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Abstract

The helical undulator-based positron source is considered for the International Linear Collider
(ILC) baseline design. The scheme works by passing a multi-GeV (> 100 GeV) electron beam
through a long superconducting helical undulator to produce a multi-MeV circularly polarized pho-
ton beam. It is then directed to a thin target to produce the electron-positron (e−e+) pair. The
collected positron beam is longitudinally polarized.

Since photons in the undulator are produced with an opening angle, a part of the photon beam
will hit the superconducting undulator wall. The acceptable level of the incident power at the wall
is 1 W/m. Computer simulations have been performed in order to determine the incident power at
the ILC superconducting undulator walls as well as the photon beam distribution and polarization
at the target. For the ILC-250 parameters, the maximum incident power at the wall of the ideal
undulator is 21 W/m. This thesis proposes a mask system for undulator protection to keep the
incident power at the undulator wall below the acceptable level. The proposed mask has a 30 cm
length and a 0.44 cm inner diameter. Three various material candidates for masks are studied: iron,
copper, and tungsten. The incident power at the undulator walls due to the secondary particles
is also studied. This system reduces the maximum incident power at the ideal undulator wall by
approximately two orders of magnitude to ≈ 0.22 W/m for the ideal case of ILC-250. This thesis
takes into account the non-ideal (realistic) helical undulators and considers all ILC energy options:
the ILC-250, ILC-350, ILC-500, and GigaZ options. The realistic study is based on the measured
B-fields of the helical undulator prototypes that were demonstrated at Daresbury Laboratory and
Rutherford Appleton Laboratory. In the realistic case for ILC-250, the maximum incident power
increases to 0.26 W/m with copper material for masks. The proposed mask system with any of the
material candidates can keep the incident power at the undulator walls below the acceptable level
for both ideal and realistic undulators and for both nominal and luminosity upgrade parameters
of all ILC energy options. The incident power at the photon masks is studied. It is shown that
the energy deposition, instantaneous temperature rise, and resulting stress in the masks are below
the recommended limits even for long cyclic loads in the materials. The effects of placing masks
along the undulator line on the power and polarization of the photon beam at the target plane are
also studied. Studies show that placing masks will reduce the power of the photon beam by ≈ 8 %
and slightly increase the photon beam polarization at the target plane for both ideal and realistic
undulator cases. Compared with the photon beam polarization produced by the ideal undulators,
the study shows that in the case of non-ideal undulators, the photon beam polarization decreases.
Therefore, in order to achieve an efficient polarization upgrade of the positron beam using a photon
collimator, the undulator parameters as well as those of the photon collimator should be re-optimized
taking into account the realistic undulator as well as the updated OMD performance.



Kurzfassung

Die Standard-Positronenquelle für den International Linear Collider (ILC) basiert auf einem
helischen Undulator. Sie funktioniert, indem ein Elektronenstrahl mit mehreren GeV (> 100 GeV)
durch einen langen supraleitenden spiralförmigen Undulator geleitet wird, um einen Photonenstrahl
mit mehreren MeV zu erzeugen. Der Photonenstrahl ist zirkular polarisiert. Er trifft auf ein dünnes
Target, um Elektron-Positron-Paare (e−e+) zu erzeugen. Der resultierende Positronenstrahl ist
longitudinal polarisiert.

Da Photonen im Undulator mit einem Öffnungswinkel erzeugt werden, trifft ein Teil des Pho-
tonenstrahls auf die supraleitende Wand des Undulators. Der akzeptable Wert der auf die Wand
einfallenden Leistung beträgt 1 W/m. Es werden Computersimulationen durchgeführt, um die ein-
fallende Leistung an den supraleitenden ILC-Undulatorwänden sowie die Photonenstrahlverteilung
und die Polarisation am Target zu bestimmen. Für die ILC-250-Parameter beträgt die simulierte
höchste einfallende Leistung an den Wänden eines idealen Undulators 21 W/m. Diese Arbeit schlägt
ein Maskensystem als Undulator-Schutz vor, um die auf die Undulatorwand einfallende Leistung
unter dem akzeptablen Niveau zu halten. Die vorgeschlagenen Masken haben eine Länge von 30
cm und einen inneren Durchmesser von 0.44 cm. Es werden drei verschiedene Material-Kandidaten
für die Masken untersucht; Eisen, Kupfer und Wolfram. Die einfallende Leistung aufgrund der
Sekundärteilchen wird ebenfalls untersucht. Dieses Maskensystem reduziert die maximale einfall-
ende Leistung an der idealen Undulatorwand um etwa zwei Größenordnungen auf ca. 0.22 W/m.
Diese Arbeit berücksichtigt die nicht-idealen (realistischen) helischen Undulatoren und betrachtet
die ILC-Optionen: ILC-250, ILC-350, ILC-500 und GigaZ. Die Studie zum realistischen Undula-
tor basiert auf dem gemessenen B-Feld der Undulator-Prototypen, die im Daresbury Laboratory
und im Rutherford Appleton Laboratory gefertigt und getestet wurden. In diesem Fall erhöht sich
die maximal einfallende Leistung bei Kupfer-Material für Masken auf 0.26 W/m. Das vorgeschla-
gene Maskensystem kann mit jedem Materialkandidaten die an den Undulatorwänden einfallende
Leistung sowohl für ideale als auch für realistische Undulatoren unter das akzeptablen Niveau re-
duzieren. Das gilt sowohl für die nominale Luminosität als auch für das Luminositäts-Upgrade der
ILC-Optionen. Die auf die Photonen-Masken einfallende Leistung wird untersucht. Es zeigt sich,
dass die Energiedeposition, der sofortige Temperaturanstieg und die daraus resultierende Spannung
in den Masken unter den empfohlenen Grenzwerten für eine lange zyklische Belastung der Materi-
alien liegen. Die Auswirkung der Platzierung von Masken entlang des Undulators auf die Leistung
und Polarisation des Photonenstrahls in der Targetebene wird ebenfalls untersucht. Studien zeigen,
dass die Leistung des Photonenstrahls sowohl im Fall eines idealen als auch realistischen Undulator
um ca. 8 % reduziert wird und die Photonenstrahlpolarisation in der Targetebene geringfügig zu-
nimmt. Die Studie zeigt, dass im Fall eines nicht-idealen Undulators die Photonbeampolarisation
im Vergleich zum idealen Undulator sinkt. Um das geplante Polarisations-Upgrade des Positronen-
strahls zu erreichen, sollten sowohl die Undulatorparameter als auch die des Photon Collimators
optimiert werden, dies unter Annahme eines realistischen Undulators und sobald das finale Design
des OMD bekannt ist.
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Chapter 1

Introduction

The Standard Model (SM) of the particle physics represents our current knowledge of particles

and their interactions. It successfully describes the electromagnetic, weak, and strong interactions

of elementary particles. The theoretical framework was already proposed at the beginning of the

1970s. The discovery of particles proposed by the SM is currently in concordance with its predictions.

With the discovery of one Higgs boson in 2012, the exploration of one decisive basic component of

the SM was started. The Higgs boson has often been considered as the last missing piece in the SM,

but with the discovery of a Higgs-line particle, a new chapter started, and many questions had to

be answered. The phenomenon of the interaction of elementary particles can be studied with high

precision in particle collisions at high energies. In order to consolidate and go beyond the current

knowledge, new particle colliders will be necessary that allow the observation of processes at desired

higher energies.

So far, the Large Hadron Collider (LHC) at CERN, which has been operating since 2011,

operates with the highest centre-of-mass energy ever (Ecm ≈ 14 TeV). It uses two proton beams

for the collision. Currently, the LHC is upgraded and will allow measurements with even higher

precision. Since it is a proton-proton collider, and protons are composite particles consisting of

quarks and gluons, not all phenomena can be studied at the LHC with the desired precision.

Running an electron-positron (e−e+) collider at very high energies would provide such high

precision and perfectly complement the knowledge of particle interactions. Several e−e+ collider

projects are currently under discussion. The most promising linear e−e+ collider projects are the

International Linear Collider (ILC) and the Compact Linear Collider (CLIC). They allow us to

study particle interactions in collisions of e− and e+ beams over a large and tunable energy range.

It is a big advantage of e−e+ colliders that the parameters of the initial states are precisely known,

so that the observed processes can be analyzed with high precision. However, from a technical point

of view, it is still a challenge to design and build colliders that smash electrons and positrons with
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a high colliding rate at very high centre-of-mass energies from 250 GeV to up to 1 TeV and even

higher, as in CLIC.

This thesis focuses on the ILC design and, in particular, on the production of an intensely

polarized positron beam using a helical undulator. The big advantage of using the helical undulator-

based positron source is to get a precisely polarized positron beam, which enhances physics studies.

More details about the benefits of polarized positron beams can be found in the references [1, 2, 3].

The helical undulator-based positron source method works as follows: the helical undulator is passed

by the high-energy electron beam in order to produce a circularly polarized photon beam; the photon

beam generates an even polarized positron beam in a thin conversion target via the pair production

process. The spectrum, distribution, power, and polarization of the photon beam are studied at the

ILC target plane for an undulator with an ideal magnetic field as well as an undulator with a realistic

field distribution. An important task is the protection of the undulator wall against synchrotron

radiation. All studies are performed for three stages of ILC operations: ILC-250, ILC-350, and ILC-

500, with e−e+ collisions at energies of 250 GeV, 350 GeV, and 500 GeV, respectively. In addition,

the power incident on the undulator walls of the GigaZ option is studied.

The thesis is organized as follows: in chapter 2 an overview of previous and future e−e+ collider

projects is given. In the nineties of the last century, the e−e+ LEP and SLC colliders were operated

and performed measurements of the SM parameters with very high precision. To extend such

measurements to even higher energies and with even higher precision, machines that allow a high

rate of collisions are required. The advantages and limitations of future projects are briefly discussed.

In chapter 3, the generation of positrons is introduced, and chapter 4 presents e+ source options

for future ILC and CLIC projects. For the ILC, a helical undulator-based scheme for the positron

production is favored. Therefore, in chapter 5, the physics of the helical undulator is presented, and

chapter 6 introduces in detail the helical undulator as a photon source to generate positrons at the

ILC. In chapter 7, the HUSR code, which is used to simulate the photon spectrum for the helical

undulator, is introduced. Furthermore, the methods to obtain the power incident on the undulator

walls and the integration of masks into the undulator line to protect the walls are presented. In

chapter 8, the results are discussed: the power deposition in the wall and in the photon masks,

and the efficiency of different mask materials to stop the primary photons and secondary particles.

In chapter 9, the distributions of the photon beam polarization and power at the target plane are

analyzed. In addition, the possibility of a polarization upgrade at the ILC-500 is discussed. In

chapter 10, the power incident on the undulator walls of the GigaZ option is studied. Chapter 11

summarizes the results.
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Chapter 2

Electron-Positron Colliders

Electron-positron (e−e+) colliders have played a really important role in the development of the

Standard Model (SM). The history of e−e+ colliders started from the beginning of the 1960’s,

when the first ever e−e+ collider project, Anello di Accumulazione (AdA), was proposed by the

Austrian physicist Bruno Touschek and built at the Frascati National Laboratory (LNF) in Italy

[4]. Following the AdA, many e−e+ collider projects were built over the last 60 years, and each one

of these colliders was built in order to answer specific opened questions. In addition, there will be

future e−e+ projects that are currently under discussion.

This chapter will briefly introduce some important previous and future high-energy e−e+ collider

projects, whether they are linear or circular colliders.

2.1 Circular and Linear Colliders
In a circular collider, beams are accelerated, and the magnetic field is used to bend particles into a

circular orbit. In contrast, beams in the linear accelerator (linac) are accelerated in a straight line.

One of the most significant disadvantages of circular accelerators compared with linear ones is the

emitted Synchrotron Radiation (SR), first recorded in 1965 by Maury Tigner [5]. So, when charged

particles pass through a circular path, they emit the SR. As a consequence, they lose energy. The

energy loss per turn is proportional to E4

m4
0

1
r , where r is the effective bending radius of the collider,

and m0 is the rest mass of the particle. The Large Electron Positron Collider (LEP), which was a

circular collider, reached a centre-of-mass energy of 208 GeV. Due to synchrotron radiation, running

LEP at higher beam energies was inefficient. Therefore, to operate e−e+ circular colliders at high

energies, the radius of the circular colliders must be very large, which is a decisive cost factor. As an

alternative, linear colliders are used to achieve high energies. By using high accelerating gradients,

linear colliders with reasonable tunnel lengths can reach the desired energy. It is more difficult for
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linear colliders to achieve high luminosity, since the beams in linear colliders are dumped after the

collision, while the beams in circular colliders are used repeatedly. To overcome this issue, extremely

small beam sizes are required in linear colliders, which is also a challenge.

2.2 Previous High-Energy Electron-Positron Col-

liders
In this section, two important previous high-energy electron-positron (e−e+) colliders are briefly in-

troduced, including the large electron-positron collider (LEP) and the SLAC Linear Collider (SLC).

2.2.1 The Large Electron-Positron Collider

The Large Electron Positron (e−e+) (LEP) collider in CERN, Geneva, began operation in the sum-

mer of 1989 and stopped running in 2000 [6]. The LEP was a circular collider with a circumference

of 27 km. So far, it is the largest circular e−e+ collider ever built. Figure 2.1 shows the schematic

view of the LEP collider.

Figure 2.1: Schematic layout of the LEP collider showing the location of the four experi-
ments ALEPH, DELPHI, L3 and OPAL [6].

The LEP was designed to study with high precision measurements of both Z and W bosons and

also to search for new particles. From 1989 to 1995, the LEP was running on the Z boson resonance.

From 1996 to 2000, operators worked hard to significantly increase the energy and luminosity of the
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LEP. The centre-of-mass energy of the LEP was increased to 161 GeV in order to produce the pairs

of W bosons. In several steps, the LEP reached the maximum centre-of-mass energy, which was 209

GeV. Due to the emission of the SR, it was highly inefficient to operate it at higher energies. More

details about LEP can be found in [6].

2.2.2 The SLAC Linear Collider (SLC)

The Stanford Linear Collider (SLC), which was the first e−e+ linear collider, was designed and

constructed during the 1980s and started running in 1989 [7]. It was designed to operate, comple-

mentary to LEP, with a centre-of-mass energy of 91 GeV and also to demonstrate linear collider

feasibility. Figure 2.2 shows the schematic view of the SLC.

Figure 2.2: Schematic layout of the SLC collider [6] .

Both e− and e+ beams were accelerated in linacs to the final centre-of-mass energy of 93 GeV

(46.5 GeV for each). After that, the positron beam and the longitudinal polarized electron beam

were sent to the interaction point (IP) for collision, and after the collision, the beams were dumped.

Since the e− beam of SLC was polarized, using only 5×105 Z bosons in SLC allowed measurements

of certain SM parameters with a precision that was reached by LEP with at least 16×106 Z bosons.

More details about SLC can be found in [8, 9].

SLC provided an essential experience to design the ”second” generation of the e−e+ linear

collider, such as the future ILC and CLIC projects. The future e−e+ colliders are planned to be

designed not only with higher centre-of-mass energies but also with higher luminosity.
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2.3 Future High-Energy Electron-Positron Collider

Projects
The future high-energy e−e+ colliders should work with a centre-of-mass energy above 200 GeV to

give comprehensive information to the LHC results. There are several e−e+ collider projects under

discussion. Two terascale e−e+ linear colliders are being proposed: the International Linear Collider

(ILC) and the Compact Linear Collider (CLIC). Both are still unfunded projects, but they are the

focus of extensive global research and development. The most mature is the ILC, compared with

the CLIC, which has the greatest energy reach. The initial stage of the ILC is at a centre-of-mass

energy of 0.25 TeV, and the later stages could reach a centre-of-mass energy of 0.35 TeV, 0.5 TeV,

and maybe up to 1 TeV. In contrast, the centre-of-mass energy range proposed in the CLIC is planed

from 0.38 TeV up to 3 TeV.

In addition, there are proposed circular collider projects, such as the Future Circular Collider

(FCC). The ultimate goal of the FCC is proton–proton collisions (FCC-hh) at 100 TeV in a ring

of about 100 km circumference. A first step could be to operate in the tunnel an e−e+ collider

with very high luminosity at energies between 90 GeV and 400 GeV (FCC-ee). Another project

is the Chinese Electron Positron Collider (CEPC). It is almost similar to the FCC-ee, which is on

advanced steps compared with the CEPC. More details about CEPC can be found in [10]. The

current situation of the ILC, CLIC, and FCC-ee is different and is introduced here.

2.3.1 International Linear Collider Project

The international linear collider (ILC) project, which is under consideration to be hosted in Japan,

has been under development since more than 20 years. It is an e− and e+ collider. It is designed

for precise measurements of Higgs boson and for studying exciting processes of the Standard Model

and beyond [11]. Figure 2.3 shows the schematic layout of the ILC baseline configuration. The

first stage of the ILC is to collide electrons and positrons at a centre-of-mass energy of 250 GeV,

with the possibility to upgrade up to 1000 GeV (1 TeV). Also, it is possible to run the ILC at the

GigaZ option [12]. The ILC consists of two sources for electrons and positrons, and two separated

linacs for electrons and positrons, and two separated damping rings for electrons and positrons,

and one interaction point (IP). In the ILC, a photocathode DC gun is used to produce an electron

beam with polarization of more than 80% and energy of 0.2 MeV. This beam is accelerated up to

5 GeV before being sent to the electron damping ring (DR). There are two possible methods that

can be used to produce positrons in the ILC including an undulator-based positron source and an

electron driven (E-driven) source as will be discussed with more details later in chapter 4. In both
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Figure 2.3: Schematic layout of the international linear collider baseline configuration
[11].

methods, produced positrons will be captured and accelerated up to 5 GeV before being sent to the

positron DR. The ILC has two separated main linacs, one is for the electron beam and the other

is for the positron beam. The electron and positron beams will be accelerated in two separated

superconducting linacs up to the required energies before being directed to the interaction point

(IP) for collision. The ILC 9-cells cavity, which was developed for TESLA and is currently used for

the XFEL, works at a resonant frequency of 1.3 GHz and the average gradient in the ILC can reach

35 MV/m. The ILC time structure is 0.727 millisecond bunch trains at 5 Hz. As mentioned, this

project is currently under consideration as the future global project in particle physics. Over many

years, the physics user community has discussed and updated the ILC parameters. The physics

parameters were set by physics requirements first in 2003, updated in 2006, and then in 2013 when

the Technical Design Report (TDR) was published [11]. The last updated parameters were presented

in 2019 [13]. In the TDR, the nominal parameters of the ILC Linac beam were 500 GeV centre-

of-mass-energy (possibility upgraded to a 1 TeV). In 2012, physicists at the Large Hadron Collider

(LHC) at CERN discovered Higgs boson [14]. Following this discovery, the ILC has chosen 250 GeV

centre-of-mass energy as the first stage. The later stages are to upgrade the centre-of-mass energy

to 350 GeV for studying the threshold of top-pair production and to 500 GeV for studying exciting

processes of the Standard Model and beyond. It is also considered to run the ILC at the GigaZ

and to improve the precision of the results of LEP and SLC by at least one order of magnitude (see

chapter 10). Table 2.1 summarizes the nominal beam parameters of the ILC TDR taken from [15].
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Table 2.1: Nominal beam parameters of the ILC TDR [15].

Parameters Symbol Unit Values
Centre-of-mass energy Ecm GeV 250 350 500
Number of electron per bunch Ne 1010 2.0 2.0 2.0
Number of bunches per pulse nb 1312 1312 1312
Bunch separation ∆tb ns 554 554 554
Pulse repetition rate frep Hz 5.0 5.0 5.0
Beam current Ibeam mA 5.8 5.8 5.8
Main linac average gradient Ga MVm−1 14.7 21.4 31.5
RMS bunch length σz mm 0.3 0.3 0.3
RMS horizontal beam size at IP σx nm 729 684 474
RMS vertical beam size at IP σy nm 7.7 5.9 5.9
Electron beam polarization P− % 80 80 80
Positron beam polarization P+ % 30 30 30
Luminosity L 1034cm−2s−1 0.75 1.0 1.8

2.3.2 Compact Linear Collider Project

The Compact Linear Collider (CLIC) is a future e− e+ linear collider that will be hosted in CERN.

CLIC is still under development at CERN and being carried out by a global collaboration. In

principle, the CLIC is similar to the ILC, but it can go to higher energy (> 1 TeV). Figure 2.4 shows

all the major systems and subsystems of CLIC.

Figure 2.4: Schematic layout of the Compact Linear Collider (CLIC) baseline configura-
tion [16].

The proposed stages of the CLIC are to operate in stages at 380 GeV, 1.5 TeV, and 3 TeV

centre-of-mass energies, respectively [16]. The CLIC length would be between 11 km for the first

energy stage at 380 GeV and 50 km long for the energy stage at 3 TeV. It is almost ten times longer

than SLAC. The CLIC would use a novel two-beam acceleration technique with a high accelerating
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gradient in the range of 70 MV/m to 100 MV/m. For 380 GeV centre-of-mass energy, the number

of particles per bunch is 5.2 ×109, with 352 bunch per train with 50 Hz. The accelerating gradient

is 72 MV/m. CLIC has one interaction point with two detectors. More details about the CLIC

project can be found in [16, 17].

2.3.3 FCC-ee Project

The Future Circular Collider (FCC) is being studied to operate at a centre-of-mass energy of up

to 100 TeV for proton–proton collisions with a circumference of ≈100 km (FCC-hh), which is the

ultimate stage of the FCC [18]. In the first stages, it is considered to operate an e−e+ collider

(FCC-ee) with very high luminosity at energies up to 365 GeV. In addition, there are other possible

options, such as a proton–electron collider (LHeC and FCC-he). For the comparison with the ILC,

mainly the FCC-ee option is important here.

The main point of the FCC-ee is to operate at the Z boson resonance and to improve the results

of LEP and SLC by more than one order of magnitude. The FCC-ee will be run in stages with

energies between 88 GeV and 365 GeV to study with unprecedented precision the Z and W bosons,

the Higgs boson, and the top quark. More details can be found in references [18, 19, 20].
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Chapter 3

Positron Production

Positrons, which are the antiparticles of electrons, are produced through the electron-positron (e−e+)

production process. The principle of generating positrons for high-energy colliders is introduced here.

3.1 Generation of Positrons
The most effective process to generate positrons is the e−e+ pair production. The pair production

happens by sending a high-energy photon to interact with matter.

The pair production process is written as follows:

γ + Z → e− + e+ + Z + γ (3.1)

Feynman graphs are shown in figure 3.1.

Figure 3.1: Feynman graphs for the pair production process.

For the pair production process, the probability, or cross section (σpair), is approximately pro-

portional to the square of the atomic number (Z) of the target nucleus [21]. Figure 3.2 shows the
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cross section of the photon as a function of the photon energy in titanium. The data in this figure

was obtained from XCOM [22]. As shown in figure 3.2, the probability of producing an e−e+ pair

increases with the energy of the photons. The pair production process is dominant at high energy,

although the particles from the Compton scattering process, which may only increase the stress on

the target, are there.
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Figure 3.2: The cross section of a photon as a function of the photon energy in titanium.
Data were obtained from XCOM [22] and plotted by Mathematica.

