deposition studies.

The distribution is analysed in three critical points in and around the matching de-
vice. The first location is the target exit, where the solenoid field of the HTS coils has
not influenced the particle trajectories strongly yet. The second time, the particles are
dumped at the exit of the AMD, which is around 10 cm downstream of the peak magnetic
field strength. At this point in the setup, a substantial fraction of particles is already lost,
which exited the target with a large angle and impacted the AMD. Finally, the distribution
at the entrance to the capture linac is examined around 30 cm downstream.

As mentioned, in this type of simulation, the energy carried by particles is deter-
mined rather than the energy deposition in the components. These simulations are also
run in FLUKA, including a user-routine (mgdraw_exbkg. £ [[106]), where the particles are
dumped as soon as they enter a dedicated region, which is indicated in the Fortran file.
The dumped particles and their properties are written into an ASCII file.

The output files are manipulated, including adding a necessary time structure, as the
beam optics group further uses them as input files for studies in the capture linac.

First, the data for V5 and V6 is compared in Table The electrons that impact
the target have an energy of 6 GeV. One third of the original beam is deposited in the
target and surrounding AMD. V5 and V6 have different magnetic fields implemented,
and additionally, the V6 results are produced using a pure tungsten target. For this
comparison, the data is given for the location of the AMD exit.

V5 V6

GeVpp(e) 0.70 0.72
r<l.5cm GeVpp(e+t) 0.67 0.69
GeVpp(y) 253 254

GeVpp (e-) 047 0.51
r<0.5cm GeVpp(e+) 044 0.49
GeV pp (y) 1.75 1.92

Table 4.3. Energy carried by electrons (e-), positrons (e+) and photons (y) at the AMD exit in V5
and V6. The results are given in GeV per primary electron impacting on the target. The results
are given for a radius limitation of 1.5 cm and 0.5 cm.

The total amount of particles leaving the AMD within a radius of 1.5 cm has an energy
of around 65% for both versions compared to the drive beam power of 6 GeV. This
evaluation includes all particle types, leaving the target downstream, mostly electrons,
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positrons and photons. A percentage lower than 0.3% are other particles, primarily
neutrons.

If the total amount of particles is split into different particle types, it is seen that
around two-thirds of the energy is carried by photons. The rest of the energy is evenly
split between electrons and positrons. For V6 and a radius smaller than 0.5 cm, the elec-
trons and positrons carry more energy than the ones observed with V5, which indicates
a better efficiency in terms of positron production for V6 than V5.

Now, the energy per primary is compared for the different positions in the positron
production source for V6 (see Table [4.4). The energy is expected to decrease when
moving further away from the target as energy is deposited on the AMD, which can be
seen in all cases. For photons, a significant amount of energy is lost within the few
centimetres between the target exit and the AMD exit. The photons leaving the target do
not interact with the solenoid field and often impact the AMD structure and lose energy.
At the same time, the electrons and positrons are pushed into the forward direction with
this magnetic field.

Target Exit AMD Exit RF Entrance

GeV pp (all part.) 4.55 3.99 3.29
GeVpp (e-) 0.75 0.73 0.64
rel3Cm ooy pp (e4) 0.72 0.70 0.61
GeVpp (y) 3.08 2.55 2.04
GeV pp (e-) 0.75 0.51 0.23
r<0.5cm GeVpp (e+) 0.72 0.49 0.23
GeVpp (7) 3.00 1.92 1.13

Table 4.4. Energy per primary at various places (the exit of the target, the exit of the AMD and
the entry into the Capture Linac) in the positron target in V6.

At the target exit, all particles are strongly centred, where most energy is carried
within a radius of 0.5cm. Moving downstream to the RF entrance, it becomes evident
that the electrons and positrons carry relatively more energy than the photons. However,
a rapid decrease in GeV per primary is seen when comparing the data for electrons and
positrons within at a 1.5 cm radius and the 0.5 cm radius between the AMD exit and the
RF entrance. This change leads to the conclusion that the electrons and positrons are
spread more at the RF entrance than at the target exit.

Finally, the actual numbers of particles that are produced per primary are analysed
(see Table[4.5)). For one impacting electron, 328 particles are leaving the target. Photons
are more abundant as bremsstrahlung events are more probable than pair production.
Furthermore, if the emitted photon in a bremsstrahlung event is below the pair produc-
tion threshold, it enters the regime of Compton scattering. This interaction scales with
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Z, making interactions less likely. Therefore, the photons can travel further, eventually
producing a high abundance of photons.

The total amount of particles decreases when moving further downstream as particles
are lost in the components. However, the percentage of positrons and electrons increases
as they adhere to the magnetic field, while the neutral photons are quickly lost. This part
of the machine aims to produce positrons, which makes the loss of photons generally
subsidiary in terms of positron production efficiency. However, for radiation load studies,
the particles lost in the structure are the ones causing the radiation load impact, which
is the topic of the next section.

Target Exit AMD Exit RF Entrance

Total pp 328 170 164
e-pp 5.8% 11.8% 14%
e+ pp 4.6% 8.8% 9.8%
Y pp 89.6% 79.4% 76.2%

Table 4.5. Number of produced particles per primary and the relative contribution. (The
transport threshold is set at 100 keV.)
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78 Chapter 4. Positron Production Source

4.2.3 | Power Deposition in the AMD, Target, and Shielding

In this and the upcoming sections, the power deposition in the different components
of the AMD is discussed. The results are presented for the optimistic and pessimistic
beam parameters to highlight the differences caused by the different beam power. The
optimistic case has a beam power of 3.43kW, while the beam power is to be found at
13.34kW for the pessimistic case, nearly a factor 4 higher (see Table [4.I). The rele-
vant geometries are V5, V6 L-Band, and V6 S-Band, for the optimistic case. For the
pessimistic case, a slight variation of V6 S-Bandop, is studied, where the target exit is
located at 3.5 cm downstream of the peak magnetic field, meaning 1.5 cm further down-
stream than in the optimistic case. The V6 S-Bandpes geometry is the one that will be
implemented in the P? experiment (see Table |4.2)).

First, the total power impacting the AMD for the optimistic and the pessimistic case
is discussed. This quantity gives an insight into how the power is distributed on the
geometry and leads to a first overview of the beam impact.

Optimistic Scenario - Version 5 & 6

V5, V6 S-Band, and V6 L-Band are discussed for the optimistic scenario. For the latter
two, the target is located at different longitudinal positions regarding the peak magnetic
field, depending on the choice of RF structure downstream.

V6 V6
V5 L-band S-band
Target 906W  862W  869W
Shielding 69W 149W  209W
Cryostatand 5 5 8.1W 11.8W

coil supports

0.09W 0.15W 0.27W
t0 0.18W to0.68W to1l.25W

Total 980 W 1030W 1126 W

Coils (1-5)

Table 4.6. Absorbed power in different components in V5 and V6.

Table gives the absorbed power in the different versions for the optimistic case
with a beam power of 3.43 kW. The total power on the AMD, the target and the shielding,
and, therefore, the power escaping the device depends on the geometry and the target
location in the AMD. V6 generally absorbs slightly more power than V5 due to the com-
ponents being closer to the beam axis, which leads to a higher impact on V6. Assuming
a beam power of 3.43 kW, around ~ 30% of the beam power is deposited in the AMD and
target, while the remaining = 70% escapes the structure. Of these 2.3kW to 2.5 kW escap-
ing the AMD, around 2 kW are carried by photons and electrons located. The positrons
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Fig. 4.9. Power density for (a) V5 and for the (b) V6 S-Band.

carry around 0.3 kW to 0.5 kW, which are then accelerated in the RF structure.

Around 25% (906 W for V5, =865 W for both V6) of the electron beam power is dissi-
pated on the target (see Fig. [4.9). The target of V5 absorbs slightly more power due to
its larger radial size, which means there is more material to absorb the power, leading to
the conclusion that the target itself has a shielding effect. If more power is deposited the
target, less power is deposited the surrounding components.

The impact on the shielding is around two to three times higher for V6 than V5,
which is caused by two main factors. In V6, the shielding is closer to the beam, and the
target is smaller in this version, so it absorbs slightly less.

Pessimistic Scenario - Version 6

In the case of 13.34 kW beam power, 3100 W are deposited on the target, 3.5 times as
much as with the optimistic settings for the S-Band version of V6. A similar picture can
be seen in the behaviour of the shielding, which is thicker for the pessimistic scenario
(see Table Comparing the difference in deposited power (a factor of 3.5) with the
difference in impacting beam power (a factor of 4), it becomes evident that the relatively
small changes in the target design impact the deposited power significantly. In this
pessimistic scenario the target shrinks and the shielding becomes larger, so the target is
relatively less impacted, and the impact on the shielding is higher. However, the total
amount of energy scales as expected.

The total power on the coils increases only by around 2.2 for the pessimistic case.
While the power ranges from 0.27 W to 1.25W for the beam power of 3.43 kW, the coils
are impacted by 0.6 W to 2.9 W for 13.34 kW of beam power. The smaller power increase
on the coils is explained by the changes in geometry between the two versions, including
the target position further downstream and the thicker shielding that protects the coils
better in the pessimistic case.
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80 Chapter 4. Positron Production Source

Pessimistic Optimistic

Target 3100W 869 W
Shielding 1040W 209W
Coils (1-5) 0.6W-29W 0.27W-1.25W

Table 4.7. Absorbed Power in V6 comparing two different beam powers and different shielding
configurations.

4.2.4 | DPA and Energy Density in the Target

The following section discusses the radiation load on the target, which includes the
energy deposition density for the instantaneous effects and the DPA for the long-term
effects. Once again, the optimistic case is treated separately from the pessimistic one.

The target has to sustain several challenges, and the aim is to find a solution that
allows the use of a static target, which can stay in the matching device for the entire
operating time of FCC-ee[24]]. The heat load should not be too high so efficient cooling
is possible. Cooling should be facilitated by having the target and the shielding made of
one piece, where it is easier to place cooling tubes in the combined structure.

Optimistic Scenario - Version 5 & 6

The maximum power density reached on the target is similar for V5 and V6 with
around 21kW/cm?, an acceptable value for cooling and material strain. Additionally, a
strong temperature gradient is visible in the target. The peak values are expected to be
similar for V5 and V6, as the targets are similar for both cases. The different longitudinal
position does not impact the power density values, as there is no interaction before the
target.

Regarding long-term effects, DPA is a more critical property for the target than the
ionising dose due to the choice of inorganic material. If the DPA is too high it results
in swelling of the material[[139]], which could lead to a decrease in positron yield that
has to be avoided. Furthermore, such a DPA value leads to degradation of the material
which impacts its properties, such as the thermal conductivity. This eventually affects the
cooling efficiency. On the target, values of around 3 DPA/year are obtained, assuming a
damage threshold of 90 eV and a beam power of 3.43 kW. Considering an electron beam,
this is a high value as the DPA is usually caused by hadronic particles. A DPA of this value
possibly leads to the degradation of the material and needs further investigation.

Pessimistic Scenario - Version 6

For the pessimistic case, the maximum power density is found at around 80 kW/cm?,
which is located at the downstream face of the target centred around the beam axis (see
Fig. [4.10). The peak on the exiting face increases the challenge of cooling the device,
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Fig. 4.10. Power density on the (a) full AMD and (b) a zoom onto the target and shielding with a
13.37 kW beam. Mind the different scales for (a) and (b).

compared to a situation where a heat load peak was found in the longitudinal central
part of the target[[140]. Colleagues from SY-STI-TCD study this problem in greater detail
and try to find a solution to mitigate the issue. While 80 kW/cm? is a high value and it
is challenging to have sufficient cooling, the temperature of the tungsten stays below its

melting point[/68]].

The main concern in this scenario is that the DPA reaches a maximum of 8 DPA/year
on the exiting surface, which is not acceptable. Numbers that high would require several
target exchanges per year. If not possible differently, the target-shielding structure could
be exchanged once a year. Due to the highly radiative environment, this exchange must
be performed by a remote setup already done in different institutes and setups. Another
possibility could be a larger incoming beam that would spread out the peak DPA value
over a larger area and lower the maximum value[138]]. Another proposed mitigation
strategy is to move the beam and paint a broader target spot, which would also spread
the DPA[141]]. However, at the moment, an electron yield of 1 is assumed, meaning
that one positron is produced for every electron of the electron drive beam. As this
assumption is highly conservative, the yield could go up 3-4 times, requiring an electron
drive beam with a third or a quarter of the current bunch charge. Since the DPA scales
linearly with the bunch charge, this would also improve the situation significantly[[142]].

