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Résumé :Cette thèse se concentre sur le déve-
loppement de faisceaux de positrons polarisés
et non polarisés pour le futur programme expé-
rimental en physique hadronique au Thomas
Jefferson National Accelerator Facility (JLab). Le
défi principal consiste à produire des faisceaux
de positrons polarisés de grand cycle utile à
haute intensité et à courant élevé. La source
de positrons du JLab, basée sur la technique
PEPPo (Polarized Electrons for Polarized Posi-
trons), vise à utiliser un faisceau continu d’élec-
trons de haute intensité (1 mA) et hautement
polarisés (90%) d’énergie modérée (120 MeV)

pour produire soit un faisceau de positrons de
faible intensité (>50nA) et hautement polarisés
(60%), soit un faisceau de positrons de haute
intensité (>1 µA) et non polarisés.

L’optimisation de la disposition et des per-
formances de la source de positrons est exa-
minée dans cette thèse. La source est conçue
avec un second injecteur spécialisé pour géné-
rer, transporter, accélérer et façonner les fais-
ceaux de positrons. Elle est compatible avec
l’accélération au Continuous Electron Beam Ac-
celerator Facility (CEBAF), et les résultats de l’in-
vestigation sont présentés dans ce document.

Title : Concept of a polarized positron source for CEBAF.
Keywords : Positron beams, polarization, Beam dynamics.

Abstract : This thesis focuses on the deve-
lopment of polarized and unpolarized posi-
tron beams for the future experimental pro-
gram of hadronic physics at the Thomas Jef-
ferson National Accelerator Facility (JLab). The
primary challenge is to produce high-duty-cycle
and high-intensity polarized positron beams.
The JLab positron source, which is based on the
PEPPo (Polarized Electrons for Polarized Posi-
trons) technique, aims to use a high intensity
(1 mA) and highly polarized (90%) continuous
electron beam of moderate energy (120 MeV) to

produce either a low intensity (>50 nA), highly
polarized (60%) positron beam or a high inten-
sity (>1 µA), unpolarized positron beam.

The optimization of the layout and perfor-
mance of the positron source is examined in
this thesis. The source is designed with a spe-
cialized second injector to generate, transport,
accelerate, and shape positron beams. It is
compatible with acceleration at the Continuous
Electron Beam Accelerator Facility (CEBAF), and
the investigation results are presented in this
document.



Abstract

This thesis focuses on the development of polarized positron beams for the future
experimental program of hadronic physics at the Thomas Je�erson National Accel-
erator Facility (JLab). The primary challenge is to produce high-duty-cycle and
high-intensity polarized positron beams. The JLab positron source, which is based
on the PEPPo (Polarized Electrons for Polarized Positrons) technique, aims to use
a high intensity (≥1 mA) and highly polarized (90%) continuous electron beam of
moderate energy (120 MeV) to produce either a low intensity (>50 nA), highly po-
larized (≥60%) positron beam or a high intensity (>1 µA), unpolarized positron
beam.

The optimization of the layout and performance of the positron source is ex-
amined in this thesis. The source is designed with a specialized second injector to
generate, transport, accelerate, and shape positron beams. It is compatible with
acceleration at the Continuous Electron Beam Accelerator Facility (CEBAF), and
the investigation results are presented in this document.
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Chapter 1

Introduction

Particle accelerators are crucial tools for probing the fundamental laws of the uni-
verse. They manipulate charged particles in beams that are used across diverse
sectors such as medicine, industry, and research. These applications demand beams
of high quality, characterized by their intensity, size, and energy. With the progres-
sion of technology over the years, the expectations of beam users have also evolved.
In the particle accelerator community, leptons, especially electrons and positrons,
play a signi�cant role. They o�er a unique window to probe matter at its most
fundamental level. The development of accelerated positron beams has seen sig-
ni�cant advancements in recent years. This progress is driven by innovation and
rigorous research, bene�ting from the synergy of knowledge spanning �elds such
as condensed matter physics, materials science, and high-energy physics for linear
electron-positron (e−/e+) colliders.

The importance of positron experiments is underscored by their profound in-
sights into the interactions of these particles with materials at atomic and subatomic
scales. For instance, advanced experiments using positron beams have enabled stud-
ies on phenomena like two-photon excitation of positronium [18], positron scattering
from alkali metal atoms [19]. A pivotal realization in this �eld was the tendency
of positrons to become trapped in speci�c defects within solids [20]. This discov-
ery propelled the �eld of positron annihilation spectroscopy (PAS) as a technique
capable of characterizing materials at a granular and a subatomic scale. The intro-
duction of monoenergetic positron beams further increased this capability, allowing
scientists to delve into the study of thin �lms and near-surface regions [21]. These
advances have seamlessly integrated with cutting-edge technological applications,
playing a crucial role in re�ning semiconductor devices and o�ering insights into
the novel applications of polymer �lms. Additionally, exploring new surface spec-
troscopies, such as low-energy positron di�raction, underscores the versatility and
depth of positron-related studies.

Given the ongoing advancements in materials science and high energy physics,
there is an increasing demand for specialized sources that can surpass current limi-
tations. In this context, this thesis describes the design of a new polarized positron
source for the Thomas Je�erson National Accelerator Facility (JLab) for nuclear
physics.

The Je�erson Lab (JLab) Physics Community have a strong interest in using
positron beams for experiments. The hadronic physics program at the Thomas
Je�erson National Accelerator Facility (TJNAF) aims to study the structure of
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hadrons (protons, neutrons, and other particles made of quarks) in detail. One of
the tools used to investigate this structure is scattering experiments, where beams
of electrons are directed at a target, and the resulting scatter is analyzed. Polarized
positrons o�er a unique tool for some experiments. One notable example is the
Deeply Virtual Compton Scattering (DVCS), a process in which an electron (or
positron) scatters o� a nucleon, resulting in the emission of a real photon. The
process can be expressed as

e± +N → e±
′
+N′ + γ

where e± and e±
′
represent the incoming and scattered lepton, respectively, N and

N′ represent the initial and �nal state of the nucleon, and γ is the emitted real
photon.

DVCS is particularly interesting because it provides a window into the internal
structure of the proton, speci�cally the distribution of quarks and gluons within the
nucleon, as a function of both their momentum and their spatial distribution. This is
encapsulated in Generalized Parton Distributions (GPDs) which are complex objects
that combine features of the more familiar Parton Distribution Functions (PDFs)
and Form Factors [22]. Using a polarized electron and positron beam in DVCS ex-
periments o�ers several advantages. One can measure the beam-spin asymmetry [23]
which represents a di�erence in scattering rates based on the spin orientation of the
positron. This asymmetry in DVCS is intrinsically tied to speci�c GPDs, shedding
light on the quark and gluon distributions inside the nucleon. Additionally, the
Bethe-Heitler (BH) process [24], another means by which real photons emerge in
lepton-proton scattering, can interfere with the DVCS process.

The polarized positron beam facilitates the separation of DVCS and BH ampli-
tudes through certain measurable asymmetries, a crucial step for gleaning GPDs
from the data. The polarization inherently grants an enhanced sensitivity to the
scattering process, enabling high-precision measurements of polarized observables,
like asymmetries, which can often be measured with high precision and can be sen-
sitive to small e�ects or subtle details of the proton structure that might be hard
to access otherwise. Furthermore, using polarized positrons in DVCS experiments
complements data taken with polarized electrons. Comparing measurements using
both e− and e+ allows to separate the DVCS and BH contributions to the cross
section of electro-production of photons.

In summary, polarized positrons enhance the DVCS experiments at JLab by
allowing for the precise measurement of certain observables, like beam-spin asym-
metries, which provide direct insights into the complex internal structure of the
proton encapsulated in the GPDs.

After establishing the signi�cance of polarized positrons in enhancing DVCS
experiments, it becomes pertinent to delve into the techniques and advancements in
generating such positron beams.

Previous studies explored the feasibility of introducing a Continuous Wave (CW)
positron source for the Continuous Electron Beam Facility (CEBAF). Three design
options for a positron injector were investigated [25]. Each of these options is dis-
tinguished by how positrons are captured and transported. Positron sources built
already have common characteristics due to the pulsed nature of linacs. Firstly,
they use pulsed electron beams as the primary means to produce positrons. Once
generated, these positrons are captured using solenoidal �elds. Directly after this,
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Figure 1.1: DVCS and BH contributions to electro-production of photons.

they are accelerated using RF accelerating cavities.
Studies have shown that the emittance of the positron beam is anticipated to be

larger than the existing electron beam. An optimal energy range was identi�ed for
positron output, pinpointing an energy peak of 15-25 MeV/c, when using the 120
MeV CEBAF electron beam. Various design solutions yielded a positron current of
1 µA reaching the North LinAc.

The design of the converter target is also a signi�cant challenge, given that a
notable portion of the incoming electron beam power gets deposited in the produc-
tion target. Proposed solutions involved either a rotating target wheel or a liquid
target. Due to radiation concerns, the suggestion was made to house the Continuous
Electron Beam Accelerator Facility (CEBAF) positron injector in a separate tun-
nel. Ultimately, while handling the large amount of power deposited on the target
presents an R&D challenge, it is believed that with the appropriate modi�cations,
achieving a positron current of 1 µA is within reach.

The JLab 12 GeV electron beam upgrade underscores the signi�cance of advanced
accelerator facilities, o�ering a more detailed understanding of nucleon structures.
In the context of positron program, the most prominent method considered for the
production of such positrons is the polarization transfer from sub-GeV polarized
electrons via bremsstrahlung and pair production. This led to the conception of the
Polarized Electron for Polarized Positron (PEPPo) experiment at JLab [26]. PEPPo
aimed to experimentally validate the production technique of polarized positrons
using bremsstrahlung of polarized electrons. The Polarized Electrons for Polarized
Positrons (PEPPo) experiment successfully demonstrated the e�cient transfer of
polarization from electrons to positrons generated through the bremsstrahlung ra-
diation process in a high-Z target. Positron polarization levels of up to 82% were
achieved, limited only by the polarization of the initial electron beam with a mo-
mentum of 8.19 MeV/c. Technical design of the experiment has evolved over time,
incorporating innovative diagnostic tools, enhancing its capability to potentially of-
fer critical insights into the underlying physics of polarization transfers. While prior
research and developments have laid a solid foundation in this �eld, they also re-
veal a number of intricate challenges that this thesis aims to actively address by
developing a beam injector.

Developing a CW positron injector for CEBAF introduces a unique and chal-
lenging approach that is fundamentally di�erent from previous facilities that have
produced positrons using pulsed mode operation. The transition from pulsed to con-
tinuous mode operation not only o�ers several advantages but also poses signi�cant
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challenges:

� Collection and injection: In pulsed mode operation, positrons are generated
and collected in batches before being injected into the accelerator. Continu-
ous mode demands innovative techniques to e�ciently capture and transport
positrons without interrupting the beam.

� Beam dynamics: In continuous mode, constant control and adjustment of
beam parameters such as emittance, energy spread, and bunch length are
required to maintain stability. In pulsed mode, beam dynamics are tailored and
optimized for the speci�c pulse characteristics, necessitating careful control
and tuning for each pulse.

� Power density management: A continuous positron beam implies higher
power density than its pulsed equivalent, necessitating e�ective cooling systems
to prevent potential damage to the accelerator components, especially crucial
when dealing with a low number of generated positrons.

� RF power needs: Continuous positron sources demand a consistent high-
power RF supply. This constant RF provision can be technically intricate and
costly, unlike in pulsed sources where RF is intermittently required.

� Damping ring: Employing a damping ring, a feature in many pulsed mode
facilities, is impractical for CEBAF continuous mode due to the unceasing
in�ow of positrons. Alternate methods to optimize beam quality are essential.