The probability (P) of the e−e+ pair production by a photon with high energy passing through

a material with a thickness of x is given by:

P = 1 − e(−xnatomσpair) (3.2)

Where, natom is the number of atoms per unit volume, natom= ρNA
A , and σpair is the cross section

of the pair production process.

The probability that a photon can produce an electron-positron pair is correlated to the cross

section. Therefore, only few percentage of the incident photons on the target will produce positrons,

while the rest will pass through the target and be dumped. Assuming photons of 7.6 MeV passing

a titanium with a thickness of 0.2 radiation length, more than 1 ×1016 photons per second are

required in order to generate 2 × 1014 positrons per second, which is the required positron number

for the ILC positron beam. However, taking into account all processes in the target as well as the

efficiency to capture and accelerate the generated e+, substantially more photons are necessary to
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produce the necessary amount of e+ (see also section 4.1).

Figure 3.3 shows how the positron yield per photon with an energy of 7.6 MeV differs with

increasing the thickness of the material; here titanium is used.
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Figure 3.3: The positron yield as a function of the target thickness. The target material
is titanium and the photon energy is 7.6 MeV. FLUKA is used for this simulation.

If such a high-energy photon is not ”available”, the photon for the pair production can be

produced by the bremsstrahlung of electrons in matter. When a high-energy electron (or positron)

passes through matter, it loses energy by emitting a photon (bremsstrahlung). The bremsstrahlung

process is written as follows:

e− + Z → e− + γ + Z (3.3)

The Feynman graphs for the bremsstrahlung process are shown in figure 3.4:

Figure 3.4: Feynman graph for the bremsstrahlung processes.

The photon produced by the bremsstrahlung process must have, at least, few MeV and interact
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with a material to produce an electron-positron pair. This pair, with enough energy, will emit two

photons, which will produce another pair. Within few radiation lengths of material, this sequence

continues to create an electromagnetic shower (for more details about the electromagnetic shower,

see Appendix A). In the ILC, an electron beam with an energy of a few GeV and a material with

a high atomic number with a thickness of a few radiation lengths are necessary to produce the

required e+ yield (see also section 4.2).
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3.2 Polarized Positron Beam
Producing a polarized positron beam is one of the most important tasks for any future electron-

positron collider project, since it enhances the physics studies. More details about the benefits of

both polarized electron and positron beams are discussed in [1, 2, 3]. In the ILC, the circularly po-

larized photon beam produced by the helical undulator is used to produce a longitudinally polarized

positron beam. In 1959, Olsen and Maximon studied the polarization transfer from a circularly po-

larized photon beam to longitudinally polarized lepton beams created through the electron-positron

pair process when the photon hits an infinitely thin target [23]. The polarization of the incoming

photon beam is transferred to the outgoing lepton beams. More details about the polarization trans-

fer can be found in Appendix A. Figure 3.5 shows the longitudinal polarization of lepton (electron

or positron) beams created in an infinitely thin target by a circularly polarized photon beam [23].

Figure 3.5: The longitudinal polarization of lepton (electron or positron) beam created
in an infinitely thin target by circularly polarized photon beam, as a function of the ratio
Ee+/Eγ of positron to photon energies [23].

As can be seen in figure 3.5, the positron (electron) beam created by a circularly polarized

photon beam is almost 100 % longitudinally polarized if its energy is close to that of the incoming

photons.

The thickness of the target also determines the polarization of the produced positron beam.

The proof-of-principle experiment (E-166) to test the e+ production using a helical undulator at the

Stanford Linear Accelerator Center (SLAC) has produced a photon beam with circular polarization.

This beam was then converted in a thin target to longitudinally polarized positron and electron

beams, as shown in reference [24]. The spectrum of the produced photon beam in the E-166 was

used to calculate the polarization of the produced positron beam with different target thicknesses,

as shown in figure 3.6.
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Figure 3.6: The longitudinal polarization of positron beam created by a circularly polar-
ized photon beam with energy of 10 MeV in titanium target with different thicknesses in
radiation lengths, as a function of the positron energy [24].

Figure 3.6 shows that by increasing the target thickness, the longitudinal polarization of the

positron beam is increased [24], but, of course, this is at the expense of the intensity, as seen in

figure 3.3. The material target used in this study is titanium.
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Chapter 4

Positron Sources for High-Intensity

Future Linear Colliders

The positron source is one of the most challenging areas in future electron-positron linear collider

projects. A very intense positron source is required since the required positron number at the

interaction point (IP) of, for example, the ILC is ≈ hundreds of times higher than what was required

at the SLC. The positron sources of future electron-positron linear collider projects have different

designs. One method is that photons are produced by allowing electrons to interact with a thick

target to produce positrons through the electromagnetic shower. The other method is to produce

photons and send them to a thin converter target. This chapter briefly introduces the possible

positron sources for future high-intensity linear colliders.

4.1 Undulator-Based Positron Source
The idea behind using an undulator-based positron source is to produce the photon beam with the

required photon energy outside the converter target. This idea was first described in 1979 [25].

Here the undulator-based positron source is introduced, and the basics of the undulator will be

introduced in chapter 5.

The undulator is an insertion device with a periodic structure of dipole magnets. The main

purpose of the ILC undulator is to produce photons with energy of few MeV by forcing the electrons

with energy > 100 GeV to oscillate as they travel through it. These photons are then directed to a

thin target to produce positrons by a pair production mechanism. Figure 4.1 shows the schematic of

a permanent magnet planar undulator. In this schematic, the oscillations of electrons are confined

to a plane.
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Figure 4.1: Schematic of a permanent magnet planar undulator. The red and green
magnets are north and south poles, respectively. In between are the electron and produced
photon beams [26].

Figure 4.2 shows the principle of the helical undulator-based positron source.

Figure 4.2: Principle of polarized positron beam produced by high-energy electron beam
(red line) passing through a undulator with a helical magnetic field (black arrows) to pro-
duce a photon beam (blue line). Green arrows represent positrons and electrons generated
through the electron-positron pair process when photons hit the metal target [27].

The advantages of the helical undulator over the planar undulator are that the number and power

of photons produced per period of a helical undulator are up to twice that produced per period of

a planar undulator with the same parameters. In addition, since the helical undulator produces

a circularly polarized photon beam, there is a possibility of producing a longitudinally polarized

positron beam by these photons. Due to the rotating magnetic field in the helical undulator,

the electron beam trajectory is helical, proportional to the undulator period. The trajectory of

the electron beam results in emitting a high-energy photon beam with circular polarization. The

positron beam produced through the electron-positron pair process will inherit the polarization of

this photon beam. A detailed study about the differences between planar and helical undulators

has been conducted by Alexander Mikhailichenko in [28] and by Klaus Flottmann in [29].
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4.1.1 Layout of the ILC Helical Undulator Source

The TDR of the ILC proposes the helical undulator-based positron source as the baseline of the ILC

positron source. The ILC helical undulator is located at the end of the main linac of the electron.

Figure 4.3 shows the layout of the ILC helical undulator-based positron source [11].

Figure 4.3: Layout of the ILC positron source. Figure is taken from [11].

A multi-GeV (> 100 GeV) electron beam passes through a helical undulator to produce a multi-

MeV circularly polarized photon beam. The electron beam is then directed to the IP, while photons

are incident on the target to produce positrons through the electron-positron pair. Depending on

the electron energy, the target thickness is between 0.2 and 0.4 radiation lengths.1 The target is a

rotating wheel made of titanium alloy (Ti6Al4V) with a speed of 100 m/s, and a diameter of 1 m.

After the target, positrons are captured by an Optical Matching Device (OMD), and photons and

electrons are dumped. More detail about the ILC target and OMD can be found in [11, 30, 31].

Since a few of the photons will produce positrons, a particular system is required to dump the unused

high-intensity photon beam after the OMD [32, 33]. The captured positrons are accelerated from

125 MeV to 400 MeV by the pre-accelerator. Then the positron beam with an energy of 400 MeV is

directed to a superconducting Booster Linac to be accelerated up to 5 GeV. A spin rotation solenoid

is used to change the spin of positrons from the longitudinal to the horizontal plane and then to

the vertical in order to preserve the polarization in the positron DR. In addition, a special spin

flipper that randomly flips the spins of the half-part of positrons to the other direction is needed.

A study and possible design of a spin rotator and flipper for the ILC are discussed in [34]. Before

injecting the positron beam into the positron DR, the energy compression is done using a separate

superconducting RF structure.

The benefits of using the helical undulator-based positron source in the ILC are that the pro-

duced photon beam has a high intensity with circular polarization, which leads to a positron beam

with a polarization of 30 %. This concept has been successfully demonstrated by the E-166 experi-

ment at SLAC [24]. Moreover, the ILC helical undulator cryomodule prototype has been built, and

1The target thickness of the ILC-350 and ILC-500 is always assumed to be 0.4 radiation length.
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the B-field of the undulator has been tested [35]. In addition, the target prototype has been built

and studied [36]. However, it has to be considered that the commissioning of the positron machine

is more complicated without a high-energy e− beam.

4.1.2 Parameters of the ILC Helical Undulator

The undulator parameters determine the intensity and shape of the photon spectrum. Therefore,

changing the undulator parameters leads to changes in the positron distribution, which will cause

changes in other source components.

In the helical undulator, to create such a powerful helix magnetic field (Bo ∼ 0.79 T) with a

short helical undulator period (λu) in the range of 11.5 mm, the undulator aperture (du) must be

tiny (∼ 5.85 mm). Figure 4.4 shows a diagram of a wire wound in a double helix. In this schematic,

two equal currents flow in opposite directions through two superconducting wires to create a double

helix around the electron beam axis (z-axis).

Figure 4.4: Diagram of a wire wound in double helix.

As discussed in chapter 3, photons with an energy of few MeV are needed to produce positrons.

The ILC positron source parameters have been updated since the start of the ILC project in 2005.

Following the Higgs boson discovery in 2012, the nominal parameters of the ILC Linac beam were

changed from 500 GeV to 250 GeV centre-of-mass energy. Therefore, a longer helical undulator

is needed to produce the required photon number. The ILC TDR, published in 2013, contains a

detailed baseline design of the entire ILC project and parameters for the positron source after the

high-energy ILC upgrade [11]. The last update of the positron source parameters for the ILC is in

[13] and shown in table 4.1. The impact of each undulator parameter on the photon spectrum will

be seen in chapter 5.

The required positron yield at the ILC positron DR is 1.5 e+/e−. The helical undulator of the

ILC-250 should produce photons with an average energy of ≈ 7.6 MeV, which will hit the Ti6Al4V
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Table 4.1: Nominal beam parameters of the ILC TDR [13, 15, 30].

Parameters Symbol Unit Value
Centre-of-mass energy Ecm GeV 250 350 500
Electron energy Ee GeV 128 178 253
Undulator period λu mm 11.5 11.5 11.5
Required undulator B-field B T 0.79 0.698 0.42
Undulator K K 0.85 0.75 0.45
Electron energy loss in undulator Eloss GeV 3 2.6 2
Average photon energy Eγ MeV 7.6 14.0 27.0
Total active undulator length Lu m 231 147 147
Number of electron per bunch Ne 1010 2.0 2.0 2.0
Number of bunches per pulse nb 1312 1312 1312
Bunch separation ∆tb ns 554 554 554
Pulse repetition rate frep Hz 5.0 5.0 5.0
Target thickness X0 Hz 0.2 0.4 0.4

target with a thickness of 0.2 radiation length. The cross-section can be obtained from figure 3.2.

Therefore, ≈ 1.05×1016 photons per second are required to produce the required positron number,

which is 2× 1014 positrons per second. This is if we assume that the efficiency of the OMD is 100%,

but the efficiency is somehow between 15% and 25% depending on the design, which is still under

study. Therefore, if we assume that the efficiency of the OMD is 20%, then instead of ≈ 1.05×1016

photons per second, the required photon number becomes ≈ 5.25×1016 photons per second to

produce 1 × 1015 positrons per second directly after the target. In this case, we can achieve the

required positron yield at the positron DR.

4.2 Electron Driven Positron Source
The Electron Driven (e-driven) positron source is an alternative option in the ILC. This method

has been used successfully in real projects for over 40 years, such as in SLC. However, the required

positron yield in the ILC is almost a hundred times as high as in the SLC. Physicists have more

experience with this kind of source compared with other sources. Figure 4.5 shows the schematic

layout of the ILC e-driven positron source [37].

In this scheme, the ILC e-driven positron source uses an electron driver linear accelerator to

produce a 3 GeV electron beam. This beam is then directed to a tungsten-rhenium (W-Re) target

with a rotation speed of 5 m/s and a thickness of 16 mm to produce positrons through the electro-

magnetic shower process. After the target, positrons with a large momentum deviation, photons,

and electrons are removed, while wanted positrons are captured and accelerated up to 250 MeV.

Then positrons are accelerated up to 5 GeV before being sent to the positron DR.
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Figure 4.5: Schematic of the ILC E-driven positron source [37].

In this scheme, the parameters for generating the required positrons for the ILC are 20 pulses

at 300 Hz with 66 bunches each and 2× 1010 electrons per bunch. This scheme takes approximately

67 ms to generate the required positrons for the ILC single Main Linac pulse with its 1312 bunches,

compared with 0.8 ms for the helical undulator-based positron source. Positrons are then sent to the

positron DR. Positrons are kept in the positron DR for 136 ms before being sent to the positron main

linac to be accelerated to the required energy and then sent to the IP. The beam structure should be

matched in this configuration, although it depends on the DR fill pattern. This design, with these

parameters, can produce the required positron yield of the ILC [30, 38]. The main disadvantage

of the e-driven source compered with the helical undulator is that the e-driven source provides an

unpolarized positron beam with substantial consequences for the physics potential of the ILC [39].

The ILC Positron Source Group has recently discussed and studied the helical undulator-based,

and e-driven positron source schemes in the ILC community [30]. As a result, both source ideas will

work with no known problems that would stop them, but they need more engineering work.

4.3 Laser-Compton Positron Source
Another possible positron source is the laser-Compton. This source is based on two fundamental

processes: backward Compton scattering of the circularly polarized laser light and the pair pro-

duction of the polarized gamma rays (γ-rays) [40]. The principle of this scheme is shown in figure

4.6.

Polarized gamma rays are created by a circularly polarized laser light through backward Comp-

ton scattering, and these gamma rays are directed to hit a thin target. As a result, the electron–

positron pairs are created by some of these gamma rays. The kinematics of the Compton scattering

are determined by the energy of both electron beam and laser photons, the interaction angle be-

tween the laser photons and the electron beam, and the backscattering angle. This angle is the angle

between the produced photons by Compton scattering and the electron beam. The main advantage
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Figure 4.6: Principle of laser-Compton positron pource [40]

of the laser-Compton positron source is that the photon beam is polarized, so there is a possibility

of producing a polarized positron beam. In addition, it is independent of the e− beam for the e+e−

collisions. However, this source has the challenge of producing the required photon number that

will be used to create the required positron number. This source is discussed in more detail in [40].
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Chapter 5

Synchrotron Radiation from a

Helical Undulator

This chapter presents the physics of helical undulators. By the end of this chapter, the effect of

each undulator parameter on the photon spectrum and polarization beam produced by a helical

undulator will be understood.

5.1 Synchrotron Radiation
The Synchrotron Radiation (SR) is the electromagnetic radiation that is emitted when relativistic

charged particles undergo acceleration [41]. This radiation was first observed in April 1947 at the

General Electric Company Research Laboratory in New York State [42].

The SR can be understood by two basic processes: Lorentz contraction and relativistic Doppler

shift [43]. For example, considering a relativistic charged particle that travels at almost the speed

of light and passes through an undulator. In the moving frame, if the undulator period is λu, the

electron will see it as λu
γ . As a result, the electron emits a radiation with a wavelength of λu

γ . Here,

γ is the relativistic Lorentz factor and given by:

Ee = γm0c2 = γE0 (5.1)

Where, c is the speed of light, E0 is the electron rest energy and Ee is the electron energy.

For the relativistic Doppler effect, the observer sees the frequency of the emitted light, at rest,

f , is:

f = γ f
′ (

1 + βcosθ
′) (5.2)
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Where, f
′ and θ

′ are the frequency emitted by the moving electron and the angle between the

emitted light and the observer, respectively. β is the relative velocity of electron and given by:

β =

√
1 − 1

γ2 , β = v/c (5.3)

Where, v is the speed of the electron.

If the particle travels towards the observer, where θ
′
= π, the observer sees the frequency of the

emitted light as:

f = γ f
′
(1 + β) (5.4)

If the frequency is converted to the wavelength, equation 5.3 becomes:

λ =
λ
′

γ (1 + β)
(5.5)

Where, λ is the wavelength of the emitted light seen by the observer and λ
′ is the wavelength

emitted by the moving electron. If it is assumed that the β of the relativistic source is ≈ 1, then

equation 5.5 becomes:

λ ≈ λ
′

2γ
(5.6)

The result of combining these two effects shows that the electron emits a light with a wavelength

of λu
γ and if it travels towards to the observer, this wavelength is further reduced by 2γ. So the

wavelength of the emitted radiation that is seen by the observer in the rest frame will be λu
2γ2 .

Therefore, when electrons are accelerated to tens of GeV, the value of γ reaches tens of thousands.

Also, when the period of undulators is reduced to a centimeter, the wavelength of the emitted

radiation reaches few nanometers.

Another characteristic of the SR is that the SR is emitted into a narrow cone with an opening

angle of ≈ 1
γ around the instantaneous direction of the particle (the electron) trajectory. Since the

undulator is being an interference device, the result is that a further narrowing of the cone is being

added by a factor of
√

N. Here N represents the number of the undulator periods. This signifies

that using undulators in high energy accelerators can create highly intense radiation with very small

wavelengths (a few nanometers).

Now the properties of the SR from a helical undulator will be studied in more details.
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5.2 Radiation from a Helical Undulator
The helical undulator device is an Inserting Device (ID) that is used to produce photon radiation

when an electron beam passes through it. The helix magnetic field is around the electron beam,

so the field oscillates the electron beam, resulting in an emitting circularly polarized photon beam.

Equation 5.7 shows the general expression for the energy radiated (U) per unit angular frequency

(ω) per unit solid angle (Ω) emitted by one relativistic charged particle in a magnetic field [44]:

d2U
dΩdω

=
ω2q2

16π3cε0

∣∣∣∣∣∣
∞∫

−∞

(
n⃗ ×

(
n⃗ × β⃗

))
eiω(t′+ re

c )dt′

∣∣∣∣∣∣
2

(5.7)

Where the q represents the electron charge, n⃗ represents the unit vector in the direction to the

observer, re represents the electron trajectory, and the β⃗ represents that the particle velocity is a

function of ’retarded time t’. The electron trajectory in an undulator device has to be determined

in order to calculate the SR spectrum created by this undulator device. In the case of the ILC, the

helical undulator is interesting. In the helical undulator, the electron trajectory is a helix, and its

period is proportional to the undulator period (λu), and the amplitude depends on the magnetic

field strength and the electron driven beam energy. The motion equations for the electron can be

written as follow [43]:

ẍ =
d2x
dz2 =

q
moc2γ

(By − ẏBz) (5.8)

ÿ =
d2y
dz2 =

q
moc2γ

(ẋBz − Bx) (5.9)

Since there is no a magnetic field in the z direction of undulators, Bz= 0. So equations 5.8 and 5.9

become:

ẍ =
d2x
dz2 =

q
moc2γ

(By) (5.10)

ÿ =
d2y
dz2 = − q

moc2γ
(Bx) (5.11)

The magnetic field of a helical undulator is given by:

Bx = Bx0 sin
(

2πz
λxu

)
(5.12)

By = By0 cos
(

2πz
λyu

)
(5.13)
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Substituting these into equations 5.10 and 5.11 we get:

ẍ =
d2x
dz2 =

q
moc2γ

By0 cos
(

2πz
λyu

)
(5.14)

ÿ =
d2x
dz2 = − q

moc2γ
Bx0 sin

(
2πz
λxu

)
(5.15)

By integrating equation 5.14 and 5.15 with respect to z, ẋ and ẏ can be got:

ẋ =
dx
dz

=
qλyu

moc2γ2π
By0 sin

(
2πz
λyu

)
(5.16)

ẏ =
dx
dz

=
qλxu

moc2γ2π
Bx0 cos

(
2πz
λxu

)
(5.17)

Here ẋ and ẏ represent the horizontal and vertical deflection angles. The maximum deflection

angles (Ky and Kx) experienced by the electron are given by:

Ky =
qλyu

moc2γ2π
By0 (5.18)

Kx =
qλxu

moc2γ2π
Bx0 (5.19)

Equations 5.16 and 5.17 can be integrated in order to calculate the position of the electron in a

helical undulator:

x =
dx
dz

= −
Ky

γ

λu

2π
cos

(
2πz
λu

)
(5.20)

y =
dx
dz

=
Kx

γ

λu

2π
sin

(
2πz
λu

)
(5.21)

If we assume that

λxu = λyu = λu (5.22)

and

Bx0 = By0 = B0 (5.23)

then

Kx = Ky = K (5.24)

So, K is proportional to the undulator period (λu) and the peak magnet field strength (B0) and is
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given by:

K =
qλuB0

2πmc2 = 0.934λu(cm)B0(T), (5.25)

Assuming γ is large, and N > 100, equation 5.7 can be used to integrate the energy radiated from

a helical undulator at a particular frequency and opening angle. The integration was performed by

Brian Kincaid and the integration steps can be found in [45]. The result is given by:

d2W
dΩdω

=
q2ω2K2

4π3ε0cγ2ω2
0

∞

∑
n=1

[
J′n

2
(x) +

(
θγ

K
− n

x

)2
J2
n (x)

]
sin2

[
Nπ

(
ω
ω1

− n
)]

(
ω
ω1

− n
)2 (5.26)

Where Jn(x) is the Bessel function, θ is the angle between the z-axis of the helical undulator

and the observation point, and N represents the number of periods in the helical undulator, n is

the harmonic number. ω0 is the circular frequency of the electron’s helical orbit. The other terms

in the expression are:

x =
Kθ

γ

ω

ω0
, (5.27)

ω0 =
2πβ∗c

λu
, (5.28)

ω1 =
ω0

1 − β∗ cosθ
≈ 2γ2ω0

1 + K2 + γ2θ2 , (5.29)

Here, β∗ represents the average velocity of the electron in the z direction and is given by :

β∗ = β

[
1 −

(
λu

2πρcyc

)2
] 1

2

(5.30)

= β

[
1 −

(
K
γ

)2
] 1

2

(5.31)

Here, ρcyc is the cyclotron radius, which is the radius of the motion of the particle inside the

helical undulator.
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5.2.1 Photon Number Spectrum

The total radiated energy spectrum as a function of frequency can be calculated by integrating

equation 5.26 over all angles as given by [45]:

dW
dω

=
NpK2q2r

ε0c

∞

∑
n=1

[
J′n

2
(xn) +

(
an

K
− n

xn

)
J2
n (xn)

]
u(a2

n) (5.32)

Where:

a2
n =

n
r
−1 − K2, (5.33)

xn = 2Kran, (5.34)

r =
ω

2γ2ω0
, (5.35)

and u(a2
n) is the unit step function.