4.2.5 | Heat Load, Ionising Dose and DPA in the Coils

Three different properties, the power density, ionising dose, and DPA, are investi-
gated for the HTS coils. If the power density is too high, the magnet quenches, i.e.,
makes a transition to the normal-conducting state. As HTS coils are used in this part of
the machine, the limits for quenching are much higher than for superconducting mag-
nets made of NbTi or Nb3Sn. Nevertheless, it is essential to investigate the power density
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Fig. 4.11. Power density on the coils of (a) V5, (b) V6 L-Band and (c) V6 S-Band.

to spot unexpected showstoppers. For the long-term effects, the dose and the DPA are
investigated. If the dose exceeds a limit of 30 MGy[[109]], organic materials are deterio-
rated, often used as insulators in the coils. A priori, no organic insulation is foreseen in
the coils, but the dose is still evaluated. The DPA levels are assessed for completeness,
which are expected to be low due to the beam properties and coil locationg?]

Optimistic Scenario - Version 5 & 6

For all geometries, the furthest downstream coil (Coil 5) is impacted the most. In
terms of absolute power, Coil 5 absorbs 0.2W in V5, and 0.7W and 1.25W for V6 for
L-Band and S-Band,p, respectively, while the other coils absorb significantly less power.
This pattern is visible for the power density and ionising dose as well.

The low value in V5 is due to the coils that are located further outside, at a radial
position of 8.2cm compared to a radial position of 6.1 cm for V6. Furthermore, the
shielding is slightly thicker for V5 than for V6.

The difference in power density between the L-Band and S-Bandop: shows that the
longitudinal position of the target with respect to the peak magnetic field leads to signifi-
cantly different values. A peak power density of 16 mW/cm? is obtained in the S-Bandopt
case and 8mW/cm? in the L-Band case, which means that the peak power density dou-
bles by a target shift of 2 cm (see Fig. |4.11). The obtained values are sustainable for the
heat evacuation and the risk of quenching is negligible.

Like the power density, the dose has the highest impact on Coil 5. For V5, a max-
imum of 2MGy/year is reached. In the S-Band,y: version of V6, an ionising dose of
22 MGy/year is reached, while the maximum in the V6 coils is at 8 MGy/year (see Fig.
[4.12). As mentioned, these are the values given for one year of operation. For obtaining
the values for the entire operational time, a factor of 1(ﬂhas to be applied, which leads to

2The long-term values are given for one year of operation. Depending on the project’s aim, the numbers must
be multiplied with different factors to reach the dose over the project’s entire lifetime.

3A factor of 10 is a conservative assumption as the Z mode will not be operating for this time-span. Assuming
that the other operation modes are less severe for the positron production target, this factor is taken as an
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Fig. 4.13. DPA on the coils of (a) V5 and (b) V6 S-Band.

high values of up to 220 MGy in the coils for the S-Band version. Unlike low-temperature
superconductors, no organic material, usually the showstopper, is foreseen in the HTS
coils. Research must still be performed, but the obtained values possibly are acceptable
for the YBCO tapes.

With an electron beam impacting the target, the DPA values on the coils are expected
to be low as they are dominated by neutron interactions. The DPA in the coils of V5
is around 3-4 x 107° DPA, while it is around a factor 3 higher for the S-Band,p, version
of V6 (see Fig. [4.13). These levels suggest a DPA of around 1 x 1073 DPA for the entire
operational time, which should be feasible.

Pessimistic Scenario - Version 6

In the pessimistic scenario, the peak power density is found to be around 30 mW/cm?
in Coil 5, as seen in Fig. while in the optimistic version, the power density peaks at
16 mW/cm3.

While the beam power differs by nearly a factor of 4, the peak power density is twice
as high for the pessimistic case. This difference is due to the target position further
downstream and the significantly thicker shielding in the pessimistic case. The farther

assumption for the entire operational time of FCC-ee.
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Fig. 4.14. (a) Power Density, (b) Dose and (c) DPA on the HTS coils using a 13.37 kW beam.

downstream target results in the shower development being moved downstream and,
therefore, less impact on the coils. Using HTS coils is considered safe with the obtained
values in the pessimistic and optimistic cases. Additionally, the strong gradient of power
density in the coils supports heat transport and hence improves the situation of the coils
even further.

The values of the long-term radiation effects are more delicate to understand. Gener-
ally, the dose distribution is identical to the power density distribution as the quantities
are related. Up to 22 MGy/year are observed for the ionising dose, leading up to 220 MGy
for the entire operational time. This dose value would be too high if superconducting
coils with organic insulation were used as there is a threshold of 30 MGy. As mentioned,
HTS coils free from organic materials are used in the AMD, most likely increasing the
range of acceptable doses. Again, the question about the dose limit for the actual HTS
coils appears, where no clear values could be found in the literature. Further research
for the thresholds has to be performed.

This DPA distribution looks different to the dose and power density distribution,
which is more evenly spread over the five coils. The DPA reaches up to 2 x 10~* DPA/year,
leading up to 2 x 1073 DPA for the entire operational time. It has to be assured that these
values are feasible.

4.2.6 | Summary of the Energy Deposition for the Optimistic and the Pes-

simistic Case

The energy deposition studies were performed for two different beam parameter sets,
the optimistic (3.34 kW) and the pessimistic (13.37 kW) case. Furthermore, several ver-
sions of the geometry (V5, V6 S-Bandop, V6 S-Bandpess, and V6 L-Band) were analysed
to see the impact of different shielding thicknesses, longitudinal target placements, and
radial coil locations.

The heat load and power density on the AMD and target were studied for instan-
taneous effects. The total power that can be translated to the heat load is assumed to
be acceptable in all cases. The use of HTS coils can withstand the power density val-
ues that are obtained in all versions. However, the peak power density value seen on
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the downstream face of the target for the pessimistic beam parameters is critically high,
considering the location of the peak that makes cooling challenging.

Regarding long-term effects, the ionising dose and the DPA were investigated. In
the case of the pessimistic beam parameter set, up to 8 DPA/year are reached in the
target, which is too high to sustain and would require several changes of the target
per year. The DPA is acceptable in the solenoid coils of the AMD. The ionising dose is
particularly high on the HTS coils, as it can lead to the degradation of organic material.
The most significant differences between the various geometries were seen in the coils.
As expected, a location further outside and thicker shielding reduces the impact on the
dose. Generally, the furthest downstream coil has the highest dose load, as it is impacted
by the particle shower generated in the target. Therefore, the longitudinal placement of
the target is also crucial, as a location further downstream decreases the maximum dose
on the coils. In the pessimistic case, up to 22 MGy/year are obtained on the coils, which
leads to extreme values for the full operational time. As HTS is still a new technology,
research has to be done to evaluate the thresholds for the onset of material degradation.
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4.3 Radiation Load Studies for the Positron Linac

The second part of the positron production source section is the positron linac, which
captures the positrons and creates a bunched beam before the particles enter the damp-
ing ring (DR)[38]]. This thesis investigates the first part of this accelerating structure,
as possibly high power losses are expected from the particles entering the RF cavities
with a large angular spread. The RF structure is surrounded by a normal-conducting
solenoid, which provides a magnetic field of 0.5 T to focus the positrons in the forward
direction[143]).

In an RF structure, a time-dependent electric field accelerates the particles. With this
electric field and the magnetic field from the solenoid, two fields impact the particles
moving through the RF structure. However, in FLUKA, it is not possible to implement a
magnetic field at the same time as an electric field, which is necessary for an accurate
design of the FCC-ee positron source setup. Before performing power deposition studies,
evaluating how much the electric field impacts the energy deposition results is essential.

4.3.1 | Layout and FLUKA Model

The positron linac is located 26.6 cm downstream of the peak magnetic field down-
stream of the AMD, which leads to a 16 cm gap between the AMD and the RF structure.

The RF structure comprises five similar cells with 44 cavities and a beam pipe radius
of 3cm (see Fig. [4.15). Each cavity has a length of 6.75cm and a maximal radius of
6.5cm. [| The length of one cell is 324 cm, with the cavities taking up 297 cm, which
leaves 13.5 cm of drift space on each side of the cavities. The complete capture linac has
a length of 16.2 m.

Copper waveguides pointing in the vertical direction are implemented at each cell’s
first and last cavity, with a thickness of 2 mm. The waveguides are filled with a vacuum,
similar to the cells and the vacuum chambers. Vacuum chambers with a thickness of
2mm are present as connections between the cells.

Outside the RF structure, the solenoids provide a magnetic field in the longitudinal
direction, focusing the positrons that have a large angular spread when entering the
capture linac. At the same time, the positrons are accelerated to 200 MeV in the capture
linac.

The current baseline foresees a long solenoid of 221.4 cm length for each cell to cover
the cavities. Like the short solenoids, the long solenoid is located at a radial position of
13 cm. The long solenoids extend 16.2 cm to the outside, and the short ones 27 cm. These
short solenoids have a length of 20 cm, placed left and right of the long solenoid while
covering cavities. An additional short solenoid is placed around the flanges between

4Creating the torus of a cavity is a challenging task in FLUKA since no equivalent body exists in FLUKA. The
best solution to approximate this particular shape is to use truncated cones. For this linac, the circular shape was
approximated with seven truncated cones on each side of the centre, with a cylinder for the central part. The
measures of the truncated cones were obtained using the coordinates of a perfect circle. The truncated cones
overlap and cut apart with vertical planes to reduce accuracy issues at boundaries.
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Solenoids

Cavities

Fig. 4.15. 3D model of the capture linac, where the particles enter from the left side. The grey
plate is the tungsten shield. The red cylinders enclosing the cells are the solenoids, and the
rectangular shapes pointing in the vertical direction are the waveguides.

two cells to minimise the effect of magnetic fringe fields. For the FLUKA simulations,
a tungsten shielding is implemented around the first flange that connects the vacuum
chamber from the AMD with the capture linac.

The solenoids are made from copper, but in FLUKA, the material density is slightly
adapted to account for the actual structure of the solenoids, which are wound cables
with water-cooling holes. The cables have side lengths of 8 mm with a circular space for
the water cooling with a diameter of 3.5mm.[[145] Implementing the correct material
density is crucial as the energy deposition properties depend strongly on the material
density.

The tungsten shielding is implemented in FLUKA, anticipating substantial energy de-
position in the first cell. The shielding is directly attached to the vacuum chamber and
ranges from 3.2 cm to 50 cm. Longitudinally, it extends 10.55 cm downstream from 27.6 cm
downstream of the peak magnetic field in the AMD. A shielding with these dimensions
covers the whole space between the first flange and the waveguide on the first cell. This
implementation of the shielding is only used as proof of concept since, in a realistic
design, gaps are necessary for the mechanical design.

The RF structure is combined with the AMD to simulate the entire geometry in one
step. In this set of simulations, the pessimistic set of beam parameters is used, and the ac-
cording geometry of V6 S-Bandpess geometry of the AMD is implemented. The shielding
in the AMD downstream of the target extends from a radius of 2 cm to the outside. The
target exit is at a longitudinal position of 35 mm downstream of the maximum magnetic
field strength value. As discussed previously, the target and shielding are pure tungsten
and one piece, which facilitates the cooling.

In the space between the AMD and the RF structure, the vacuum chamber has a
radius of 3.4 cm and a thickness of 1 mm.
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88 Chapter 4. Positron Production Source

4.3.2 | Particle Losses in the Linac - FLUKA vs RF Track

The characteristic feature of the positron linac is the co-existing electrical and mag-
netic field. This setup leads to several challenges in FLUKA. Firstly, it is highly cum-
bersome to implement a time-dependent electric field, which is the case for the positron
linac. Furthermore, it is presently not possible to have two types of fields in the same sim-
ulation, which would be necessary with the solenoid field and electric field. With these
restrictions, the FLUKA simulation is left with the constant 0.5 T solenoid field missing
the time-dependent electric field.

It has to be evaluated if FLUKA simulations, where no electric field is present, provide
representative results. If not, multi-step simulations collaborating with the RF group
would be necessary, where RF Track[[146]] is used to accurately track the particles with a
magnetic and electrical field. As this tracking tool cannot evaluate the energy deposition
and heat load, FLUKA simulations are inevitable[[132].

This type of simulation is used to compare the impacting power, which must not be
confused with the deposited energy in the components. As soon as a particle touches the
copper cavity, leaving the vacuum region, it is dumped. A user-routine routine retrieves
particle information, including energy, type, and position, and saves it in an ASCII file.
The power distribution can be understood from this file.

The present particles are photons, electrons and positrons. The minuscule amount of
other particles, such as neutrons, is neglected. The photon power distribution is expected
to be similar for all simulations and codes as they are not impacted by any field. However,
these fields affect the movement of charged particles, like electrons and positrons, which
makes it necessary to study the power loss on the cavities for the different setups. Three
configurations are tested, with two configurations in FLUKA, with and without solenoid
field, and one RF Track simulation, including both fields.