While these challenges are substantial and require thoughtful solutions, the con-
tinuous mode of operation presents a series of advantages that underscore its poten-
tial bene�ts:

� Enhanced beam utilization: Continuous beams o�er a higher duty cycle,
enabling e�cient and consistent data collection, maximizing the physics reach
of the accelerator.

� Time structure �exibility: Continuous beams can be more easily adjusted
to meet speci�c experimental needs.

� Reduced beam-related backgrounds: The continuous nature of the beam
o�ers a stable environment, bene�cial for precision experiments demanding
high signal-to-background ratios.

Research and development e�orts are required to address these challenges and
limitations. The primary focus should be enhancing positron generation e�ciency,
re�ning beam accumulation techniques, preserving polarization, managing power
density, and ensuring compatibility with accelerator systems. Overcoming these
hurdles is key for successfully operating future electron-positron accelerators and
other experiments that rely on high-intensity, polarized positron beams.

Given the signi�cance of these challenges, this thesis expands on the broader
context of positron research and innovation to provide a comprehensive overview.
Building on the foundational research in the �eld, the methodology used in this work
is based on the approach of Olsen and Maximon [27]. They detailed the polarization
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transfer process. In the context, the longitudinally polarized electron beam at 120
MeV hitting a target composed of tungsten (Z=74) is studied. The passage of the
beam through the target enables e�cient polarization transfer, �rst producing a
circularly polarized photon by the bremsstrahlung process. These photons then
create electron-positron pairs in the same target. The mechanisms behind this
polarization transfer are used in this thesis.

One of the key considerations in this context is that the same target and thickness
can yield either a useful polarized current or an unpolarized current, with each beam
being suitable for acceleration at CEBAF. The thickness of the tungsten target
plays a pivotal role in ensuring both high positron yields and polarization. To this
end, an automated GEANT4 routine was instituted to simulate positron production
across varied tungsten thicknesses. This simulation led to the identi�cation of an
optimal thickness, a �nding that has potential implications for future research and
applications.

These results led to two di�erent design approaches: Polarized Mode, empha-
sis on optimizing polarization and Unpolarized Mode, which focus on maximizing
positron yield.

The secondary nature of the positron beam involves particles exhibiting sig-
ni�cant transverse momentum. To address this, two strategies were examined for
capturing e+: an adiabatic variation of the solenoidal magnetic �eld and an abrupt
variation of the magnetic �eld. Both aimed to reduce the transverse component of
the positron momentum. An analytical study was undertaken to re�ne the magnetic
�eld and capture system dimensions. Subsequently, the parameters from these an-
alytical methods were tested in a beamline modeled in ELEGANT [28] to simulate
the e�ects of the optimized capture system. With the methodological foundation
laid:

� Chapter 2 provides a summary of positron sources worldwide. It aims to o�er
a technical comparison of these sources, organizing them into three categories:
past, present, and future positron source projects. It describes the state of
the art in global positron projects and introduce the unique features of the
positron source at JLab, highlighting both its similarities and di�erences with
other initiatives.

� Chapter 3 focuses on the CEBAF accelerator facility, detailing the electron in-
jector from the generation of electrons to their injection into the North LinAc
(CEBAF-NL). The aim is to provide insights into the typical beam parameters
used for injection at CEBAF. Additionally, the chapter estimates the maxi-
mum phase space acceptance of the CEBAF-NL. These factors serve as crucial
parameters for the design and optimization of the positron source.

� Chapter 4 delves into the production of the positron beam at CEBAF, fo-
cusing on the interaction between a polarized electron beam and a high-Z
target. The chapter breaks down the two-step production process �rst, pho-
ton emission through bremsstrahlung radiation, and second, the creation of
e+e−-pairs from these photons. In the latter part of the chapter, the focus
shifts to identifying the optimal target thickness for improving either positron
production e�ciency (ϵ) or polarization (FoM). This is done with respect to
speci�ed incident electron beam energy and target Z. Extensive GEANT4
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simulations with a pencil electron beam have been performed for these investi-
gations. The simulations investigate positron e�ciency and polarization over
a range of momentum and angular acceptances of the collection system.

� Chapter 5 provides an overview of collection systems, focusing in particular
on the solenoid combinations used to re�ne and capture positrons emitted
from the production target. The chapter studies two collection systems � the
Adiabatic Matching Device (AMD) and a Quarter Wave Transformer (QWT)
� evaluating their e�ectiveness in capturing and focusing positrons. Over-
all, the chapter provides deep insights into the importance and functioning
of collection systems. These systems are critical components of the CEBAF
positron source. They ensure that particles emitted with large transverse mo-
mentum are appropriately focused, which is essential for e�cient and optimal
operations.

� Chapter 6 explores how the captured positron distribution is managed and re-
�ned. Initially, the chapter explains the role of the magnetic chicane system in
directing positrons, selecting only those with desired energy range. The focus
then shifts to e�orts to improve the quality of the longitudinal positron energy.
The ultimate goal is to adjust this energy and increase it to 123 MeV, which is
the required injection energy for CEBAF. To achieve this, the chapter intro-
duces a second magnetic chicane designed to ensure longitudinal compression.
It explores how this second chicane interacts with the accelerating section to
optimize the longitudinal quality of the positron beam.

The simulation results of the beam tracking in the capture system agreed with the
initial analytical predictions, con�rming the optimization approach. The positron
injector was elaborated step-by-step, and these results are presented in detail in this
thesis.

In summary, this thesis represents a signi�cant achievement in the design and
optimization of a positron source for CEBAF. Through detailed simulations, a simu-
lated positron polarization of over 65% was achieved, along with a positron current
exceeding 170 nA. These results not only demonstrate the practical feasibility of
the positron project but also highlight its potential impact on the JLab facility. By
systematically addressing challenges and limitations, this research has the potential
to advance the �eld of positron studies and enhance facilities like CEBAF, thereby
contributing to a deeper understanding of the structure of matter. With this in-
troduction, the path is now clear for the upcoming chapters, which will present the
speci�cs of this work and explore its potential for the future of positron research.
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Chapter 2

Positron sources

Positron sources have been essential for various applications, including fundamental
physics research, medical imaging, and material science. The need for high-quality,
polarized positron beams has only increased with the advancement of these �elds.
This chapter provides an overview of the current state-of-the-art positron sources,
including the various techniques used to produce positrons and their associated
challenges.

There are essentially two methods to obtain positrons : the β+-decay, an elec-
troweak process, and the e+e−-pair creation, an electromagnetic process.

The β+-decay is the most common natural process in which a proton of a nucleus
converts into a neutron while emitting a positron and a neutrino. This process is
used in imaging techniques as positron annihilation spectroscopy [29] and positron
emission tomography [30]. These are based on the annihilation of the positron with
an electron of the medium it is crossing. The positron loses energy primarily through
collisions with atomic electrons down to a few electron volts where it is captured
by electrons. The two particles undergo annihilation emitting preferentially two
511 keV γ-rays in opposite directions. The Coulomb interaction between positrons
and electrons is so strong that the typical path-length of β+-decay positrons does
not exceed a few millimeters. This short range ensures that the annihilation of
positrons occurs within a few nanoseconds [31]. However, this method remains of
limited intensity and restricted polarization capabilities because of the intensity of
available radioactive sources and of the parity violating nature of the β+-decay. It
is consequently only of limited use in accelerator physics. For instance, positron
generators used for medical applications involve a radioactive isotope as a source
coupled to accelerating and focusing devices [32]. The e+e−-pair creation process
involves the interaction of a high-energy γ-ray with the electric �eld of a nucleus or
an atomic electron. This interaction converts the photon energy into more generally
two leptons of opposite charges. The γ-ray energy, Eγ, is an important parameter of
this process. It must be high enough to produce an e+e−-pair (Eγ ≥ 2mec

2= 1.022
MeV) but not too high such that photons pass through the material without inter-
acting. The kinetic energy of the positrons produced in the reaction ranges from 0
up to the maximum Eγ−2mec

2. The pair-creation process is a highly e�cient way to
produce positrons, with each high-energy photon capable of producing an e+e−-pair.
As the process occurs into a material, the produced electrons and positrons partic-
ipated in additional γ-ray production and interactions, leading to the development
of an electromagnetic shower. This shower induces the loss of the characteristics
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Figure 2.1: The e+e−-pair creation process.

of the primary beam depositing heat and the subsequent mechanical stress in the
target material. Several sources, including radionuclides, linear accelerators, and
cyclotrons can produce the high-energy photons required for the e+e−-pair creation.
In medical imaging, radionuclides such as 18F are commonly used as a source of
high-energy photons [33]. In cancer treatment, linear accelerators and cyclotrons
produce the required photons [34]. In particle and nuclear physics applications,
they are produced by high energy electrons. This technique provides the ability to
produce secondary positron beams with high intensities and high spin polarization.

The production of positron beams for particle and nuclear physics experiments
follows a basic scheme where a primary electron beam is accelerated to a desired
energy and directed onto a high Z target, where γ-rays are generated through the
bremsstrahlung of initial electrons. A focusing system immediately after the target
reduces the large angular spread of the secondary positrons resulting from the elec-
tromagnetic shower development and multiple scattering e�ects. This system uses
a strong axial magnetic �eld B1, typically in the order of a few Tesla, focusing the
positrons within a desired transverse size. Two main focusing systems with di�erent
longitudinal �eld pro�les have been and are still used: the AMD, where the �eld
decreases adiabatically to a small constant value B2 serving to contain particles
along the capture section, and the QWT where the transition to B2 is abrupt [16].
Following the high-�eld magnetic system, a Radio Frequency (RF) section enclosed
in the low magnetic �eld system B2 reduces the positron beam emittance. After
separation from the primary electron beam, the positrons can be post-accelerated
to enter a damping ring at a desired energy. The purpose of this ring, which is typ-
ical but not present in every positron source, is to reduce the transverse emittance
of the positron beam using the e�ect of energy loss through synchrotron radiations,
therefore preparing the beam for further acceleration via the main accelerator com-
plex.

The next subsections review some of the most important and renowned facilities
that have been/are/will be used to generate positron beams for particle and nuclear
physics experiments. Each of these facilities employs di�erent schemes of produc-
tion and transport of the positrons. It is the purpose of this chapter to compare
them and position the Ce+BAF positron source in this global positron accelerator
environment.
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2.1 Past positron sources

2.1.1 Stanford Linear Accelerator Center

The Stanford Linear Collider (SLC) [35] was a linear accelerator located at the
Stanford University in California (USA). It was originally designed for high-energy
physics experiments but also served other various applications. A schematic layout
of the SLC facility is shown in Fig. 2.2.

Figure 2.2: Sketch of the Stanford Linear Collider (SLC) showing the 220 MeV
positron return line, the damping ring, and the LinAc-to-ring transport system.
The electron bunch intended for the positron production target is extracted from
the main LinAc at the two-thirds point with an energy of 30-33 GeV [1].

The path of positrons at SLC starts at the end of the LinAc section, where
30-33 GeV electrons are extracted towards the positron production target. The
most common target material used at SLC is a Tantalum-Tungsten (90%Ta+10%W)
alloy [36]. The positrons produced in the target material have a broad range of
energies, but are produced preferentially in the 2-20 MeV range [36]. The quantity
of generated positrons is abundant, about 31 e+/e− in the energy range of interest,
and thus would be the beam intensity if they can be successfully captured and
accelerated. The e�ciency of the positron collection system, and consequently the
positron beam intensity, depends on the energy range of the collected positrons
as well as the design of the system. SLC has adopted a Flux Concentrator (FC)
collection system, which was designed to accept the 2-20 MeV range optimally. It
includes a series of solenoid magnets creating a peak �eld of 5.8 T (B1) at the target
and regurlay decreasing to a lower uniform 0.5 T (B2), which reduces the positron
angular divergence and improve particles transport. A yield of 2.5 e+/e− has been
measured at the exit of the SLC collection system [37]. The positrons are then
accelerated up to 200 MeV in a booster and transported to the injection point of the
main accelerator. Here, they are further accelerated up to 1.2 GeV and extracted to
a damping ring. This element is an essential component of the SLC positron source,
as it allows to match the transverse size of the beam with transverse acceptance of
the main accelerator. Positrons stay up to 11.1 ms in the damping ring, reducing
the transverse emittance by a factor 300 [36].
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2.1.2 Large Electron-Positron collider

The Large Electron-Positron (LEP) collider with a 27 km circumference was the
largest ever constructed accelerator for electron-positron collisions, marking a mon-
umental civil-engineering project in Europe only rivaled by the Channel Tunnel.
This collider was intially designed for the investigation of electroweak physics.