The photon number spectrum can be calculated by using the relationship between the radiation

frequency ω and photon energy Eγ. So, the photon number spectrum can be calculated by dividing

equation 5.32 by ωh̄. Figure 5.1 shows the spectrum of photon number per unit energy range for the

first five harmonics from a helical undulator. The different harmonics have been plotted separately

to show how the significance of the higher harmonics decreases.

The effect of each parameter, including λu, undulator length, K value and Ee, on the photon

spectrum will be discussed separately.

5.2.1.1 K Value

As seen in equation 5.25, the K value depends directly on the λu and the B field. Equation 5.32,

which is valid for a helical undulator with N ≥ 100 as discussed in [45], is used to calculate the

photon spectrum created by a helical undulator. Figure 5.2 shows the photon spectrum created by

a 1.75 m helical undulator length with different K values. For each K value, the λu is fixed (11.5

mm), while the B-field has been changed in order to change the K value. The photon spectrum

with different K values have been plotted to show the effect of the K value on the photon number

spectrum.

By increasing the K value, the photon number and the photon average energy increase, while

the energy cut-off decreases.
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Figure 5.1: Photon number spectrum for the first five harmonics. Each plot represents a
separated harmonic. The plot on the bottom right shows the total photon number of all
the five harmonics. Using a 1.75 m helical undulator length with an undulator period of
λu = 11.5 mm, K = 0.85 and the electron energy is Ee = 125 GeV.
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Figure 5.2: Photon spectrum created by a 1.75 m helical undulator length using different
K values K= 0.3 , 0.6 , 0.9 , 1.2 and 1.5 . The undulator length and period (λu = 11.5 mm)
are fixed. It means that when K=0.3, the B-field is 0.28 T, and when K=1.5, B-field is 1.4
T. The electron energy is Ee = 125 GeV.

5.2.1.2 Undulator Period

Photons are produced as long as the electron beam is shaking. The effect of the size of the undulator

period on the photon spectrum is discussed. Equation 5.32 is used to calculate the photon spectrum

created by a helical undulator. Figure 5.3 shows the photon spectrum produced by a 1.75 m

undulator length for different period sizes using K = 0.85 and an electron energy of 125 GeV. To

keep the overall undulator length constant at 1.75 m, the number of periods has been changed for

each period size shown in figure 5.3. Also, for each of the period size shown, the B-field has been

changed to keep the K value constant at 0.85.

The significance of the size of the undulator period is clear on the spectrum of the photon

number. For higher period sizes, the average energy and number of photons decreases. For example,

the average energy of the photon beam is 6.7 MeV and 8.4 MeV for period size 12.5 mm (B-field

= 0.73 T) and 10.0 mm (B-field = 0.91 T), respectively. So using a smaller period allows for a

reduction in the overall undulator length which will lead to decrease the photon beam spot size and,

in the same time, the average energy of photons increases which will help to increase the probability

to produce positrons.
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Figure 5.3: Photon spectrum created by a 1.75 m helical undulator length using different
period sizes λu= 10.0, 10.5 , 11.0 , 11.5 , 12.0 and 12.5 mm. The undulator length and
K value (K=0.85) are fixed. It means that when λu = 10.0, the period number is 175 and
B-field= 0.91 T, and when λu = 12.0, the period number is 146 and B-field = 0.72 T. The
electron energy is Ee = 125 GeV.

5.2.1.3 Electron Beam Energy

The electron beam energy (Ee) also affects the shape of the photon spectrum. Equation 5.32 is

used to calculate the photon spectrum created by a helical undulator with different electron beam

energies. Figure 5.4 shows the spectrum of the photon beam produced by a 1.75 helical undulator

for different Ee such as 125, 175 and 250 GeV but with the same parameters such as K = 0.85 and

λu = 11.5 mm.

However, the produced photon number is stable. Increasing Ee will increase the average energy

and power of the photon beam, which will increase the probability of producing positrons.

5.2.2 Angular Power Distribution

The angular power distribution produced by a helical undulator with N > 100 can be calculated by

integrating equation 5.26 over all frequencies and is given by [45]:

dW
dΩ

=
2Nq2ω0γ

4K2

πε0c(1 + K2+γ2θ2)3

∞

∑
n=1

n2

[
J′n

2
(xn) +

(
γθ

K
− n

xn

)2
J2
n (xn)

]
(5.36)
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Figure 5.4: Photon spectrum created by a 1.75 m undulator length using different electron
energies Ee =125, 175 and 250 GeV. The undulator length, K=0.85 and λu = 11.5 mm are
fixed.

Where:

xn =
2nKθγ

1 + K2 + γ2θ2 , (5.37)

θ =
1
γ

[
n

ω1(1 + K2)

ω
− 1 − K2

]
(5.38)

Figure 5.5 shows the power distribution of photons for the first five harmonics produced by a

1.75 m helical undulator module with K=0.85, λu = 11.5 mm and 125 GeV electron beam. The
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Figure 5.5: Angular power distribution in the first five harmonics produced by the ILC
undulator with K = 0.85, 125 GeV electron beam and 152 periods.
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different harmonics have been plotted separately to show how the significance of the higher harmonics

decreases. Figure 5.6 represents the angular distribution of the radiation power produced by a 1.75

m helical undulator with λu = 11.5 mm and Ee = 125 GeV for different K values. The significance

of the higher K value is shown.
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Figure 5.6: Angular power distribution produced by a 1.75 m helical undulator with
λu = 11.5 mm and Ee = 125. Each color represents the power distribution of the ILC
helical undulator with different K values.

The photon peak distribution is not on the axis. And by increasing the K value, the peak moves

further from the axis, which will affect the positron distribution.

5.2.3 Photon Beam Polarization

Stokes parameters can be used to give a description of the polarization state of the electromagnetic

radiation. The stokes parameters is introduced in appendix A. The polarization of an electromag-

netic wave can be described by the relationship between two orthogonal components of, for instance,

the B-field:

Bx = Bxocos(ωt) (5.39)

and

By = Byocos(ωt + δ) (5.40)

So, there are three independent parameters: the field amplitudes (Bxo and Byo) and the phase

difference δ.

When the phase difference is zero or 450 the light is linearly or elliptically polarized. When the

phase difference is π
2 and Bxo = Byo, the light is circularly polarized. The helical undulator generates
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a photon beam that is circularly polarized. This is significant because the positron beam produced

by this photon beam will inherit the polarization of the photon beam. The schematic of the helical

undulator-based positron production process has been seen in figure 4.2. If we consider an ideal

helical undulator, its horizontal and vertical fields on-axis with a variable phase difference between

them are written as follows:

Bx = Bxo sin
(

2πz
λu

− δ

)
(5.41)

By = Byo sin
(

2πz
λu

)
(5.42)

The electron velocities in the two planes can be written as follows:

βx =
Ky

γ
cos

(
2πz
λu

)
(5.43)

βy =
Kx

γ
cos

(
2πz
λu

− δ

)
(5.44)

The Ky and Kx are shown in equations 5.18 and 5.19, respectively. For the first harmonic and

small Ky and Kx, the circular polarization rate (P3) can be expressed as follows:

P3 =
2BxoByo sinδ

B2
xo + B2

yo
(5.45)

As mentioned above, the polarization can be specified by only three independent variables: the field

amplitudes and the phase difference. P3 = 0, when Bxo and Byo are in phase, which is a linearly

polarized wave. While P3± 1, when Bxo = ±iByo. The first term in square brackets in equation

5.26 corresponds to one component of the B-field, whereas the second term corresponds to the

perpendicular component. This enables us to calculate the polarization of the radiation produced

by an electron beam passing through a helical undulator as a function of the frequency and angle

with respect to the undulator axis:

P3 =
S3

S0
(5.46)

Where

S3 = −2
∞

∑
n=1

[
J′n (x)

(
θγ

K
− n

x

)
Jn (x)

] sin2
[

Nπ
(

ω
ω1

− n
)]

(
ω
ω1

− n
)2 (5.47)

and

S0 =
∞

∑
n=1

[
J′n

2
(x) +

(
θγ

K
− n

x

)2
J2
n (x)

]
sin2

[
Nπ

(
ω
ω1

− n
)]

(
ω
ω1

− n
)2 (5.48)

Figure 5.7 shows the photon spectrum and the circular polarization rate of the photon beam as

a function of energy (integrated over all angles) of radiation from a helical undulator with a 1.75
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m length, K = 0.85, λu = 11.5 mm and Ee =125 GeV. The photon beam polarization rises as the

photon beam energy approaches the harmonic cut off before dramatically dropping at the cut off.

The maximum opening angle included in this figure is 12 µrad.
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Figure 5.7: Photon beam spectrum and polarization created by a 1.75 m helical undulator
with K = 0.85 (λu = 11.5 mm) and Ee = 125 GeV.

Since the circularly polarized photon beam will be directed to a target to produce a longitudinal

polarized positron beam, the degree of the positron beam polarization depends on the degree of the

photon beam polarization, photon energy and the pair production cross section. As shown in

equations 5.29 and 5.38, the frequency of the radiation and the angle at which it is emitted have a

strong correlation as photons with low frequency (low energy) have larger opening angles. Therefore,

the average polarization of the photon beam can be controlled by removing photons with low energy

(large angles) for which the polarization varies over a wide range.

Figure 5.8 shows the photon beam spectrum and polarization produced by a helical undulator

module with 1.75 m length, λu = 11.5 mm , K = 0.85 and Ee = 125 GeV. Each color represents

a different maximum opening angle (θMax) that is included in the calculation. Different θMaxs are

chosen to show how the significance of the included θMax is on the spectrum and polarization of the

photon beam.

The chosen θMax impacts the photon number (Nγ), average energy (Eγ
ave) and polarization (Pγ)

of the photon beam. Table 5.1 summarizes the results. However, the average energy and polarization

of the photon beam increase. The photon number decreases when a small θMax is considered.

In section 5.2.1.1, we saw the effect of the K value on the photon spectrum number. Here we

will investigate the effect of K value on the photon beam polarization. Figure 5.9 shows the photon

beam polarization produced by a 1.75 m undulator length with λu = 11.5 mm, θMax = 14.6 µrad

and Ee = 125 GeV for different K values.

The positron beam polarization is discussed not in terms of the peak polarization but in terms of
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Figure 5.8: Spectrum (top) and circular polarization (bottom) of the photon beam with
different maximum opening angle θMax produced by a 1.75 m helical undulator length with
K = 0.85 (λu = 11.5 mm) and Ee = 125 GeV. Each color represents a different included
θMax.

Table 5.1: The number (Nγ), average energy (Eγ
ave), polarization (Pγ) of the photon beam

using three different maximum opening angle (θMax) produced by a helical undulator with
a 1.75 m length (152 periods), λu = 11.5 mm and K=0.85, which is being passed by Ee of
125 GeV. Distance between this undulator module exit and observation points is 401 m.

θMax Nγ Eγ
ave Pγ

(µrad) (photons/e/1.75 m) (MeV) (%)
3.64 0.76 10.0 91.5
7.30 1.52 9.9 53.0
14.60 2.01 8.2 37.7
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Figure 5.9: Photon beam polarization produced by a 1.75 m undulator length with λu =
11.5 mm for different K values and Ee =125 GeV. Each color represents a different K value.
The considered θMax is 14.6 µrad.

the average polarization in a positron bunch. Therefore, not only the value of the peak polarization

of the photon beam is crucial, but also the spread in the photon beam polarization. As shown in

figure 5.9, the helical undulator with higher K value produces lower photon beam polarization while

helical undulator with small K value produces a higher photon beam polarization. The average

photon beam polarization with θMax = 14.6 (µrad) for K = 0.45 is 46 % while it is only 37.7 % and

33.5 % for K = 0.85 and 1.08, respectively.
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Chapter 6

The ILC Helical Undulator

The positron source is one of the challenging areas for any high-intensity future electron-positron

colliders. Since a very high-intensity positron beam with ≈ 2×1014 positrons per second is required

at the IP of the ILC, a very high-intensity photon beam with ≈ 5.25×1016 photons per second are

needed to produce this amount of positrons. The TDR of the ILC has chosen the helical undulator

as the ILC photon source. The basics of the helical undulator were introduced in the chapter 5. In

this chapter the helical undulator as a photon source for the ILC is discussed in terms of structure

and parameters to ensure that the ILC helical undulator can create the required photon beam that

can produce the required positron beam. In addition, the aim of the thesis is shown at the end of

this chapter.

6.1 The ILC Helical Undulator Prototypes
A prototype study is crucial in validating design decisions before development starts. The aim is to

give the developers a chance to identify problems so that they can make the necessary changes prior

to developing and building their product. As discussed in section 4.1.2, a high-energy multi-GeV

electron beam should pass through a helical undulator with a high magnetic field, a short period,

and a small aperture to generate a high power multi-MeV photon beam in order to produce the

required positron yield. The first suitable cryomodule prototype of the ILC has been demonstrated

at Rutherford Appleton Laboratory [35]. Figure 6.1 shows photographs of these prototypes.

The left plot in figure 6.1 shows four short undulator prototypes and the right plot shows the

two superconducting helical undulator prototypes with a 1.74 m length for each inserted into a

cryomodule with 4.1 m long. These prototypes were built to get the expected size of the errors in

the B-field of the helical undulator modules that would be used in the ILC helical undulator-based

positron source. Hall probes, a device used to measure the magnetic field, were used to measure
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Figure 6.1: The left photograph shows four short undulator prototypes. The right photo-
graph shows a 4.1 m long cryomodule prototype, containing two undulator modules with a
1.74 m length for each [35].

the magnetic field of the two helical undulator prototypes. The upper plot in figure 6.2 shows the

K value per period for both helical undulator prototypes. The bottom plot shows the ideal and

measured photon number spectrum per electron.

The prototype studies have shown that the error size in the second undulator prototype is larger

than in the first undulator prototype. This difference is likely due to some errors in the winding

during the construction. In addition, these studies have shown that superconducting undulators

with λu of 11.5 mm and K factors up to 0.92 are possible. More detail about the study of the helical

undulator prototypes can be found in [35].

6.2 The Structure of the ILC Undulator Line
The first stage of the ILC is to operate at 250 GeV centre-of-mass energy. The later stages upgrade

the centre-of-mass energy to 350 GeV and 500 GeV. That means that the linacs of the electron and

positron accelerate the electron and positron beams up to their collision energy of between 125 GeV

and 250 GeV. Therefore the helical undulator must produce usable photons from the electron drive

beam with energy between 125 GeV and 250 GeV and higher.

Nevertheless, the complete ILC helical undulator would contain a series of cryomodules with 4.1

m long. Each cryomodule contains two superconducting helical undulator modules with a length

of 1.75 m length and λu of 11.5 mm. To focus and steer the electron beam through the undulator,

quadruples are placed after every three cryomodules. Figure 6.3 shows the schematic layout of the

ILC undulator line.

In total, twenty-two copies of such depicted in this scheme are needed for the ILC-250, which

means that the ILC undulator would consist of 66 cryomodules and 22 quadruples.
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Figure 6.2: Upper plot shows K value per period for first (black lines) and second (gray
lines) undulator prototypes. The bottom plot shows the ideal (gray lines) and measured
(black lines) number of photons per electron per 10 keV bandwidth [35].

Figure 6.3: Schematic layout of the ILC undulator line.
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Since the first stage in the ILC is 250 GeV centre-of-mass energy, the full active length is needed

to create the required positron yield (1.5 e+/e−) at the positron DR. The active length of the ILC-

250 helical undulator is ≈ 231 m, and the total length is ≈ 320 m. For 350 or 500 GeV centre-of-mass

energy, only 42 cryomodules are required to create the required positron yield.

Table 6.1 shows the parameters of the ILC helical undulator structure line that are required to

produce the required positron yield for each stage, taken from [11, 46].

Table 6.1: The parameters of the ILC helical undulator structure line are taken from [11]
and [46].

Parameters Values Unit
Undulator aperture 5.85 mm
Undulator period 11.5 mm
Period number in an undulator 152
Effective undulator length 1.75 m
Undulator number in a cryomodule 2
Cryomodule length 4.1 m
Quadruple length 1 m
Quadruple spacing 14.538 m
Centre-of-mass energy 250 350 500 GeV
Required undulator B-field 0.79 0.698 0.42 T
Undulator K value 0.85 0.75 0.45
Required number of undulators 132 84
Required number of cryomodules 66 42
Total active required undulator length 231 147 m
Total length of undulator line 319.84 m
Distance from middle of undulator to the target 401.10 m
Distance from undulator exit to the target 241.18 m

6.3 Thesis Aims
Since a very high-intensity positron beam with ≈ 2×1014 positrons per second are required at

the IP of the ILC, a very high-intensity photon beam with ≈ 5.25×1016 photons per second are

needed to produce this amount of positrons. In order to produce this amount of photons, the helical

undulator-based positron source is used. There are important challenges for this source:

• In order to produce a very high-intensity photon beam, the helical undulator must be long

enough. The total ILC undulator length is ≈ 320 m. The photons are created with an

opening angle in the helical undulator, and part of these photons will hit the very long

superconducting undulator walls. The incident power at the undulator walls must be studied

to ensure it is below the acceptable level of 1 W/m [27].
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• To keep the incident power below the acceptable level, photon masks must be placed along

the undulator line. These masks should be designed to protect the undulator walls and meet

the required vacuum level. At the same time, enough photons must pass through these masks

to the target to generate the required positrons.

• The energy deposition, temperature rise, and stress at the photon masks will be studied to

check if values are still below the limit.

• After designing the masks, the effects of these masks on the photon beam distribution and

polarization at the target plane should be checked.

• Since building an ideal undulator to generate a perfect photon distribution is impossible, the

realistic photon beam distribution and polarization at the target plane must be studied. The

realistic studies here are based on the helical undulator prototype studies in [35].

Finally, this photon distribution can be used to check the realistic efficiency of the e+ production.

All these studies are done for the three stages of the ILC (ILC-250, ILC-350, and ILC-500).
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Chapter 7

Simulating Helical Undulator

Photon Spectra

There are a few simulation codes that are used to calculate the photon spectra that are expected from

a helical undulator. The FluxCalc is a Mathematica notebook and was developed by Duncan Scott

at STFC Daresbury Laboratory in the UK to calculate the Synchrotron Radiation (SR) created by

a helical undulator. SPECTRA code, which is a C++ based code developed by Takashi Tanaka at

the SPring-8 Center is one of the most widespread codes that is used to calculate the expected SR

created by a helical undulator [47]. The accuracy of the SPECTRA was tested by simulating the

photon spectrum that is expected from the helical undulator prototypes demonstrated at Daresbury

Laboratory and Rutherford Appleton Laboratory and there were some issues that arose during this

test. One of these issues was the length of the time that is required to simulate the photon spectrum

and the photon spectrum accuracy at wide angles. Therefore, it was subsequently required to develop

a new simulation code that can simulate the photon spectrum created by the helical undulator-

based positron source. Therefore, the Helical Undulator Synchrotron Radiation (HUSR) code was

developed.

This chapter shows a comparative study between these three codes. The best suited code for

our task is then discussed with more detail and benchmarked for both ideal and non-ideal helical

undulator cases.

7.1 Simulation Methods
Possible methods for simulating the SR are the FluxCalc, SPECTRA and HUSR codes. The Flux-

Calc, which was developed by Duncan Scott, is a Mathematica notebook that can calculate the SR
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produced when an electron traveling through a helical undulator field map. SPECTRA code is a

code that can calculate various characteristics of SR and was developed in Japan and described in

[47]. HUSR is a C++ code and was developed by David Newton [48, 49, 50]. HUSR was developed

to simulate the SR output from the prototype helical undulators built at the Cockcroft Institute of

accelerator science and technology in the UK [35].

Duncan Scott conducted a comparative study between these three codes to determine the differ-

ences between these codes and their results [51]. Table 7.1 shows the undulator parameters used in

this comparative study. The used parameters are close to the required helical undulator parameters

of the ILC TDR positron source. The main difference is that the number of the undulator periods

is much lower; here it is 10 periods while in the ILC TDR is over 150 periods.

Table 7.1: The undulator parameters used in the comparison between FluxCalc, HUSR
and SPECTRA [51].

Parameters Values Unit
Electron beam energy 150 GeV
Undulator period (λ) 10.0 mm
Number of periods 10.0
Undulator B-field 1.07 T
Distance to aperture 10.0 m
Undulator K 1.0
Aperture area 1.0 mm2

Figure 7.1 shows the results of this study. All these codes have a good agreement in the region

below 30 keV. The SPECTRA code no longer agrees with the HUSR and FluxCalc codes in the region

above 30 keV. Based on the results seen in figure 7.1, the HUSR and FluxCalc codes were the best

candidates to be used for calculating the photon spectrum output from the helical undulator-based

positron source.

With regard to functionality, speed of calculation and ease of modification, a comparison study

had been conducted between HUSR and FluxCalc to determine which one would be better appropri-

ate to be used to simulate the photon spectrum output from the undulator-based positron source. In

terms of functionality, the study showed that there were more scope for extending the functionality

with HUSR compared with FluxCalc. Furthermore, the functionality of HUSR would be easier to

be extended as HUSR is a C++ code. With regard to the speed of calculation, HUSR had this

advantage. This study concluded that HUSR is a better candidate to be used for simulating the

photon spectrum created by the helical undulator. In addition, not only HUSR can calculate the

ideal photon spectrum, but also the non-ideal photon spectrum. Furthermore, HUSR can calculate

the photon beam polarization.

Due to the death of David Newton, HUSR could not be finally described by a journal article
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Figure 7.1: Comparison between the photon flux produced by a single electron passing
through a 1 mm2 helical undulator aperture calculated by SPECTRA (Blue line), FluxCalc
(red line) and HUSR in (green line) [51].

or paper, but it was used and tested by developers at the Cockcroft Institute of accelerator science

and technology in the UK. Some previous helical undulator studies [51, 52] were done by using the

HUSR code.

7.2 HUSR Simulation
The HUSR code calculates a Lie Map from a given magnetic field. It happens by interpolating the

data of the given magnetic field on the surface of a cylinder. Lie maps which represent a small step

in the period of the helical undulator are created by numerically integrating the Hamiltonian of an

electron [53, 49]. In order to increase the accuracy of tracking a particle inside the magnet system,

the number of integration steps used in this study in each Lie Map is over 106 steps. Each Lie map

which is a transfer map provides the new coordinates of a particle in the phase space. After creating

the Lie Maps, the spectrum is calculated at the observation points that are set at an appropriate

distance after the exit of the helical undulator module. In order to do this, the electric field at each

observation point is calculated using the retarded potential. Then from the retarded potential, the

electric field as a function of the time domain is calculated at each observation point. In order to

change from the time domain to the frequency domain, the field is Fourier transformed.