Electrons Positrons Photons Total

No MF MF No MF MF No MF MF No MF MF

Total 1536W 1126W 1467W 1061W 4815W 4822W 7829W 7015W

Cell1 1457W 1026W 1380W 967W 3719W 3721W 6564W 5721W
Cell2 582W 71W  63.5W 628W 616W 607W  737W  741W
Cell3 12.8W 16W 154W  19.7W  263W  261W  291W  297W
Cell4 5.1W 9.1W 5.5W 6.6W 125W  148W  146W  163W
Cell5 3.1W 3.4W 0.8W 4.1W 91IW 83W 91W IOwW

Table 4.8. Dumped Power in the RF structure: FLUKA dump simulation data comparing simula-
tions without a magnetic field (MF) and simulations with a magnetic field of 0.5 T implemented.
The row named "Total" takes all the dumped power into account.

Table compares the power loss for the FLUKA simulations with and without a
magnetic field implemented. Next to the total numbers, a detailed breakdown for each
particle species and cell is given. All numbers are normalised for the pessimistic case of
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4.3. Radiation Load Studies for the Positron Linac 89

V6, meaning a beam power of 13.34 kW.

The power distribution for the photons is similar for both cases, as expected. The
impact on the first cell with about 3.7 kW is more than six times higher than the power
on the second cell and magnitudes higher than on cells 3-5. The first cell takes around
77% of the power deposited on the positron linac by photons, regardless of the field.

For electrons and positrons, the magnetic field impacts the power loss distribution.
The impact on cells 2-5 is relatively similar, but significant differences are visible for
cell 1. Without a magnetic field, around 1.4 times more power is lost on the first cell
due to the lack of the forward-directing field that focuses the particles. Therefore, the
particles have a larger angular spread and are easier lost on the cavities. The difference
in power loss caused by electrons and positrons also shows in the total power lost on the
RF structure, which is around 12% higher if no magnetic field is implemented. Around
58% of the initial beam power of 13.34 kW is lost on the RF structure.

Electrons Positrons Photons Total

RF Track FLUKA RFTrack FLUKA RFTrack FLUKA RFTrack FLUKA

Total 1154W  1126W  1037W 1061W  4830W  4822W 7021W  7015W

Cell1 1015W 1026W  913W 967W  3722W  3721W  5650W  5721W
Cell2 84.96W 71W 79.5W  62.8W 631 W 607 W 796 W 741 W
Cell3 242W 16 W 235W  19.7TW 265W 261'W 313W 297TW
Cell4 21.23W  9.1W 12.8W 6.6 W 140W 148 W 174 W 163 W
Cell 5 8.8W 3.4W 7.9W 4.1W 71W 83W 88W 90w

Table 4.9. Dumped Power in the RF structure: FLUKA dump simulation data with the magnetic
field set at 0.5 T comparing the data received from RF Track. The row named "Total" takes all
the dumped power into account.

Table compares the power losses from the FLUKA simulation with a magnetic
field and the data provided by RF Track. This comparison aims to understand how the
time-dependent electric field impacts the power loss of the particles in the positron linac.
Again, the power loss for the photons is almost identical for both cases. Furthermore,
it shows that the electric field considered in RF track does not significantly impact the
power loss of the charged particles. The agreement of the data is beneficial, as this leads
to the conclusion that a simple FLUKA simulation can provide reliable results and no
multi-step simulations are required.

For a final check, the Fluka and RF Track data is plotted as a histogram (see Fig.
4.16)), which gives a longitudinal resolution to the deposited power. The plot on the left
side shows an overview of the total length, including all three particle types. The data
agree well, except for the peak at the end, where the power leaving the RF structure
downstream is given for the Fluka simulation but not for RF track. This spike is not
included in the Tables 4.8 and so obtain comparable values for both codes, FLUKA
and RFTrack.
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Fig. 4.16. Energy histogram for (a) the full RF structure and (b) the first cell of the RF structure,
showing the contributions from the different particles in different simulation setups. Taking
the whole geometry of AMD and RF structure into account, the RF structure would start at a z
of 26.6 cm, but for simplicity reasons, in these histograms, z = 0 is set at the entrance of the RF
structure.

The histogram on the right shows the power loss of the electrons and positrons in
the first cell. As previously discussed, the power loss is in good agreement, which these
histograms support. This data confirms the approach of using standalone FLUKA simula-
tions for the energy deposition studies.

4.3.3 | Energy deposition in the RF structure

Having confirmed that the FLUKA simulations provide loss patterns for the positron
linac, energy deposition can be studied. Two different cavity designs are under investi-
gation, with the cavities extending radially to 7 cm [144]] and 11 cm[147]], respectively.
Thinner cavities do not absorb as much power, but thicker cavities provide a better shield-
ing effect for the solenoids located radially at 13 cm. A cylindrical, 10.5 cm long tungsten
shielding is placed upstream of the first cell to protect the linacﬂ Except for the shielding,
which was only designed in FLUKA, the other geometry was designed by the RF groups
of CERN and PSI.

The discussion of the energy distribution will follow a similar pattern as in the pre-
vious AMD chapter. First, the total absorbed power by each element is discussed. Then,
a detailed discussion of power density, ionising dose, and DPA follows for the first cell,
which is the most impacted. The results are presented for the pessimistic beam power
case of 13.34 kW. However, if the beam power changes but the geometry stays identical,
the deposited energy scales linearly.

SDifferent shielding structures were initially implemented as well, but they are not discussed here as they did
not prove to be more efficient.
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Absorbed Power in the RF Structure

The total absorbed power is shown in Table No significant difference is visible
for the shielding and the flanges, as the cavity thickness does not impact these compo-
nents because they are located further inside. The shielding absorbs more than 1kw,
which is significant, considering that the most energetic particles are close to the centre.
This amount of power confirms that this shielding is necessary, as this power otherwise
would impact the RF structure. The flange connecting the AMD with the RF structure
absorbs around 140 W, which is substantial considering the small size. This heat load
should be sustainable as this component is warm. The flanges connecting the different
cells are less impacted the further downstream they are, ranging from 51.6 W to 3.6 W, a
pattern visible for all the components of the RF structure.

The solenoids in this part of the machine are meant to be normal conducting magnets.
Therefore, the situation is less critical compared to the solenoids in the AMD. The main
contributors to the magnetic field are the large solenoids, where the first solenoid is the
most impacted. For these components, a significant difference between the 7cm and
11 cm thick cavities is visible, particularly in the first cell. For the thinner cells, the large
solenoid absorbs 607 W, nearly an order of magnitude more power than for the thicker
cavities (68 W). With this, it becomes evident that thicker cavities are preferable if the
heat load per cavity is bearable, as cooling the coils is much easier at lower absorbed
power. For the long coils downstream, the effect of the thicker coils is not as significant,
as they absorb 12.66 W in the worst case.

For the short coils and the coils used in the space connecting two cells, the absorbed
power differs by a maximum of a factor of 3, depending on the cavity thickness. It has to
be remarked that in the case of the short solenoids, the second solenoid absorbs most as
the shielding well protects the first one. However, the power numbers obtained on these
components are easy to handle.

7cm cells 11cm cells
Shield RF 1049W 1070 W
Flanges AMD/RF 132W 155W
Flanges Cells 43W-3.6 W 51.6 W-4.5W
Solenoid short 68W*-3.6 W  25W*-1.9W
Solenoid long 607W-12.66 W 78.5W-1.4W

Solenoid connect 53W-4.3W 28.5W-3.2W

Table 4.10. Absorbed Power in the RF structure comparing two different thicknesses of the cells.
The * refers to the fact that the highest value is obtained not at the first short solenoid but at
the second one.

Next, the absorbed power on the cavities should be discussed. As there is a large
gradient in the impact on the cavities (see Fig. |4.17)), it is not suitable to give an average
number, but the power load should be assessed individually for each cavity.
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Fig. 4.17. Power on RF cavities in the first structure, comparing different radial extensions of the
cells. The extension of the cell (7cm or 11 cm), influences the radiation load on the solenoids
further outside.

Up to cavity 7, the absorbed power per cavity rises strongly. This behaviour is ex-
plained by the shower still developing at the first cavity and reaching its maximum down-
stream around cavity 7. Within the distance of the first seven cavities, the power rises
from 60 W/cavity to 200 W/cavity, assuming the thick cavities. A maximum of around
170 W is reached for the thinner cavities. These results are promising as even for the
thicker cavities, the power does not exceed the RF power [148]], and therefore, these
numbers are sustainable, which should make them the new baseline. Further down-
stream, the power difference decreases for the two cavity thicknesses and can be found
at around 40 W/cavity. In the cells downstream, the impact decreases even further.

Power Density, Ionising Dose and DPA in the RF Structure

After having elaborated the total absorbed power on the various parts of the capture
linac, the discussion of the localised hotspots follows. Figure shows the power
density of the AMD and the whole RF structure. On the beam level (r = 0), hotspots
can be seen at z = 0, where the target is located. For the cavities and the solenoids, it
shows that the highest impact is on the first cells and then strongly declines. Due to this
behaviour, only the impact on the first cell is explored in greater detail.

The particle shower coming from the AMD first impacts the flange connecting the
AMD with the capture linac. A power density of 3.8 W/cm?3 is obtained in the hottest spot
in the upstream corner. So far, no concerns have been raised regarding cooling, as copper
is conducting heat well. If the power density is translated to the dose, 2800 MGy/year
impact the flange. As the flange is purely inorganic, this value is acceptable. Around
1 x 1073 DPA/year are seen on the same spot, which is also sustainable.

Further downstream, the cavities are heavily impacted, as discussed for the absorbed
power. While the highest total power in the cavities is seen in cavity 7, the highest local
values are obtained between cavities 2 and 3. These values are slightly higher than what
is seen on the flange, 5W/cm?, 3500 MGy/year, and 1.2x 10~3 DPA/year. Arguing the same
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Power Density on the AMD and RF Structure
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Fig. 4.18. Power Density on the AMD and the Capture Linac. A strong gradient from the first
structure to the last structure is visible, so the first structure is a matter of interest for closer
investigation.

way as it was just done previously, it can be concluded that the obtained power density
and dose are feasible. If the DPA levels exceed a certain level, this leads to swelling of
material and changes the shape of the cavity, which can influence the operation of an RF
structure. It has been confirmed that the obtained DPA levels are viable[[148].

For the discussion of the solenoids that enclose the cavities, one has to distinguish
the 7cm and 11 cm thick cavities. As seen in Fig. and Fig. the power density
declines radically, moving further outside or downstream. Therefore, the worst impact
is discussed, which is found around 100 cm downstream of the magnetic peak field in
the AMD. This location is further downstream than the peak on the cavities, which the
longitudinal component of the secondary particles can explain. These solenoids are nor-
mal conducting coils made from copper, with organic materials used as insulators. With
reaching 250 mW/cm?3, 35 MGy/year, and 3.5 x 107> DPA/year in the case of the thin cavi-
ties, and 2.4 mW/cm?, 2.8 MGy/year, and 1.2 x 10~° DPA/year for the thicker cavities, the
obtained values are acceptable for second. The thicker cavities shield the solenoids more
efficiently, which leads to significantly lower impact and facilitates cooling considerably.
Therefore, the latter solution is preferred.

Finally, it should be remarked that the hot spot of the dose in the connecting solenoid
(65 MGy for 7 cm, 50 MGy for 11 cm) is due to the geometry design, which lacks shielding
in this specific location. It was assured that in the final design, additional material would
be placed there to protect the solenoids, so this value should eventually be acceptable.

Finally, it can be stated that the energy deposition results obtained on the positron
production capture linac are promising, and no showstoppers have been detected.
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Fig. 4.19. Power on RF cells in first structure with 7 cm thick cavities. A different scale is used to
amplify the peak. The values highlighted for the cavities and the flanges are also true for the
11 cm cavities.
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Fig. 4.20. Power on RF cells in first structure with 11 cm thick cavities. Comparing this plot with
Fig. that uses the same scale, the smaller impact on the solenoids is evident.

Energy Deposition Studies for FCCee in FLUKA



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

FIFTH CHAPTER

ARCS

This chapter discusses the energy deposition on the FCC-ee arcs due to various physical
processes. First, synchrotron radiation effects on the tunnel and the accelerator compo-
nents are investigated for the 7 mode. Later, beam-gas bremsstrahlung phenomena are
studied, where the Z operation mode is more relevant.

Parts of this chapter have been presented in [149].

5.1 Synchrotron radiation

Synchrotron radiation (SR) is emitted by charged particles moving along a bent tra-
jectory. As already discussed in Chapter [2] the energy loss per turn[56, Part IX] of a
circulating particle is

B
AE x —0 (5.1)

mgp
Therefore, SR is a severe problem for electron-positron colliders at high energies due
to their low mass. A large machine radius (p =12.24 km[32]]) decreases energy loss per
turn and further the impact of SR on the machine. At FCC-ee, the energy loss per turn
ranges from 0.031 GeV/turn for the Z operation mode at 45.6 GeV up to 8 GeV/turn at

182.5 GeV, the t7 operation mode.

The critical energy, E¢, that splits the photon spectrum into two parts of equal de-

posited power is approximated by[|150]

E.[MeV] =2.21 Eg[ﬂ (5.2)
¢ -7 plkm] '
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96 Chapter 5. Arcs

leading to 1.1 MeV ( tf mode) and 17keV (Z mode), respectively. The operational
energy differs by a factor of 4, while the difference in the critical energy is found at a
factor of 65 (see Fig. [5.1)). In the 7 mode, half of the power is carried by photons with
an energy higher than 1.25MeV. When these photons interact with matter, they are in
an energy range where the Compton effect is the main process, while for lower energy
ranges, the photoelectric effect dominates (see Fig. [2.5).