Figure 2.3: LIL injector layout [2].

The LEP Injector LinAc (LIL) shown in Fig. 2.3 comprises two LinAcs in se-
ries: a high-current electron LinAc (V) with a nominal energy of 200 MeV used for
positron generation and a lower-current LinAc (W) that accelerates either positrons
or electrons up to 600 MeV [38]. The LEP positron production target is a 7 mm
(two radiation lengths) tungsten target. The mean energy of emitted positrons is
8.5 MeV [39] and is captured within a 2.4◦ angular domain. The expected positron
yield in this con�guration amounts to 4.3 × 10−3 e+/e− at the 200 MeV incident
beam energy. Immediately after the target, the positron beam is matched to the
acceptance of the accelerating sections by a QWT system. A short-pulsed solenoid
of approximately 1.6 T (B1) is employed, followed by a long solenoid with a �eld
strength of 0.3 T (B2) [2]. This solenoid is mounted on the �rst two accelerating
sections, the 0.3 T �eld being determined by the 18 mm iris diameter of the cav-
ities. This system converts the beam from a small radius with large divergence
(2 × 160 mm·mrad) to a larger radius with smaller divergence (8 × 40 mm·mrad).
The accelerating gradient in these sections is chosen to be smaller than the nomi-
nal (7 MeV/m instead of 12 MeV/m) as a precaution against potential breakdown
issues in the high-�eld radiation environment near the converter. The beam exits
the matching and �rst two accelerating sections at approximately 95 MeV. Three
quadrupole matching and accelerating sections follow that increase the beam energy
up to 550 MeV that is the �nal positron energy at the exit of the injector [40], before
entering the Electron-Positron Accumulator (EPA) ring and the main accelerator
complex.

2.1.3 Positron-Electron Tandem Ring Accelerator

The Positron-Electron Tandem Ring Accelerator (PETRA) is a particle accelerator
at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg. It was initially built
as a storage ring electron-positron collider for elementary particle physics studies.
The third phase of PETRA (PETRA III) operates since 2009 as a brilliant storage-
ring-based X-ray source.

The positron production at PETRA (Fig. 2.4) is based on a �xed target scheme:
a 400 MeV electron beam hits a tungsten target which is followed by collection
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Figure 2.4: PETRA LinAc injector [3].

and phase-space matching systems [3]. The target thickness of 7 mm has been
optimized to ensure the maximum positron yield at the production point. A short
band acceptance system has been chosen to select a clean and small momentum
spread for transport ∆p/p0=±1%. The corresponding QWT features a 1.8 T (B1)
short solenoid �eld extending over 6.2 cm after the converter, followed by a second
long solenoid with 0.4 T (B2). This QWT setting enables an optimum collection of
positrons at the peak of the positron yield at 10 MeV, with a signi�cant increase
in the beam spot size and correspondingly a reduction of the transverse angular
divergences xp=px/p0 and yp=py/p0. This guarantees an optimum positron phase
space matching with the accelerator [41]. At the end of the collection section,
positrons are further accelerated up to 450 MeV to enter the Positron Intensity
Accumulator (PIA) where up to 8-12 pulses are accumulated. Typical e�ciencies of
4� from beam on target to accumulated particles have been obtained [3].

2.1.4 Cornell Electron-positron Storage Ring

The Cornell Electron-positron Storage Ring (CESR) is a circular collider located
at the Cornell University campus. Featuring a circumference of 768 m, it enables
collisions between electrons and positrons at center-of-mass energies ranging from 9
to 12 GeV. The main research program concerned the study of the Charge-Parity
(CP) symmetry with the CLEO detector [42].

Figure 2.5: Positron channel layout at the CESR [4].

The positron source at CESR (Fig. 2.5) involves the generation of positrons
through the interaction of an electron beam with a 7 mm tungsten target [43].
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The electron beam used for this purpose has an energy of 150-200 MeV, a pulse
duration of 2.5 µs, and a repetition rate of 60 Hz. Each pulse comprises 52 bunches,
each containing approximately 6×1010 electrons. The instantaneous and average
electron currents hitting the target are respectively 0.2 A and 30 µA, resulting in
an average beam power of 6 kW. A QWT collects the generated positrons [44]. The
�rst solenoid has a magnetic �eld strength of 2.5 T over a 4.5 cm length, while the
second solenoid has a �eld strength of 0.5 T. This QWT setup achieves a positron
collection e�ciency of approximately 1%.

2.2 Current positron sources

2.2.1 DAΦNE ϕ-factory

The DAΦNE accelerator complex at Frascati is an e+e− collider dedicated to the
study of CP symmetry violation in ϕ-meson decay [45]. It comprises a high-current
electron and positron LinAc, a 510 MeV electron and positron accumulator, and two
510 MeV storage rings equipped with two interaction regions. The LinAc generates
an electron-positron beam stacked and damped in the accumulator ring, further ex-
tracted and injected into the main rings. When the injector system is not supplying
beams to the accumulator, the LinAc beams can be directed to a beam test area
through a dedicated transfer line known as the Beam Test Facility (BTF) line [46].

Figure 2.6: Layout of the DAΦNE positron source [5].

The positron beams at DAΦNE are generated from the interaction of a 200-
250 MeV electron beam with a peak current of 5.5 A into 2 radiation length thick
tungsten-rhenium target. Right after the production target, positrons are collected
using a SLAC-type �ux concentrator in conjunction with DC solenoid magnets.
These magnets produce a peak magnetic �eld of 5 T, decreasing to 0.5 T over the
capture section [47]. Downstream the capture section, a magnetic chicane consisting
of four dipoles separates secondary positrons and electrons into two distinct paths.
Electrons are directed toward a beam stopper while positrons undergo momentum
selection through a 45◦ dipole and collimators in the horizontal plane. This process
signi�cantly reduces the beam intensity, which depends on the chosen central value
of the secondary beam energy (ranging from approximately 50 MeV up to nearly
the primary beam energy). The momentum spread ∆p/p0, is typically better than
1%, depending on the collimator setting [46].
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2.2.2 Beijing Electron Positron Collider

The Beijing Electron Positron Collider (BEPC) is a double ring accelerator de-
veloped to serve both fundamental high-energy physics research and applied
physics research using light-sources produced by synchrotron radiation of the lepton
beams [48].

Figure 2.7: Positron focusing and accelerating systems at BEPCII [6].

At the upgraded BEPCII, positrons are produced from a 240 MeV electron beam,
focused into a 3-5 mm spot diameter, interacting with a 8 mm thick tungsten tar-
get [49]. A SLAC-type �ux concentrator (AMD) captures the positrons. This cap-
ture device consists of a 12-turn copper coils, 10 cm in length, with a cylindrical
outside radius of 53 mm. The inside radius of the �ux concentrator is conical in
shape, gradually increasing from 3.5 mm to 26 mm. The peak magnetic �eld (B1) at
the entrance face of the �ux concentrator is 4.5 T and gradually decreases down to
0.5 T at its exit. Downstream of the �ux concentrator, seven DC-focusing solenoid
modules are wrapped around RF structures. Each solenoid module is 1 m long and
generates a magnetic �eld of 0.5 T. These solenoid modules are responsible for fur-
ther focusing and matching of the positron beam into the downstream quadrupole
focusing system. A positron yield of 7.3 × 10−2 (e+/e−·GeV) was reported at the
commissioning of the upgraded facility [6].

2.2.3 Kõ Enerug�� Kasokuki Kenky�u Kikõ

The High Energy Accelerator Research Organization, also known as KEK [50], is
investigating since 1999 the CP symmetry violation in the B-meson decay. The
KEKB accelerator is an asymmetric electron-positron collider with 3.5 GeV positron
and 8 GeV electron storage rings. Its upgraded version, known as SuperKEKB
features 4 GeV positron and 7 GeV electron beams.

The injector LinAc (Fig. 2.8) directly injects single-bunch positron and electron
beams into the KEKB rings. The design aimed for beam charges of 0.64 nC/bunch
for positrons and 1.3 nC/bunch for electrons at the end of the LinAc, with a maxi-
mum repetition rate of 50 Hz for both beams. High-current primary electron beams
(about 10 nC/bunch) are required to generate su�cient positrons [8]. The layout
of the KEKB positron source is represented in Fig. 2.9. It consists of a positron-
production target and a positron-capture section. Positrons are generated from a
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Figure 2.8: The KEKB injector LinAc [7].

Figure 2.9: Layout of the positron source at the KEKB injector LinAc [8].

500 nA e− beam current with an energy of 4 GeV interacting with a 10.5 mm thick
tungsten crystal target. The average beam power reaches 2 kW, producing about
4 nC e+ at the end of the injector LinAc for a 10 nC primary beam charge. The
typical transverse beam size is 0.7 mm (rms) in radius, and the average horizontal
and vertical normalized emittances are 660 and 360 mm·rad (rms) at the target. The
estimated horizontal(vertical) angular spread at the target is 0.2(0.1) mrad (rms).

The positron collection system is based on a QWT. It comprises a 45-mm long
pulsed solenoid with a �eld strength of 2 T, an 8 m long DC solenoid with a �eld
strength of 0.4 T, and two accelerating sections all installed inside the DC solenoid.
This system captures the positrons generated from the target and accelerates them
from captured e+ at 10 MeV to an energy of about 70 MeV. To separate electrons
generated alongside the positrons, a positron/electron separator (chicane) consisting
of four rectangular magnets and a beam stopper is employed at the center of the
chicane.

2.3 Future positron sources

2.3.1 International Linear Collider

The International Linear Collider (ILC) is a proposed future electron-positron col-
lider, necessitating a robust positron source capable of delivering highly longitudi-
nally spin polarized positrons. The ILC aims to achieve a center-of-mass energy of
500 GeV at the interaction point, using a series of accelerating cavities operating at
an average gradient of 31.5 MV/m [51].

The major components of the ILC positron source and its operational principles
are illustrated in Fig 2.10. The source operates through a multi-stage process that
encompasses positron production, subsequent positron capture and cooling. The
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Figure 2.10: Overview of the proposed ILC positron source [9].

positron source employs a photoproduction technique to produce positrons. Initially,
the primary electron beam is accelerated in the main LinAc and directed into a
147 m superconducting helical undulator. This undulator generates photons within
a range of approximately 10 MeV to 30 MeV, depending on the energy of the electron
beam. The photons are separated from the electron beam through a low-emittance
chicane and directed towards a titanium alloy target (0.4 radiation length thick)
situated approximately 500 m downstream. The interaction between the photons
and the target leads to the creation of electron-positron pairs. Following the target,
these pairs are guided through an optical-matching device (OMD) which features a
magnetic �eld that initiates at less than 0.5 T near the target, rapidly increases to
3 T within approximately 2 cm, and subsequently decreases to 0.5 T over a length
of 14 cm. This unique OMD design o�ers a broad energy acceptance and optimizes
the matching of the beam phase-space with the capture L-band RF cavities.