Since, the photon beam produced in the helical undulator has a circular polarization, each

observation point will recognize if the observer at this observation point sees whether the spins of

these photons are right-handed or left-handed. If the direction of the photon spin is the same as

the direction of its motion, the photon is right-handed. If the directions of spin and motion of the

photon are opposite, then the photon is left-handed. Therefore, in the output file, there are two

columns. One column is for the photon number with the left-handed spins, and another is for the
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photon number with the right-handed spins at each observation point.

In the thesis, 1000 energy bins of equal size over the energy range between 0.2 MeV and 200

MeV are used when the radiation spectrum is calculated. The dimension of the target plane can be

chosen and the number of the observation points which have the same size over the target plane.

The HUSR code considers the electron as a pencil-like beam. That is acceptable since the initial

electron beam spot size of the ILC is too small , σx = 37 µm and σy = 2.4 µm [54]. The HUSR code

can calculate the photon spectrum produced by both ideal and non-ideal (realistic) undulators. The

flowchart in figure 7.2 summarizes the steps of the process in the HUSR for both ideal and realistic

undulator cases. These steps will be discussed in more details in the following sections.

Figure 7.2: flowchart shows the steps of the process in the HUSR for both ideal and
realistic undulator cases.
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7.2.1 Tracking an Electron Through an Ideal Field Map

In the ideal case (Ideal magnetic field map), the HUSR uses one period as shown in figure 7.3 and

150 equal steps are used along this period. Then the Lie Maps of this period will be used many

time in order to have the overall undulator length. For instance, if λu = 11.5 mm, the Lie Maps

for this period will be used 152 times for simulating one ILC helical undulator which has a length

of 1.75 m. The magnetic field inside the ideal helical undulator is described by equations 5.12 and

5.13. The beam is injected on-axis at an angle that ensured the beam exits the helical undulator

on-axis with no tapering in the ideal magnetic field map.
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Figure 7.3: Ideal magnetic field of the helical undulator parameters, λu = 11.5 mm and
K=0.85.

In the case of an ideal undulator, the electron would experience an average magnetic field

strength of zero and move through the undulator with a total deflection of zero. According to the

equation 5.26, an electron in the helical undulator that is injected on axis will move in a helical

pattern. Considering an helical undulator with a 1.75 m length, K = 0.85 and λu = 11.5 mm, figure

7.4 present the position of the electron of 125 GeV on the x and y axis in the case of an ideal helical

undulator.

7.2.2 Tracking an Electron Through a Realistic Field Map

The ideal photon spectrum is created by an ideal helical undulator. Since it is impossible to build

an ideal helical undulator, it is an interesting and useful to study the non-ideal (realistic) photon

spectrum that is produced by a realistic helical undulator. One benefit of using HUSR code in

this thesis is its ability to simulate the realistic photon spectrum of the ILC. This can be done by

introducing random errors into each period in the undulator magnetic field map. In the ideal case,

HUSR constructs the overall field map by using a single undulator period as discussed earlier, while

in the realistic case HUSR uses the realistic magnetic field map where each period has a different

random error distribution.
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Figure 7.4: Displacement of a 125 GeV electron through first 3 periods of the Ideal helical
undulator of the ILC with a K = 0.85 and λu = 11.5 mm.

I added the errors of the field (σB(z)) and the error of the period (σλ(z)) to the value of the field

strength and period size, respectively, into equations 5.12 and 5.13. The model ensures that there

will be no discontinuities in the realistic map. By adding λu + σλ(z), Bx0 + σBx0(z) and By0 + σBy0(z)

into the ideal equations 5.12 and 5.13 instead of λu, Bx0 and By0, the magnetic field inside a realistic

helical undulator can be described by the following equations:

Bx = (Bx0 + σBx0(z))sin
2πz

(λu + σλ(z))
(7.1)

By = (By0 + σBy0(z))cos
2πz

(λu + σλ(z))
(7.2)

Figure 7.5 shows an example of the realistic magnetic field of the helical undulator parameters

with 1.75 m long, λu = 11.5 mm and K = 0.85 with a tapering in the B-field in the first and last

two periods.

In order to get the expected size of the errors in the actual helical undulator modules that can

be used in the ILC undulator-based positron source, the error sizes in the measured magnetic fields

are used here. As can be seen in figure 6.2, the maximum error size in the first undulator prototype

is almost ±4%, while the error size in the second undulator prototype is higher (±10%). By using

the HUSR, the electron is tracked in two realistic magnetic maps with the error in K of ±4% and

±10%. Figure 7.6 shows the realistic K value with these errors along the realistic undulator with

1.75 m length.

When an electron moves through an ideal undulator, it moves on a helical motion around the

central axis of the helical undulator with a total deflection of zero. In the non-ideal (realistic) field

map case, equations 7.1 and 7.2 were used after introducing the errors in both magnetic strength and
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Figure 7.5: Realistic magnetic field of the helical undulator parameters, λu = 11.5 mm
and K=0.85. Top plot shows the whole magnetic field of a 1.75 m helical undulator. The
magnetic field at the entrance and at the exit of the undulator are shown in the middle and
bottom plots, respectively.

55



0.0 0.5 1.0 1.5
0.80

0.82

0.84

0.86

0.88

0.90

Z (m)
K
va
lu
e

0.0 0.5 1.0 1.5
0.75

0.80

0.85

0.90

0.95

Z (m)

K
va
lu
e

Figure 7.6: K value with errors along the realistic undulator, with helical undulator
parameters of λu = 11.5 mm and K=0.85. Error in upper plot is ±4% while the error in
the bottom plot is ± 10 %.

period. In this case, the electron will experience similar errors in the realistic magnetic field map.

Considering the same parameters of the ideal helical undulator such as 1.75 m undulator length, K

= 0.85 and λu = 11.5 mm, figures 7.7, 7.8 and 7.9 show the full three-dimensional motion of the

electron inside the realistic undulator and show the position of the electron in the x and y directions

for three different electron energies including 125 GeV, 175 GeV and 250 GeV, respectively. In these

figures, the same error size (±4%) and error distribution are used. The only different parameter in

these figures is the electron energy. In the realistic case, the deviation of the electron trajectory is

no longer zero, although the oscillation of the electron trajectory is close to the axis.

The radius of the electron helix is inversely proportional to the energy of the electron and this

agrees with what is shown in figures 7.7, 7.8 and 7.9. Therefore, as expected the energy of the

electron beam increases the radius of the helix is decreased. However the electron is injected on-axis

in all cases, the position of the electron at the exit of the undulator is tens or, for a 125 GeV electron,

hundreds of nanometers off the central axis and, of course, the photon spectrum of each case is based

on the electron trajectory. The photon spectrum created by the realistic undulators with different

electron beam energies will be discussed in chapter 9.

The deviation from the axis increases as long as the electron is traveling through the realistic

helical undulators. Figure 7.10 shows the electron deviation from the axis when an electron travels

through one, two and three cryomodules using ±4% error size in K. Figure 7.11 shows the electron
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Figure 7.7: Trajectory (Upper plot) and deviation from the axis (Bottom plot) of a 125
GeV electron traveling through a 1.75 m long realistic undulator with K=0.85 (0.79 T
magnetic field strength) with ±4% error size in K. The electron is injected on axis and the
realistic B-field is tapered in the first and last two periods.
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Figure 7.8: Trajectory (Upper plot) and deviation from the axis (Bottom plot) of a 175
GeV electron traveling through a 1.75 m long realistic undulator with K=0.85 (0.79 T
magnetic field strength) with ±4% error size in K. The electron is injected on axis and the
realistic B-field is tapered in the first and last two periods.
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Figure 7.9: Trajectory (Upper plot) and deviation from the axis (Bottom plot) of a 250
GeV electron traveling through a 1.75 m long realistic undulator with K=0.85 (0.79 T
magnetic field strength) with ±4% error size in K. The electron is injected on axis and the
realistic B-field is tapered in the first and last two periods.

59



tracking through the whole length of the ILC undulator which was studied by Toshiyuki OKUGI,

KEK [55]. In the study of Toshiyuki OKUGI, three different cases were investigated, including no

correction for the electron beam, a correction for the electron beam by quadruples after 6 undulator

modules and a correction for the electron beam by quadruples after each two undulator modules,

respectively. There is a good agreement between the HUSR study and the study of Toshiyuki

OKUGI when quadruples are placed after 2 and 6 undulator modules. The parameters of the ILC-

250 are used in these two studies. Since the angle correction by quadruples is not provided by the

HUSR code, it was assumed that the electron beam after each quadruple is at the central axis of

the undulator.

7.3 Simulating the Photon Spectrum
As seen in section 7.1, HUSR was chosen as the best candidate code that can be used to simulate

the spectrum of the photon created by a helical undulator-based positron source. For more further

benchmarking HUSR code, the helical undulator photon spectrum simulated by HUSR is compared

with the photon spectrum calculated by the analytical equation as in equation 5.32. Figure 7.12

shows a comparison between the ideal and realistic photon spectrums simulated by HUSR and the

photon spectrum calculated by the analytical equation. The undulator parameters used here are

that the undulator length is 1.75 m, K = 0.85 and N = 152, and λu = 11.5 mm and the error size

are ± 4 and ± 10 % in case of the realistic undulator, respectively. The Ee used here is 125 GeV.

In the ideal case, the agreement between the two ideal approaches is pretty good for large

numbers of observation points, for 20000 observation points that are distributed over a target plane

of 1 cm2, although there is a small noise at higher harmonics. The difference is less than 0.02 %.

In case of the realistic undulator, the noise is higher and the difference depends on the error size

in K whether it is ±4% or ±10%, respectively. This comparison as well as the comparative study

carried out by Duncan Scott, discussed in section 7.1, show that the HUSR code is very accurate,

and its results can be trusted when both ideal and realistic undulators are simulated.

7.4 Simulating the Photon Beam Polarization
The photon beam polarization, Pγ, can be calculated as a function of the photon energy by equation

7.3:

Pγ =
Nl − Nr

Nl + Nr
(7.3)
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Figure 7.10: Deviation from the axis of a 125 GeV electron beam traveling through one,
two and three (from top to the bottom) ILC realistic cryomodules with K=0.85 (0.79 T
magnetic field strength) with ±4% error size in K.
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Figure 7.11: Deviation from the axis of a 125 GeV electron beam through the whole ILC
realistic undulator length (320 m) with K=0.85 (0.79 T magnetic field strength) simulated
by Toshiyuki OKUGI, KEK [55]. With no correction (top plot), with correction after 6
undulator modules (mid plot) and with correction after 2 modules (bottom plot).
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Figure 7.12: Comparison of the photon spectrum produced by a 125 GeV electron trav-
eling through a 1.75 m helical undulator with K = 0.85 and λu = 11.5 mm calculated by
an analytical equation and simulated by HUSR taking into account the ideal and realistic
cases. The bottom plot is a logarithmic scale version of the top plot.
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where Nl and Nr are the number of left and right handed circular polarized photons, respectively.

The trajectory of the electron beam through the undulator follows the trajectory of the wire

wound of the undulator. as shown in figure 4.4. The emitted photons have left-handed spins if

the winding is to the left side, and have right-handed spins if the winding is to the right side with

respect to the observer, although, there will be photons with low energy that have a polarization of

the opposite sign. In addition, the polarization rate depends on the distance between the emitter

and the observer. More detail can be found in [29]. The HUSR code determines both the number

of left and right handed circular polarized photons, figure 7.13 shows the spectrum and polarization

of the photon beam at the target plane produced by passing one electron with energy of 125 GeV

through one helical undulator module with 1.75 m length, K=0.85 and λu=11.5mm. The distance

between this module and the target plane is 401 m.

Figure 7.13: Ideal spectrum and polarization of the photon beam at the target plane
produced by passing one electron with an energy of 125 GeV through one module with a
1.75 m length, K = 0.85, B = 0.79 T, period = 11.5 mm. The distance between this module
and the target plane is 401 m.

Figure 7.14 shows the distribution of the energy and polarization of this photon beam at the

target plane.
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Figure 7.14: Ideal distribution of the photon beam energy and polarization at the target
plane produced by passing one electron with energy of 125 GeV through one module with
1.75 m length, K = 0.85, B = 0.79 T, period = 11.5 mm. The distance between this module
and the target plane is 401 m.
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Chapter 8

Power Incident into the Undulator

Vessel

Since the helical undulator produces photons with angular divergence and these photons travel

through a very long undulator, a non-negligible fraction of these photons will hit the walls. It

happens when the diameter of the photon beam cross-section becomes larger than the inner diameter

of the helical undulator. Since the helical undulator emits photons as a cone of radiation, the

incident photons will cause most problems towards the end of the undulator. The opening angle of

the produced photon is determined by the K value and the energy of the electron beam, as seen in

equation 5.38. This issue makes designing the vacuum system challenging since the vacuum pressure

must be ∼ 100 nTorr [56]. The incident photon on the undulator wall may cause two issues: the

so-called Photon-Stimulated Desorption (PSD) on the beam pipe and the second one is the increase

in the temperature of the beam pipe. As a result, the superconducting undulator magnets will

quench.

PSD happens when a gas molecule is desorbed from subsurface layers of a vacuum vessel by an

incident photon. The result is an increase in the vapour equilibrium gas density, which decreases

the vacuum quality. In general, a very high vacuum in the superconducting magnet can be achieved

by cryo-pumpings. Cryo-pumpings rely on gas molecules being cryo-sorbed onto the walls of the

vacuum vessel. Nevertheless, this incredible technology can not provide a high vacuum due to the

PSD. Therefore, photon masks can minimize the effect of this issue and ensure that the vacuum

pressure is below ∼ 100 nTorr. A detailed study of vacuum systems for the ILC helical undulator

can be found in [56].

Besides the PSD, incident photons increase the temperature of the undulator walls so that the

superconducting magnets can quench. In the following section, the incident power in the undulator

66



walls due to the SR is studied.

8.1 Calculating the Incident Synchrotron Radia-

tion
Two methods are used to calculate the angular power distribution of the synchrotron radiation (SR)

created by a helical undulator per longitudinal distance, including the analytical equation 5.36 and

numerical HUSR code. In order to make sure that the electron beam exits the undulator with an

energy of 125 GeV in the case of the ILC-250, the electron energy loss in the undulator must be taken

into account, which is 3 GeV. Therefore, the electron beam energy that enters the first undulator

module should be 128 GeV. While for example, the electron beam energy that enters the seventh

and thirteenth undulator modules are 127.86 and 127.73 GeV, respectively.

The incident power is calculated using the relevant angles in the analytical case. Since the total

helical undulator length is ∼ 320 m, and the undulator aperture is 5.85 mm, all photons with an

opening angle (θ) greater than 9.2 µrad will hit at the wall. As seen in figure 5.6, for example,

in the case of the first undulator module, all power will leave the undulator except when α ≥ 2.25

(α = γθ). So, the power with α ≥ 2.25 will hit the undulator wall. Also, in the case of, for example,

the seventh module, the power with α ≥ 2.35 will hit the undulator wall.

In the numerical case, HUSR can be used to calculate the incident power at the undulator

wall by increasing the distance between the undulator exit and the observation points. It is done

by the following: The observation points, 20000 points, are distributed over a circular plane with

the same diameter as the undulator module (5.85 mm). This plane is moved up to the exit of

the first undulator. Since each observation point needs to receive enough events, and by the given

ILC-250 parameters such as undulator diameter and Ee, HUSR is too time-consuming to calculate

the photon spectrum when the distance between the undulator exit and observation points is below

25 m. Therefore, to get an accurate calculation, the chosen starting point was when the distance

between the exit of the first undulator module and observation points is 25 m. It means that by the

given parameters of the ILC-250, the maximum opening angle of photons that is included in this

simulation is 103.5 µrad. Firstly, only the first module was run to calculate its power distribution.

Then the distance is increased to 26 m and thus, the power distribution is calculated. The different

power values between these two steps are the incident power per meter at the wall. Then we increase

the distance by steps, and each step is 1 m up to the exit of the last undulator module. Then the

same method is done for the second undulator module and also for the rest of the modules taking

into account the electron energy loss after each module.
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8.2 Incident Power at the ILC Undulator Vessel
Figure 8.1 shows the incident power per meter on undulator walls caused by three different undulator

modules, including the first, seventh, and thirteenth undulator modules for the ILC-250 undulator

calculated by the analytical case. The incident power by these three modules has been plotted

separately to show the significance of the position of the undulator modules and the electron beam

energy on the incident power. The first module deposits the highest power, 1.2 W/m, at the

Figure 8.1: Incident power per meter in the undulator walls deposited by the first undula-
tor module (green line), seventh undulator module (blue line) and the thirteenth undulator
module (purple line). Red line represents the maximum allowable incident power into the
undulator wall. The energy of electron beams are 128, 127.86 and 127.73 GeV for the first,
seventh and thirteenth undulator modules, respectively. The undulator has a length of 1.75
m, K=0.85 and period=11.5 mm.

last meter of the undulator length. The maximum incident power by the seventh and thirteenth

undulator modules is 0.89 W/m and 0.65 W/m at the last meter of the undulator length, respectively.

In order to verify the agreement of the results for both analytical and numerical cases, the power

deposition from the first helical undulator module is calculated for both approaches considering the

ideal case. Figure 8.2 shows the incident power by the first undulator module at the undulator

walls along the undulator length for both analytical and numerical cases, using the parameter of the

ILC-250. Comparing the results of both approaches, a good agreement can be found for distances

above 30 m from the exit of the first undulator module to the observation points. Since the positron

source of the ILC-250 needs 132 modules to produce the required positron yield, the incident power

by these modules at the undulator walls is calculated and shown in figure 8.2.

The maximum incident power per meter from the first module is ≈ 1.20 W, and from all

undulator modules is ≈ 21 W, which is a high heat load for the undulator walls. The maximum

limit of the incident power in the undulator walls is 1 W/m [27]. Therefore, a photon mask system

for machine protection is needed.
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Figure 8.2: The green line and blue dashed line represent the incident power per meter
along the undulator walls from a single ideal undulator module calculated using the analyt-
ical equation and HUSR, respectively. The black line represents the incident power on the
undulator walls per meter from all 132 modules in case of the ILC-250 with K=0.85 and
period=11.5mm. The red line shows the maximum allowable heat load in the undulator
walls.

8.3 Mask System for the Undulator Protection
The system for protecting the undulator walls is a series of photon masks inserted along the length

of the undulator line. These masks have a cylindrical geometry and are axially symmetric with

a smaller radius than the undulator radius. As shown in the study of vacuum systems [56], the

distance Lm between photon masks depends on the ratio of the inner diameters of photon masks dm

to undulator du. The simple geometry calculations below show that in order to achieve the required

vacuum level, the Lm has to be:

Lm ≤ 15 m for dm:du = 1:2

Lm ≤ 7.5 m for dm:du = 3:4

Figure 8.3 shows that a photon mask is placed after the quadruple. In total, 22 photon masks

are used in the ILC undulator line.

Figure 8.3: Schematic layout of the undulator line with a photon mask.
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8.3.1 Basic Photon Mask Layout

The TDR [11] does not contain a complete design for photon masks to protect the undulator walls.

A previous study in [57] proposed a possible mask design. In that study, a higher electron energy

and a shorter undulator length were used with respect to the parameters of the ILC-250. Almost

the same design as implemented in [57] is used here but with some differences since the ILC-250 has

a lower electron energy and a longer undulator. The main similarity between these two designs is

the inner diameter of 0.44 cm. Figure 8.4 shows a longitudinal section of the proposed mask, and

figure 8.5 shows a drawing of the proposed mask cross-section along the z direction.

Figure 8.4: A longitudinal section of the photon mask. Green areas show the tapered
sections. Orange area shows the inner radius with 0.22 cm.

The proposed mask here has a cylindrical geometry of 15 cm outer diameter. Since the available

area for the ILC helical undulator is limited (the length of the undulator line is fixed to be 320 m),

the maximum length of the mask is 30 cm. In order to reduce wake-fields, the inner radius of the

mask is tapered for the first and last 5 cm of the length of the mask. Within the first 5 cm of the

mask length, the inner radius is tapered from 0.2925 cm to 0.22 cm, and within the last 5 cm of

the mask length, the inner radius is tapered from 0.22 cm to 0.2925 cm to match the undulator

aperture. In between the two tapered sections, the inner radius of the photon mask is 0.22 cm.
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Figure 8.5: A drawing of the photon mask cross-section along the z direction.

8.3.2 Incident Power at Undulator Walls with Ideal Photon

Masks

The incident power into the undulator walls is simulated using the HUSR code for ideal and realistic

helical undulators. The considered error size in the realistic undulator case is ± 4 % as discussed

in chapter 7. Figure 8.6 shows the incident power along the undulator walls for ideal and realistic

undulators with and without photon masks. In this calculation, we assumed that photon masks are

ideal and stop 100% of the incident power, so there are no secondary particles.

Since photons in a helical undulator are produced with an opening angle, some photons will

pass through the mask hole and deposit at the undulator walls before the next mask, as seen in both

cases. Since each realistic undulator module has a different B-field error distribution, the incident

power on walls between masks is expected to differ as seen in the dip values in the bottom plot in

figure 8.6. Photon masks could reduce the incident power on the undulator walls due to the primary

photons below the acceptable limit (1 W/m). The maximum incident power due to the primary

photons before placing the masks is 21 W/m and 23.5 W/m for the ideal and realistic undulators,

respectively. This power hits the last meter of the undulator line. It is the last meter before the last

mask, number 22 (Mask-22). After placing the masks, this power reduces to 0.021 W/m and 0.025

W/m for the ideal and realistic undulators, respectively.

Since an ideal mask will never exist, the realistic mask should be studied. In order to calculate

the incident power into walls due to the secondary particles, the incident power into each mask

must be studied. Next, the material of the mask can be chosen, and then the incident power due to

secondary particles into the undulator walls can be calculated.
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Figure 8.6: Incident power at the undulator walls due the primary photons produced
by the full active length of the ideal (upper plot) and realistic (bottom plot) ILC-250
undulators simulated by the HUSR code. Black and orange lines represent the deposited
power at the wall with no masks for ideal and realistic undulator cases, respectively. The
green line represents the deposited power at the walls with masks. The red points represent
the position of the photon masks and red line shows the maximum allowable heat load in
the undulator walls.
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8.3.3 Incident Power at Photon Masks

In order to choose the appropriate material for the photon masks, the incident power at these

masks was simulated. Due to the opening angle of the photons created by a helical undulator,

Mask-22 receives the highest amount of the power which is 335 W and 361 W for ideal and realistic

undulators, respectively. In addition, the average energy of the incident photons is 2.01 and 2.14

MeV for both ideal and realistic undulators, respectively. While for example, Mask-15 receives only

100 W and 110 W for ideal and realistic undulators, respectively. Figures 8.7 and 8.8 show the

incident power and average photon energy at masks. Table 8.1 summarizes the data for ideal and

realistic undulators.

Figure 8.7: Power incident on photon masks. The blue (red) represents the incident power
by ideal (realistic) undulators using the parameters of the ILC-250.