©'182.5GeV, 5.4mA ——— |

@Wi;%ﬁ 45.6GeV, 1390mA ——
% ]

182.5GeV
I e

103 1072 10t 100 10t
Photon energy in MeV
Fig. 5.1. SR Spectrum displayed for the highest and lowest energy operation mode. The vertical
lines indicate the critical energy. (The same plot has been shown already in Chapter[2]but is
used again here for educative reasons)

In FCC-ee, the emitted SR power is by design constant for all four operation modes
at 50 MW/beam. The power is obtained with P = AE - I, which requires higher currents
for lower beam energies and vice versa. This condition is achieved by using a current of
5.0maA for the 7 mode and a current of 1.28 A for the Z operation modd![i33]]. Due to the
higher beam currents, the achievable luminosity is higher for operation modes at lower
energies.

5.1.1 | Simulation design

In this section, the simulation layout is established. The magnets of the beamline are
introduced, and their placement along the arc is presented. Furthermore, the geometry
and the peculiarities of the different photon absorber schemes are discussed.

A representative periodic arc cell of 141 m with two circulating beams, one for elec-
trons and one for positrons, is implemented in FLUKA (see Fig. [5.2)[[151]. The final

ISince the publication of the CDR these values are regularly changing. The SR power and beam energy are
always held constant, but due to changes in the bending radius and hence the energy loss per turn in the FCC-ee
arcs, the beam currents must be ajusted accordingly.
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5.1. Synchrotron radiation 97

beam optics still needs to be established, so the energy deposition studies are performed
with a representative cell that allows for assessing the general radiation load in the tun-
nel. At a later stage of the project, the precise cell shall be implemented, including all
the critical systems.

The setup consists of five dipoles (MB), five quadrupoles (MQ) and four sextupoles
(MS), with a beam separation of 30 cm. These are warm magnets operated at room tem-
perature. The vacuum chambers (VC) are made out of copper and have a diameter of
7 cm with 2.5 cm long winglets attached on the sides, which should reduce the risk of
back-scattered electrons interacting with the beam particles[[152]]. Copper is chosen as
it is easy to manufacture and has favourable radiation absorption and vacuum proper-

ties.[29, [153]]
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Fig. 5.2. Top view of the geometry at beam level with the different types of magnets indicated,
as well as the beam directions and the absorber (ABS) placements. The first two dipoles are
the longer ones, followed by the three shorter ones

The dipole (see Fig. is implemented with two different lengths, namely 24.64 m
for the long version and 21.44m for the short version. The long version is used two
times and the short one three times. Eventually, the long model was discarded due to a
lack of mechanical stability and issues of transporting the magnet[154]]. In the FLUKA
simulation, both models were kept as no significant changes in the radiation load are
expected on the tunnel and the magnet level.

The magnetic field is found at 56.6 mT for 182.5 GeV[24], provided through two iron
plates acting as the yoke and copper busbars used as coils[[155]]. The top plate is mounted
on the other plate with aluminium columns of a 10 cm diameter. These columns were
the design baseline in the CDR, but eventually, this idea was discarded[156]]. Continuous
bars will be implemented instead, providing better mechanical stability. If simple copper
busbars are implemented as coils, these components are expected to withstand high
radiation load well due to the lack of organic material. However, if organic insulator
material is inevitable, the coils are immediately much more prone to radiation damage.
Due to the immense impact of the design, it should be decided at an early stage whether
organic material is present or not.
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Fig. 5.3. Model of a dipole implemented in FLUKA. The top and the bottom plate form the yoke,
held together by the columns. Next to the columns, there are copper busbars as coils. On the
sides, the VC with the winglets is visible.

The quadrupoles (see Fig. have a magnetic length of 2.9 m and a maximum gra-
dient of 10.0 T/m. A generic quadrupole field is implemented in the simulations without
considering the fringe fields. The model is symmetric around the x- and the y-axis, and
a middle-spacer holds the upper and lower parts together.

Similarly to the dipoles, the yoke is made of iron. The shape of the poles is optimised,
so the yoke comes as close as possible to the vacuum chamber. Simultaneously, this
leaves little space for possible shielding in the quadrupoles.

The four coils are located above and below the vacuum chambers. Furthermore,
as SR is emitted tangentially, the location of the coils and the large amounts of iron
around protect the coils from excessive radiation load. Prototypes for the dipoles and
the quadrupoles have already been manufactured.

Fig. 5.4. Model of a quadrupole implemented in FLUKA. The vacuum chambers are surrounded
by the yoke, which consists of a similar upper and lower part. The coils are located below and
above the vacuum chamber and well protected by a large amount of iron from the yoke.
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For the sextupoles, no technical drawing or prototype exists so far. The design (see
Fig. was implemented using half of a yoke-coil combination as seeh in the CDR[24]]
and extending it to the full sextupole by symmetric rotations and translations. Contrary
to the MQ and MB, no coil endings are included for the 1.4 m long magnets. No magnetic
field is implemented in the FLUKA simulation, as its effects on the energy deposition
are expected to be minor. It is still relevant to include these magnets, as they absorb
SR power emitted from magnets upstream and are therefore protecting magnets down-
stream. Furthermore, it has to be understood if the load on these magnets is sustainable.
Four sextupoles are used, appearing in pairs after the first and the second dipole (see Fig.

5.2).

Fig. 5.5. Model of a sextupole implemented in FLUKA. The coils, which consist of 0.7 cmx0.8 cm
wide copper strings, come particularly close to the vacuum chamber in the horizontal plane.

Shielding Design

Two different SR protection layouts were tested, one using the photon absorbers
and another using continuous shielding. For the continuous shielding layout, extensive
experience exists as this scheme was used for LEP[[157]]. The localised absorber scheme
provides other advantages, such as lower material consumption and integrability in the
vacuum system.

For the local photon absorber scheme, 25 absorbers per beam are placed along the
140 m long cell, which results in an absorber every 5m-6m. Placing the 30 cm long
absorbers in such a manner, the SR fan is completely intercepted over the entire length of
the arc[29]]. Placing the absorbers in the dipoles, with few geometrical space restrictions,
is uncomplicated. Up to five absorbers per beam are implemented in each dipole. In the
MQ and MS, the space between the yoke, the coils and the VC is tight, which increases
the difficulty of implementing an absorber there. Even if space was found, installing the
vacuum chamber with the absorbers is significantly more straightforward in the dipoles
due to the simple geometry and lateral accessibility. However, no solution could be found
where the entire SR fan is covered by absorbers in the dipoles, which leads to a design
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where one absorber per beam is found in the first two quadrupoles. Due to this fact,
there are geometry restrictions in the absorber design.

The absorbers have angled surfaces to distribute the impacting power evenly (see
Fig. [5.6/5.7). Due to the nature of SR, the highest impact is expected at y =0, the beam
level. The volume of the absorbers is limited by the yokes of the quadrupoles that come
close to the winglets of the vacuum chamber, which leaves no room for larger absorbers.
Larger absorbers could be envisaged if a placement solution is found where no absorbers
are located in the quadrupoles. So far, using two different absorber sizes is discouraged
due to increased complexity.

Fig. 5.6. The photon absorbers are located on the external winglet of the vacuum chamber. The
surface moves closer to the beam under a small angle, so the impact is distributed over a longer
distance. The water cooling will be attached to the external part of the absorber.

For the water-cooled absorbers, two different materials were tested. The first choice
is a copper alloy, CuCrZr (Copper-Chromium-Zirconium), which is easy to manufac-
ture[29]. These absorbers are heated substantially due to the SR, which makes good
heat transfer properties essential, which is the case for CuCrZr as the VC consists of a
similar material. Finally, CuCrZr has favourable properties in terms of vacuum desorp-
tion, which improves the vacuum quality.

Secondly, Inermet180®, a tungsten alloy well known for its excellent absorption
properties, is used. However, manufacturing this brittle material is challenging. Addi-
tionally, the heat transfer in tungsten is less efficient, providing challenging cooling con-
ditions. Finally, Inermet180® [[158]is significantly more expensive than copper[[159]P}
which has to be considered with around 30,000 absorbers used in the entire machine.

ZNext to the raw material cost, manufacturing is another big driver for cost, which is easier for a copper than a
brittle material like tungsten.
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5.1. Synchrotron radiation 101

The absorbers are designed in such a way that they do not enter the circular part of
the vacuum chamber not to excessively increase the impedance. For the ¢ mode, pho-
tons in the MeV range carry a substantial amount of power and they undergo Compton
scattering when interacting with the material. In this type of scattering, photons can be
backscattered from the absorber surface. Depending on the internal or external beam,
the backscattered particles impact the tunnel or the magnet, respectivley (see Fig. [5.7).

Fig. 5.7. Visualisation of the Compton scattering on the absorbers. A SR photon in the MeV range
impacts the absorber, where it undergoes Compton scattering, which leads to the emission
of an electron and a photon. The electron stays deposits its energy in the electron and the
photon is backscattered. Depending on the internal or external beam, these photons impact
the magnet or the tunnel environment. The two blue parts indicate cooling pipes.

The second absorption scheme is equivalent to the LEP shielding design. In LEP, a
continuous layer of lead was attached to the vacuum chamber to absorb the SR[[157].
For FCC-ee, a 1cm Inermet180® layer was assumed to be attached externally to the
winglets (see Fig. in the dipoles. Compared to lead, its absorption properties are
superior because of the larger density. Due to the tight design of the quadrupole and
sextupole yokes and coils, these magnets have no space to install continuous shielding.

Fig. 5.8. The continuous shielding is attached to the outside of the winglet. It extends over the
full length of the dipole and is maximised to come as close as possible to the dipole coils. No
tungsten is added on the circular part of the VC, as the SR impact is highly concentrated in the
horizontal plane.

The advantage of this system is that there is shielding on both winglets, reducing

Energy Deposition Studies for FCCee in FLUKA



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

102 Chapter 5. Arcs

the effects of backscattering and, therefore, lowering the radiation load in the tunnel.
Furthermore, it is already an established technology. On the contrary, implementing
continuous shielding around all the arcs would require several tons of costly tungsten,
which is also a neutron source that induces to the activation of the material. Finally,
the shielding is only present in the dipoles, which leads to high radiation impact in the
locations of the other magnets.

This accelerator structure is embedded in a realistic tunnel geometry (see Fig. [5.9).
As these are the first studies, only the layout and the collider are implemented in FLUKA.
More details will be implemented later for in-depth studies of the radiation load on the
different systems. In Fig. (a) shows the tunnel layout, the main layout used for the
FLUKA studies[24]]. The collider is visible in the tunnel centre, with the booster ring on
top of it. In the FLUKA version (c), no booster is included. Version (b) shows the most
recent development in the Tunnel design (July 2023, [160]]), where a concrete floor is
added, creating a protected trench for the cables.

Energy Deposition Studies for FCCee in FLUKA



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.1. Synchrotron radiation 103

Collider Centre
—_—

()

Fig. 5.9. Cross section of the tunnel design. (a) and (b) show the cross as it is received from the
infrastructure group, (c) shows the implementation of (a) in FLUKA. So far, no other element
than the collider is added to the FLUKA models as the general radiation load investigated. (a) is
the cross section that was used for the majority of the studies, while (b) is a newer development,
including a concrete floor below which there is a trench for cables. The graphics (a) and (b) are
kindly offered from E Valchkova-Georgieva.
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5.1.2 | Simulation Methods & Settings

One of the challenges for this study has been to find an efficient and reliable way to
simulate the effects of SR. Historically, FLUKA focuses on hadron machines, where SR
is less crucial. Therefore, simulating SR was only possible when working with a special
source card, which is a tedious process, as it is discussed in this section. Within the
scope of this thesis, the simulation of SR in FLUKA has been substantially improved by
colleagues in the section. The current version is more user-friendly and leads to higher
accuracy of the physical results. An introduction is given to the underlying background
of the SR sources.

Initially, a special source (SPECSOUR) needed to be implemented in FLUKA to
generate SR events in FLUKA. With this method, SR photons are randomly sampled along
the dipole, and the resulting energy deposition is tracked. In the SPECSOUR card (see Fig.
[5.10), the user indicates the beam energy, the particle type, the magnetic field strength
and the magnetic length of the dipole. Furthermore, it is also possible to indicate the
position and the angle of a second identical dipole that follows downstream. In one
simulation, generating the SR showers from a maximum of two dipoles is possible. With
the SPECSOUR approach, three simulations per beam are necessary to cover the entire
representative FCC-ee cell. As two beams are present, six simulations are required for a
complete evaluation of the line. The results of these six simulations must be merged in
the post-processing, a lengthy and error-prone process. Furthermore, no SR is emitted
in any other present magnetic field, like in quadrupoles, as with this method, only SR
photons along dipoles are sampled.