Directly after the OMD, capture RF cavities operating at an average gradient of
9 MV/m and within 0.5 T solenoids accelerate the positron beam up to 125 MeV.
Then, positrons are directed through a dipole magnet located at the entrance of an
achromatic chicane, e�ectively separating them from electrons and photons. Within
the chicane, collimators are strategically placed to eliminate positrons with large
incoming angles and those deviating signi�cantly from the desired energy. Down-
stream of the chicane, the pre-accelerator takes charge, propelling the positron beam
from 125 MeV to 400 MeV. This acceleration occurs within normal-conducting RF
structures immersed in a constant solenoid �eld of 0.5 T over a 35 m long accelerat-
ing section. At the exit of the chicane, superconducting RF structures are employed
to achieve further acceleration up to 5 GeV. Before injection into the damping ring,
superconducting solenoids are used to rotate the spin vector of the positrons into
the vertical plane. Energy compression is achieved using a separate superconducting
RF structure. The baseline design of the positron source provides a polarization of
30%. Provisions have been made for a potential upgrade to achieve a polarization
of 60% in the future. This would require a photon collimator upstream of the target
and a new 220 m long helical undulator [9].

An auxiliary positron source is provided for commissioning and tuning purposes
to generate low-intensity positron beams when the high-energy electron beam is
unavailable [52]. This auxiliary source uses a 500 MeV warm LinAc to produce an
electron beam toward the positron production target. The resulting beam provides
a small percentage of the nominal positron current.
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2.3.2 Future Electron-Positron Circular Collider

The Future Electron-Positron Circular Collider (FCC-ee) is a proposed collider aim-
ing to enhance the understanding of fundamental physics through high-energy elec-
tron and positron collisions. The FCC-ee envisions a circular collider capable of
achieving e+e−-collision energies of up to 182.5 GeV, as part of the large Future
Circular Collider project.

Figure 2.11: Schematic design of the FCC-ee positron source [10].

The FCC-ee positron source schematic design is shown in Fig. 2.11. A �rst ap-
proach involves a conventional positron source where high-energy electrons interact
with a thick target of high nuclear charge. A second approach employs thin crys-
tal targets to generate numerous photons. Electrons passing through the crystal at
speci�c angles are channeled and collectively emit soft photons due to interactions
with numerous nuclei. This hybrid approach combines a thin-oriented crystal with
an amorphous converter and a magnet to damp charged particles emitted in the
crystal, allowing only photons to reach the converter [53]. The �nal choice will be
guided by optimizing performance while considering constraints like power density
limits, target thickness, and the desired positron beam intensity and emittance. A
6 GeV electron LinAc is intended to serve as a source for positron generation, with a
bunch intensity of 4.2×1010 e−/bunch at a repetition rate of 200 Hz [54]. Optimiza-
tion studies involving positron yield and deposited power [55] led to the adoption of
a 16 mm thick tungsten target in the conventional scheme while the hybrid scheme
combines a 1.4 mm tungsten crystal with a 12 mm thick amorphous tungsten target.

The design of the capture section in both investigated schemes relies on an AMD.
This facilitates the transformation of the positron beam phase space at the target,
initially characterized by a signi�cant transverse divergence, to align with the ac-
ceptance of the capture LinAc. A Flux Concentrator (FC) device is employed to
achieve an adiabatically decreasing magnetic �eld. One FC model considered is
14 cm long, starting with a longitudinal magnetic �eld ranging from 5-7 T and
gradually decreasing to 0.5 T and 0.7 T, respectively. In the hybrid scheme, the
capture LinAc comprises 1.5 m long L-band structures operating at 17 MV/m and
2 GHz. In contrast, the conventional scheme employs 3 m long S-band cavities
with a large aperture, operating at 20 MV/m and 2856 MHz. The entire capture
LinAc is surrounded by a solenoid that generates an axial magnetic �eld of 0.5-0.7 T
preventing losses until the positron transverse momentum is su�ciently mitigated.
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2.3.3 Je�erson Lab positron source

Figure 2.12: Schematic of the PEPPo concept : a highly polarized electron beam
interacts with a target and generates circularly polarized γ-rays which then transfer
their polarization to the e+e−-pairs formed within the nuclear �eld of target nuclei.

A novel approach known as the Polarized Electrons for Polarized Positrons
(PEPPo) technique (Fig. 2.12), has been demonstrated at the Thomas Je�erson
National Accelerator Facility for the production of polarized positrons [26]. The
PEPPo technique exploits the bremsstrahlung radiation of longitudinally polarized
electrons within a high-Z target to generate polarized photons, producing polarized
e+e−-pairs. By using high-intensity (≥ 1 mA) and high-polarization (≥ 80%) elec-
tron sources it is expected that the PEPPo concept can e�ciently produce polarized
positrons with high intensity (≥ 100 nA) and high polarization (≥ 60%).

The PEPPo experiment was conducted with low energy electrons (8.2 MeV/c)
free of activation issues, minimizing the detector footprint and ensuring robust mea-
surements of the polarization of positrons. The PEPPo collaboration reported po-
larization as high as 82%, indicating a nearly 100% transfer of the initial polariza-
tion [26]. The present work aims to build on this experiment and propose a high
duty-cycle positron source capable of reaching high intensities and high polarization.

While these innovative approaches represent the future of positron sources, it is
also pertinent to compare the current state-of-the-art facilities stack up against each
other. One notable facility that emerges in this context is CEBAF.

2.4 Comparative summary

Based on Tab. 2.1, the comparison of CEBAF with other facilities reveals several
signi�cant distinctions:

� Firstly, CEBAF has a notably low number of electrons per bunch (Ne/b),
approximately on the order of 8.13× 106, in contrast to other facilities which
typically range from 109 to 1011.

� Secondly, CEBAF has a 100% Duty Cycle (DC), meaning continuous opera-
tion, unlike other facilities that predominantly operate in pulsed mode.

� Furthermore, CEBAF exhibits much lower electron energy (Ee−) at 0.123 GeV
compared to facilities like the ILC which requires energies of up to 250 GeV.
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Regarding the average power, CEBAF values are signi�cantly lower than those
of other facilities due to the lower electron beam energy. CEBAF also stands out
with a very high repetition rate of 1.50 × 109 Hz, in contrast to other facilities.
Finally, CEBAF bunch length is very short, of the order of a few ps, shorter than
many other facilities. These distinctions have implications for positron production
at CEBAF:

1. The smaller the electron energy, the lower number of electrons per bunch
and the low pulse energy density at CEBAF may lead to reduced positron
production compared to other facilities;

2. The CEBAF potential for continuous operation may result in a more constant
production of positrons compared to facilities operating in pulsed mode;

3. The very high repetition rate could have implications for beam quality, stabil-
ity or other characteristics crucial for positron production.

In summary, CEBAF has unique characteristics, such as its lower number of elec-
trons per bunch, low pulse energy density, and continuous operation potential, may
have implications for the positron production e�ciency and method when compared
to other facilities notably, polarized.

Table 2.2 presents an overview of various positron sources, detailing their es-
sential parameters and performance metrics used in various accelerator facilities
worldwide, each tailored to speci�c experimental requirements. The key takeaways
from this table are summarized hereafter.

The selection of target material and thickness varies across sources, encompassing
tantalum-tungsten (Ta-10W) to titanium-aluminum (Ti-Al), with CEBAF planning
for a 4 mm thick tungsten (W) target thinner than other sources. This choice sig-
ni�cantly impacts positron yield and polarization, with CEBAF target designed to
maximize positron production, potentially at the expense of polarization or yield.
Di�erent sources utilize various collection systems, including AMD and QWT. CE-
BAF stands out by utilizing a specialized QWT. This selection deviates from sources
that opt for AMD, potentially impacting the capture and focus of positrons, espe-
cially within distinct energy spectra. With positron polarization exceeding 65%,
CEBAF is particularly suited for experiments, such as DVCS, which necessitate
polarized positron beams. However, CEBAF shares common challenges with other
sources, including issues related to beam dumping, power density, integration of
technical e�ects into simulations, and the need for external collaboration. Address-
ing these challenges through ongoing research and collaboration is crucial to main-
taining beam quality and facility operations. This comparison of positron sources
underscores CEBAF unique characteristics and potential advantages, emphasizing
its signi�cance in positron research and the ongoing e�orts required to tackle shared
challenges.

Delving deeper into the distinctiveness of CEBAF o�ers an understanding of its
foundational structure and the pivotal role the facility plays in nuclear physics. This
sets the stage for the subsequent discussions.
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Chapter 3

Ce+BAF positron source concept

3.1 CEBAF overview

CEBAF is a remarkable facility that has contributed signi�cantly to advancing nu-
clear physics research. An important feature of CEBAF is that it provides a con-
tinuous electron beam, which allows for precision measurements of nuclear physics
phenomena. Since its birth, CEBAF has been upgraded in energy twice to improve
its capabilities. In 1994, the accelerator was built to accelerate the electron beam to
4 GeV and has been upgraded to 6 GeV thanks to cavity performances. In 2012, 6
GeV operation ended, and the machine was upgraded up to 12 GeV. In 2013, beam
turned back on in CEBAF, and was eventually able to send beam to four experi-
mental halls simultaneously, reaching 11 GeV to Halls A, B, and C, and 12 GeV in
the new Hall D. This increased energy enables to explore new frontiers in nuclear
physics. CEBAF is home to four experimental halls (A, B, C, D) equipped with
detectors and instrumentation to capture and analyze the results of experiments.
Each hall is specialized for a speci�c area of research.

Fig. 3.1 shows the di�erent components of the CEBAF accelerator chain; at the
starting point, the gun section continuously emits the electron beam. Four beams
are simultaneously delivered to the halls. Halls A, B, and C receive beams using four
lasers operating at either 249 MHz or 499 MHz, while Hall D receives only beams
delivered at 249 MHz. Downstream of the gun is a bunching/chopping system which
de�nes the longitudinal emittance, then another buncher to compress the beam to a
few picoseconds for acceleration to 7 MeV in an SRF booster. The laser spot size and
GaAs photocathode de�nes the transverse beam emittance. However, the maximum
transverse emittance is limited by a pair of emittance �lter apertures. The beam
enters the CEBAF-NL at 123 MeV and gains an additional 1090 MeV through a
series of cryomodules. The beam then makes a 180◦ turn through the East Arc
and continues through the second linear accelerator (South LinAc (CEBAF-SL)),
providing a similar accelerating gradient (1090 MeV). After exiting the CEBAF-SL,
either extracted or recirculated. The West Arc �nishes the recirculation, bringing
the beam back to the NL. From here, the beam can continue recirculating for any
number of passes up to and including 5 passes to Halls A, B, and C (achieving 11
GeV), and 5.5 passes for Hall D (achieving 12 GeV).

In order to separate the beams and achieve multi-hall beam delivery, radiofre-
quency (RF) separators operating at 499 MHz are used to send beams to the three
Halls A, B, and C at 1,2,3 and 4 passes. Additional 748.5 MHz RF separators are
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Figure 3.1: CEBAF diagram: an overview of the injector gun, superconducting
linear accelerators, and recirculating arcs for high-quality electron beam production,
with color-coded representations of accelerator modules (red), C100 cryomodules
(blue), and upgraded injector module (green).

used to send the beam to Hall D at 5.5 passes, while Hall A, B, and C receive beams
after 5 passes. Hall A can accommodate a maximum beam current of 120é µA, due
to the 900 kW beam dump limit for higher passes. This corresponds to a bunch
repetition rate of 249.5 MHz, approximately equivalent to a charge of 480 fC per
bunch. Hall B can receive up to 160 nA of beam current at 249.5 MHz beam rep-
etition rate, giving a charge per bunch of up to 0.64 fC. Hall C can receive the
same amount of current as Hall A, as they both share the same 900 kW beam dump
limitation. The guaranteed RMS energy spread delivered to the halls at the �nal
pass is approximately 5× 10−4% with a high beam polarization of 85% - 90% [17].