Figure 8.8: Average incident photon energy on photon masks. Blue (Red) represents the
average incident photon energy by ideal (realistic) undulators using the parameters of the
ILC-250.
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Table 8.1: Incident power, average incident photon energy and incident photon number
at masks for both ideal and realistic undulators using the parameters of the ILC-250.

Power (W) Average energy (MeV) Photon number×1013/pulse
Mask ID Ideal Real Ideal Real Ideal Real
3 0.07 0.08 0.07 0.09 0.12 0.13
4 0.3 0.33 0.10 0.11 0.39 0.42
5 0.9 1 0.12 0.13 0.98 1.04
6 2 2 0.14 0.16 1.84 1.95
7 4 5 0.16 0.19 3.06 3.24
8 7 8 0.19 0.21 4.65 4.93
9 12 14 0.22 0.24 6.82 7.23
10 18 19 0.29 0.30 7.76 7.91
11 28 31 0.38 0.40 9.11 9.66
12 40 42 0.50 0.51 10.1 10.2
13 60 66 0.60 0.63 12.6 12.9
14 80 88 0.70 0.74 14.2 14.9
15 100 110 0.85 0.89 14.7 15.5
16 117 131 0.98 1.05 15.0 15.6
17 140 157 1.14 1.25 15.4 15.7
18 165 190 1.31 1.45 15.7 16.4
19 195 223 1.46 1.62 16.7 17.2
20 235 267 1.65 1.80 17.8 18.5
21 270 320 1.77 2.00 19.1 20.0
22 335 361 2.01 2.14 20.8 21.1
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8.4 Material Candidates for Photon Masks
The photon masks must absorb both the primary incident photons and the secondary particles.

Since photon masks will have the same design and receive different amounts of power, the power

that leaves masks differs from mask to mask. As a result, incident secondary particles into walls

from each mask will be different. The mask material has to stop photons with an average energy in

the range of MeV. It also should allow for a short mask that provides excellent thermal conductivity.

Three different materials, iron (Fe), copper (Cu), and tungsten (W), are studied to find the proper

material for the mask. The properties of the material candidates are summarized in table 8.2.

Table 8.2: Properties of the material candidates for masks.

Parameter Symbol Unit Copper Iron Tungsten
Atomic number Z 29 26 74
Density ρ g/cm3 8.96 7.89 19.3
Thermal conductivity λ W/(cm.K) 4.01 0.835 1.82
Heat capacity Cp J/g/K 0.385 0.45 0.134
Melting point K 1357.77 1811 3695
Radiation length X0 cm 1.436 1.757 0.35

8.5 Power Deposition in Realistic Photon Masks
In the ILC-250, the total active length (231 m) should be used to produce the required photon

beam. Due to the opening angle of the photon beam, masks inserted in the second half of the

undulator line receive a higher power than masks inserted in the first half, as seen in figure 8.7. The

last mask (Mask-22) is placed at the undulator exit. This mask receives the highest amount of the

incident power. Therefore, Mask-22 is essential to determining the maximum energy deposition, the

instantaneous temperature rise and the stress in masks. But to study the worst-case scenario of

the incident power into the undulator wall due to the secondary particles, the incident power into

mask number 21 (Mask-21) should be studied since it is the last mask located inside the undulator

line. This can be simulated by the software package of FLUKA [58]. FLUKA is a Monte Carlo

code for particle tracking and particle interactions with matter. The distribution of the incident

photons at masks simulated by HUSR is used as input to FLUKA. Figures 8.9 and 8.10 show the

deposited energy along Mask-21 and Mask-22 with Fe, Cu, and W materials for both ideal and

realistic undulators using the parameters of the ILC-250, respectively. Figures 8.11 and 8.12 show

the distribution of the maximum energy along the Fe, Cu, and W masks for both ideal and realistic

undulators in Mask-21 and Mask-22, respectively.

Figure 8.13 shows the maximum deposited energy and the Peak Energy Deposition Density
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Figure 8.9: The deposited energy along the Fe , Cu and W Mask-21. Top (Bottom)
plots show the energy deposition in case of ideal (realistic) undulators of the ILC-250 with
K = 0.85.
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Figure 8.10: The deposited energy along the Fe , Cu and W Mask-22. Top (Bottom)
plots show the energy deposition in case of ideal (realistic) undulators of the ILC-250 with
K = 0.85.
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Figure 8.11: The maximum deposited energy (GeV/cm3/photon) along iron, copper and
tungsten Mask-21 for both ideal and realistic undulators of the ILC-250 with K = 0.85.
Upper (Bottom) figure shows the maximum deposited energy along Z-direction (radial)
mask length.
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Figure 8.12: The maximum deposited energy (GeV/cm3/photon) along iron, copper and
tungsten Mask-22 for both ideal and realistic undulators of the ILC-250 with K = 0.85.
Upper (Bottom) figure shows the maximum deposited energy along Z-direction (radial)
mask length.
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(PEDD) along the length of the Cu Mask-22. The maximum values are at the end of the first

tapered section of the mask.
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Figure 8.13: The PEDD and maximum deposited energy along Z-direction in Cu Mask-22
for both ideal (upper plot) and realistic (bottom plot) undulators of the ILC-250 with K =
0.85.
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Table 8.3 summarizes the results of these studies. It shows that masks with any of the material

candidates are safe. For example, PEDD on Mask-22 is 8.12 (J/g/Pulse), 8.66 (J/g/Pulse), and

12.59 (J/g/Pulse) for Fe, Cu, and W masks, respectively, in the case of realistic undulators. In

addition, W Mask-22 can stop up to 99.5 % and 98.4 % of the incident power for both ideal and

realistic undulators, respectively.

Table 8.3: Average incident photon energy (Eγ
ave), deposited power (Pmask), incident pho-

ton number (Nγ
mask), maximum deposited energy (Emax), Peak Energy Deposition Density

(PEDD), temperature rise (∆Tmax) at Mask-21 and Mask-22 and power stopped by these
masks (Pmask

stop ) using three different materials in both ideal and realistic cases of the ILC-250
undulators with K = 0.85.

Mask Mask-21 Mask-22
Parameters material Ideal Real Ideal Real

Eγ
ave(MeV) 1.82 2.00 2.01 2.14

Pmask(W) 270 311 335 361

Nγ
mask/pulse (×1013) 18.54 19.47 20.83 21.09

Emax(MeV/cm3/Ph.)
Fe 1.7 1.8 1.8 1.9
Cu 2.1 2.2 2.2 2.3
W 6.4 6.8 6.9 7.2

PEDD (J/g/pulse)
Fe 6.4 7.1 7.6 8.1
Cu 6.9 7.6 8.2 8.7
W 9.8 11.0 11.9 12.6

∆Tmax (K/pulse)
Fe 14.2 15.8 16.9 18.0
Cu 18.0 19.9 21.3 22.5
W 73.4 81.9 88.9 93.9

Pmask
stop (%)

Fe 97.6 96.5 97.5 96.4
Cu 98.3 97.3 98.4 97.2
W 99.5 98.5 99.5 98.4
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8.6 Heat Load at the Photon Masks
The deposited energy per photon along masks was simulated using FLUKA. The bottom plot in

figure 8.12 shows the maximum deposited energy per photon (in units GeV/cm3/photon) along

Mask-22 in the radial direction with different mask materials for both ideal and realistic undulators

of the ILC-250. The peak energy is deposited at the inner radius of the mask, where it induces a

maximum temperature rise per pulse (∆Tmax) as given in table 8.3. If the heat diffusion between

pulses is neglected, the temperature accumulates to a non-realistic high value over time. Neverthe-

less, in reality, the heat moves in 200 ms, which is the time between pulses (tp) in the ILC, and

distributes over a distance (Hm) which is approximated by:

Hm =

√
λtp

ρCp
(8.1)

Where λ represents the thermal conductivity, Cp represents the heat capacity and ρ represents the

density of the mask material.

The heat spot distributes between two pulses over an area with a radius of about 2.2 mm for iron,

4.9 mm for copper, and 3.8 mm for tungsten. The average radial temperature profile is quite smooth

except the peaks of the cyclic loads with instantaneous temperature rise. Assuming 5000 hours as

the running time of the ILC-250 per year, there will be 9×107 load cycles at the ILC photon mask.

The instantaneous rise in temperature in a region, that is restricted to expand, creates a stress in

the material. Usually, the maximum instantaneous stress (σmax) can be estimated by the following

equation [59, 60]:

σmax = Ym∆Tmaxαh (8.2)

Table 8.4 shows the minimum and maximum values of the young’s modulus (Ym), thermal expansion

coefficient (αh), and tensile strength (Ftu) of the material candidates. The values of the maximum

instantaneous temperature rise (∆Tmax) are calculated in the case of the realistic undulator and

given in table 8.3.

Taking the minimum and maximum values of the material properties, table 8.4 shows the max-

imum instantaneous stresses (σmax) at all three material candidates. The maximum instantaneous

stress is below the tensile strength of all material candidates. To avoid a material failure for a

long-term cyclic operation, it is recommended that the fatigue limits of the material should not be

exceeded, which is ≈ 40 % of the tensile strength of the material [64]. The results in table 8.4 show

that in the realistic case of the ILC-250 the maximum instantaneous stress is lower than 22% of the
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Table 8.4: The minimum and maximum values of the Young’s modulus of elasticity (Ym),
Thermal expansion coefficient (αh), and Tensile strength (Ftu) of the material candidates.
Values of parameters are taken from [61, 62, 63]. The calculated σmax at Mask22 with three
material candidates using realistic undulators with K = 0.85 is added as well.

Material candidates
Parameters Fe Cu W

Ym (GPa) 204 − 212 121 − 133 340 − 405
αh (×10−6/K) 12.0 − 12.5 16.8 − 17.9 4.2 − 4.6
Ftu (MPa) 230 − 345 210 − 390 1670 − 3900

σmax (MPa) 44.1 − 47.7 45.7 − 53.6 134.1 − 174.9

tensile strength for all material candidates. Since the PEDD and maximum temperature rise at the

photon masks of both the ILC-350 and ILC-500, as will be seen in section 8.9, are lower than those

of the ILC-250, the maximum instantaneous stress will also be lower.

In equilibrium and assuming there is a continuous heat source, equation 8.3 can be used to

estimate the radial heat dissipation through the mask with central heating.

∆T = (ti − to) =
ln( ro

ri
)Q

2πLmaskλ
(8.3)

Where, Lmask is the cylinder (mask) length. ro and ri are the outer and inner radius of the mask,

respectively. λ is the thermal conductivity of the mask material and Q is the deposited power at

the mask.

The highest deposited power in the ILC-250 is 361 W at Mask-22 in the case of the realistic

undulator. As seen in figure 8.10, the deposited power is not equally distributed along the mask.

The highest deposited power is at a small part of the mask that is represented by the red spot.

Figure 8.14 shows the area of the mask which receives the highest deposited energy for three various

material candidates in the case of the realistic undulator of the ILC-250.
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Figure 8.14: The deposited energy per photon along Z-direction of the considered part of
the realistic Fe , Cu and W Mask-22 (from left to right). Plots show the energy deposition
in case of realistic undulators of the ILC-250 with K = 0.85.
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Equation 8.3 is used to estimate the maximum temperature difference between the inner and

outer surfaces of the mask. It is assumed that the length of the mask is Lmask = 7 cm corresponding

to the part with the highest power deposition. The inner and outer mask radii are the same as the

proposed values of the ILC mask, which are 0.22 cm and 7.5 cm, respectively. So, the maximum ∆T

is 35 K for iron, 7 K for copper, and 16 K for tungsten. Although there is a hot spot at the mask,

the heat gradient is not large and the heat can be carried away by a cooling system.

8.7 Distribution of Secondary Particles at the Un-

dulator Walls
Secondary particles are generated when photons with high energy pass through a material. The

main secondary particles are photons, electrons, and positrons. Depending on the mask material,

the mask will stop and absorb some secondary particles, while some, especially those with enough

energy, can escape from the mask.

In order to study the incident power at the undulator walls due to secondary particles, the

distribution of secondary particles around the mask should be studied. This can be simulated using

the so-called USRBDX detector in FLUKA. Figure 8.15 shows all possible directions of secondary

particles around a photon mask. Here we are interested in secondary particles that leave the mask

and may hit the wall. The orange and red arrows show the incident power into the undulator wall

due to back-scattered photons and secondary particles, respectively.

Figure 8.15: A drawing of all possible directions of secondary particles around the photon
mask. Blue and red arrows represent secondary particles passing through the undulator
vacuum and the secondary particles deposited into the undulator wall, respectively. Green
arrows represent the direction of the secondaries leaving the mask in a radial direction and
lost in between the mask and the undulator. The orange arrow represent the back-scattered
photons.

Three different materials for the mask are studied using the exact mask dimensions. Due to

material properties, particles that leave the mask are based on the type of material, whether it is

a Fe, Cu, or W material. Therefore, it is accepted that the highest total incident power on the

walls is when iron masks are used, while the lowest is with tungsten masks. Figure 8.16 and 8.17
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show the density of secondary particles, including photons, electrons, and positrons, along the Fe,

Cu, and W Mask-21 and Mask-22 for both ideal and realistic undulators, respectively. The density

of electrons and positrons is lower than that of photons along the masks for ideal and realistic

undulators. Photons form the most power (95%) that leaves the mask. While the incident power

by electrons and positrons only forms ≤ 5%.

Figure 8.18 shows the spectrum of photons escaping Fe and Cu photon masks for both ideal

and realistic helical undulators considering 250 GeV centre-of-mass energy and K = 0.85. Since

the W mask stops almost 99.5 % of the deposited power, there are no enough photons to plot the

spectrum.
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Figure 8.16: The density of secondary particles, including photons, electrons and
positrons, along the Fe , Cu and W Mask-21 for both ideal and realistic undulators for
the ILC-250 with K = 0.85.
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Figure 8.17: The density of secondary particles, including photons, electrons and
positrons, along the Fe , Cu and W Mask-22 for both ideal and realistic undulators for
the ILC-250 with K = 0.85.
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Figure 8.18: Spectrum of photons escaping Fe and Cu photon masks to the undulator.
Upper (Bottom) plot shows the photon spectrum in the case of the ideal (realistic) undulator
of the ILC-250 with K = 0.85. The unit of Y axis is photons/cm2/solid angle/primary
photon.
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8.8 Result
The incident power into the undulator walls is studied for both ideal and realistic undulators using

the nominal parameters of the ILC-250. The maximum incident power due to the primary photons

is 21 W/m and 23.5 W/m for the ideal and realistic undulators, respectively. This power deposits

at the last meter of the undulator line. Since the maximum limit of the incident power in the

undulator walls is 1 W/m, photon masks are proposed. Three different materials for photon masks

are considered in this study, including Fe, Cu, and W materials. In addition to the incident power

into the wall due to primary photons, the incident power due to secondary particles is studied for all

considered materials. The ”total incident power” here refers to the sum of the incident power due

to the primary photons plus the incident power due to the secondary particles, including photons,

electrons, and positrons.

8.8.1 Incident Power at Masks

Due to the photon opening angle, the highest deposited power is at the last mask located at the

undulator exit (Mask-22), and is 335 W and 361 W for ideal and realistic undulators, respectively,

in the case of the ILC-250 with nominal parameters. The average incident photon energy is 2.01

MeV and 2.14 MeV at the Mask-22 for ideal and realistic undulators, respectively. Therefore, the

mask is designed to stop this deposited power.

8.8.2 Heat Load at Mask Material Candidates

The mask is designed in order to stop both the primary photons and secondary particles. Different

mask materials are investigated. The best mask material is tungsten which can stop up to 99.5

% and 98.4 % of the deposited power for ideal and realistic undulators, respectively. In contrast,

the copper can stop 98.4 % and 97.2 % of the deposited power in the case of ideal and realistic

undulators, respectively.

The PEDDs of all candidate materials show that the mask is safe. For example, the PEDD

of copper at Mask-22 is 8.2 J/g/pulse and 8.7 J/g/pulse for both ideal and realistic undulators,

respectively. The result of the estimation of the heat distribution shows that the heat distribution

through the copper is 4.8 mm/0.2 sec while it is only 2.2 mm/0.2 sec for the iron due to the high

thermal conductivity of the copper. The maximum instantaneous stresses at masks are below the

fatigue limits of all material candidates. In addition, the result of the estimation of the average

temperature difference between the inner and outer surfaces of the mask shows that it is only 7.22

K while it is 34.7 K for the iron and this is due to the high thermal conductivity of the copper.

However, cooling and maintaining low temperatures are not an issue. Using copper makes the

88



situation more efficient and less complicated.

8.8.3 Incident Power at Ideal and Realistic Undulator Walls

Figure 8.19 shows the incident power on the ideal undulator walls produced by the full active length

of the ideal ILC-250 undulator case with nominal parameters before and after placing the photon

masks. In addition, it shows the influences of the material mask candidates on the total incident

power in the undulator walls. With tungsten masks, the total deposited power is only 0.034 W ±

30 % in the first meter of the module after Mask-21, while it is 0.31 W ± 5 % and 0.22 W ± 6 %

for iron and copper masks, respectively. The total deposited power is lower in the case of the W

mask used because of its high density compared with the density of the Fe and Cu materials.

Figure 8.20 shows the incident power on the realistic undulator walls due the SR created by the

full active length of the realistic undulator of the ILC-250 with nominal parameters before and after

placing the photon masks. In addition, it shows the influence of the various photon masks of the

different material candidates on the total deposited power at the undulator walls of the ILC-250.

The total incident power at the realistic walls with Fe and Cu masks is 0.36 W ± 8 % and 0.26

W ± 9 %, respectively, in the first meter of the module after Mask-21, while it is 0.035 W ± 40

% with W masks. In the case of W masks, the error percentage of the deposited power becomes

significant, and this is because that the W material stops up to 99.5 % of the deposited power since

the W material has a high density.

In the case of the ideal masks, the maximum incident power is at the last meter of the last

module upstream of the Mask-22. In contrast, in the case of realistic masks, whether it is Fe, Cu, or

W, the maximum of the incident power becomes at the first meter of the first module downstream

of the Mask-21, as shown in the bottom plots in figures 8.19 and 8.20. The incident power between

the second meter of the first module downstream of Mask-21 and the last meter of the last module

upstream of Mask-22 is caused by primary photons, meaning no secondary particles deposit in this

region. That is why the agreement of the incident power is seen at this region.

The highest incident power is at the first meter of the first undulator module after Mask-22.

This mask is located outside the undulator, showing the worst scenario of the total incident power.

The most critical masks are those that are located inside the undulator. Therefore, the highest total

incident power is downstream Mask-21 because it is the last mask inside the undulator line. For

comparison, the incident power downstream Mask-20 is added. Table 8.5 summarizes the data of

the incident power into the first undulator module after Mask-20, Mask-21, and Mask-22.

Results show that all considered materials can keep the incident power at the wall below the

limit (1 W/m). In order to have almost the same amount of the incident power at the wall when a

Cu mask with a length of 30 cm is used but with a shorter mask, tungsten can be used as a mask
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Figure 8.19: Incident power at undulator walls from the full active length of the ideal
ILC-250. Green line represents the deposited power in undulator walls with ideal masks.
Purple, blue and orange lines represent the total incident power in the wall with iron,
copper and tungsten masks, respectively. Red points represent the position of the photon
masks. Red line shows the acceptable limit of the incident power at the walls. Top plot
shows the total incident power along the ILC-250 undulator line. Bottom plot shows the
incident power between the last two masks (Mask-21 and Mask-22).

90



Figure 8.20: Incident power at undulator walls from the full active length of the realistic
ILC-250. Green line represents the deposited power in undulator walls with ideal masks.
Purple, blue and orange lines represent the total incident power in the wall with iron,
copper and tungsten masks, respectively. Red points represent the position of the photon
masks. Red line shows the acceptable limit of the incident power at the walls. Top plot
shows the total incident power along the ILC-250 undulator line. Bottom plot shows the
incident power between the last two masks (Mask-21 and Mask-22).
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Table 8.5: Total deposited power (Pwall) into the first meter of the undulator wall down-
stream Mask-20, Mask-21 and Mask-22 for both ideal and realistic ILC-250 undulators
using Fe, Cu and W material candidates.

Mask ID Parameter Material Ideal Error(%) Real Error(%)

20 Pwall (W/m)
Fe 0.23 5 0.32 8
Cu 0.16 6 0.2 9
W 0.023 21 0.024 25

21 Pwall (W/m)
Fe 0.31 5 0.36 8
Cu 0.22 6 0.26 9
W 0.034 30 0.035 40

22 Pwall (W/m)
Fe 0.45 4 0.46 6
Cu 0.3 5 0.37 7
W 0.04 12 0.042 22

material. In this case, the mask length can be reduced from 30 cm to 18 cm, keeping tapered section

lengths at 5 cm for each.
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8.9 Power Deposition in Photon Masks of the ILC-

350 and ILC-500
Since the later stages in the ILC are to upgrade to 350 GeV and 500 GeV centre-of-mass energies,

the deposited power at the photon masks of the ILC-350 and ILC-500 should be studied. In these

two stages, the undulator is shorter; only 84 undulator modules are needed.

Since the opening angles of photons produced by helical undulator are determined by the energy

of the electron beam, and a lower module number (84 modules) for the ILC-350 and ILC-500 options

is needed to produce the required positron number compared to those needed for the ILC-250 option

(132 modules), it is expected that the incident power at the photon masks for the high energy ILC

options such as the ILC-350 and ILC-500 is lower than that for the ILC-250.

The ILC active undulator length is 231 m (132 modules), which is needed to produce the

required positron number for the first stage (the ILC-250). For higher stages, such as the ILC-350

and ILC-500, the required active length is 147 m (84 modules). It means that operators can run

any 84 undulator modules for higher stages, whether from the beginning, middle, or end. The worst

result for the deposited energy at the masks is to use the first 84 modules. In contrast, the best

result is to use the last 84 modules. In order to study the worst scenario of the deposited power at

photon masks, the first 84 undulator modules are considered to be simulated for both ILC-350 and

ILC-500 options in this study. The HUSR code is used to simulate the photon distribution produced

by both ideal and realistic undulators of the ILC-350 and ILC-500.

8.9.1 Result

The deposited energy along Fe, Cu, and W Mask-22 for both ideal and realistic undulators is

shown in figures 8.21 and 8.22 for the ILC-350 and ILC-500 options with the nominal parameters,

respectively. In addition, figures 8.23 and 8.24 show the maximum deposited energy along both

Z-direction and radial direction of the mask length in Fe, Cu, and W Mask-22 for both ideal and

realistic undulators of the ILC-350 and ILC-500 with the nominal parameters, respectively. Table

8.6 summarizes the result studies.

In the case of the ILC-350, the average incident photon energies are 2.54 and 2.74 MeV for both

ideal and realistic undulators, respectively. The deposited power at Mask-22 is 186 and 205 W for

both ideal and realistic undulators, respectively. In the case of the ILC-500, the average incident

photon energies are 1.75 and 1.86 MeV for both ideal and realistic undulators, respectively. The

deposited power at Mask-22 is 21 and 23 W for both ideal and realistic undulators, respectively.