% SPECSOUR Type: SYNC-RAD ¥ Part: ELECTRON ¥

E/p: Momentum v p: 182.5 R/E: MagField B: 0.055978
Eymin: 1E-07 Bx: 0.0 By: -1.0 Length: 2162.6
0 11.56237 y2: 0 72: 2815.43245019

A

CosX

2: -0.00198859951435768 cosy2: 0.0

Fig. 5.10. Example of the source card (SPECSOUR) for creating SR photons in the first two dipoles
of the line. As these two magnets must be identical and the dipole length must be identical.
Additionally, the momentum and the photon production minimum energy (Eymin) are valid
for both magnets. In the fourth and fifth lines, the position and the angle of the second dipole
are given, which is located further downstream, possibly with an angle if the beamline is bent.

Due to the several inconveniences that have just been discussed, the development
of a new SR source for FLUKA was triggered. The beam is conventionally launched at
the start of the line, and no special source card is needed with this new method. If the
new SYRASTEP card[162]] is included in the input file, charged particles moving through
a magnetic field emit SR, covering all magnet types. The main advantage is the need
for only one simulation per beam, which decreases the workload substantially while
resulting in more reliable results. For this thesis, simulations were performed with both
methods to validate the new method and establish any issues if there were anyf}

3As no significant issues could be found, the results presented in the following sections are obtained with the
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5.1. Synchrotron radiation 105

In this thesis, the SR for the FCC-ee arcs is investigated, but implementing the full
arcs into FLUKA is not efficient or practicable. The fact that the arcs are composed of
FODO cells that are repeated periodically, is used to find a smart simulation setup. With
this, good statistics can be achieved without time-consuming simulations.

In the case of the FCC-ee arcs, a strategy of a periodic cell where particles undergo
reinsertion from the beginning as soon as they reach the end of the cell is chosen. The
transformation in FLUKA is achieved by using a user routine (usrmed.f ). This rou-
tine is activated as soon as a particle reaches a pre-defined material. In this simulation,
the region downstreanﬁ of the beamline has uniquely assigned gold. With this routine,
the particles are brought back to the start of the cell with a transformation in the position
and direction of the particle. The transformation includes a translation in longitudinal
direction and a rotation of the direction, to align the particle with the position and di-
rection of the tunnel at the cell entrance. If the energy of the particle touching gold is
higher than a specific threshold energy (182 GeV in the case of the ¢t mode), the particle
is dumped as it is the primary electron. Dumping the primary electron is justified, as the
goal is to analyse the SR shower produced by going through the cell once. The secondary
particles are tracked until they reach the low transport thresholds. Reinsertion is crucial
for taking into account SR photons emitted far upstream of the cell under a low angle as
these particles move far.

In the simulations for this study, the electrons are in the external beam moving clock-
wise, and the positrons move counter clockwise in the internal beam pipe. Considering
the entire ring, the beams are crossing twice, and the length of the two trajectories is
eventually the same.

The goal of the simulation is to achieve reliable results using the least time. Energy
thresholds are introduced, below which particles are not tracked or produced anymore.
These cuts are justified as the energy deposition contribution of these low-energy par-
ticles happens in reality within the desired spatial resolution. The transport (EMF-CUT)
and the production (PROD-CUT) thresholds for electromagnetic particles are set at 1keV
for electrons and positrons, and at 100 eV for photons, which is the lowest possible in
FLUKA[163]]. For neutron studies, these electromagnetic thresholds are raised to 10 MeV
for electrons and positrons and 1 MeV for photons. Neutron production is physically pos-
sible only above a given threshold depending on the material, being 2.2 MeV on its low-
est value (Deuterium). Furthermore, in this case, the activation of the PHOTONUC
card[[165] is essential in FLUKA, allowing gamma interactions with nuclei.

FLUKA provides the energy density and dose values in units of GeV/cm?® and GeV/g,
per beam and primary, respectively. These values are normalised to W/cm?® or MGy, using
the beam current of 5.0 mA for the t7 mode (182.5 GeV)[32]. For the long-term radiation

newer method.
“4For the simulation of the positrons, where the beam moves in the opposite direction, the region next to the
origin is assigned gold.
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effects, the dose results are normalised to one year of operation, which is assumed to be

1x107 s or 116 days.
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5.1.3 | Power Deposition on the Collider Elements

As stated in a previous part, 50 MW/beam are emitted due to SR for the full FCC-ee
ring[24]]. For a cell with a length of 140m, 77.5kW/beam are deposited, resulting in
155 kW for both beams. First, the absorbed power per element has to be understood. So
far, it has always been stated that during the 77 operation, the elements and components
are impacted the most. Table lists the absorbed power in the magnets for all four
operation modes, where it shows that the total power is the same, which is expected as
the SR power is constant for all operation modes.

While the total power is identical for all four operation modes, the distribution of
the power varies strongly. The lower the energy of the operation mode, the more power
is caught by the absorbers. For the Z operation mode, more than 99% of the SR power
stays in the absorbers as the energy of the majority of impacting SR photons is below
the Compton scattering threshold[59]. The remaining power is so little that no issues
are expected for this operation mode. The same is most likely true for the W operation
mode. However, as the values show for the H operation mode, still a significant amount
of power escapes from the absorbers. Therefore, detailed studies could be beneficial to
understand the impact.

tt H W Z
ABS 119.2kW  127kW  1452kW  154.6kW
MB 225kW  18.8kW  7.14kW 0.4kw
MQ 245kW  1.9kW 0.7kW 0.04 kW
MS 0.09kW  0.05kW 0.02kW  0.002kW

Tunnel 10.7kW  7.2kW 1.9kW 0.02 kW
Total 155kw  155kW  155kW 155 kW

Table 5.1. Absorbed power per element type for the different operation modes for the copper
absorber layout. The most recent current values ([32]) are used.
(t£: 0.005A; H: 0.0267 A; W: 0.135A; Z: 1.28 A)

Table shows the power going onto the different elements for the different layouts
for the t7 operation mode that has been studied in detail.

In all three cases, the same total amount of absorbed power is 155 kW, but the distribu-
tion of the power on the components differs. The tungsten®|absorbers catch around 93%
of the total power (143.8 kW). In contrast, the copper absorbers only catch 119.2 kW due
to the worse absorption properties of copper. On average, an absorber catches 2.38 kW in
the copper case and 2.88 kW in the tungsten case, assuming a total of 50 absorbers in the
cell.

5In the following sections, the absorber material refers to the main component of the alloy. Therefore the
CuCrZr absorbers are indicated as copper absorbers, while the Inermet180 absorbers are referred to as tungsten
absorbers.
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Tungsten Copper Continuous

ABS or Shield 143.8kW 119.2kW 125 kW

MB 7.2kW 22.5kwW 3.3kwW
MQ 0.8kW 2.45 kW 16.2 kW
MS 0.05 kW 0.09 kW 6.7 kW
Tunnel 3.8kW 10.7 kW 3.3kw
Total 155 kW 155 kW 155 kW

Table 5.2. Absorbed power per element type for the t7 operation mode with the different
absorber (ABS) layouts and the continuous shielding (Shield). The first two columns show the
data for the two different absorber material cases.

The continuous tungsten shielding catches 125 kW, which is slightly more than the
copper absorbers. As copper has worse absorption properties but nearly absorbs the
same amount of power as the tungsten-based continuous shielding, the better efficiency
of the absorber layout is proven. Additionally, it has to be remarked, that of these 125 kW,
79.8 kW are absorbed by the vacuum chamber which is enclosed by the tungsten and the
tungsten itself only absorbs 45.2 kW.

The dipoles are most impacted in the case of the copper absorbers, where they catch
in total 22.5 kW, which is at 4.2 kW per short dipole and 4.75 kW per long dipole[f] If tung-
sten absorbers are implemented, the power on the dipoles is significantly lower (7.2 kW),
which is explained by the better absorption properties. In the case of the localised copper
absorbers, more power is reflected back into the coils for the external beam. The lowest
power on the dipoles is seen with the continuous shielding with about 3.3 kW. Here, the
magnets profit from the shielding that encloses the winglets on the internal and external
sides, effectively protecting the dipole coils from.

The power distribution concerning the quadrupoles is significantly different. The
highest values are obtained for the quadrupoles in the continuous shielding case with
16.1 kW. In the case of the copper and tungsten absorbers, the quadrupoles are impacted
by 2.45kW and 0.8 kW, respectively. The significant difference originates from the fact
that the localised absorbers cover by design the SR fan over the entire cell. Contrarily, the
continuous shielding is only present in the dipoles and does not protect the quadrupoles
and sextupoles. Due to geometrical restrictions, it is impossible to add continuous shield-
ing to other magnet types than dipoles.

The same effect applies to the sextupoles. While the two absorber cases take 0.05 kW
(tungsten) and 0.09 kW (copper), the sextupoles absorb 6.7 kW in the continuous shielding
case. In the sextupoles, the space restrictions are even tighter, not allowing additional
material to be inserted around the vacuum chamber.

6In this breakdown, the magnets include all components except the shielding (absorbers or continuous
tungsten layer.).
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Finally, the absorbed power on the tunnel structure has to be evaluated, which is of
the same order of magnitude for all shielding schemes but with significant differences.
In the continuous shielding case, the power is found at 3.2kW, while it is at 3.8 kW for
the tungsten absorbers and 10.7 kW for the copper absorbers.

The impact on the tunnel is higher for the localized scheme, especially for the copper
absorbers. It has to be evaluated how the power is distributed along the tunnel and if
additional mitigation measures must be implemented.

5.1.4 | Radiation Load on the Magnets and their Components

In a warm machine, like the FCC-ee arcs, the magnet components can sustain higher
energy deposition levels than in a machine with superconducting magnets[59]. Eval-
uating the radiation load is still necessary to spot possible showstoppers especially for
lifetime issues, and it allows a more profound understanding of the impact on the mag-
nets and the surroundings.

This section is split into three parts, each focusing on a different quantity. First, the
absorbed power on the magnet components is discussed, focusing on the benefits and
disadvantages of the different setups. Then, the ionising dose impacting in the dipole
coils is elaborated, followed by a discussion of the observed energy density in the vac-
uum chamber. The energy deposition is discussed for the copper absorber layout and the
continuous shielding. The version using the localised tungsten absorbers had been dis-
carded due to its disadvantages, mainly the higher cost for material and manufacturing,
as well as the negative impacts on the vacuum quality. The continuous shielding is still
kept as proof of concept.

Absorbed Power on the Magnet Components

As discussed in the previous section, the distribution of absorbed power differs be-
tween the layouts due to the different absorption properties of tungsten and copper and
the geometrical differences. In the previous section, the absorbed power was discussed
per magnet type. Here, the absorbed power on the different magnet components is
presented.

The magnets have different lengths and sizes, so analysing the power per unit length
is more insightful than the total power on the component.

For the dipoles, more than 139 W/m impact the yoke for the absorber case, while the
yoke absorbs 23 W/m for the continuous shielding case. The same pattern is seen for
the coils, but the difference is much smaller with 27.8 W/m and 9.2 W/m. At the level of
the vacuum chamber, the the ratio is inverted. For the continuous shielding, the vacuum
chamber catches 350 W/m and around 9.2 W/m for the absorber layout. It has to be eval-
uated if the vacuum chamber could sustain such high values as seen for the continuous
shielding. Problematic outcomes could be the excessive outgassing from the vacuum
chamber[[166] or the mechanical deformation of the vacuum chamber if no suitable cool-
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ing system is implemented[[167]]. Contrarily to the constant shielding, the absorbers are
placed in the winglets inside the vacuum chamber (see Fig. [5.6). As mentioned, they
are located in such a way that the absorbers catch all the SR fan. The continuous shield-
ing is attached to the outside of the vacuum chamber. The copper vacuum chamber is
not transparent for the photons, which leads to a significant absorption of the impacting
energy. The constant shielding mounted on the outside of the vacuum chamber absorbs
around 198 W/ml'} So, the vacuum chamber has a substantial shielding effect.

The same behaviour of the power impact on the vacuum chamber is seen in the
quadrupoles and sextupoles. Considering the data presented in the previous section,
the energy deposition changes as expected in the yoke. When the continuous shielding
scheme is implemented, the sextupole yoke catches 192W/m and up to 338 W/m for
the quadrupoles. The yoke is much less impacted if the localised absorbers are used,
with 9W/m for the MS and 12 W/m for the MQs without absorbers. In the MQs where
absorbers are present, the power per unit length is found at 323 W/m, because of the
backscattering of particles on the absorbers. These results prove the efficiency of the
localised absorbers in protecting these magnets, even if no absorber is located in the
MQs and MSs.