The accelerator chain at CEBAF is a complex system that requires precise control
and monitoring to maintain high CW beam quality and stability. The accelerator
instrumentation includes beam position monitors, current transformers, and diag-
nostic devices, which monitor the beam parameters in real-time [60]. Tab. 3.1 [17]
shows various parameters of the CEBAF accelerator in the current 12 GeV setup,
including the electron beam energy, current, and polarization. If Hall D is not op-
erational, Halls A, B, and C can use the 499 MHz beam repetition rate during pass
5. However, the delivered current is restricted to the capacity of the beam dump.
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Parameter Value
Electron beam energy (A, B, C) 11 GeV
Electron beam current Hall A 1 - 120 µA
Electron beam current Hall B 1 - 160 nA
Electron beam current Hall C 1 - 120 µA
Electron beam current Hall D @ 12.1 GeV 2000 nA
Beam polarization 85%− 90%
Bunch Charge (Min-Max) 4× 10−3 fC � 600 pC
Energy spread (5th pass) 5× 10−4%

Maximum limited beam power (5th pass) 900 kW
Operating frequency 249.5 Halls D On / 499 MHz
Hall D O� at 5th pass
Cryomodule type C100 and C75
Duty factor CW

Table 3.1: CEBAF parameters for 12 GeV operation [17].

3.1.1 The CEBAF polarized electron source

The creation of positron beams at CEBAF depends on the quality of the polarized
electron beam used to create the positrons. This process starts with a GaAs pho-
togun. The GaAs wafer is placed in a vacuum chamber. It is essential to keep this
chamber extremely clean, and at low pressure (1 × 10−12 Torr). Then, it is heated
to perform atomic cleaning on the surface, and activated using a particular method
involving cesium and nitrogen tri�uoride (NF3). Cesium increases photoemission
on the photocathode until it peaks and begins to decline. After reaching half its
maximum, NF3 is applied in ten Cs-NF3 cycles to optimize quantum e�ciency for
e�cient electron emission under laser illumination. The e�ectiveness of this process
is often measured by the Quantum E�ciency (QE), given by

QE =
Ne−

Nγ

=
124

i× λ× Pwγ

where i is photocurrent in µA, λ is laser wavelength in nm, and Pwγ is incident laser
power in mW, providing a metric that enables evaluative insights into the e�ciency
of the photocathode illumination.

To create the polarized electron beam, a circulartly polarized laser strikes the
GaAs photocathode, preferentially exciting e− of one spin state in GaAs, then di�use
to surface and emitted, releasing electrons, which are then formed into a beam.
The laser time structure is achieved by using the linac radio-frequency to trigger a
1560 nm diode laser, generating short 50 ps FWHM pulses. Consequently the laser
repetition rates (249.5 or 499 MHz) are synchronous with the frequency of the linac
(1497 Mhz).

Polarized-beam experiments demand a precise electron spin orientation at the
target, typically parallel to the beam motion direction, and capability for the spin
direction to change at a determined frequency. This is achieved through the use
of a Pockels cell, which modulates the polarization direction of the electron beam,
typically at 30 Hz but, under certain techniques, even reaching up to 1000 Hz [61].
This modulation is essential to maintain a consistent and high degree of polarization
in the electron beam as it travels to the experimental halls.
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A Wien �lter is employed with the speci�c goal of rotating the total polariza-
tion component of the electron beam so it arrives at the experiment in the desired
direction. This orientation is crucial because as the beam progresses through the
CEBAF machine, it undergoes precession. The aim is to compensate for this preces-
sion e�ect so that the electron beam achieves a nearly fully longitudinal polarization,
closely aligned with the beam axis, as it enters a designated experimental Hall. It is
important to note that the electron beam is already longitudinally polarized before
entering the Wien �lter (From the gun).

The fundamental principle here is based on the fact that electrons leaving the
photocathode initially have their spin direction aligned either parallel or antiparallel
to the direction of beam motion. This alignment is determined by the helicity of the
laser circular polarization, which can be either right or left circular and is controlled
by the Pockels cell. However, as the electron beam traverses the arcs and transport
lines to the experimental halls, its spin direction precesses in the horizontal plane
due to various factors. A spin manipulator is employed at the injector to ensure
that this net spin precession is e�ectively cancelled and the desired spin orientation
is maintained. Therefore, a Wien �lter is used for this spin manipulation [62]. It
operates by employing static electric and magnetic �elds that are perpendicular not
only to each other but also to the velocity of the charged particles passing through
it. Thus, charged particles with a velocity of βc = E/B remain unde�ected when
passing through the Wien �lter. However, the important aspect is that the spin
of these particles is rotated within the plane of the electric �eld, allowing precise
control over the �nal orientation of the electron beam spin.

Strategically applying these methods forms the foundation for achieving high
electron beam polarization at CEBAF.

3.1.2 The electron injector

The CEBAF injector begins with the electron gun operating at 130 kV to produce
a polarized electron beam from a photo-cathode. The beam has the same time
structure as the lasers, which operate at 499 MHz for Halls A, B, and C, and a
fourth laser operating at 249.5 MHz for Hall D. It is important to note that The A,
B and C lasers are tunable to 249.5 as well. Its is needed when either of the halls
are at pass 5 and Hall D is running.

Figure 3.2: A schematic layout of the CEBAF injector at Je�erson Lab.

Downstream from the gun, the pre-buncher cavity bunches the beam and com-
pensates for bunch lengthening. The beam is then directed into the chopper section,
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located 7.6 m away from the gun. The chopper system, operating at 499 MHz, de-
�ects the beam transversely using three holes placed 120 degrees apart. Triangular
slits control bunch length (0 to 110 ps) and beam current. After passing through the
chopper, the process reverses with another solenoid and a another de�ecting cavity.

Figure 3.3: Chopper system at the CEBAF injector operating at 499 MHz: three
drive lasers generate interleaved pulsetrains at a frequency of 499 MHz. Each beam
passes through a corresponding aperture at the master slit [11].

The chopper phase has to be synchronized with the gun and the pre-buncher.
After the Chopper, the beam passes through another buncher and a �ve-cell

capture cavity. The buncher provides the important main bunching to the beam,
and the capture cavity provides an acceleration of up to 650 keV. Continuing down-
stream, the beam enters the two superconducting cryo-unit (booster), where more
bunching is provided and the beam gets accelerated to approximately 6 MeV. After
the booster, it passes through a pair of cryomodules. accelerating up to 123 MeV.
The energy needed depends on the experimental program since it dictates what the
gradient in the linacs should be. The injector is set to be:

Ei [MeV] =
123

1090
× ELinAc (3.1)

3.2 CEBAF acceptance

After exiting the injector, the beam must be matched into the CEBAF-NL. This
matching process involves adjusting the beam phase space to align with the optics
phase space, typically performed between beamline sections. Beam phase space is
typically described by an ellipse and its associated Twiss parameters. This section
details the phase space at the entrance to the CEBAF-NL, where positrons are to
be injected.

De�ning the beam emittance is crucial for understanding the acceptance of the
CEBAF accelerator. This concept illustrates the area in phase space occupied by the
particle distribution, a foundational idea in accelerator physics. A smaller emittance
value indicates a greater ability to guide the beam through the beam pipe where
beam size goes like

√
ϵn where ϵ represents the beam geometric emittance.

The area enclosed by the ellipse is called beam emittance ϵ or acceptance, de-
scribed by

A =

∫
xxp

dxdxp = π ϵ (3.2)
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Figure 3.4: Phase space ellipse de�ning the occupied area of the beam.

where x and x′ = xp are the particle phase space coordinates. Eq. 3.2 describes
that all particles enclosed by this phase ellipse stay within that ellipse (Liouville
theorem). The emittance ϵ can be described as

ϵ = γx2 + 2αxp + βx2
p (3.3)

where α, β, and γ are the Twiss parameters, which determine the shape and the
orientation of the beam ellipse. At the CEBAF injector, when the beam exits the
chicane injection located before the CEBAF-NL, it has to be within the acceptance
of the CEBAF-NL to get accelerated with no loss. From Tab. 3.1 the energy spread
at 12 GeV beam energy is about 5× 10−4%. A measurement has been done by [63]
to determine the accepted momentum spread at a variety of locations in CEBAF.
At the entrance of the NL before acceleration, the energy spread at 123 MeV is
approximately ∆p/p0 ≤ 5× 10−4% and ten times smaller at the extraction region,
∆p/p0 ≤ 5× 10−5%.

The accelerator has a set limit to the particles it can contain, denoted as the ac-
celerator acceptance, represented by ϵmax. This can be imagined as a distinct region
in phase space. Within this domain, particles follow an elliptical trajectory, de�ned
by the coordinates (xmax, xmaxp ). The size and shape of the beam are described by
the Twiss parameters. β is related to the size of the beam by

d =
√

ϵmaxβmax (3.4)

where βmax is the maximum extent of the transverse β. When there is no dispersion
(η = 0), and β reaches its maximum value, the beam achieves its largest transverse
size for the same emittance.

The maximum accepted transverse emittance in the accelerator is called the
transverse acceptance. As illustrated in Fig. 3.4, the transverse acceptance is de�ned
as:

AT = ϵmax =
d2

βmax

. (3.5)

Eq. 3.2 describes the beam phase space expected to be accepted at the injection
region at the entrance of the CEBAF-NL. To determine the acceptance, the β func-
tion value at the entrance of the CEBAF-NL during injection is considered. The
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average β value at the injection point measures βx=18 m. Given an accelerating
cavity aperture of 35 mm, the radius is d = 17.5 mm. The resulting transverse
acceptance for the �rst pass at the injection becomes

AT =
(17.5)2

18× 103
= 18 mm ·mrad . (3.6)

This estimate may seem simplistic because there are other magnets in the CEBAF-
NL, such as focusing and defocusing quadrupoles, and those cause chromatic e�ects.
These magnets can in�uence the acceptance. The following will explain how to cal-
culate the normalized transverse emittance using the maximum geometric transverse
emittance ϵmax.

ϵN = γ ϵmax (3.7)

ϵN = γ AT (3.8)

The beam energy at the injection region is E=123 MeV, and the Lorentz factor
γ = 240, which leads to a normalized transverse emittance

ϵN = 4.3 mm · rad (3.9)

To estimate the beam size at the injection region

σx =
√
ϵmaxβx = 0.018 m . (3.10)

To predict the β-value at the exit of the CEBAF-NL, the matrix formalism is used.
The transfer matrix of the CEBAF-NL needs to be de�ned. The linear di�erential
matrix of a LinAc when the Rosenzweig and Sera�ni (R-S) model is applied, is given
by [64] [

T11 T12

T21 T22

]
(3.11)

where

T11 = cos τ −
√
2 cosϕ sinϕ (3.12)

T12 =
√
8
γi
γf

cosϕ sin τ (3.13)

T21 = − γ′

γf

[
cosϕ√

2
− 1√

8 cosϕ

]
(3.14)

T22 =
γi
γf

[
cos τ +

√
2 cosϕ sin τ

]
(3.15)

with τ=log(γf/γi)/
√
8 cosϕ, γf=γi + γ′L is the �nal lorentz factor (L is the LinAc

section length), γ′=eV0 cosϕ/mec
2 is the normalized energy gradient in the LinAc,

V0 is the maximum accelerating gradient, and me is the electron mass. The Twiss
transport of the beam along the LinAc can be described byβxE

αxE

γxE

 = T

βxi

αxi

αxi

 (3.16)
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where βxE, αxE and γxE are the Twiss parameters at the extraction region (LinAc
exit), and βxi, αxi and γxi are the Twiss parameters at the injection region (LinAc
entrance).