In contrast, in the case of the realistic ILC-250, the deposited power and average incident photon
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Figure 8.21: The deposited energy along the Fe , Cu and W Mask-22 for the ILC-350.
Top (Bottom) plots show the energy deposition in case of ideal (realistic) undulators.
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Figure 8.22: The deposited energy along the Fe , Cu and W Mask-22 for the ILC-500.
Top (Bottom) plots show the energy deposition in case of ideal (realistic) undulators.
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Figure 8.23: The maximum deposited energy (GeV/cm3/photon) along iron, copper and
tungsten Mask-22 for both ideal and realistic undulators of the ILC-350. The upper
(bottom) plot shows the maximum deposited energy along Z-direction (radial) mask length.
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Figure 8.24: The maximum deposited energy (GeV/cm3/photon) along iron, copper and
tungsten Mask-22 for both ideal and realistic undulators of the ILC-500. The upper (bot-
tom) figure shows the maximum deposited energy along Z-direction (radial) mask length.
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Table 8.6: Average incident photon energy (Eγ
ave), deposited power (Pmask), incident pho-

ton number (Nγ
mask), maximum deposited energy (Emax), peak energy deposition density

(PEDD), temperature rise (∆Tmax) using three different materials for Mask-22 for both
ideal and realistic undulators and power stopped by these masks (Pmask

stop ) for the ILC-350
and ILC-500.

Centre-of-mass energies 350 GeV 500 GeV
Parameters Material Ideal Real Ideal Real

Eγ
ave(MeV) 2.54 2.74 1.75 1.86

Pmask(W) 186 205 21 23

Nγ
inc per Pulse (×1013) 9.16 9.34 1.48 1.56

Emax(MeV/cm3/Ph.)
Fe 2.7 2.9 2.3 2.4
Cu 3.16 3.3 2.6 2.7
W 9.4 9.5 6.9 7.0

PEDD (J/g/Pulse)
Fe 5.02 5.49 0.68 0.74
Cu 5.17 5.50 0.69 0.75
W 7.14 7.36 0.85 0.91

∆Tmax (K)
Fe 11.15 12.20 1.53 1.69
Cu 13.43 14.30 1.78 1.95
W 53.27 54.89 6.32 6.76

energy at Mask-22 are 361 W and 2.14 MeV, respectively.
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8.10 The Deposited Power at the Undulator Walls

in Case of the ILC Luminosity upgrade
The ILC luminosity upgrade is the luminosity by doubling the number of bunches per pulse from

1312 to 2625. As a result, the average photon beam power is also doubled. The changes are on the

main linac RF parameters. The bunch spacing will be reduced from 554 ns to 366 ns, and this leads

to an increase in beam current from 5.8 mA to 8.8 mA, and the beam pulse length is increased from

727 µs to 961 µs. Table 8.7 compares the main linac RF parameters for the baseline and luminosity

upgrade.

Table 8.7: The main linac RF parameters for the baseline and luminosity upgrade [11].

Parameter Unit Baseline Luminosity upgrade
Bunches per pulse 1312 2625
Bunch spacing ns 554 366
Beam current mA 5.8 8.8
Beam pulse length �s 727 961

We aim to check if the proposed ILC photon mask system can also keep the deposited power in

the undulator walls below the limited level. Table 8.8 compares the highest deposited power at the

realistic undulator wall of the ILC-250 for both cases; the baseline and luminosity upgrade.

Table 8.8: The deposited power at the first meter of the realistic undulator module
downstream the Mask-21 in the ILC-250 for different materials for both cases; the baseline
and luminosity upgrade.

Mask material Baseline Luminosity upgrade

Deposited power (W/m)
Fe 0.31 0.62
Cu 0.22 0.44
W 0.034 0.068

The study shows that all material candidates will keep the deposited power at the realistic

undulator wall of the ILC-250 below the limited level which is 1 W/m. However, the maximum

instantaneous stresses in the case of the ILC luminosity upgrade are about a factor of 2 higher

than that in table 8.4. The maximum instantaneous stress is still below the tensile strength of all

material candidates. In other words, the studies in section 8.6 show that the stress inside the mask

is below the recommended limit for the high cycle fatigue load. However, in the realistic case of

the luminosity upgrade for the ILC-250 the cyclic stress in a small area of the Mask-22 reaches and

could even exceed the recommended fatigue limit. Given the small size of this spot it is unlikely

that the mask material will fail.
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Chapter 9

The ILC Photon Beam Power and

Polarization

In this chapter, simulations are conducted for the photon beam power and polarization at the target

plane assuming both ideal and realistic undulators for all ILC energy options. The ILC baseline

options, i.e., using the helical undulator positron source, provide a positron beam polarization of ≈

30 %. Comparing the photon beam polarization for ideal and realistic undulators gives a measure

of how the positron beam polarization is changed for a realistic undulator. Therefore, the influence

of the realistic undulator on the photon beam power and polarization for all ILC energy options

is studied. In addition, the effect of placing photon masks along the undulator line on the photon

beam power and polarization is investigated for both ideal and realistic undulators. To increase

the positron beam polarization, it is planned to insert a photon collimator between the undulator

and the target. The efficacy of such photon collimator is considered for the case of the realistic

undulator.

9.1 Photon Beam Polarization
One of the most important reasons to choose the helical undulator-based positron source as the

baseline in the ILC project is to produce a polarized positron beam. The circular polarization of

the photon beam is transferred to the longitudinal polarization of the positron (and electron) beam

[65]. This means that increasing the photon beam polarization will in turn increase the polarization

of the positron beam that they create. The photon beam polarization depends on the undulator

parameters. The effect of undulator parameters such as λu, K value and Ee on the photon beam

polarization and spectrum is discussed in chapter 5.
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The strong relationship between the energy, opening angle and polarization of the produced

photon beam in the undulator is clear as seen in figures 7.13 and 7.14. So the photon beam

with a large considered beam size has a low polarization. It means that the average photon beam

polarization and the average photon beam energy can be improved by removing photons far from

the undulator axis. Since the degree of the positron beam polarization depends on the degree of

the photon beam polarization that hits the target, the degree of the photon beam polarization can

be controlled by adjusting the photon collimator aperture. Decreasing the collimator aperture, of

course, leads to a higher degree of polarization. On the other hand, the photon collimator reduces

the photon intensity at the target. It means that the photon beam polarization can be increased,

but at the expense of some reduction in the number of photons. Although a longer helical undulator

could compensate, the load at the undulator wall, photon collimator, and target components will

be high. Therefore, the photon beam polarization and intensity at the target should be discussed

simultaneously.

9.2 The Photon Beam and Polarization Distribu-

tion
The HUSR code, which was introduced in chapter 7, has been used to simulate the distribution of

the photon beam power and polarization at the ILC target plane. The simulation was conducted

for both ideal and realistic cases of helical undulators. Tables 2.1 and 6.1 show the nominal ILC

parameters that are needed to produce the required positron yield of ≈ 1.5 e+/e− at the positron

DR for all three centre-of-mass energies (Ecm) 250 GeV, 350 GeV and 500 GeV. In all of these energy

options the polarization of the resulting positron beam is about 30 % without photon collimators.

Figure 9.1 shows the distribution of the photons and polarization of the photon beam at the

target plane produced by one ILC-250 undulator module with 1.75 m length for both ideal and

realistic cases of undulators. The distance between this module and the target plane is 401 m.

Figures 9.2 and 9.3 show the ideal and realistic photon beam distribution and polarization in 3D

and contour plots, respectively, produced by the full active length of the ILC-250 helical undulator.

In the case of ideal undulators, the photon beam distribution is symmetric around the center while

it is no longer this way in the case of the realistic undulator. Therefore, the power, average energy

and polarization of the photon beam are lower in the case of the realistic undulator compared with

those in the case of the ideal undulator. Table 9.1 summarizes the study results.

100



Table 9.1: The power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon

beam at the ILC-250 target plane for ideal and realistic undulators with K = 0.85.

Ptarget(kW) Eγ
ave(MeV) Pγ (%)

Ideal undulators 62.5 7.6 36.0
Realistic undulators 61.0 7.3 34.0

Figure 9.1: The upper (bottom) plot shows the ideal (realistic) distribution of the photon
number and photon beam polarization at the target plane produced by passing an electron
beam with energy of 126.5 GeV through one ILC-250 undulator module with 1.75 m length,
K = 0.85, B = 0.79 T, λu = 11.5 mm. The distance between this module and the target
plane is 401 m. These data are plotted as a function of X when Y=0.
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Figure 9.2: The ideal (left plots) and realistic (right plots) distributions of the photons
(upper plots) and of the photon beam polarization (bottom plots) produced by the full
active length undulator of the ILC-250 with K = 0.85 at the target plane in 3D.
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Figure 9.3: The ideal (left plots) and realistic (right plots) distributions of the photons
(upper plots) and of the photon beam polarization (bottom plots) produced by the full
active length undulator of the ILC-250 with K 0.85 at the target plane in contour plots.
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9.3 The Effect of Photon Masks on Photon Beam

Power and Polarization
The study in chapter 8 demonstrated that 22 photon masks must be placed along the undulator

line to keep the deposited power at undulator walls below the maximum allowable limit. Since

the photon masks must have a smaller radius than the radius of the undulator aperture, masks

will stop photons that do not pass through the hole of masks, resulting in changes in the average

energy, power, and polarization of the photon beam at the target. The thermal load and design

of photon masks were discussed in chapter 8. Photons stopped by the photon masks will only be

minor contributors to the positron production. They are usually at the very outer part of the photon

beam spot. In most cases, the electron-positron pair produced by these photons is not matched with

the OMD. Therefore, these masks are not very important for positron production, although they

will slightly reduce the load at the target. Nevertheless, the impact of placing these masks on the

average energy, power, and polarization of the photon beam at the target plane is studied here.

9.3.1 Ecm = 250 GeV Option

The initial stage of the ILC project is Ecm = 250 GeV. At this stage, the entire active length of the

undulator with a K factor of 0.85 (Baxis = 0.79 T) and λu = 11.5 mm is used to produce the required

intensity of photon beam. The rest parameters are shown in tables 2.1 and 6.1. The photon beam

power and polarization of the ILC-250 were simulated before and after placing the photon mask

along the undulator line.

9.3.2 Ecm = 350 GeV and 500 GeV Options

Since the later stages of the ILC project are the ILC-350 and ILC-500, the effects of the photon

masks on the power and polarization of the photon beam are studied here. As shown in tables 2.1

and 6.1, only 147 m active length (84 modules) are needed to produce the required positron number

in case of both stages; ILC-350 and ILC-500. Since, the total active length of the ILC undulator is

231 m (132 modules), operators should choose 84 out of 132 modules, whether from the beginning,

middle, or end of the undulator line. To study the worst-case scenario of the power distribution at

the target, the first 84 modules are chosen.

At the stage of Ecm = 350 GeV, a 178 GeV electron beam passes through a helical undulator

with an active length of 147 m with a K factor of 0.75 (Baxis= 0.698 T) and λu = 11.5 mm in

order to produce the required intensity of photon beam. In the case of Ecm = 500 GeV, the electron

beam with an energy of 253 GeV is sent through the undulator with parameters of a K factor of
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0.45 (Baxis= 0.42 T). To study the effect of the masks, the photon beam power and photon beam

polarization of the ILC-350 and ILC-500 are simulated before and after placing the photon mask

along the undulator line.

9.4 HUSR Photon Collimator
The photon collimator in HUSR was implemented as a simple geometric cut. The only parameter

required to be added by the user of the HUSR is the collimator radius. Photons are produced when

the electron beam is tracked into the helical undulator. Some of these photons will pass through

the collimator aperture, and some will not. So, if a photon passes through the aperture, it will be

recorded by the observation points that are present in the target plane. In contrast, if the photon

does not pass through the aperture of the collimator, its energy will be added to the deposited

energy at the collimator, and in this case, the tracking ends. Since HUSR can not simulate the

electromagnetic shower, no secondary particles can emit from the HUSR collimator to the target.

There are some reasons for placing a photon collimator before the target. First, a protection

system is needed to protect the target system against damage. Since the high photon flux may

cause some problems for the target components through heating and radiation damage. Also, as we

learned from the photon beam distribution, most photons with low energy (< 2 MeV) have larger

opening angles. These photons will raise the energy deposition in the target, which leads to an

increase in the temperature and activation.

In addition to that, these photons with a low energy will not create much positrons. Therefore,

placing a photon collimator just before the target to cut off these photons may provide advantages,

such as increasing the positron production efficiency with no an increase in the energy deposition.

This can be done by decreasing the aperture of the photon collimator. In addition, the polarization

of the outer part of the photon beam is low. Therefore, removing the outer part of the photon beam

will increase the average polarization of the photon beam. This leads to increasing polarization of

the produced positron beam, which can increase the effective luminosity.

The ILC TDR shows that a photon collimator is placed in front of the target. Different designs

have been discussed in the past, such as in [66]. A detailed study in [67] proposed a possible photon

collimator system for all ILC energy options. This study shows a multi-stage photon collimator

system for three different centre-of-mass energies, including 250, 350, and 500 GeV.

The influence of different photon collimator radii on the power, average energy, and polarization

of the photon beam in the target plane of all ILC energy options for both ideal and realistic undulator

cases is studied.

105



9.5 Result
The photon beam power and polarization produced by both ideal and realistic undulators using three

different centre-of-mass energies are simulated before and after placing the masks. In addition,

the effect of placing a photon collimator just before the target on the photon beam power and

polarization produced by all ILC options in both ideal and realistic undulator cases is shown.

9.5.1 The Effect of Photon Masks on Photon Beam Param-

eters

The influence of placing 22 photon masks along the ILC undulator line on the power, average energy,

and polarization of the photon beam for all three ILC options for both ideal and realistic undulator

cases is studied. In this section, we consider all photons that reach the target plane.

9.5.1.1 Ecm = 250 GeV Option

The simulation results of the spectrum and polarization of the photon beam at the ILC-250 target

for both ideal and realistic undulators before and after placing photon masks are shown in plots in

figure 9.4.

Table 9.2 summarizes the simulation results. In both ideal and realistic undulator cases, placing

Table 9.2: Power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon beam

at the ILC-250 target plane for ideal and realistic undulators with K = 0.85 without and
with masks.

Ptarget(kW) Eγ
ave(MeV) Pγ (%)

Ideal undulators No masks 62.5 7.6 36.0
With masks 60.2 8.0 37.3

Realistic undulators No masks 61.0 7.3 34.0
With masks 59.0 7.7 35.7

masks can improve the average energy of the photon beam at the target plane by ≈ 4 %, while the

photon beam power decreases by ≈ 4 %. The photon masks can slightly increase the photon beam

polarization from 36.0 % to 37.3 % in the ideal case and from 34.0 % to 35.7 % in the realistic case.

9.5.1.2 Ecm = 350 GeV and 500 GeV Options

The power and polarization of the photon beam at the target plane produced by both ideal and

realistic ILC-350 and ILC-500 undulators before and after placing the photon masks are simulated

to investigate the influence of the photon masks on the photon beam parameters.
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Figure 9.4: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam at the ILC-250 target plane. A 128 GeV electron beam passes
through an undulator with 231 m active length, K = 0.85, B = 0.79 T, λu = 11.5 mm. The
red (blue) line shows the photon beam spectrum and polarization before (after) placing
photon masks.
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Plots in figure 9.5 show the energy spectrum and polarization of the photon beam at the target

for 350 GeV centre-of-mass energy before and after placing photon masks produced by both ideal

and realistic undulators with K = 0.75, respectively. Plots in Figure 9.6 show the same, but in the

case of the ILC-500.
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Figure 9.5: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam at the ILC-350 target plane. A 173 GeV electron beam passes
through an undulator with 147 m active length, K = 0.75, B = 0.70 T, λu = 11.5 mm. The
red (blue) line shows the photon beam spectrum and polarization before (after) placing
photon masks.

Tables 9.3 and 9.4 show the average energy, power, and polarization of the photon beam at the

target before and after placing photon masks produced by both ideal and realistic undulators for

both ILC-350 and ILC-500, respectively.

Table 9.3: Power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon beam

at target plane for ideal (realistic) undulators with K = 0.75 without and with masks for
the ILC-350.

Ptarget(kW) Eγ
ave(MeV) Pγ (%)

Ideal undulators No masks 60.0 14.0 38.0
With masks 59.2 14.3 38.2

Realistic undulators No masks 58.2 13.6 37.9
With masks 57.0 13.8 38.0
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Figure 9.6: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam at the ILC-500 target plane. A 253 GeV electron beam passes
through an undulator with 147 m active length, K = 0.45, B = 0.42 T, λu = 11.5 mm. The
red (blue) line shows the photon beam spectrum and polarization before placing photon
masks.

Table 9.4: Power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon beam

at target plane for ideal (realistic) undulators without and with masks for the ILC-500 with
K = 0.45.

Ptarget(kW) Eγ
ave(MeV) Pγ (%)

Ideal undulators No masks 43.4 26.5 43.9
With masks 43.3 27.0 44.1

Realistic undulators No masks 43.1 25.4 43.5
With masks 42.8 25.7 43.1
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The results in this study show that the influence of the photon masks on the photon beam

parameters in the target plane of all ILC energy options is negligible for the positron production.

9.5.2 The Effect of the Photon Collimator on Photon Beam

Parameters

A photon collimator with different diameters is used for all ILC energy options to investigate the

influence of the diameter of the photon collimator on the photon beam parameters.

Plots in figure 9.7 show the spectrum and polarization of the photon beam at the ILC-250 target

plane for both ideal and realistic undulator cases using a photon collimator with different radii. Plots

in figures 9.8 and 9.9 show the spectrum and polarization of the photon beam at the ILC-350 and

ILC-500 target plane for both ideal and realistic undulator cases using a photon collimator with

different radii including 1, 2, 5 and 10 mm.

0 10 20 30 40 50
0

2×1011

4×1011

6×1011

8×1011

1×1012

Energy (MeV)

P
ho
to
ns

/B
un
ch

1.0 mm radius

2.0 mm radius

5.0 mm radius

10.0 mm radius

0 10 20 30 40 50
-100

-50

0

50

100

Energy (MeV)

P
γ
(%

)

1.0 mm radius

2.0 mm radius

5.0 mm radius

10.0 mm radius

0 10 20 30 40 50
0

2×1011

4×1011

6×1011

8×1011

1×1012

Energy (MeV)

P
ho
to
ns

/B
un
ch

1.0 mm radius

2.0 mm radius

5.0 mm radius

10.0 mm radius

0 10 20 30 40 50
-100

-50

0

50

100

Energy (MeV)

P
γ
(%

)

1.0 mm radius

2.0 mm radius

5.0 mm radius

10.0 mm radius

Figure 9.7: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-250 undulator with K 0.85 at the target
plane with different photon collimator apertures. Each colour represents a different photon
collimator radius, including 10, 5, 2 and 1 mm.

Tables 9.5 and 9.6 summarize the study results. For ILC-250, a collimator radius below 5 mm

will influence considerably the photon beam polarization, for ILC-350 a radius below 3 mm and for

ILC-500 a radius below 2 mm are necessary.
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Figure 9.8: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-350 undulator with K = 0.75 at the target
plane with different photon collimator apertures. Each colour represents a different photon
collimator radius, including 5, 2 and 1 mm.
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Figure 9.9: The ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-500 with K = 0.45 at target plane with
different photon collimator apertures. Each colour represents a different photon collimator
radius, including 5, 2 and 1 mm.
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Table 9.5: The power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon

beam at target plane for ideal and realistic undulators with different photon collimator radii
(10.0 mm up to 4.0 mm) for three different ILC energy options; ILC-250 with K = 0.85,
ILC-350 with K = 0.75 and ILC-500 with K = 0.45.

Photon Centre-of-mass energy (GeV)
collimator 250 350 500
radius (mm) Parameters Ideal Real Ideal Real Ideal Real

10.0
Eave(MeV) 7.7 7.5 14.1 13.7 27.4 25.9

Pγ(%) 36.6 35.4 38.0 36.9 44.6 43.5
Ptarget(kW) 61.5 60.0 59.4 58.0 43.2 40.8

9.0
Eave(MeV) 7.9 7.6 14.2 13.7 27.5 26.0

Pγ(%) 36.94 35.5 38.1 36.9 44.7 43.6
Ptarget(kW) 61.2 59.7 59.3 57.9 43.2 40.7

8.0
Eave(MeV) 8.0 7.7 14.3 13.8 27.6 26.1

Pγ(%) 37.3 35.7 38.2 37.0 44.8 43.7
Ptarget(kW) 60.5 59.0 59.2 57.0 43.2 40.6

7.0
Eave(MeV) 8.2 7.9 14.5 14.55 27.7 26.2

Pγ(%) 37.5 37.0 38.6 37.6 44.9 43.8
Ptarget(kW) 60.2 58.9 59.1 56.9 43.2 40.5

6.0
Eave(MeV) 8.4 8.1 14.7 14.86 28.0 26.3

Pγ(%) 37.8 37.7 38.8 37.7 45.0 43.9
Ptarget(kW) 60.0 58.3 59.0 56.7 43.2 40.3

5.0
Eave(MeV) 8.6 8.4 15.0 15.16 28.4 26.5

Pγ(%) 38.9 39.3 39 37.9 45.1 44.0
Ptarget(kW) 59.8 58.0 58.9 56.6 43.1 40.2

4.0
Eave(MeV) 9.2 8.8 15.9 15.71 29.2 27.8

Pγ(%) 42.0 43.8 40.0 38.8 45.4 44.2
Ptarget(kW) 59.1 57.2 58.6 56.5 43.0 40.1
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Table 9.6: The power (Ptarget), average energy (Eγ
ave) and polarization (Pγ) of the photon

beam at target plane for ideal and realistic undulators with different photon collimator radii
(3.0 mm up to 1.0 mm) for three different ILC energy options; ILC-250 with K = 0.85,
ILC-350 with K = 0.75 and ILC-500 with K = 0.45.

Photon Centre-of-mass energy (GeV)
collimator 250 350 500
radius (mm) Parameters Ideal Real Ideal Real Ideal Real

3.0
Eave(MeV) 10.0 9.6 17.1 16.9 30.7 28.6

Pγ(%) 51.3 52.6 43.0 42.0 46.4 44.9
Ptarget(kW) 54.7 50.7 57.4 54.3 42.7 39.8

2.0
Eave(MeV) 10.7 9.9 19.3 18.5 34.0 31.8

Pγ(%) 76.1 62.1 55.0 52.0 51.3 48.6
Ptarget(kW) 41.4 33.0 52.0 49.4 41.3 38.4

1.8
Eave(MeV) 10.6 10.0 19.8 18.9 35.1 32.8

Pγ(%) 87.8 63.7 60.0 57.0 53.8 50.3
Ptarget(kW) 36.9 28.5 49.5 47.0 40.5 38.2

1.6
Eave(MeV) 10.4 10.1 20.2 19.2 36.4 34.4

Pγ(%) 92.4 65.0 67.0 61.0 57.3 52.0
Ptarget(kW) 31.6 23.9 46.1 44.3 39.4 37.1

1.4
Eave(MeV) 10.1 10.2 20.6 19.4 37.9 35.7

Pγ(%) 95.8 65.7 75.0 66.0 62.4 56.0
Ptarget(kW) 25.8 19.3 41.6 40.0 37.9 35.6

1.2
Eave(MeV) 9.8 10.4 20.5 19.6 39.4 37.2

Pγ(%) 97.9 66.6 84.0 70.0 69.4 61.3
Ptarget(kW) 19.8 14.9 35.6 34.5 35.6 33.4

1.0
Eave(MeV) 9.3 10.6 20.3 19.8 41.1 38.8

Pγ(%) 97.9 66.9 91.0 73.0 78.1 68.7
Ptarget(kW) 14.0 10.8 28.3 26.9 32.1 30.2
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9.6 Polarization Upgrade of ILC-500
All ILC energy options with nominal parameters of the helical undulator-based positron source and

without photon collimators generate a positron yield of 1.5 per electron with a polarization of 30

%. Some previous studies on the polarization upgrade for the ILC have been conducted such as in

[68, 69].