For the absorber scheme, the dipole coils absorb around 14 W/m, while it is found
at 4.9 W/m for the continuous scheme. In the next section, it will be discussed, that the
average value is not representative for the localised absorber scheme, as there are peaks
with high power density that skew the average value.

The coils in the quadrupoles are only slightly impacted, due to the geometry of the
quadrupoles, where the coils are far above and below the beam. Additionally, they are
well protected by a thick layer of iron from the magnet yoke. In the continuous layout
they absorb 6 W/m, while for the absorber scheme it is again necessary to have a distinc-
tion between the MQs that have an absorber (Power on coils: 17.8 W/m) and the ones
without (Power on coils: 1.6 W/m).

In the case of the sextupoles, the power on the coils is much higher in the case of the
continuous layout (231 W/m vs 4.6 W/m) as the coils are close to the vacuum chamber,
nearly touching it. Due to the lack of shielding, the absorbed power is much higher in
the continuous shielding case than in the localised absorber case, where the absorbers in
the dipoles catch the SR photons that would impact the sextupoles.

Dose Levels on the Dipoles Coils

In this section, the dose levels on the dipole coils are established. Whatever shield-
ing solution is chosen, the coils of the quadrupoles are considered to be safe. For the
sextupoles, the dose levels on the coils are negligible if the localised absorber layout is
chosen. The coils of the dipoles are exposed to high radiation load, which needs to be

“The total absorbed power for the continuous shielding case is obtained in this way:
2(198W/m+350W/m)-(3-24m+2-21m) * 1073 =125kW
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Fig. 5.11. Dose levels on the dipole coils for (a) the copper absorber layout and (b) the continu-
ous shielding considering 116 days of operation at 7 mode. Mind the different scales on the
y-axis, showing different orders of magnitude. The plots are produced for the MBL1 magnet,
which is representative for all other magnets.

investigated more closely. So far, it is unclear which insulator material will be used and
if it is organic.

For this part of the study, the coils are impacted mainly by the beam next to them.
The contribution from the other beam is negligible, as the coils and the yokes inObetween
nearly entirely dampen the radiation load. The highest impact is always on the surface
of the coils and the values given in this section are for one year of operation at ¢ mode.

In Fig. the dose levels on the external and internal coils are compared. For the
localised absorber scheme, strongly pronounced peaks are visible. These peaks are al-
ways found in the location of the absorbers in the corresponding beam. As the absorbers
are not located in the same longitudinal positions, different positions for the peaks are
obtained. Between the peaks of the absorbers, the dose levels fall below 1 MGy. Even,
assuming a threshold of 30 MGy for current organic materials[[109]], the levels outside
the peaks are sustainable for the entire runtime of FCC-ee.

The peaks, which reach 750 MGy for the internal coils and 250 MGy for the external
coils, are not sustainable. Particle showers developing in the absorbers in the internal
beam are causing the peaks on the internal coils. In contrast, the impact on the outside
coil is due to backscattered particles from the absorbers. Further mitigation measures
must be implemented to reduce the dose load. A possible solution could include addi-
tional localised shielding around the internal winglet for the external beam or attached
to the absorber in case of the internal beam.

The dose maximum levels are much lower in the continuous scheme. Interestingly,
the peaks are found slightly above and below the beam level. These peaks align well
with the area where the continuous shielding is not present anymore, as it only covers
the winglets. For the internal beam, the dose levels are found between 5 GeV and10 GeV.
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The visible higher peak is due to the lack of shielding in the quadrupole upstream, which
shows its effect further downstream the beamline. The dose levels are at about 1-2 GeV
for the external beam, due to backscattered particles from the external shielding.

Energy Density on the Vacuum Chamber

Next, the power density on the vacuum chamber and the absorbers is discussed, a
quantity essential for finding hot spots and assessing if cooling is possible.

As this quantity is closely related to the ionising dose, a similar pattern as in the
previous section is observed. In the absorber layout, distinct peaks occur at the absorber
positions with values up to 350 W/cm?, but otherwise, low power densities in the range of
10 mW/cm? are seen. For the continuous shielding, a power density of around 30 W/cm3
is obtained in the hottest spots.

Figure shows the power density distribution for the different layouts. The
hotspot in the localised absorber scheme is in the absorber at the beam level. This will
require an effective cooling system, but generally, the heat transfer properties of copper
alloys are suitable. Dedicated thermodynamic studies are still necessary to assess the
severity of the issue and to develop the cooling system.

For the continuous shielding, the peak power density is obtained on the vacuum
chamber, surrounded by the tungsten shielding. Tungsten has worse heat conductivity
properties than copper[168]], which makes cooling more of a challenge. The difficulty
is increased by the brittleness of tungsten, which makes manipulating the material chal-
lenging.

Generally, the results of the localised absorber scheme are promising, especially con-
sidering that FCC-ee is a warm machine. As stated above, studies regarding the cooling
system should be performed in the next step.

5.1.5 | Dose levels in the tunnel

In this section, the dose levels in the tunnel environment are evaluated. All three
absorption schemes are examined for a complete overview of the situation. Additionally,
due to the nature of SR, which is emitted tangentially at the beam level, an assessment
of the vertical dose gradient is required.

First, the dose levels at the beam level are discussed (Fig. [5.13), where the highest
values would naively be expected on the external side of the accelerator. However, a
different behaviour is observed in the case of the localised absorbers, where higher dose
values are obtained on the inside of the ring. As briefly discussed in the introduction to
this chapter, this effect is caused by particles backscattering on the absorbers when un-
dergoing Compton scattering. The backscattered particles impact the dipole coils for the
external beam, while the impact is moved onto the tunnel environment for the internal
beam due to the lack of shielding on the internal winglet.
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Fig. 5.12. Power Density on the VC and the absorber material for (a) the position of a localised
absorber and (b) the continuous shielding. (c) shows the top view of the power density for the
absorber layout at the beam level, where the large difference in power density between the
areas with absorbers and the rest of the beamline becomes evident.

Internally, around 1 m next to the collider, the dose levels are at around 460 kGy for the
tungsten absorbers and 930 kGy for the copper absorbers (see Table [5.3)). On the outside
of the collider ring, the difference between the values is relatively larger, where in the
case of tungsten absorbers, 90 kGy are obtained, and 555 kGy for the copper absorbers.
The better absorption properties of tungsten than copper lead to lower dose values in
the tunnel, a quantity dominated by electromagnetic particles.

For the continuous scheme, the dose levels around the dipoles on the internal and
external sides are similar at around 185kGy. In the locations of the quadrupoles, high
dose peaks up to 1.1 MGy are obtained due to the open space next to the winglets without
shielding. If a continuous shielding scheme is foreseen, additional mitigation measures
for the quadrupoles must be considered. The longitudinal dose distribution for the ab-
sorber layouts is more homogeneous, proving the efficiency of the scheme for the entire
cell.
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Fig. 5.13. Dose levels at the beam level for (a) Tungsten absorbers, (b) copper absorbers and (c)
the continuous shielding (116 days, ¢ mode).

Now, the dose levels more than 1 m above the beam, where they are expected to
be lower, are investigated. No major difference between the internal and external sides
can be seen for all three cases, with the dose being rather homogeneously distributed
(see Fig. [5.14). This behaviour is expected as no direct radiation reaches this region
of the machine. The lowest values are obtained for the tungsten absorber case with
around 90kGy. As expected, higher dose levels are obtained for the copper absorber
case, going up to 280kGy. Two spots of lower dose are observed at around 30 m and
55m, which are explained by the quadrupoles that include absorbers. The combination
of the absorbers and the geometry of the quadrupoles, where the yoke comes close to
the vacuum chamber, provides better protection than seen elsewhere.

In the continuous scheme, the average dose levels reach up to 110kGy. Due to the
lack of shielding in the five quadrupoles, an equal amount of spots with higher dose
levels occur along the line.

These studies are a valuable asset in evaluating the optimal placement of the booster
in the tunnel. So far, two options have been considered: either next to the collider on its
inside or above it[[169]]. The first option was chosen as lower dose values were expected
on the inside, which has been proven wrong in these studies. Preferably, the booster
shall be mounted on top of the collider machine, as the lowest dose levels are obtained
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Fig. 5.14. Dose levels above beam level for (a) Tungsten absorbers, (b) copper absorbers and (c)
the continuous shielding (116 days, ¢ mode).

there |

Tungsten Copper Continuous

Beam level, ext.  90kGy  555kGy 185kGy
Beam level, int. 460kGy  930kGy 185 kGy

Above beam 90kGy  280kGy 110 kGy

Table 5.3. Annual dose levels in the tunnel for the different absorber schemes. For the beam
level, data is given for the external (ext.) and internal (int.) sides of the collider around 1 m next
to the collider ring (116 days, ¢ mode).

As an example, in HL-LHC, the reference R2E limit in the arcs is 1.4 Gy[110]. This
discrepancy of several orders of magnitude indicates that the values obtained for FCC-
ee are too high for any electronics to be installed in the tunnel at the current state.
Therefore, further shielding in the tunnels is necessary to protect the electronics.

8In this thesis, the impact of the booster on the collider and the tunnel environment has not been studied.
As the particles will reach the top energy in the booster, a dose contribution is also expected from this machine,
critically depending on its operation time structure.
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A new layout for the tunnel has been distributed towards the end of this thesis work.
In the new layout, a trench is foreseen to be closed by a false floor made from concrete.
In this trench cable trays should be placed. Preliminary studies have shown that this
10 cm layer of concrete reduces the ionising dose in the covered trench to a maximum of
60 kGy/year for the copper absorber layout. Regular cables usually can withstand a few
100kGy[[170], so the obtained dose levels are still too high if the cables should be kept
in place for several years. However, sustainable dose values should be achievable with
a slightly thicker concrete floor, adding around 2 cm of concrete but studies have to be
performed.
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5.1.6 | Neutron Equivalent Fluences

Next to the total ionising dose, neutron equivalent fluences are pivotal in assessing
if a machine environment is sustainable for the electronics, as discussed in |3 Generally,
due to the nature of leptons, a lower contribution in neutron-dominated effects is ex-
pected for FCC-ee compared to a hadron machine. Nevertheless, high beam energy and
SR power require a thorough evaluation of the situation.

Three different equivalent fluences are evaluated: the Si-1MeV neutron equivalent
fluence, the high energy hadron equivalent fluence, and the thermal neutron equivalent
fluence. All these quantities are usually dominated by neutrons. For these simulations,
the photonuclear reactions are activated the thresholds are raised to 1 MeV for photons,
10 MeV for electrons and positrons.

For the SR studies in FCC-ee, the Si-1MeV neutron equivalent fluence must also be
evaluated for the purely electromagnetic contribution. It should be recalled that this
quantity expresses the silicon damage potential of any radiation field in terms of the the-
oretical 1 MeV neutron fluence producing the same effect. The high abundance of elec-
tromagnetic particles eventually leads to notable Si-1MeV neutron equivalent fluences
independently of the actual neutron contribution.

The obtained Si-1MeV neutron equivalent fluence levels are relatively similar in all
three cases, in a range of several 1 x 10'2 cm™ per year of operation (see Fig. [5.15).
While the total equivalent fluence is similar, the contribution of electrons and neutrons
differs strongly in the three cases, depending on the absorber material.

For the copper absorbers, the electromagnetic contribution is much larger (5.6 x
10'2 cm™2) than the contribution from neutrons (1.85x 10! cm~2). For copper, the thresh-
old of neutron production is at a photon energy of 10 MeV[[171]]. In FCC-ee, the critical
energy is at 1.2MeV, and the photon spectrum decreases quickly for higher energies.
Therefore, SR photons with energies higher than 10 MeV are scarce, which leads to a
relatively low amount of neutrons that could impact the machine and its environment if
copper shielding is used.

A shift in the ratio of neutron and electromagnetic contribution is observed for the
tungsten absorbers due to the different neutron production threshold in the very material.
The tungsten threshold energy for a photon being able to remove a neutron from the
nucleus is found at 6-8 MeV, depending on the stable tungsten isotope. That values
are significantly lower compared to the threshold of 10 MeV for copper. With the SR
spectrum falling rapidly above the critical energy of 1.2 MeV, a moderate difference of
2-4MeV in the production threshold leads to a significant difference in the amount of the
produced neutrons. The electromagnetic contribution is well attenuated for the tungsten
shielding schemes, unlike what is seen for the copper absorbers. However, summing up
the neutron and the electromagnetic contribution, the same level is reached for all three
versions.

For comparison, in HL-LHC[110], the values reach 1.5 x 10'° cm~2, which is signifi-
cantly lower than what is obtained in FCC-ee. If the localised copper absorber layout is
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assumed as the baseline, the obtained Si-1MeV neutron equivalent fluence values are still
less concerning than what is observed for the total ionising dose. The electromagnetic
contribution dominates both quantities, which leads to the conclusion that a reduction in
the dose levels by several orders of magnitude will automatically decrease the Si-1MeV
neutron equivalent fluence to a sustainable level.