The CEBAF transverse geometrical emittance of the electron beam has been
measured at the exit of the injection chicane to be [63]

ϵx = 2.5 nm · rad (3.17)

ϵy = 1.9 nm · rad (3.18)

At the LinAc exit, the beam transitions through the �rst Arc (Arc 1) see Fig. 3.1.
The transverse emittance, measured as ϵx=0.43 nm · rad, indicates an emittance
reduction by a factor of approximately eight, given by ϵchicane/ϵArc 1 = 8. Using
Eq. 3.16, the maximum value of the beta function at the CEBAF-NL end can be
estimated. Given the parameters ϕ = 0, f = 1497 MHz, and ω = 2πf , Eq. 3.16 can
be represented in the Twiss matrix formβE

αE

γE

 = T ′

βi

αi

γi

 (3.19)

where

T ′ =

 C2 −2CS S2

−CC ′ SC ′ + S ′C −SS ′

C ′2 −2S ′C ′ S ′2

 (3.20)

knowing that [
C S
C ′ S ′

]
=

[
−0.69 4.17
−0.02 0.15

]
. (3.21)

At the CEBAF-NL exit, the value is given by βE=6.3 m. With 9.6 m quadrupole
channels between the cryomodules in the CEBAF-NL, the Twiss parameters exhibit
periodic behavior. Using the same emittance reduction throughout the CEBAF-NL,
the beam size at the extraction region can be estimated as

σxE =

√
βE

AT

8
= 3 mm. (3.22)

In Fig. 3.5, the maximum β-function for the CEBAF-NL is around 40 m. Using
an initial setting of βx=18 m, the β-function remains energy-independent and retains
its periodicity across the CEBAF-NL, facilitating a consistent decline in electron
emittance. Considering the calculated geometrical transverse emittance and the
standard beta injection value at CEBAF βx=18 m, the beam size, denoted as σx,y

decreases. This decrease occurs as the βmax stays steady and the geometric emittance
shrinks while the beam progresses through the CEBAF-NL.

As illustrated in Fig. 3.6, the beam size at the CEBAF-NL entrance corresponds
to the estimated injection value of σx=0.018 m (Eq. 3.10), considering the peak
emittance in the injection region. This suggests that by selecting the appropriate
value for β, the CEBAF-NL maintains its periodicity. This consistent periodicity
facilitates continuous control of the beam size, ultimately reducing it to 3 mm at
the LinAc exit.

These �ndings indicate that when the beam is injected with a value of βx=18 m,
the beam size reduces e�ectively. This value aligns with the estimated acceptance
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Figure 3.5: β functions along the CEBAF-NL.
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Figure 3.6: Variation of the beam size σx,y along the CEBAF-NL, accelerating the
beam from 123 MeV to approximately 1090 MeV.

of the CEBAF-NL. By injecting the beam with this calculated maximum transverse
emittance, no losses are observed along the LinAc. These calculations are corrobo-
rated by simulations using ELEGANT. However, a more accurate measurement of
this acceptance is strongly recommended.

For estimating the required bunch length at the injection region, it is important
to note that the CEBAF-NL operates at 1497 MHz. Consequently, the energy spread
depends on bunchlength. This necessitates determining the maximum acceptable
bunch length. As previously mentioned, the energy spread required at the �rst ARC
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is approximately 10−3:

E − E0

E0

≤ ± 10−3 (3.23)

|ωσt| ≤ 1− 10−3 (3.24)

σt ≤ 0.99

2πf
(3.25)

σt ≤ 4ps (3.26)

when a beam is injected with a bunch length of σt ≤ 4 ps, it ensures the beam
acceleration at the highest energy gradient.

Another constraint which must be applied is the ratio of the injection energy
to the LinAc energy. Changing this ratio necessitates changing the optics of the
spreaders and recombiners, and impacts the transport of the beam throughout the
machine (See Eq. 3.1)

where Ei and EL are the injector and the LinAc energy, respectively, To achieve
the 12.1 GeV condition, the CEBAF-NL provides acceleration to 1090 MeV, then
the injection energy according to Eq. 3.1 must be Ei = 123 MeV.

Summarizing the requirements for e− the following beam parameter limits have
been identi�ed:

Parameters Unit Value

Injection momentum MeV/c 123
Injection transverse size σx m 0.018

Injection geometric emittance ϵx mm·mrad 18
Injection Normalized emittance ϵxN mm·rad 4.3

Bunch length σt ps ≤ 4
Energy dispersion % ± ≤ 1

Those parameters are the design requirements for a CW positron source at CE-
BAF.

3.3 Ce+BAF

In the earlier section, di�erent positron sources of existing and upcoming facilities
were described, along with a discussion on their characteristics and limitations. The
unique and demanding requirements of this project were also highlighted, empha-
sizing the development of a CW positron injector at CEBAF. A proposed solution
for positron injection at Je�erson Lab is described, involving the utilization of the
Low Energy Research Facility (LERF) for positron (e+) generation, described here.

The combination of LERF and CEBAF o�ers an advantage. This approach
allow reusing the experimental building and staging the available apparatus there
for continuous positron generation.

The LERF acts as an introductory phase of the positron injector with a design
speci�cally adapted for sustained positron production. This facility comprises an
polarized electron gun, a dedicated positron source, and a transport system that
optimizes e+ beam quality. LERF distinct features facilitate the production of
powerful, uninterrupted positron beams.
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Figure 3.7: Schematic Layout: Linking LERF and CEBAF Accelerators for High-
Energy Positron Beam Acceleration [12]

Fig. 3.7 presents the idea of linking LERF to the CEBAF accelerator, emphasiz-
ing the addition of a new 123 MeV transport beamline. This transport beamline acts
as a bridge, from LERF to CEBAF. In the diagram, the green line symbolizes this
transport beamline, underscoring its role in the smooth transport and acceleration
of positron beams within the combined system.
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Figure 3.8: Layout of Polarized Electron and Positron Injectors at LERF [12].

Key components of the LERF injector include the superconducting quarter cry-
omodule, collectio system, polarized electron source, Wien spin rotator, buncher
cavity, electron gun, accelerating SRF cryomodules, positron source, and the dedi-
cated positron transport line leading to the CEBAF injection region.

3.3.1 Electron injector

The LERF injector design is similar to that of the CEBAF injector. It begins with
a polarized electron source, then progresses to a Wien spin rotator, and is equipped
with a buncher cavity for longitudinal alignment with the 10 MV SRF.

Central to the LERF injector is the superconducting cryomodule. Operating at
1497 MHz, this section can boost 10 mA CW e− beams up to 9 MeV/c.

Downstream of the SRF section, a three-dipole magnet chicane injects the elec-
tron beam into the �rst of two full-length accelerating SRF cryomodules, each with a
capacity of 60 MV. The LERF electron gun, which need to be designed and built, is
intended to operate within the 300-350 kV range. It represents an up-scaled version
of the 130 keV gun used at CEBAF, with speci�c modi�cations to accommodate the
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demanding requirements of higher beam current (≥ 1 mA) and bunch charge (≥ 2
pC) essential for e�cient positron generation.

In the LERF injector, it is planned speci�c measures to ensure beam quality,
especially with higher bunch charges. Minimizing the distance between the gun
and the initial accelerating component helps reduce space charge e�ects that might
disrupt bunching. It is particularly crucial to limit bunch lengthening, primarily
occurring at the shorter distance, by controlling the beam voltage. The electron
bunch is also compressed from 40 ps to about 2 ps within a short distance before it
enters the SRF quarter cryomodule.

The �nal section of the electron injector matches the Twiss parameters into the
acceptance of the two CEBAF-style cryomodules, which boost the beam to 123 MeV.

3.3.2 Positron source

Building upon the discussions from previous section, this section describes the for-
mation of e+ beams before being transported to the CEBAF accelerator.

e
P~90%
1 mA

To CEBAF

120 MeV

gSRF acceleratin section

Tungsten target
Capture sect ion
Dipole

Quadrupole

Figure 3.9: Optimization of Positron Generation from Electron-Target Interaction:
Towards Polarized and Unpolarized Positron Beams at CEBAF [13].

The LERF positron injector has been designed to deliver a su�cient number of
positrons to the CEBAF, while also ensuring the proper match and beam param-
eters required for positron injection at the CEBAF-NL. A crucial positron injector
component is the positron collection system, which uses high magnetic �eld lenses
[65] to mitigate the signi�cant transverse angular divergence at the exit face of the
e+/e− production target.

Figure. 3.9 illustrates the conceptual layout of the injector. Initially, a CW e−

beam of 120 MeV and a 1 mA interacts with a rotating tungsten target (W), gen-
erating polarized γ̄ and polarized ē+/ē− in the same target. A four-quadrupole
matching section and a magnetic chicane further re�ne the positron population cen-
tral momentum and desired spread of allowable momenta. Subsequently, a decel-
erating/accelerating section (DeAc) reduces the momentum dispersion. A chirping
cavity is employed to correlate the momentum dispersion with the positron time-
of-�ight to ensure precise synchronization. A second chicane then compress the
positron bunch length, matching it with the CEBAF injection acceptance. The
maximum acceptance for the bunch length is determined to be 4 ps, and the de-
sign strategy is to further minimize it through the implementation of compression
techniques. The comprehensive layout and compression techniques, which will be
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detailed in chapters 5 and 6, are designed to deliver a highly optimized and well-
controlled positron beam for injection into CEBAF.

3.3.3 Spin rotator

Experiments at CEBAF often require speci�c longitudinal or transverse spin po-
larizations at the target. CEBAF employs a 4π spin rotator comprising two Wien
�lters with solenoid magnets in between to control the �nal spin polarization at the
experiment [66]. This setup works well for lower energies (≤ 30 KeV) for modest
�eld strengths. However, for positron beam production at the LERF with energies
≥ 1 MeV, it becomes impractical.

For CEBAF, a higher energy spin rotator concept is under study. The scheme,
consists of alternated dipole and solenoid �elds. Due to the small anomalous gy-
romagnetic factor of positrons (or electrons), the spin rotation is more e�ective in
the solenoids at lower energies. However, the dipole magnetic �eld is necessary to
establish the desired spin rotation axis. By rotating the spin around the longitudinal
solenoid and radial dipole �elds, this spin rotator enables a net spin rotation around
the vertical axis in the horizontal plane. Importantly, the dipole �elds are arranged
to have a net zero bending angle, preserving the beam trajectory and minimizing
orbit perturbations.

3.3.4 Transport line

Once the 123 MeV CW positron beam is formed and its spin is oriented, it is ready
for acceleration to higher energies. A new tunnel connects the east side of LERF to
the southeast corner of CEBAF, near the entrance of the South LinAc.

The beamline uses a double-bend achromat (DBA) in order to minimize the
dispersion and therefore allows for transporting a high momentum spread beam.
This ensures the beam aligns with the elevation of the CEBAF South LinAc tunnel,
near the ceiling.

The beam is carried through a lengthy FODO channel �xed to the South LinAc
ceiling, leading it to CEBAF west side. Here, it makes a 180-degree turn using a
Double Bend Achromat (DBA)-like structure that has minimal dispersion. Once
the transport line concludes, a combination of a vertical achromat translator and
horizontal bending magnets directs the beam to the start of the CEBAF-NL for
injection. Each beamline also features a dedicated Twiss matching section. This
beamline is primarily designed to accommodate a 123 MeV/c positron beam. The
CEBAF accelerator limits the maximum transverse emittance that can be trans-
ported due to reduced acceptance at the extraction corners. It is estimated that a
normalized emittance of 4.3 mm·rad can be injected at the front of the CEBAF-NL.
Regarding longitudinal acceptance, the optics con�guration for the �rst two recir-
culation arcs (east and west sides) to feature smaller dispersion functions and easily
tunable momentum dispersion. This modi�ed optics, is expected to allow injection
of up to ∆p/p0 = ±1% at the front of the CEBAF-NL and transport a beam with
a longitudinal bunch length of approximately σt ≤ 4ps.
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Chapter 4

Positron production optimization

The production of positron beams at CEBAF relies on the interaction of a polarized
electron beam with a high Z target [13]. This method has been chosen for its ability
to e�ciently transfer the polarization of the initial electron beam to the secondary
positron beam [14]. The process consists of two separate steps. Initially, photons
are emitted via bremsstrahlung radiation caused by the electron beam. Thereafter,
e+e− pairs form from these generated photons.