As discussed above, a photon collimator can be used for upgrading the polarization. Here, the

power and the polarization of the photon beam at the target plane of the ILC-500 with different

photon beam radii are calculated. The used parameters are shown in tables 2.1 and 6.1. The active

undulator length is 147 m and the distance between the center of the undulator to the target plane

is 461 m. Figure 9.10 shows the ideal spectrum and polarization of the photon beam produced by

passing an electron beam with an energy of 253 GeV, taking into account the loss beam energy,

through an ideal helical undulator with K value of 0.45. The considered photon beam radius is 2.0

mm.

Figure 9.10: Photon beam spectrum and polarization produced by 253 GeV electron beam
with K value of 0.45. The blue line represents the photon spectrum and the orange line
represents the photon beam polarization. The considered photon spot radius in this plot is
2.0 mm.

The average energy, polarization and power of the photon beam at the target plane considering

the photon beam radius of 2.0 mm and the K value of 0.42, are 34.0 MeV, 51.3 % and 41.3 kW

respectively. Cutting the outer part of the photon beam by considering a smaller photon beam

radius will increase the polarization of the photon beam, but this is at the expense of the photon

number (power). If the considered photon beam radius is reduced to 1.0 mm, the average energy and

polarization of the photon beam at the target plane increase to 41.1 MeV and 78.0 %, respectively.

In contrast, the power of the photon beam decreases to 32.1 kW. To compensate the decrease in
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photon number, a higher K value is used. Figure 9.11 shows the ideal spectrum and polarization

of the photon beam produced by passing an electron beam with an energy of 253 GeV, taking

into account the loss beam energy, through an ideal helical undulator with K value of 0.92. The

considered photon beam radius is 2.0 mm.

Figure 9.11: Photon beam spectrum and polarization produced by 253 GeV electron beam
with K value of 0.92. The blue line represents the photon spectrum and the orange line
represents the photon beam polarization. The considered photon spot radius in this plot is
2.0 mm.

The power and polarization of the photon beam at the target plane of the ILC-500 with different

photon beam radii and K values are calculated in order to investigate its influence on the photon

beam power and polarization. Table 9.7 summarizes the results of the study.

Table 9.7: Energy cutoff of the first harmonic (E1st), average energy (Eave), power (Ptarget)
and average polarization (Pγ) of the photon beam at the target plane produced by passing
a 253 GeV electron beam through the ILC-500 147 m ideal undulator length with different
K values and different considered photon spot radii.

Final Beam Energy (GeV) 250
Act. Und. Length (m) 147 147
K Value 0.45 0.92
E1st (MeV) 43.3 28.2
Beam Radius (mm) 2.0 1.6 1.0 0.7 2.0 1.6 1.0 0.7
Eave (MeV) 34.0 36.4 41.1 43.1 38.9 41.2 41.0 37.0
Pγ (%) 51.3 57.3 78.0 91.4 44.6 55.6 86.0 96.2
Ptarget (kW) 41.3 39.4 32.1 23.8 167.0 152.0 95.3 51.6

Results show that the power of the photon beam of the ILC-500 with the photon beam radius

of 1.0 mm and K value of 0.45 could not produce the required positron beam. Therefore, in order to
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compensate the decrease in the photon number, a K value of 0.92 is proposed. In this case, the photon

beam of the ILC-500 with the photon beam radius of 1.0 mm and K value of 0.92 could produce the

required positron beam with a polarization of ≈ 50 % assuming a flux concentrator (FC) as an OMD

as studied in [67]. However, this reference assumes an ideal undulator. For a realistic undulator as

considered in this thesis the photon beam polarization is lower, and the collimation of the photon

beam will be less efficient, especially for higher K values. Based on the results in this thesis it is

expected that the polarization of the photon beam generated in a realistic undulator decreases by

≈ 10 % compared with that from an ideal undulator. This propagates to the polarization of the

positron beam. Since a high positron beam polarization is desired for ILC-350 and ILC-500, the K

value, K value fluctuation and the length of a realistic undulator should be optimized for the final

polarization upgrade. The positron yield depends strongly on the performance of the OMD which is

currently under discussion and development. A robust and comprehensive study should start with

the recommended OMD design. A disadvantage of the ILC-500 with K = 0.92 is the high power

that gets removed by the photon collimator. It means that, although the heat load in case of a

high K value distributes over a larger volume, there is a huge thermal load that will deposit at the

material of the collimator, which leads to a high PEDD at the photon collimator as studied in [67].

More detail about the polarization upgrade can be found in [67, 68, 69].
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Chapter 10

Synchrotron Radiation Power

Incident on the Undulator Walls of

the ILC GigaZ Option

The ILC-TDR in 2012 concentrated on centre-of-mass energies between 250 and 500 GeV (up to 1

TeV). Since the ILC positron beam is polarized, operating the ILC at lower energies, such as the

GigaZ option (91.2 GeV) and W-pair threshold (160 GeV), have always been discussed as important

options for the ILC operation in the earlier stages of designing the ILC. The current status of

operating the ILC at these low energies can be found in [12, 70]. This chapter aims to study the

power incident due to the synchrotron radiation on the undulator walls of the ILC GigaZ option.

10.1 Incident Power at Undulator Walls of the GigaZ

Option
The aim of the ILC GigaZ option is to collide a polarized positron beam with a polarized electron

beam. As discussed in chapter 4, to produce a positron beam with a polarization of ≈ 30 %, a

very intense electron beam should be sent through a very long helical undulator. Since the energy

of the electron beam at the GigaZ option is 45.6 GeV, an additional electron beam with an energy

of, at least, 125 GeV is needed to produce the required photon beam with the required energy that

can produce the required e+ beam [12]. It means that in the GigaZ option, two electron beams are

needed; one serves to produce positrons, and another is for the collision experiment with a 3.7 + 3.7

Hz scheme. The 3.7 + 3.7 Hz scheme means that the electron linac is operated at 7.4 Hz: 3.7 Hz to
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accelerate the electron beam to 125 GeV, which will be used to produce an e+ beam, and another

3.7 Hz to accelerate the electron beam to 45.6 GeV for the collision experiment.

One bypass will be sufficient if two electron beams pass through the helical undulator, which

is possible [12]. For producing positrons at the GigaZ option, the parameters of the used beam are

identical to the parameters of the ILC-250 beam, see table 6.1, except for the repetition rate, which

is 3.7 Hz. The proposed parameters of the RF system for both beams for operation at the GigaZ

option were discussed in more detail in [12]. Table 10.1 summarizes these parameters.

Table 10.1: The proposed parameters of the RF system for alternating operation of 125
GeV and 45.6 GeV for the GigaZ option [12] and the parameters of the ILC-250.

Parameters Unit ILC-250 ILC GigaZ option
e+ production beam collision beam

Final beam energy GeV 125 125 45.6
Repetition rate Hz 5 3.7 3.7

Since the opening angle of the photon beam produced by a helical undulator increases when

the electron beam decreases, more photons will deposit at the undulator wall, but of course, with

lower average energy compared with that at the ILC-250. Therefore, the deposited power at the

undulator wall due to the photon beam produced by both electron beams should be calculated.

Using parameters in tables 6.1 and 10.1, the deposited power due to the photon beam at

undulator walls is simulated and shown in figure 10.1. The synchrotron radiation power incident

by the first module (1.75 m long) is plotted separately to show the worst-case scenarios of the

deposited power by one single undulator module at the undulator wall. Due to the big opening

angle of photons that is produced by the collision beam, these photons deposit a higher power

than what photons produced by the beam of the e+ production in the first half of the undulator

line. While in the second half, photons produced by the beam of the e+ production deposit higher

power than what photons produced by the collision beam deposit. The maximum power incident

per meter is always at the last meter of the undulator line. Since two beams pass through the

undulator, the maximum deposited power from the first undulator module (1.75 m long) is 0.89

W/m and 0.17 W/m by photons produced by the e+ production beam and the collision experiment

beam, respectively. Therefore, the total is 1.06 W/m by both beams by the first module. It is ≈ 12

% lower than that deposited by the first module (1.75 m long) of the ILC-250, which is 1.2 W/m.

The peak of the deposited power due to the full active undulator length (231 m) for the ILC

GigaZ option is ≈ 3 W/m by photons produced by the collision beam and 18.5 W/m by photons

produced by both beams at the last meter of the undulator line compared with 21 W/m for the

ILC-250 with the same active length. While the maximum allowable heat load is 1 W/m. Therefore,

the proposed mask system for the undulator protection for the ILC discussed in section 8.3 can also

118



Figure 10.1: Synchrotron radiation power incident per meter on the undulator walls of
the GigaZ Option along the total undulator length (320 m). The solid green (dashed green)
line represents the incident power by the first undulator module due to the e+ production
(the collision) beam. The solid purple line represents the total deposited power by two
beams produced by the first module (1.75 m long). The solid blue line represents the total
deposited power by the collision beam passing the full active undulator length (231 m long).
The dashed black line represents the total incident power at the undulator walls by both
beams passing the full active undulator length (231 m long) of the ILC GigaZ option. The
solid red line represents the maximum allowable incident power into the undulator wall.

keep the deposited power in the ILC GigaZ stage with these particular beam parameters below the

acceptable level. For comparison, the incident power at the undulator wall of the ILC GigaZ option

and ILC-250 is shown in figure 10.2. As discussed in chapter 9, since the beam of the ILC-250 will

be used to create the photon beam to produce the e+ beam of the GigaZ option, the produced

positron beam of the GigaZ option will have a polarization of about 30 %.
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Figure 10.2: Synchrotron radiation power incident per meter on the undulator walls of
the GigaZ option and of the ILC-250 along the total undulator length (320 m). The solid
black line represents the total incident power at the undulator walls by the full active
undulator length (231 m long) of the ILC-250. Other lines have the same meaning as in
figure 10.1. Used parameters are shown in table 6.1 and 10.1 for the ILC-250 and GigaZ
option, respectively.
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Chapter 11

Summary

This thesis has focused on some issues related to the ILC helical-undulator-based positron source.

This source is chosen as the baseline design for the positron production in the future ILC project.

The ILC requires a long helical undulator (up to 231 m active length) to produce a high-intensity

photon beam that is needed to produce the required positron number at the IP of the ILC.

Since the spectrum of the produced positron beam is based on the spectrum of the photon

beam created by the helical undulator, the photon spectrum has been discussed depending on the

undulator parameters in chapter 5. The HUSR software, which is used to simulate the photon

spectrum produced by a helical undulator, has the ability to calculate the non-ideal spectrum and

the polarization of the photon beam produced by a non-ideal helical undulator. The non-ideal

(realistic) studies are based on the measured B-fields of the ILC helical undulator prototypes which

were designed and tested at Daresbury Laboratory and Rutherford Appleton Laboratory in the UK.

The calculated photon spectrum of the helical undulator prototypes is used to evaluate the realistic

simulation of the HUSR code as shown in chapter 7. Based on these evaluations, the HUSR code

is chosen to simulate the realistic spectrum and polarization of the photon beam produced by a

realistic helical undulator in this thesis and the considered error sizes on the B-field and period are

±4%.

The ILC superconducting helical undulator produces photons with an energy of few MeV to few

tens MeV with an opening angle that is proportional to 1
γ . Some of these photons will hit the walls

of the long superconducting undulator. Therefore, chapter 8 discusses the problem of the power

deposited by the synchrotron radiation at the undulator walls which must not exceed 1 W/m. This

problem is studied for an ideal helical undulator as well as for a realistic one taking into account

a variation of the undulator strength along the undulator. In case of the nominal ILC-250 option,

the maximum deposited power at the ideal (realistic) undulator wall with K = 0.85 is ≈ 21 W/m

(≈ 23.5 W/m) at the last meter of the helical undulator length. This heat load is too high for the
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vacuum. Therefore, 22 photon masks are proposed to be placed along the undulator line to keep the

heat load below the acceptable limit. For the current design and parameters, I proposed a design for

the photon mask that has an inner radius of 4.4 mm, a length of 30 cm and is placed downstream

of each quadruple. The photon masks are designed to stop both primary and secondary particles

as much as possible. Perfect photon masks decrease the maximum deposited power, which is at the

last meter of the undulator upstream Mask-22, by approximately 2 orders of magnitude to ≈ 0.021

W/m (0.025 W/m) for the ideal (realistic) undulators.

In the case of realistic masks, secondary particles with enough energy leave the masks and

hit the undulator wall. Therefore, the deposited power at the undulator wall due to secondary

particles is studied. A possible photon mask geometry with a high photon absorption efficiency was

proposed in this thesis with three various material candidates, including copper, iron, and tungsten.

The deposited power at the masks produced by both ideal and realistic undulators is simulated to

determine the secondary particles leaving the masks, the Peak Energy Deposition Density (PEDD),

the instantaneous temperature rise, and stress in these masks using the different material candidates.

Regarding the deposited power at the undulator walls, the studies show that all material candi-

dates of the photon masks will keep the deposited power at the undulator wall below the acceptable

level in all nominal ILC options. In addition, the results show that iron, copper, and tungsten masks

can stop between 96.5% and 99.5 % of the deposited power. In case of the nominal ILC-250 option,

the maximum deposited power is at the first meter of the undulator walls downstream Mask-21

and reaches 0.31 W/m for the iron mask, 0.22 W/m for the copper mask, and 0.034 W/m for the

tungsten mask compared with 0.021 W/m which assumes the perfect mask characteristics. In the

case of the ILC luminosity upgrade, which means the double luminosity, these values are doubled,

and the proposed masks will also keep the maximum deposited power at the undulator wall below

the limit for all ILC luminosity upgrade options.

The PEDD, temperature increase, and instantaneous maximum stress were studied in order to

check whether the mask material has overloaded hot spots for the cyclic load. The results proved

that the masks are safe for all three considered materials, and the copper is the best material

candidate for the current parameters of the ILC positron source. According to the radiation length,

an appropriate option is to use a tungsten mask since its length can be shorter, which saves space

when implementing the masks into the undulator line.

The average energy, power, and polarization of the photon beam at the target plane of all

ILC energy options before and after placing photon masks were studied for both ideal and realistic

undulator cases in chapter 9. Results from the study showed that, in the ideal (realistic) case of

the nominal ILC-250 and before placing the masks, the average energy, power, and polarization of

the photon beam at the target plane are 7.6 MeV (7.3 MeV), 62.5 kW (61.0 kW), and 36 % (34%),
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respectively. After placing photon masks, the power of the photon beam decreases to 60.2 kW (59.0

kW) in the case of ideal (realistic) undulators. In contrast, these masks will increase the average

energy and polarization of the photon beam to 8.0 MeV (7.7 MeV) and 37.3 % (35.7 %), respectively,

in the case of ideal (realistic) undulators. In other words, the proposed photon masks, in general,

would decrease the photon beam power at the target by ≈ 6 % and slightly increase the average

energy and polarization of the photon beam at the target by ≈ 5 % in case of both ideal and realistic

undulators.

The photon beam parameters that allow a high photon beam polarization at the target plane

of all ILC energy options were studied in chapter 9. Results showed that decreasing the photon

beam size at the target plane will increase the photon beam polarization and decrease the photon

beam power, leading to a decrease in the produced positron number. A high K value with a small

photon beam size can produce a positron beam with high polarization. Therefore, the power and

polarization of the photon beam at the target plane of the ILC-500 were discussed using a high

K value and considering different beam sizes. Result studies showed that increasing K value from

0.45 to 0.92 and collimating the photon beam radius to 1 mm creates the required photon beam

intensity and increases the photon beam polarization from 78.0 % to 86.0 %, will produce the

required positron beam with the polarization of about 50 % in the ideal case as shown in [67]. Since

in the realistic case the photon beam polarization will be lower, the undulator parameters, especially

the K value, as well as that of the photon collimator should be re-optimized taking into account a

realistic undulator as well as the updated OMD performance.

In the case of the GigaZ option, the energy of the electron beam is about 46.5 GeV which is

too low to generate the required photon beam for the positron production. Therefore, an additional

electron beam with an energy of, at least, 125 GeV passing through the helical undulator with an

active length of 231 m and K value of 0.85 is needed to produce the required positron beam with

≈ 30 % polarization. Using the current GigaZ parameters the study showed that both beams can

pass the undulator. Chapter 10 shows that the maximum deposited power at the undulator wall of

the ILC GigaZ option due to the photons produced by both electron beams is slightly below that

for the nominal case of ILC-250. Regarding the the power incident at the undulator wall of the ILC

GigaZ option, it is not necessary to use a bypass for the 46.5 GeV electron beam.
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Appendix A

Electron-Positron Collider

A.1 Positron Production
In this section the methods of the positron production as well as the polarization of the positron

beam are briefly discussed.

A.1.1 Electromagnetic Cascades

When high-energy electron (or positron) passes through matter, it loss energy by emitting a photon

(bremsstrahlung) as a result of the coulomb interactions with the electric field of atomic nuclei. This

photon, which in average has the half energy of the electron (or positron), must have at least 1.02

MeV in order to produce electron-positron pair as a result of the interaction between this photon

and the coulomb fields of the nuclei in the matter. The electron and positron will loss energy again

by emitting two (one photon form each particle) photons and collision with the atoms of the matter.

This sequence continues with the original electron (or positron) energy eventually manifesting itself

as many particles.

As long as these particles have enough energy and traveling through the matter, the number of

electrons, positrons and photons increases exponentially, while the average energy of these particles

decreases. Figure A.1 shows schematically these processes.

Due to the ionization losses, the shower development is limited. So when the average energy

of these charged particles hit the critical energy Ec, the electromagnetic shower starts to decay. It

means that particles (electrons and positrons) which have energies above the critical energy (Ec)

will produce bremsstrahlung radiation, while particles with energy below the critical energy will

do ionization losses. It means that when the energy of charged particles become below the critical

energy (Ec) no further photons are produced which means no further electron-positron pairs are
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Figure A.1: Electromagnetic shower. A High energy electron creates a photon by
bremsstrahlung, which then produces positron and electron by pair production.

produced.

So, the Ec is the energy where:

−dE
dx

|brems = −dE
dx

|ion (A.1)

The Ec depends on the type of the atomic number (Z) of the matter. For example Ec is ≈ 8

MeV for tungsten as shown in figure A.2. The Ec is approximately given by [71]:

Ec =
610MeV
Z + 1.24

(A.2)

Figure A.2: Mass radiation stopping power for electrons in tungsten. Data were obtained
from the NIST [72].
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The maximum number of particles Nmax in the shower occurs when the average energy of

electrons and critical energy become equal to each other. Nmax is when E
Ec

= 1 and is given by:

Nmax = Ne+ + Ne− + Nγ (A.3)

Where Ne+ , Ne− and Nγ are the number of positrons, electrons and photons, respectively. E is

the average energy of the electron (or positron).

Figure A.3 shows the Feynman graphs for pair production and bremsstrahlung. It is clear that

they are basically inverse processes. They can be characterized by the radiation length (X0).

Figure A.3: Feynman graphs for pair production (upper) and bremsstrahlung (bottom).

The X0 defines as:

• The length of a material is where a photon produces on the average an electron-positron pair.

• The radiation length of a material where the energy of electron (or positron) loss on the

average all but a fraction of 1
e of its energy.

The X0 depends on the material properties such as the atomic weight (A), the atomic charge

(Z) and the density of material (ρ). Tables in [71] show the radiation length for various materials.

The radiation length can be approximated by:
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X−1
0 [cm−1] =

4NAαρr2
e

A
Z(Z + 1)ln(

183

Z− 1
3
) (A.4)

Here, NA is Avogadro’s number, A is atomic weight, Z is the atomic charge, re is the classical

electron radius (2.82 × 10−15m), α = 1
137 , ρ is the density of material.

The required positron yield in the ILC is ≈ 2× 1014 positrons per second. There are tow relevant

schemes that can be used to produce the positron beam for the ILC. One is to use an initial high

energy electron beam which interact with a thick material to produce photons (bremsstrahlung

radiation) which then will interact with the atom of the material to produce electron-positron

pairs. This approach is known as Electron Driven (e-Driven) source. The second scheme is done

in two steps. Firstly, photons are produced outside the conventional target and then letting these

photons interacting with a thin target to produce electron-positron pairs. This can be done by using

undulator-based positron source. These two approaches are discussed with more detail in chapter

4. In the following, the basic of these two approaches is discussed.

A.1.1.1 Photon Interactions with Matter

There are three main processes in which photons interact with matter, including the photoelectric

effect, Compton scattering and pair production. In addition, there are another three processes;

namely, coherent scattering (Rayleigh scattering), photonuclear absorption and pair production

through the electron field which can be neglected for our purpose.

• Photoelectric Absorption: It is the dominant process at low energy up to the MeV. During

this process, the incident photon which must have energy higher than the electronic binding

energy is completely absorbed by the absorbed and an electron is released with a kinetic

energy [73].

• Compton Scattering: The Compton scattering is the dominant process also at low energies

up to few hundred keV. During this process, the incoming photon with energy of Eγ will

scatter on an electron in the atomic shell with energy of Eγ and the electron leaves its shell

with kinetic energy Ekn
e [73].

• Pair Production: This process is dominant at high energies starting from, at least, 1.022

MeV = 2mec2. During this process, the incoming photon with energy of Eγ will be completely

absorbed by the medium and electron-positron pairs is produced [73].

Figure A.4 shows the total cross section of photon as a function of the energy in Titanium for

all three main interaction processes.
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Figure A.4: The cross section of photon as a function of the photon energy in titanium.
Data were obtained from XCOM [22] and plotted by Mathematica.