Thermal neutrons are found on the lower end of the energy spectrum with a neu-
tron energy of about 0.025eV at 300K[172]]. The thermal neutron equivalent fluence,
including the contribution of higher energy neutrons with a weight as their capture cross
section (o 1/v), is homogeneous and at 2x10'! cm™2 for the copper absorber layout, only
one order of magnitude higher than what is expected in HL-LHC (1.2 x 10'° cm™2).

The high energy hadron equivalent fluence is lower in FCC-ee (copper absorbers:
0.9x10% cm™2, continuous shielding: 1.8x 108 cm~2) than what in HL-LHC (2.4x10% cm™2).
This difference is caused by the spectrum of the neutrons, which has much more ener-
getic neutrons in HL-LHC compared to FCC-ee. Therefore, it will not pose a problem in
FCC-ee.
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Fig. 5.15. Neutron and hadron equivalent fluences for the copper absorber case. The other
shielding layouts result in similar levels and distributions. Therefore, only one set is shown,
where the values are averaged over the full tunnel height and normalised to 116 days of
operation at the ¢ mode. ((a) Si-1 MeV neutron equivalent fluence, (b) high energy hadron
equivalent fluence and (c) thermal neutron equivalent fluence.)

5.1.7 | Electronics Shielding Scheme

As seen in the previous sections, the dose levels are too high for the electronics to
withstand without getting damaged. Therefore, dedicated shielding for these delicate
components is needed.

Typical shielding materials like concrete and lead[[173]] are tested, with different
thicknesses, ranging from 1cm over 3cm to 10cm. As these simulations are first and
foremost conceptual studies, the location is chosen to be in the bottom corner of the
tunnel as this is the place with the lowest dose levels. Furthermore, there could be room
to install the electronic racks. These studies investigate how much shielding material is
needed to achieve acceptable dose levels in critical places.

Particle spectra are used for determining the efficiency of the shielding in three differ-
ent regions. Firstly, there is a region called "Tunnel", which is next to the collider on the
external side (see Fig. [5.16). No physical equipment is placed there, but this location is
used for having reference values. Another spectrum is scored in the shielding, and a last
one is obtained in the region where the electronics would be placed.
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In order to be comparable, the results obtained from FLUKA have to be normalised
to the volume of the scoring region. Depending on the shielding thickness, changing the
scoring region, different normalisation factors have to be applied. These simulations are
performed for the localised copper absorber layout only to keep this part of the study
concise.

Tunnel Collider
[+ ]

Fig. 5.16. Tunnel cross section for R2E simulations with different scoring regions indicated. The
shielding has been implemented with three different thicknesses (1 cm, 3 cm and 10 cm) and
for two materials (lead and concrete).

Spectra in Different (R2E) Regions

For the spectra, two different contributions must be considered: the electromagnetic
contribution with electrons, positrons and photons and the contribution from neutrons.
They are produced in different processes and impact the machine differently.

SR photons above 10 MeV produce MeV neutrons up to around 20 MeV in copper[[171]].
Some of these thermalise down to 0.025eV (see Fig. [5.17). Generally, the magnets and
shielding are transparent to the neutrons to a certain degree, which is observed for all
types of implemented shielding. If the spectrum for different locations in the tunnel is
compared, its order of magnitude is everywhere the same, including different shielding
materials and thicknesses. In the high energy range, large statistical errors appear due
to the low abundance of neutrons of this energy.

As only minor differences in the neutron spectrums are observed in various locations
of the tunnel for the different materials and shielding thicknesses, it leads to the con-
clusion that this type of shielding is insufficient to protect the electronics from neutron
damage. This result incentivises further studies to investigate more elaborate shielding
designs that could provide a sustainable solution. An option could be to attach a few cm
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Fig. 5.17. Neutron spectrum in the FCC-ee due to SR 1 m next to the collider (116 days, ¢
operation mode).

thick layer of borated polyethene to the outside of the lead layer. As a hydrogenated ma-
terial, it slows the neutrons down, which are then captured by boron[|174]. This process
generates photons that are then stopped in the lead layer that follows.

The shielding is efficient for electromagnetic particles, as shown in the following.
Four particular cases are discussed, including the spectrum of the electrons moving
through lead and concrete(see Fig. [5.18)), and secondly, the spectra for the attenua-
tion of photons (see Fig. [5.19). There are differences in the attenuation depending on
the material and the particle type. For both, electrons and photons, the attenuation is
more significant in lead than in concrete, comparing the same thicknesses.

For a 1cm lead shielding, higher values in the low energy range are surprisingly
visible in the shielding compared to the tunnel. This increase is likely caused by the
photoelectric effect happening in the shielding layer. Less of the same effect can be seen
for the 3cm lead shielding. For the thickest lead shielding layer, the electron fluence
values remain lower than in the tunnel at any energy. As foreseen, the spectra in the
electronics region show a decrease with increasing shielding thickness. In the case of
a 10 cm lead shielding, no spectrum is obtained in the electronics region as it is below
statistics reach.

No significant attenuation is obtained for 1 cm of concrete shielding. Comparing the
lead and the concrete spectra, one can see that the shielding efficiency is better for 3 cm
of lead than for 10 cm of concrete.

The spectra for the photons are different from those for the electrons. The low-
energy part is cut in the electronics region with the implemented shielding for both
materials. The attenuation is once again significantly stronger for the lead shielding. The
attenuation of the photons is at almost four orders of magnitude between the maximum
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Fig. 5.18. Electron spectrum for (a) lead shielding and (b) concrete shielding. (116 days, tf
operation mode)
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Fig. 5.19. Photon spectrum for (a) lead shielding and (b) concrete shielding. (116 days, t7
operation mode)
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in the tunnel and the minimum in the electronics region for 10 cm of lead. For the same
thickness but using concrete instead of lead, in the spectrum decrease by only one order
of magnitude.

R2E Levels in the Electronics Area

This section discusses the R2E values in the electronics area (see Table[5.4). The val-
ues were averaged over the volume of the electronics area over 15m in z, and normalised
to one year of operation at the ¢7 mode.

LEAD Dose Si-1MeV HeH The. Neu
1cm 92kGy 2.8x10"Mcm™? 5x10°-5x108cm™2 2.1x10'!'cm™
3cm 46kGy  9x10°%cm™2 5x10"'-5x108cm™ 1.9x10''cm™2
10cm <1kGy 5x10%cm™ 5x10'-5x108cm™ 1.4x10'cm™
CONCRETE

10cm 28kGy 4.6x10"%cm™2 5x10°-5x108cm™2 2.8x10'!cm™

Table 5.4. R2E Levels in the electronics area for 116 days of operation at ¢ operation mode. No
values for 1 cm and 3 cm of concrete shielding are provided, as the shielding effect of these
setups is negligible. The dose levels at this region in the tunnel, without any shielding is
at 250kGy (HeH ... High energy hadron equivalent fluence, The. Neu ... Thermal neutron
equivalent fluence)

The ionising dose, mainly caused by the electromagnetic part, decreases significantly
with increasing shielding thickness (see Table [5.4). This behaviour has already been
observed in the spectra and is now confirmed. Lead is significantly more efficient than
concrete, with no detectable dose for 10 cm of lead in the current simulation setup. Even
aggressive biasing did not a dose evaluation in the case of the thick lead shielding. These
results lead to the conclusion that this shielding thickness may be excessive and not
needed. Additionally, implementing such a large amount of lead would not be approved
due to the hazards of this material.

A shielding of 10cm of concrete reduces the ionising dose to below 30kGy if the
shielding is placed in the bottom corner. This would be a promising improvement for
cables, but it must decrease much further for electronics.

As stated in the previous section, with the copper absorbers, the Si-1MeV neutron
equivalent fluence is dominated by the electromagnetic part of the radiation field. There-
fore, this quantity decreases with increasing shielding thickness as well. Compared it
with the acceptable HL-LHC values, these Si-1MeV neutron equivalent fluence should be
acceptable.

As already discussed for the spectra, the shielding does not substantially affect neutron-
dominated quantities, meaning the high energy hadron equivalent fluence and the ther-
mal neutron equivalent fluence. The high energy hadron equivalent fluence values are
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similar in all the cases. The values stay within a factor of two for the thermal neutron
equivalent fluence.

These studies have been implemented as a proof of concept. It has been shown that
additional localised shielding can reduce the radiation load on critical systems. However,
further studies should be performed to find a sustainable solution for the various systems
in close collaboration with the respective experts .
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5.2 Bremsstrahlung

Another phenomenon that needs to be evaluated regarding energy deposition in the
arcs is the gas bremsstrahlung. In this case, the beam particles undergo bremsstrahlung
events due to residual gas molecules in the vacuum chamber. This problem is pressing
for the Z operation mode at 45.6 GeV, as there is the highest bunch charge, which implies
the highest amounts of such events happening.

The simulation itself is split into three different steps. In the first step, the gas density
profile is established and transferred into a file with the atom density (atoms/m?®) as a
function of the s-coordinate for the gas constituents.

For the FCC-ee arc gas bremsstrahlung simulation, the gas pressure is set at 5 x
10719 mbar (UHV) for room temperature, which translates to 1.147 x 10'4 mol/m?® of
CO at room temperature. This is an assumption is highly conservative, as most likely the
pressure can be higher.[[176]. So far, a uniform distribution is implemented, and for

The second step is a trajectory run, which uses the gas profile file from the previous
step, and provides the ideal lepton (e-/e+) trajectory through the line together with the
bremsstrahlung probability function.

For the last step, no beam is used, but bremsstrahlung products are sampled based on
the probability function from the file produced in the previous step and then tracked for
the energy deposition studies. One of the output files provides noteworthy information
for normalising the results, like the cumulative bremsstrahlung probability. The latter
strongly depends on the low photon production threshold selected by the user. First, the
beam depopulation rate due to gas bemsstrahlung events. For this purpose, it is assumed
that an event generating a photon below threshold does not lead to primary particle loss,
since its energy loss is compensated for by the RF system.

Y prod. thres. Int. prob. BLT

100MeV 1.495x 10711 8h24min
27MeV 1.828x 10711 7h01min
10MeV 2.121x10711  6h05min
1MeV 2.748 x 10711 4h40min
333keV 3.047 x 10711 4h12min
100keV 3.374x 10711 3h48min
10keV 4.001 x 10711 3h12min
1keV 4.628 x 10711 2h45min
100eV 5.224x 10711 2h27min

Table 5.5. Beam lifetime (BLT) and gas interaction probability (Int. prob.) depending on the low
photon production threshold (y prod. thres.).

Table shows that for the indicated gas density the beam lifetime due to gas
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bremsstrahlung events ranges from around 2.5h up to 8.5h, depending on the afore-
mentioned threshold. The BLT is calculated using the given cumulative bremsstrahlung
probability and the revolution frequency of 3.286 kHz for a length of the whole ring of
91.1 km.

The beam lifetime and the gas interaction probability are directly related to each
other. The FLUKA simulation provides the gas interaction probability for the length of
the 140 m long cell. For obtaining the BLT, this value first has to be re-scaled for the
full length of the ring, which results in the interaction probability for one full turn. If
this value is now multiplied by the revolution frequency, the interaction probability per
second is obtained. Taking the inverse of this value, eventually results in the BLT.

In FCC-ee, the beam lifetime due to Bhabha scattering and beamstrahlung is ex-
pected at 68 min and >200 min, respectively. For higher energy operation modes, the
beam lifetime reduces to 18 min.[24]]. Taking these effects into account, the contribu-
tion of the bremsstrahlung losses seems to be negligible, for the reference gas density
considering its mild variation over the wide photon threshold range that was explored.

Furthermore, the deposited power should be evaluated to assess the severity of en-
ergy deposition issues. For a low photon threshold of 333 keV and a beam current of 1.39 A,
1.275kW are deposited over the length of the entire ring, which relates to 14 mW/m per
beam. SR leads to 600 W/m, which makes the power due to gas bremsstrahlung negligi-
ble. To calculate the beam power, first the beam energy for the 45.6 GeV operation mode
has to be found:

139 A 1 GeV 10
=. $-45.6 —— -1.602 x 1071% = 19.29 M]J. (5.3)
1.602x 1019 C  3.286 x 10° e-

The beam energy is divided by the BLT, which results in a power loss of 1.275 kW for
the photon threshold at 333keV (see Table . The actual beam lifetime is higher for
the other operation modes due to smaller bunch charges. The lower current leads to
lower emitted power due to gas bremsstrahlung in the other three cases.