The present study focuses on optimizing the two-step production process, specif-
ically for a single-target scheme, intending to generate polarized and unpolar-
ized positron beams. The following sections show the fundamentals of polarized
bremsstrahlung and pair creation processes, particularly examining their angular
distributions. Subsequent sections focus on the e�ects of thick targets and the
parameters used to characterize positron production. An optimization procedure is
then proposed and applied using electron beam kinetic energies of 120 MeV and 1
GeV.

4.1 Polarized Bremsstrahlung

4.1.1 Cross section

The bremsstrahlung process, which involves the emission of a photon during the
scattering of an electron from a nucleus, is generally well understood. However,
previous experimental and theoretical comparisons [67] have focused on the emit-
ted photons alone, overlooking the decelerated outgoing electrons. This approach
results in integrated results across all electron scattering angles, leading to the loss
of important characteristics and weakening the validity of the theoretical work.
The positron source at CEBAF aims to adopt the conventional positron genera-
tion technique inspired by the �ndings of the PEPPo experiment. This method
involves the generation of both unpolarized and polarized photons through the
bremsstrahlung process, using either unpolarized or polarized electrons, and is
examined using the ultrarelativistic approach developed by Y.S. Tsai [68]. This
approach aligns with previous calculations by H. Olsen and L.C. Maximon [69].

The bremsstrahlung radiation emitted by a lepton beam interacting with a
nucleus can be described by the energy-angle distribution given by Equation (4.1),
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where l=(E sin(θk)/me)
2 represents the angular dependency, E the lepton energy

of the distribution and y = k/E is the photon energy fraction [68].

dσb

dk dΩk

= A0

[
2y − 2

(1 + l)2
+

12l(1− y)

(1 + l)4

]
+ A1

[
2− 2y + y2

(1 + l)2
− 4l(1− y)

(1 + l)4

]
(4.1)

The terms A0 and A1 in Equation (4.1) are related to the nuclear and electronic
contributions to the cross-section and screening e�ects. The angular distribution
can be expressed as

dσb

dkdθk
= 2π sin(θk)

dσb

dkdΩk

, (4.2)

which is maximum at an angle θmax approximately given by 1
2
me/E.

0.0 0.2 0.4 0.6 0.8 1.0
/T

10 4

10 2

100

102

d
b
/d
kd

k

Z = 74   at = 0.17 [rad]

Te =10 MeV

Te =120 MeV

Te =1200 MeV

Figure 4.1: Bremsstrahlung di�erential cross-section dσb

dk,dθk
for di�erent electron en-

ergies in tungsten at a photon emission angle θ = 0.17 rad

The optimal angle x denoted as θx is determined when the energy-angle di�erential
cross section at this angle is a fraction 1 − x of the maximum value θmax. The
right panel of Figure 4.2 illustrates how θx varies with photon momentum. This
variation is relatively independent of the photon momentum, yet highly sensitive to
the parameter x. For instance, at 100 MeV, a 1.5-degree cone encompasses 90

4.1.2 Polarized cross-section

The bremsstrahlung radiation of a polarized electron beam is one one additional
mechanism for the production of circularly polarized photons [69].

The usual description of polarization is based on the density matrix using Stokes
parameters, which allows to write the ordinary polarization cross sections in matrix
form [70]. The transfer of electron beam polarization to photons generated in the
bremsstrahlung process can be described by the following matrix equation:

I
P1

P2

P3

 = T γ
Brem


1
S1

S2

S3

 (4.3)

where I represents the unpolarized cross section, Si are the electron polarization
components, and Pi are the photon polarization components.
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Figure 4.2: Angular distribution of the bremsstrahlung di�erential cross section for
di�erent electron beam energies: photon energy fraction dependency of the angle
corresponding to the maximum cross-section (left) and of the optimum angle corre-
sponding to the 1-x fraction of the maximum cross-section (right) [14].

� S1 : transverse polarization in the plane of interaction along the x-axis;

� S2 : polarization component perpendicular to the interaction plane (y-axis);

� S3 : longitudinal polarization along z-axis;

� P1 : linear polarization with respect to x-axis;

� P2 : linear polarization with respect to the axis oriented at 45◦ to the right of
the x- and y-axis;

� P3 : right circular polarization.

The coe�cients I0, D, T , and L in the matrix equation are given by the equations:

I0 = (E2
1 + E2

2)(3 + 2Γ)− 2E1E2(1 + 4u2ϵ2Γ) (4.4)

D = 8E1E2u
2ϵ2Γ/I0 (4.5)

T = −kE2ϵ(1− 2ϵ)uΓ/I0 (4.6)

L = k[(E1 + E2)(3 + 2Γ)]− 2E2(1 + 4u2ϵ2Γ)]/I0 (4.7)

Here, Γ includes the Coulomb and screening e�ects, ϵ is the photon energy frac-
tion (ω/E), E1 and E2 are the total initial and �nal electron energies, k is the photon
energy, u is a variable related to the scattering angle, and Γ describes the Coulomb
and screaning corrections.

The matrix T γ
Brem is given by:

T γ
Brem =


I0 0 0 0
D 0 0 0
0 0 0 0
0 −T 0 −L

 (4.8)
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Figure 4.3: Circular polarization of bremsstrahlung for electron beam energies: red
(10 MeV), blue (100 MeV), green (1000 MeV) with 100% longitudinal polarization.

From the matrix equation, the Stokes vector of the emitted photon can be expressed
as: 

I
P1

P2

P3

 =


1
D
0

−S1T − S3L

 (4.9)

This indicates bremsstrahlung radiation generated by an polarized electron beam
is partially polarized perpendicular to the interaction plane. However, to obtain a
circularly polarized photon beam, both the transverse and longitudinal components
of the incoming polarized electron beam may be transferred. Figure 4.3 illustrates
the circular polarization of the emitted photons, demonstrating that the circular
polarization increases with photon energy.

4.2 Pair-creation

4.2.1 Unpolarized cross-section

Producing positrons from primary electrons involves combining bremsstrahlung and
pair creation processes in a single or multiple target system. In a single-target
production scheme, the thickness of the targets can be optimized to improve perfor-
mance.
Due to generating a lepton pair, the cross-section (Fig. 4.4) is �at. In the case of
thick targets, multiple scattering e�ects dominate the angular distribution of the sec-
ondary particles and result in signi�cant transverse momentum. Fig. 4.5 shows the
energy-dependent of a multiple scattering spread of an electron/positron distribu-
tion in�uenced by multiple scattering for di�erent thicknesses of tungsten material.
Multiple scattering e�ects cause low-energy particles to be spread over a wide an-
gular range while high-energy particles remain within a relatively narrow angular
domain.

Chapter 4 Sami Habet 37



Concept of polarized positron source for CEBAF

0.0 0.2 0.4 0.6 0.8 1.0
Te + / 2me

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

d
b
/d
kd

k

= 100 MeV
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Figure 4.5: Multiple scattering spread of electron/positron distribution as a function
of energy, for various tungsten thicknesses.

4.2.2 Polarization Transfer

The pair creation process generates longitudinally polarized positrons, depending
on the polarization of the incident photons. It enables the transfer of circular polar-
ization from photons to e+e−- pairs when the photon energy exceeds 1.022 MeV. By
employing the same polarization framework discussed earlier and recognizing the
reciprocal nature of the pair creation and Bremsstrahlung reactions, we can express
it as follows:

EBeam
2 = −EPair

2 (4.10)
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Hence, the bremsstrahlung radiation kB = E1 − E2 undergoes a transformation
to kpair = E1+E2. By substituting the previous formula into Stokes parameters [70],
we obtain the following expression for the pair production process:

I0 = (E2
1 + E2

2)(3 + 2Γ) + 2E1E2(1 + 4u2ϵ2Γ) (4.11)

D = 8E1E2u
2ϵ2Γ/I0 (4.12)

T = − k E2ϵ(1− 2ϵ)uΓ/I0 (4.13)

L = k [(E1 − E2)(3 + 2Γ)] + 2E2(1 + 4u2ϵ2Γ)]/I0 (4.14)

By using the transfer matrix of the pair creation process, we can apply the following
transformation: 

I
S1

S2

S3

 = T e
Pair


1
P1

P2

P3

 (4.15)

And:

T e
Pair =


1 D 0 0
0 0 0 T
0 0 0 0
0 0 0 L

 (4.16)

The Stokes vector for the emitted positron-electron (e+e−) pair is determined as
follows: 

I
S1

S2

S3

 =


1

P3T
0

P3L

 (4.17)

This equation reveals that only the circular polarization of photons (P3) is trans-
ferred to the positron-electron (e+e− ) pairs. The pairs resulting polarization will
consist of transverse (S1) and longitudinal (S3) components.
The outcomes of the polarization transfer during the pair creation process are illus-
trated in the �gure

As depicted in Fig. 4.6, signi�cant polarization degrees are observed at both
ends of the positron energy spectra. Furthermore, there is a correlation with the
photon energy, as higher photon energies correspond to increased maximum positron
polarization.

4.3 Characteristic parameters of positron produc-

tion

In a single target production scheme, the e�ciency of generating secondary positrons
is a key parameter. This e�ciency ε ≡ ε(p, θ, ϕ) measures the number of positrons
Np(p, θ, ϕ) at a speci�c momentum p and spherical angle (θ, ϕ) relative to the incident
number of electrons (Ne−). It can be expressed as

ε(p, θ, ϕ) =
Np(p, θ, ϕ)

Ne

. (4.18)
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Figure 4.6: Polarization transfer in Pair creation process for various initial photon
energies.

The positron yield is calculated as the following:

Np(p,∆p,∆θ) = Ne

∫ p+∆p

p−∆p

dξ

∫ ∆θ

0

dθ

∫ 2π

0

dϕ
dε(ξ, θ, ϕ)

dξ dθ dϕ
. (4.19)

The positron yield is determined by considering the e�ective �xed (0.6 MeV) or
variable (0.05p) momentum acceptance represented by ∆p and the corresponding
∆θ. On the other hand, the performance of a polarized source is better de�ned using
the Figure-of-Merit (FoM), which considers both the e�ciency and the average
particle polarization (S3). The expression for the Figure-of-Merit is given by

FoM = FoM(p) = ϵ(p) P 2
3 . (4.20)

FoM(p,∆p,∆θ) =
Np(p,∆p,∆θ)

Ne

⟨S2
3⟩ =

∫ p+∆p

p−∆p

dξ

∫ ∆θ

0

dθ

∫ 2π

0

dϕ
dε(p, θ, ϕ)

dξ dθ dϕ
S2
3(p, θ, ϕ) .

(4.21)
where p represents the momentum.

The bremsstrahlung and pair creation processes combine within a single target
to generate a positron �ux. Low-energy positrons are more likely to escape the
target material than high-energy positrons since the latter have a higher probability
of being involved in the electromagnetic shower. Consequently, the �ux of secondary
particles exhibits a maximum at a speci�c low positron energy.