In order to produce pair production, the incoming photon must have energy Eγ, at least, ≥

1.022 MeV which is the rest energy of electron and positron (2mec2). The kinetic energy of the

electron (T−) and the kinetic energy of the electron (T+) is given by [73]:

Eγ = 2mec2 + T− + T+ (A.5)

It is not necessary that electron and positron have the same kinetic energy, but the average

kinetic energy (T) for each particle can be given by:

T =
Eγ − 1.022MeV

2
(A.6)

For higher Eγ, the electron and positron are forward directed. The average angle θ of the electron

and positron departure depends on the direction of the incoming photon and is approximately given

by:

θ(radians) ≈ mec2

T
(A.7)

For energies between 1.022 MeV up to few ten MeV, the cross section of the pair production

(σpair) increases with the energy, while at high energies, the (σpair) is constant as shown in figure

A.4. It means that as long as photons with high energy increase the probability (P) of producing
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positrons increases. The probability (P) of a pair production by a photon with high energy passing

through a material with a thickness of x is given by:

P = 1 − e(−xnσpair) (A.8)

Where, n is the number of atoms per unit volume n= ρNA
A ,

As shown in figure A.4, the probability of producing pairs increases with the energy of the pho-

tons. However, the pair production process is dominant at high energy, the particles from Compton

Scattering process, which may only increase the stress on the target, is there. Therefore, the param-

eters should be optimized in order to produce required positron number with an appropriate energy

and in the same time avoiding a high stress on the target. In this case, photons with energy of a

few MeV can be used to hit a thin high Z target to produce electron-positron pairs. Optimizing a

target with 1 or 0.5 Radiation length.

A.1.1.2 Electron Interactions

The second approach is to use electrons as the initial beam. As mentioned earlier, when a charged

particle such as an electron with high energy deviates from its direction due to a collision with a

nucleus, a bremsstrahlung radiation (a photon) is emitted. The peak of this emitted radiation is in

the same trajectory of the electron.While the low-energy charged particle lose energy by ionization.

Generally, during the process of bremsstrahlung, the emitted photon gets a fraction of the energy

of the electron (or positron).

At low energies, ionization losses is the dominating process, while at high energies the bremsstrahlung

is the dominating process. Ionization losses decrease logarithmically with energy, while bremsstrahlung

increases approximately linear with the energy as shown in figure A.2.

The probability Φ(E,Eγ)
dxdEγ

of emitting a photon with an energy of Eγ when an electron with high

energy E passes through a material layer of thickness dx is given by:

Φ(E, Eγ)

dxdEγ
=

1
X0

1
Eγ

F(E, Eγ) (A.9)

Where,

F(E, Eγ) ≈ 1 + (
E − Eγ

E
)2 +

2
3
(

E − Eγ

E
) (A.10)

During bremsstrahlung process, the average energy loss in a thickness of material dx for an
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electron (or positron) is given by:

− dE
dx

=

Eγ=E∫
Eγ=0

Φ(E, Eγ)

dxdEγ
EγdEγ (A.11)

Which is given by:

− dE
dx

=
E

X0
(A.12)

The mass stopping power (the rate of bremsstrahlung production) S can be calculated by di-

viding equation A.12 by the density ρ of the absorber. Here the unit of the mass stopping power

(energy loss) is (MeVcm2/g). The S is given by [74]:

S(MeVcm2/g) = NaσradEi (A.13)

Where, Na =
NA
A is the atomic density, σrad is the cross section for the emission of the bremsstrahlung

and Ei = (EK)int + mec2 which is the initial total energy of the charged particle (electron). (EK)int

represents the initial kinetic energy of electron.

S(MeVcm2/g) = NaσradEi (A.14)

In 1930s, the cross section for the emission of the bremsstrahlung (σrad) has been shown by

Hans Bethe and Walter Heitler and is given by [74]:

σrad ∝ r2
e αZ2(cm2/nucleus) (A.15)

The symbols in equation A.15 have the same meaning as in equation A.4. The σrad varies with

(EK)int and is given by [74]:

σrad =



16
3 αr2

e Z2, for (EK)int ≪ mec2

8Z2r2
e [ln(

Ei
mec2 )− 1

6 ], for mec2 ≤ (EK)int ≤ mec2

αZ
1
3

4Z2r2
e α[ln( 183

Z
1
3
+ 1

18 ], for (EK)int ≫ mec2

αZ
1
3

Figure A.2 shows the S for electron in tungsten.

Since the X0 is proportional to (Z2.ρ)−1, it means that a high Z material has a small X0.

Therefore, the ionization loss per X0 becomes small (large) for a high (low) Z material.

The collisions between charged particles and the nuclei cause changes on the direction of the

charged particles. The change in the angle for a charged particle traveling through a material with
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Z atomic number and a thickness of S is given by the root mean square (r.m.s) as follow:

√
Θ2 =

Z
Pcβ

20(MeV)

√
S

X0
(A.16)

Here Θ is the scattering angle (in radians) relative to the incoming particle, P is momentum of

the incoming particle, c is the speed of light and β = v
c , where v is the particle speed.

• Producing Positron by Bremsstrahlung Radiation in the ILC.

So, as discussed earlier, when an electron with few GeV energy passes through the first radiation

length of a medium, a photon with energy of, in average, half of the initial electron energy is emitted.

In the second radiation length, this electron emits another photon and the photon emitted in the

first radiation length is completely absorbed, and electron-positron pairs is produced. The pair

production is discussed with more detail in section A.1.1.1.

In general, when the initial electron energy (Ein) is high, then:

• After the first radiation length, there will be two particles, one is electron and one is photon,

with an average energy of Ein
2 .

• After the second radiation length, there will be four particles, two electrons and one photon

and one positron, with an average energy of Ein
4 .

• After the k radiation length, the total particle number Ntotal = 2k, each particle has energy

of, in average, Ein
2k .

Since the total number of particles is given by 2k, the total number of positrons Ne+ is given by:

Ne+ =
Ntotal

3
=

2k

3
(A.17)

Figure A.5 simplifies this process.

Figure A.5: Schematic of the electron shower passing through 3 radiation length of a
material.
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The required positron yield at the damping ring in the ILC is 1.5 (e−/e+). Therefore, in order

to get the required positron yield by using e-Driven source (which is the alternative positron source

in the ILC. For more details see section 4.2), the atomic number (Z) of the target material should

be high and the thickness of the material must be few radiation lengths. In the same time, the

incoming electron should have enough energy, so that the produced positrons can receive enough

energy in order to leave the target. In addition, the positron should have an angle distribution as

small as possible in order to be captured by the matching device which is placed directly after the

target. Therefore, the initial electron energy should have few GeV.

The most serious problem in the e-Driven source is that the deposited energy of the shower

causes stress inside the target. This problem can be avoided by producing photons with high energy

outside the target and that can be done by the undulator.

A.2 Positron Polarization
In the general law of physics, the polarization is conserved. Therefore, the positron beam produced

by a polarized beam whether an electron or photon beam is polarized. It means that if the initial

beam that is used to produce the positron is polarized, the positron produced by that beam inherit

its polarization. The polarization transfer can be calculated by using the transformation matrix

introduced by McMaster in (his paper [75]).

A.2.1 Polarization

Polarization is one of the important property of electromagnetic waves. The polarization of a

transverse wave depicts the oscillations of their transverse electric (magnetic) field. The total electric

field of a plane wave propagating in z-direction is given as follow:

E⃗(⃗r, t) = Eoxei(kz−ωt) + Eoyei(kz−ωt) (A.18)

Equation A.18 can be rewritten as a column vector:

E⃗(⃗r, t) =

 Eox

Eoy

 ei(kz−ωt) (A.19)

A.2.2 Parameterization of Polarization

A.2.2.1 The Jones Vector

There are three types of polarization; the linear, the circular, and the elliptical polarization.
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Figure A.6: The electric field vector in the x-y plan.

A.2.3 Stokes Parameters from Jones Vector

If an orthogonal right-handed coordinate system is introduced in a wave that is traveling in the

positive z-direction, Stokes parameters can be defined as follow:

The I0 represents the total intensity of the wave. The ζ1 =
Ix−Iy

I0
represents the linear polarization

degree with respect to the axis of x and y. The ζ2 =
I45−I135

I0
represents the linear polarization degree

with respect to the axes oriented at 45◦ to the right of the previous axis of x− and y−. The ζ3 =
Il−Ir

I0

represents the circular polarization rate. The Il and Ir represent the left and right intensities of the

circular polarization, respectively.

With regards to the Jones Vector, the stokes parameters can be introduced by using the matrix

unit (σ0) and the Pauli matrices as follow:

I0 = a∗1 a1 + a∗2 a2 =
−→a †σ0

−→a (A.20)

ζ1 = (a∗1 a1 − a∗2 a2)/I0 = (−→a †σ1
−→a )/I0 (A.21)

ζ2 = (a∗1 a2 + a∗2 a1)/I0 = (−→a †σ2
−→a )/I0 (A.22)

ζ3 = −i(a∗1 a2 − a∗2 a1)/I0 = (−→a †σ3
−→a )/I0 (A.23)

Where:

σ0 =

1 0

0 1

 σ1 =

1 0

0 −1

 σ2 =

0 1

1 0

 σ3 =

0 −i

i 0


In the more compact from of a single particle, the Stokes parameters can be written as four

vector that are known as a Stokes vector.
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I0

ζ̃

 =



I0

ζ1

ζ2

ζ3


, (A.24)

For a single particle with a polarization of 100 %, it takes the following condition:

ζ2
1 + ζ2

2 + ζ2
3 = 1 (A.25)

In the Stokes formalism, the polarization state of any electromagnetic wave, the polarization of

a single electron (or positron), as well as the linear and circular polarization of a single photon, can

be characterized by three parameters (real numbers). In order to calculate the average polarization

rate, the Stokes vector can be extended from the description of the polarization of a single particle

to the description of the polarization of a beam. In this case, equation A.25 becomes an inequality.

A.2.4 Transfer Matrix

Assuming a particle undergoes an electromagnetic process, the initial state of the polarization is

transformed in a convenient way into a new set of parameters by using the transformation matrices

that are introduced by McMaster [75]. The polarization transfer from the initial state (
−→
ζ ) to one

final state particle (
−→
ξ ) and the differential cross section are shown in a 4 × 4 interaction matrix

(T) characterizing the interaction. Generally, the T depends on the kinematical variables and the

polarized cross section, in case of both initial and target particles are polarized. In this context, the

general mathematical formulation of the T is given by the following form:

T =



S A1 A2 A3

P1 M11 M21 M31

P2 M12 M22 M32

P3 M13 M23 M33


. (A.26)

where, S represents the unpolarized differential cross section, Aj represents the differential cross

section dependent on the polarization, Pi represents the (de)polarization effects, and Mij represents

the polarization transfer to secondaries.

By using the complete matrix, all polarization effects can be considered. In case of an initial
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particle that interacts through an electromagnetic process, the final state of the polarization can be

got by applying the interaction matrix to the initial state of the polarization. It is given by:

 I
−→
ξ (1)

 = T

 I0
−→
ζ (1)

 (A.27)

Where, I0 and I represent the intensity of the incoming and outcoming beams, respectively.

The exponent (1) in Stokes vectors of the initial
−→
ζ (1) and final

−→
ξ (1) states of particles stands for

the primary particle.

In the same way, if secondaries are created in an interaction, a matrix can be defined to describe

the polarization transfer to those secondaries. In this case,it is given as follows:

 I
′

−→
ξ (2)

 = T
′

 I0
−→
ζ (1)

 (A.28)

Where, I
′ represents the intensity of the outcoming secondary beam. The exponent (1) and (2),

in Stokes parameters of the incoming (
−→
ζ (1)) and the secondary (

−→
ξ (2)) particle polarization state,

stand for the primary particle and a produced secondary particle, respectively.

A.3 Bremsstrahlung Radiation and Pair Produc-

tion
As discussed earlier, bremsstrahlung radiation is created when an electron (or positron) is accelerated

or decelerated. While the pair production process is the creation of the electron and positron by a

photon. This process happens when the photon with an energy above the threshold which is the

total rest mass of both elector and positron interacts with the field of an atomic nucleus.

In the following the polarization transfer in both processes are discussed.

A.3.1 Polarized Bremsstrahlung

A.3.1.1 Polarization Transfer from a Lepton (an Electron or Positron) to

a Photon

The basic formulas of polarization transfer from an electron (or positron) to a photon in a bremsstrahlung

process, that were calculated by Olsen and Maximon in [23], are described in this section. Both
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Coulomb and screening effects were considered in this calculation. In the Stokes formalism, the

polarization of an Electron (e−) (or a positron (e+)) is transferred to the finale state of a photon

through an interaction matrix Tb
γ. In this case, the polarization transfer is given by:

 I
−→
ξ (2)

 = Tb
γ

 I0
−→
ζ (1)

 (A.29)

and the matrix of the interaction is given by:

Tb
γ =



1 0 0 0

D 0 0 0

0 0 0 0

0 T 0 L


, (A.30)

I = (ϵ2
1 + ϵ2

2)(3 + 2Γ)− 2ϵ1ϵ2(1 + 4u2ξ̂2Γ) (A.31)

D = {8ϵ1ϵ2u2ξ̂2Γ}/I (A.32)

T = {−4kϵ2ξ̂(1 − 2ξ̂)uΓ}/I (A.33)

L = k{(ϵ2
1 + ϵ2

2)(3 + 2Γ)− 2ϵ2(1 + 4u2ξ̂2Γ)}/I (A.34)

where, ϵ1 and ϵ2 represent the total energy of the incoming and outcoming lepton e+(e−) in units

mec2, respectively. The −→p represents the electron (positron) initial momentum in units mec. The
−→
k represents the bremsstrahlung photon momentum in units mec. The −→u shows the component of
−→p perpendicular to

−→
k in units mec and u = |−→u |. The k = (ϵ1 − ϵ2) represents the energy of the

bremsstrahlung photon in units of mec2.

So the photon polarization (
−→
ξ (2)) is :

−→
ξ (2) =


ξ
(2)
1

ξ
(2)
2

ξ
(2)
3

 =


D

0
−→
ζ

(1)
1 L +

−→
ζ

(1)
2 T

 , (A.35)

A.3.2 Pair Production

The pair production process is essentially the inverse process of the bremsstrahlung. In addition,

the interaction matrix is given by inverting the rows and columns of the bremsstrahlung matrix and
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changing the sign of ϵ2 as have been described in section A.3.1.1.

A.3.2.1 Polarization Transfer from the Photon to two Leptons (e− and

e+)

The basic formulas of the polarization transfer from the photon to the positron (and electron) are

described in this section. These were calculated by Olsen and Maximon in [23]. This calculation

shows that the polarization state
−→
ξ (1) of a positron (electron) after the pair production is given by:

 I
−→
ξ (1)

 = Tb
l

 I0
−→
ζ (1)

 (A.36)

and the interaction matrix is given by:

Tc
l =



1 D 0 0

0 0 0 T

0 0 0 0

0 0 0 L


, (A.37)

I = (ϵ2
1 + ϵ2

2)(3 + 2Γ) + 2ϵ1ϵ2(1 + 4u2ξ̂2Γ) (A.38)

D = {−8ϵ1ϵ2u2ξ̂2Γ}/I (A.39)

T = {−4kϵ2ξ̂(1 − 2ξ̂)uΓ}/I (A.40)

L = k{(ϵ2
1 + ϵ2

2)(3 + 2Γ)− 2ϵ2(1 + 4u2ξ̂2Γ)}/I (A.41)

where, the ϵ1 and ϵ2 represent the total energy of the first and the second lepton e+(e−) in

units mec2, respectfully. The k = (ϵ1 + ϵ2) represents the energy of the incoming photon in units

of mec2 and the u represents the initial momentum of the electron (positron) in units mec. The ξ̂ is

given by = 1/(1 + u2)

Using equation A.36 and the transfer matrix in equation A.37, the
−→
ξ (1) is given by:

−→
ξ (1) =


ξ
(1)
1

ξ
(1)
2

ξ
(1)
3

 =


−→
ζ

(1)
3 T

0
−→
ζ

(1)
3 L

 , (A.42)
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A.3.2.2 Transferring the Circular Polarization from the Photon to the

Longitudinal Polarization for the two Leptons (e− and e+)

If the photon is circular polarized, the electron (and positron) can be created with longitudinally

polarization. In this case, the interaction matrix is given by:

Tc
l =



1 −D 0 0

0 0 0 −L

0 0 0 −T

0 0 0 0


, (A.43)

I = (ϵ2
1 + ϵ2

2)(3 + 2Γ) + 2ϵ1ϵ2(1 + 4u2ξΓ) (A.44)

D = {8ϵ1ϵ2u2ξΓ}/I (A.45)

L = k{(ϵ1 − ϵ2)(3 + 2Γ) + 2ϵ2(1 + 4u2ξ2Γ)}/I (A.46)

T = {4kϵ2ξ(1 − 2ξ)Γ}/I (A.47)

k = (ϵ1 + ϵ2) (A.48)

where, the ϵ1 and ϵ2 represent the total energy of the first and second lepton e+(e−) in units

mec2, respectively. The k= (ϵ1 + ϵ2) represents the energy of the incoming photon in units of mec2

and the u represents the initial momentum of electron (positron) in units mec. The ξ̂ is given by

= 1/(1 + u2).

Using equation A.36 and the transfer matrix in equation A.43, the (
−→
ξ (1)) is given by:

−→
ξ (1) =


ξ
(1)
1

ξ
(1)
2

ξ
(1)
3

 =


−−→

ζ
(1)
3 L

−−→
ζ

(1)
3 T

0

 , (A.49)

A.3.2.3 Simulating the Polarization Transfer

There are some simulation tools which were developed in the last three decades take into account

polarization effects. One of these interesting tools was developed by K. Flottmann in Electron

Gamma Shower (EGS) Code [29]. This code could track the polarization state of particles in the

electromagnetic interaction with matter by using the Stokes formalism to describe the polarization

state of particles. More detail can be found in [29].
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Another possible code is GEANT4. The implementation of polarization in the library in this

code was developed by E-166/EUROTEV groups in DESY and the Humboldt University and fol-

lows very closely the approach by McMaster [McMaster(1961)]. Figure A.7 represents the energy

spectrum and degree of polarization for photons produced by a 1 m helical undulator with strength

K = 1 and period λu = 1 cm, as well as the corresponding energy and polarization spectra for the

created positrons [76].

Figure A.7: Left plot: Solid line shows the energy of photon and dashed line represents
polarization of photons produced by a helical undulator. Right plot: Energy (histogram)
and polarization of positrons which are produced by these photons after the production
target [76].
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Appendix B

The ILC Photon Beam Power and

Polarization

B.1 The Effect of the Photon Collimator on Pho-

ton Beam Parameters
The influence of different photon collimator radii on the power, average energy, and polarization of

the photon beam in the target plane of all ILC energy options for both ideal and realistic undulator

cases is studied as in seen in chapter 9.

As seen in tables 9.5 and 9.6 which summarize the study results, plots in figure B.1, B.2 and

B.3 show the spectrum and polarization of the photon beam at the ILC-250 target plane for both

ideal and realistic undulator cases using a photon collimator with different radii.

As seen in plots in figures B.1, B.2 and B.3, by decreasing the aperture of the photon collimator,

the outer part of the photon beam, which has a low polarization, is removed. The result is that the

average polarization of the photon beam increases. This leads to increasing the polarization of the

produced positron beam, which can increase the effective luminosity. On the other hand, there is a

reduction in the yield of the photon, resulting a decrease on the positron yield as seen the plots of

the photon spectrums.
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Figure B.1: Ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-250 undulator with K 0.85 at the target
plane with different photon collimator apertures. Each colour represents a different photon
collimator aperture.
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Figure B.2: Ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-350 undulator with K = 0.75 at the
target plane with different photon collimator apertures. Each colour represents a different
photon collimator aperture.
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Figure B.3: Ideal (top) and realistic (bottom) spectrum (left) and circular polarization
(right) of the photon beam produced by the ILC-500 with K = 0.45 at target plane with
different photon collimator apertures. Each colour represents a different photon collimator
aperture.
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Acronyms

ILC International Linear Collider. FCC-hh Proton-Proton collision.
CLIC Compact Linear Collider. FCC-ee Electron-Positron collision.
LHC Large Hadron Collider. CEPC Chinese Circular Electron

Positron Collider.
LEP Large Electron–Positron Collider. E-driven Electron driven source.
SLC Stanford Linear Collider. TDR Technical Design Report.
SLAC Stanford Linear Accelerator Center. LHeC Proton-Electron collider.
AdA Anello di Accumulazione collider. FCC-he Proton-Electron collider.
LNF Frascati National Laboratory. HUSR code Helical Undulator Synchrotron

Radiation code.
linac Linear Accelerator. FluxCalc A mathematica notebook code.
SR Synchrotron Radiation. SPECTRA A code to simulate

the SR spectrum.
FCC Future Circular Collider. OMD Optical Matching Device.
DR Damping Ring.
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Variables
Collider parameters
Ne Number of electrons per bunch.
nb Number of bunches per pulse.
∆tb Bunch separation.
frep Pulse repetition rate.
Ibeam Beam current.
σz RMS Bunch length.
σx (σy) RMS Horizontal (vertical) beam size at IP.
Ee Electron beam energy.
P− (P+) Electron (Positron) beam polarization.
L Luminosity.
Material properties
ρ Density of a material.
λ Thermal Conductivity.
Ym Young’s modulus of a material.
αh Thermal expansion coefficient.
Ftu Tensile strength of a material.
natom Number of atoms per unit volume.
σpair Cross section of the pair production process.
Hm Heat distributes over a distance.
σmax Maximum instantaneous stress.
Cp Heat Capacity.
Other parameters
q Electron charge.
mo Rest mass of the particle.
E0 Electron rest energy.
f Frequency of the emitted light at rest.
β Relative velocity of electron.
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Undulator variables
Bo Undulator B-field.
λu Undulator period.
σB(z) Errors in the undulator B-field.
σλ(z) Error in the undulator period.
K Undulator deflection parameter.
du Undulator aperture.
Eloss Electron energy loss in undulator.
Lu Total active undulator length.
X0 Radiation length.
γ Photon.
θMax Maximum opening angle included in the study.
N Number of the undulator periods.
Jn(x) Bessel function.
n Harmonic number of the photon spectrum.
ω0 Circular frequency of the electron’s helical orbit.
ω Radiation frequency.
P3 Circular polarization rate.
Nγ Photon number.
Eγ

ave Average energy of photon beam.
Pγ Polarization of the photon beam at the target.
Nl Number of left handed circular polarized photons.
Nr Number of right handed circular polarized photons.
Lm Distance between photon masks.
dm Inner diameter of the photon mask.
du Inner diameter of the undulator.
Pmask Deposited power at a mask.
Nγ

mask Incident photon number at a mask.
∆Tmax Maximum temperature rise at a mask.
Pmask

stop Power stopped by a mask.
Emax Maximum deposited energy (GeV/cm3/photon) along a mask.
PEDD Peak Energy Deposition Density at a mask.
Lmask Mask length.
ro Outer radius of the mask.
ri Inner radius of the mask.
Pwall Total deposited power per meter into the undulator wall.
Ptarget Power of the photon beam at the target.
E1st Energy cutoff of the first harmonic of the photon spectrum.
U Energy radiated per unit angular frequency (ω) per unit

solid angle (Ω) emitted by one relativistic charged particle
in a magnetic field.

dW
dΩ Angular power distribution produced by a helical undulator

calculated by integrating equation 5.26 over all frequencies.
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