The machine is characterised by the maximum acceptable momentum loss, which
is assumed to be at 1.3% for the current settings[24]]. This percentage accounts mainly
for losses in the interaction region. Several energy simulations are performed with dif-
ferently high energy cuts in the user routine to evaluate how much power impacts the
cell geometry depending on the acceptable momentum loss. If a beam particle with an
energy higher than the cut-off energy results from a bremsstrahlung event, the code as-
sumes that this particle stays in the beam, as its energy loss can be compensated for,
and does not further track it. A particle with a lower energy beyond the acceptable mo-
mentum loss and, therefore, is lost somewhere in the machine where it deposits energy.
With the cut-off energy getting closer to the beam energy, i.e. the maximum acceptable
momentum loss becoming smaller, the impact on the machine increases (see Table 5.6)).
However, as discussed above, even if the bremsstrahlung power impacts the geometry,
the effect is several orders of magnitude smaller than what is seen by SR. These stud-
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ies conclude that the radiation load in the FCC-ee arcs due to gas bremsstrahlung is
negligible for the assumed gas density.

APpmax! Emin Deposited energy Missing percentage
10% / 41.04 GeV 7.668 GeV/pr 83%
5% / 43.32 GeV 10.07 GeV/pr 78%
1% / 45.144 GeV 16.37 GeV/pr 64%
0.1% / 45.5544 GeV 25.75 GeV/pr 43%

Table 5.6. Deposited energy per bremsstrahlung event, depending on the high acceptable
momentum loss cut-off energy in the usrmed. £[107] routine. The first column gives the
maximum acceptable momentum loss, which is also translated into the minimum acceptable
beam particle energy.The third column indicates the percentage of power that does not impact
the machine. A lower cut-off leads less losses.
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SIXTH CHAPTER

CONCLUSION

The FCC-ee machine is one of the possible future accelerators, which is currently in the
state of a feasibility study. The collider ring will have a circumference of 91 km, colliding
electrons and positrons at energies up to 182.5GeV. The radiation load in a machine
with such high beam energies and intensities is significant and needs to be assessed.
This thesis investigated the radiation load in two parts of the machine that are strongly
impacted: the radiation load in the positron production target and the radiation load
due to synchrotron radiation (SR) in the collider arcs.

The radiation load studies were performed with the Monte Carlo code FLUKA. This
tool allows the determination of macroscopic quantities, like power density, ionising dose
and DPA, in the accelerator structure by simulating the transport of the particles and its
multiplication in the material. Furthermore, it is also possible to obtain particle spectra,
which allows for the characterisation of the radiation field and its distribution in energy.
Another benefit of FLUKA is the possibility of implementing a realistic geometry using
the user interface Flair, which leads to accurate predictions.

Before the particles enter the collider ring at the top energy, they are accelerated
through several stages. First, electrons are produced by an electron gun and acceler-
ated to 6 GeV. At this energy, the electrons can be transferred to two different paths. If
the electrons are required in the collider ring, they are transferred into the higher en-
ergy acceleration stages. Otherwise, the electrons are used for positron production. The
positrons are produced with an amorphous tungsten target embedded in a structure that
contains high-temperature superconducting (HTS) coils that provide a solenoid field,
which is used to increase the positron yield. In a capture linac that follows downstream,
the positrons are shaped into a bunched beam at 200 MeV. Then they are further accel-
erated to 1.54 GeV, where they enter the common linac to be accelerated to 6 GeV. This
common linac is also used to accelerate the electrons. From that point, the leptons move
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into the next stage of acceleration, either a high energy linac (up to 20 GeV) or the SPS
that serves as the pre-booster ring (PBR) (up to 16 GeV). Which machine will eventually
be put into place still has to be decided. After this stage, the particles are transferred
into the booster ring, located on top of the collider machine, where particles are acceler-
ated up to top energy, which depends on the operation mode (45.6 GeV, 80 GeV, 120 GeV
orl82.5 GeV).

In the arcs of the collider ring, electrons and positrons lose a significant amount of
energy due to SR. For the t7 operation mode (182.5 GeV), the energy loss per turn due
to SR is close to 10 GeV, which is the energy that has to be given by the RF system in
every turn. Further physical effects, like Bhaba scattering or beamstrahlung, lead to a
beam lifetime of a few minutes. Therefore, a top-up injection is foreseen, which means
a constant filling from the booster.

One of the main topics of this thesis is the radiation load on the positron production
target. The question was if the novel technology using HTS coils to produce the solenoid
field is feasible. The advantage of using HTS coils instead of a more common Flux
Concentrator (FC) lies in the magnitude of the magnetic field that can be reached, which
is significantly higher if HTS coils are used (up to 20T). A higher magnetic field is
beneficial as it increases the positron yield. However, such a solution is only possible
if the radiation load on the coils is below the acceptable thresholds, avoiding solenoid
quenching or the long-term damage of organic insulator material. It could be shown that
the power density on all coils is below the quench threshold and that the longitudinal
position of the target significantly impacts the ionising dose levels of the coils. A position
of the target further downstream decreases the impact on the coils. In the final, most
realistic scenario, the coils absorb at most 22 MGy/year. Adding a factor of 10 to reach
the full operational time, 220 MGy are obtained. It still has to be evaluated if these
dose levels are bearable. If organic materials should be used, these dose levels are a
showstopper, as the limit is given at around 30 MGy. If such a setup is foreseen, further
mitigation measures like a thicker shielding or a placement of the coils further outside
must be implemented.

The target is impacted by a 6 GeV electron beam of 13.34 kW, which puts a high strain
on that component. The highest impact is strongly localised and results in 80 kW/cm3
and 8 DPA/year. These results indicate that an elaborate cooling system has to be de-
veloped. However, the main issue is the reached DPA level that is not sustainable as it
would require the change of the target once per year. It has to be remarked that for the
time being, conservatively, a positron yield of 1 is assumed, while most likely is much
higher, up to a factor of four. Considering a higher positron yield, this accordingly would
decrease the beam power by a factor of four and the levels seen on the target, implying
that they become acceptable. With the current knowledge, it can be assumed that a
stationary target can be used, which should be made in one piece with the shielding to
facilitate the cooling and manufacturing.
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The second part of the study focused on the impact of SR in the FCC-ee arcs. The
emitted power of SR is proportional to (E/m)*, so this is an issue especially prevalent
in electron-positron machines with high energies. In FCC-ee, 50 MW of SR per beam is
emitted and deposited somewhere in the accelerator. Especially for the highest energy
mode, this power is particularly penetrating as the energy of the SR photons is in the
Compton scattering range. The SR power is the same for the lower energies due to much
higher currents. However, the power deposition is less critical as most of the power
is deposited by particle with energies and, therefore, is immediately absorbed in the
dedicated photon absorbers.

As it is not feasible to simulate the entire arcs, a representative 140 m long half cell
was implemented, containing five dipoles, five quadrupoles, and four sextupoles, all
warm magnets. The collider geometry was embedded in a realistic tunnel layout. Over
the length of the cell, 25 copper alloy absorbers per beam were placed on the external
side of the vacuum chamber with a spacing of around 5m-6 m between each of them.
The simulations were mainly performed for the operation mode of 182.5 GeV, showing
that the absorbers take up around 75% of the power. The impact on the magnets is
not negligible, but as these are warm magnets, their functionality is not expected to be
jeopardised. It only has to be assessed if organic insulator material will eventually be
used in the dipole busbars. If so, further mitigation measures have to be implemented.

Even though SR is tangentially emitted to the outside, higher dose levels are seen on
the inside of the collider due to the backscattering of particles on the absorbers. Contrar-
ily, the dose levels 1 m above the collider are significantly lower. These results led to the
decision that the booster ring should be placed on top of the collider ring rather than
next to it. Nevertheless, the dose levels in the tunnel, which are in the range of several
hundreds of kGy per year of #7 operation, are too high for the electronic components.
Therefore, the effects of localised shielding have been studied, investigating different
thicknesses of lead and concrete in the bottom corner of the tunnel. It was shown that
such a measure damps the electromagnetic part of the spectrum. For the neutrons, a
suitable layer should be implemented as well. A recent change in the tunnel geometry
foresees a 10 cm thick concrete floor, below which cable trays should be installed. The
outcome of these simulations is positive, showing that the dose levels can be reduced to
an extent that would allow using commercial cables.

Summarising, it can be said that no major showstoppers have been found. Particular
problems, like the dose levels in the tunnel or the radiation load on the positron target,
can be mitigated if additional measures are implemented. This study gathered different
results showing that a project like FCC-ee is feasible regarding radiation load.

However, as it is a large and complex machine, several open questions are to be inves-
tigated from the energy deposition standpoint. These open points include the radiation
load in the collider tunnel due to the booster, which strongly depends on the filling pat-
tern of the booster. Another open point is the collimation system which is by design a
critical area regarding radiation load. So far, the positron production target has been
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thoroughly studied, leaving the transfer lines between the different accelerator stages to
be investigated. Finally, the MDI region also poses energy deposition challenges.

Long story short: a lot has been successfully done, but more work is still to come. It
will not get boring.
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APPENDIX A

COMPARISON OF THE DPA, DPA-NRT AND
ARCDPA IN THE AMD

In this part, three different models to simulate the DPA are discussed. The model, im-
plemented initially in FLUKA, is based on the model of Kinchin and Pease (1955), where
there is either a displacement happening or not. In the 20 following years, Norgett,
Robinson, and Torrens performed binary collision approximation simulations to find a
model that better describes the DPA's behaviour.

This model is now known as the DPA-NRT and is the standard for calculating primary
radiation damage nowadays. However, comparing the results to experimental data, DPA-
NRT significantly overestimates the DPA by up to a factor of 3, mainly caused by recom-
binations in the cascade that DPA-NRT does not consider.

In 2018, Nordlund et al. published a more accurate way of calculating the DPA,
the ARC-DPA (Athermal Recombination Corrected) model that considers recombinations.
The disadvantage of this model is the constants needed to calculate the ARC-DPA that
must be obtained experimentally for each material and compound. Without experimen-
tal data, no reliable results can be produced.

RecentlyEI, the option for scoring DPA-NRT and ARC-DPA was implemented in FLUKA.
With the well-understood DPA data available for the FCC-ee AMD, there was the oppor-
tunity to use this geometry for DPA benchmarking simulations.

The different versions of DPA were compared for the coils and the target. While the
target is made of pure tungsten, the coils are a compound of many different materials.
The coefficients aarc and bagrc are well known for pure tungsten, but they are unknown
for the compound of the coils. Therefore, a visible difference between the three DPAs
for the target is expected. Due to the unknown coefficients, the DPA-NRT and ARC-DPA
values on the coils are expected to be similar.
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Appendix A. Comparison of the DPA, DPA-NRT and ARCDPA in the AMD

DPA per year of operation
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Fig. A.1. Comparison of the different DPA models on the target. The NRT-DPA is much higher
than the Kinchin-Pease DPA model. Taking the recombination of atoms into account in the
ARC-DPA leads again to much lower values.
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Fig. A.2. Comparison of the (a) DPA, (b) DPA-NRT and (c) ARCDPA on the HTS coils. The coil
material is a compound with unknown coefficients, so the latter two give the same result.

As expected, the differences in DPA are significant on the target (see Fig. [A.T)). The
DPA-NRT values are nearly a factor of two higher than the initial DPA study. The values
for the ARC-DPA, where the recombinations are considered, are generally lower than in
the initial DPA study due to the well-known coefficients aarc and barc. The maximum
DPA is obtained at the same longitudinal position, as the behaviour is similar and only
the magnitude changes.

Compared to the target, the coil material is a compound for which the coefficients
aarc and barc have yet to be evaluated. As these coefficients are unknown, the values
between DPA-NRT and ARC-DPA do not vary, as shown in Fig. Interestingly, the
original DPA is higher than what is obtained with the newer models.

After performing the different simulations, it is recommended to use ARC-DPA if
experimental data is available to use the correct coefficients and if this is not, use DPA-
NRT.
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APPENDIX B

ENERGY DEPOSITION STUDIES FOR THE P3
AMD

In a proof of concept experiment, the same geometry of the AMD is implemented at
the P° experiment[134]] at PSI, Villingen. The beam energy and the beam spot size, as
well as the geometry, are identical to V6 S-Bandpess, Where no shielding is foreseen due
to a lower beam power of 1.2W. This power is obtained by an electron beam with an
energy of 6 GeV, similar to the one of FCC-ee. The other parameters are much smaller,
with the repetition rate at 1 Hz with one bunch of 1.2489 x 107 electrons relating to 200 pC.
The experiment is operated for one month, which is essential information for long-term
radiation effects like the ionizing dose and the DPA.

In total, 308.5 mW are deposited on the AMD, while around 0.9W leave the device
downstream. Of the 308.5 mW impacting the AMD, 280 mW are impacting the target
itself.

A relatively higher impact is expected on the coils as no shielding is implemented.
The highest obtained values of power density are found at 0.005mW/cm3, which is neg-
ligible (see Fig. [B.1). The dose values peak at 1.5kGy for 1 month of operation, which is
feasible. Similarly, positive results are found for the DPA with the highest values around
1 x 1072 DPA. The highest power density and dose values are located in the downstream
corner of the most downstream coil, a behaviour already known from the FCC-ee sim-
ulations. No distinct maximum can be found for the DPA, and the values constantly
decrease, moving further outside radially.
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