In the left panel of Fig. 4.7, the momentum distribution of the positron produc-
tion e�ciency is shown for a 120 MeV polarized electron beam interacting with a 4
mm thick tungsten target. The distribution is restricted to positrons emitted within
a 10◦ cone angle, representing a collection system angular acceptance.
The maximum value observed in the distribution determines the energy range of the
positrons that can be e�ectively collected.
The Figure-of-Merit, as shown in the right panel of Fig. 4.7, follows a similar trend
but with a shift in the positron momentum at the maximum. This shift is a con-
sequence of the energy dependence of the positron polarization. An important ob-
servation can be made: using a variable bin width results in a di�erent e�ect than
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a constant bin width. The variable bin width was introduced to mimic the impact
of a magnetic collection system on the positron yield. This change in bin width is
related to the momentum with which the system accepts the positrons. Speci�cally
in that example the system accepts positron momentum within a range of ± 5%.
This variation signi�cantly distorts the energy distribution compared to the constant
bin width. Furthermore, it indicates that optimal e�ciency and Figure-of-Merit are
achieved at di�erent positron momenta.
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Figure 4.7: Energy dependence of positron production e�ciency (left) and Figure-
of-Merit (right) for a 120 MeV polarized electron beam interacting with a 4 mm
thick tungsten target. The curves of di�erent colors demonstrate the in�uence of
energy binning on the shape of the distributions, as de�ned in Eq. 4.21.

Fig. 4.8 introduces the challenges associated with the high transverse momentum
at the target exit. A notable feature is the positron transverse angular divergence
at the target exit. This high transverse momentum spread poses challenges in
designing an e�cient collection system for the positrons. The sizeable transverse
angular divergence makes it more di�cult to accurately collect and manipulate the
positrons, requiring careful consideration in the design of the collection device.

The goal of the optimization is to determine the target thickness that maximizes
the positron production e�ciency (ε) and Figure-of-Merit (FoM) for a given incident
electron beam energy and target Z.

Extensive GEANT4 simulations are performed, considering a pencil beam of
electrons and investigating the positron yield and Figure-of-Merit for di�erent mo-
mentum and angular acceptances of the collection system.
For the unpolarized mode, the following quantities are associated with the maximum
e�ciency (εmax):

� εmax: the maximum positron production e�ciency

� FoMε: the Figure-of-Merit at εmax
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Figure 4.8: Positron transverse phase space created using 120 MeV longitudinally
polarized electron beam on a 4 mm tungsten target, illustrating the positron trans-
verse phase space at the exit of a 4 mm tungsten target when using a longitudinally
polarized 120 MeV electron beam. The �gure top left and right sections display the
positron transverse space in the x and y directions, respectively. The correlation
between the axis (x, y) and (xp = px

pz
and yp =

py
pz
) is shown in the bottom left and

right sections.

� pε: the positron momentum at εmax

� Pε: the longitudinal polarization of positrons at εmax

Similarly, for the polarized mode, the following quantities are associated with
the maximum Figure-of-Merit (FoMmax):

� FoMmax: the maximum Figure-of-Merit

� εFoM: the positron production e�ciency at FoMmax

� pFoM: the positron momentum at FoMmax

� PFoM: the longitudinal polarization of positrons at FoMmax

These parameters are determined from the energy distribution spectra of e�-
ciency, average longitudinal polarization, and Figure-of-Merit.
The obtained parameters are reported in Tab. 4.1 and Tab. 4.2, including statistical
and systematic uncertainties.
When compared, the optimized unpolarized and polarized modes show clear di�er-
ences. These di�erences matter less as the angle of acceptance grows. At larger
angles, more low-energy positrons are accepted because of scattering e�ects, making
the system most e�cient at low energies where there's a small polarization.
On the other hand, the Figure-of-Merit maximizes at higher positron energy due to
the energy dependence of positron polarization. Reducing the angular acceptance,
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Figure 4.9: Comparison of positron energy distributions: production e�ciency (left),
average longitudinal polarization (middle), and FoM (right) for 120 MeV incident
electrons on a 4 mm thick tungsten target, for di�erent angular acceptances in the
positron collection system with a �xed ± 5% positron momentum acceptance.

∆θ εmax pε Pε FoMε δεmax δp−ε δp+ε δP−
ε δP+

ε δFoMε

(◦) (×10−3) (MeV/c) (%) (×10−3) (×10−6) (MeV/c) (MeV/c) (%) (%) (×10−6)

45 8.27 17.2 29.4 0.72 8.91 1.80 1.80 2.58 2.56 1.20
10 3.05 33.0 50.9 0.79 5.40 2.29 3.58 2.18 4.23 1.66
5 1.39 41.0 59.9 0.50 3.64 2.59 3.77 2.00 3.74 1.45

Table 4.1: Parameters characterizing the unpolarized mode of a positron source.
The source utilizes a 120 MeV polarized electron beam interacting with a 4 mm
thick tungsten target. The positron momentum acceptance is ∆p/p0 = ±5%, with
di�erent angular acceptances considered.

∆θ FoMmax pFoM PFoM εFoM δFoMmax δp−FoM δp+FoM δP−
FoM δP+

FoM δεFoM

(◦) (×10−3) (MeV/c) (%) (×10−3) (×10−6) (MeV/c) (MeV/c) (%) (%) (×10−6)

45 2.05 44.1 66.2 4.68 3.16 2.72 3.87 1.76 3.33 6.69
10 1.33 55.2 76.2 2.30 2.81 4.21 4.21 2.96 2.76 4.68
5 0.72 60.0 79.3 1.15 2.13 3.39 4.37 1.29 2.48 3.30

Table 4.2: Parameters characterizing the polarized mode of a positron source. The
source utilizes a 120 MeV polarized electron beam interacting with a 4 mm thick
tungsten target. The positron momentum acceptance is ∆p/p0 = ±5%, with di�er-
ent angular acceptances considered.

rejects more low-energy particles, favoring the high-energy part of the positron spec-
tra and reducing the signi�cance of the di�erence between unpolarized and polarized
modes. The unpolarized mode strongly correlates with the angular acceptance, al-
though a non-zero polarization remains at the maximum e�ciency.

Tab. 4.1 summarizes the key parameters that characterize the unpolarized mode
of a positron source. These parameters are obtained from simulations involving a
120 MeV polarized electron beam interacting with a 4 mm thick tungsten target.
The positron momentum acceptance is set to a constant ∆p/p0 = ±5%, while
di�erent angular acceptances are considered.

Chapter 4 Sami Habet 43



Concept of polarized positron source for CEBAF

4.4 Optimization of production at 120 MeV

In this study, the investigation focuses on how the e�ciency of producing positrons
is a�ected by the thickness of the target. A range of target thicknesses up to 16 mm
is used, and di�erent angular acceptances are considered. The maximum e�ciency
(εmax), the Figure-of-Merit at maximum production (FoMε), the positron momen-
tum at maximum production (pε), and the positron polarization (Pε) are measured.
These results are shown in Fig.4.10 and Fig.4.11.

Initially, when the target is thin, the production e�ciency is low. However, as
the thickness increases, the e�ciency improves and reaches an optimal region where
it changes slowly. Beyond this point, further increasing of the thickness reduces the
e�ciency because the positron �ux is attenuated and not compensated by additional
positrons. The Figure-of-Merit shows a similar trend, mainly in�uenced by changes
in e�ciency, and indicates a nearly constant positron polarization. Only when
the target is thin, and the angular acceptance is signi�cant we obtain an almost
unpolarized positron �ux. However, achieving large angular acceptances in practice
is di�cult, so the optimized unpolarized mode ultimately results in a polarized �ux.

4.4.1 Unpolarized optimization

The optimal target thickness (tε) for maximizing positron production is presented
in Table 4.3. The value of tε strongly depends on the angular acceptance, while its
dependence on the momentum acceptance is less signi�cant. The reported errors in
the table are a combination of simulation statistics based on a large number of pencil
electron beams and the shape of the distribution in the region of maximum e�ciency.
These errors are determined by comparing the lower edge of the maximum e�ciency
(εmax(tε) − δεmax(tε)) with the upper edge of other values at di�erent thicknesses
(εmax(t)+ δεmax(t)). The distribution �atness around the optimal thickness leads to
values larger than the simulation step (0.1 mm). The uncertainty in the positron
momentum at the maximum also re�ects this characteristic.

4.4.2 Polarized optimization

We are examining how the Figure-of-Merit (FoMmax) is a�ected by the thickness of
the target in the polarized mode. The same conditions as in the unpolarized case are
used for this investigation. We explore target thicknesses up to 16 mm and present
the results (FoMmax, εFoM , pFoM , PFoM) in Fig. 4.11. The optimization method in
the polarized mode closely resembles that of the unpolarized mode, except for thin
targets where there is initially a high maximum positron momentum and beam
polarization. When considering realistic angular acceptances, we observe a similar
trend to what has been observed at lower beam energies. The maximum FoM
is achieved at approximately half of the electron beam energy, corresponding to a
polarization transfer of about 80%.

Importantly, a high level of polarization remains nearly constant regardless of
the target thickness. This phenomenon was observed in the PEPPo experiment [26]
and can be attributed to multiple scattering e�ects. These e�ects cause a reduction
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Figure 4.10: Dependency of characteristic quantities on target thickness in the po-
larized mode at 120 MeV with ±5% momentum acceptance and various angular
acceptances

∆θ
∆p/p0 = ±5% ∆p/p0 = ±10%

tε δt−ε δt+ε pε δp−ε δp+ε tε δt−ε δt+ε pε δp−ε δp+ε
(◦) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c)

45 6.5 0.2 0.5 17.2 3.29 1.80 5.8 0.4 0.3 25.1 2.02 2.02
10 4.8 0.2 0.5 33.0 3.58 3.58 4.8 0.2 0.5 33.0 3.58 3.58
5 4.3 0.2 0.2 39.4 2.53 3.73 4.3 0.2 0.2 39.4 2.53 3.73

Table 4.3: Optimal target thickness tε and positron momentum at maximum pε for
the unpolarized mode at 120 MeV, considering di�erent angular and momentum
acceptances.

in the energy of positrons while preserving their polarization. Consequently, even
positrons produced at a speci�c momentum in the �rst part of a thick target lose
energy as they travel through the second part, contributing to an approximately
constant average polarization.
Like the unpolarized mode, the optimal target thickness does not depend on the
momentum acceptance but is highly dependent on the angular acceptance. These
results are summarized in Table 4.4.

Tab. 4.1 presents the parameters characterizing the unpolarized mode of the
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Figure 4.11: Dependency of characteristic quantities on target thickness in the po-
larized mode at 120 MeV with ±5% momentum acceptance and various angular
acceptances

∆θ
∆p/p0 = ±5% ∆p/p0 = ±10%

tFoM δt−FoM δt+FoM pFoM δp−FoM δp+FoM tFoM δt−FoM δt+FoM pFoM δp−FoM δp+FoM

(◦) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c)

45 6.5 0.3 0.1 36.2 2.41 2.41 5.5 0.3 0.5 44.1 2.72 3.87
10 4.8 0.5 0.3 52.1 4.10 4.10 4.8 0.5 0.3 52.1 4.10 4.10
5 4.0 0.5 0.7 60.0 3.39 4.37 4.0 0.5 0.7 60.0 3.39 4.37

Table 4.4: Optimum target thickness (tFoM) and positron momentum at maximum
(pFoM) in the polarized mode at 120 MeV, considering various angular and momen-
tum acceptances.

positron source, while the second table Tab. 4.2 presents the parameters for the po-
larized mode. Based on these tables, the major di�erences and similarities between
the two modes can be summarized. Di�erences:

1. Maximum e�ciency: The unpolarized mode achieves higher e�ciency val-
ues compared to the polarized mode.

2. Figure-of-merit (FoM): The FoM values for the unpolarized mode are gen-
erally lower than those for the polarized mode. This suggests that the polarized
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mode achieves better overall performance in terms of positron polarization.

3. Momentum acceptance: The polarized mode exhibits higher positron mo-
mentum values compared to the positron momentum at optimum e�ciency.

Similarities:

1. Angular acceptance: Both modes show similar trends in terms of angu-
lar acceptance. As the it increses, the maximum e�ciency and FoM values
generally increase for both modes.

2. Sensitivity to acceptance parameters: Both modes exhibit similar sensi-
tivities to acceptance parameters such as angular acceptance.

Tab. 4.3 and Tab. 4.4 provide information about the optimal target thickness
(t) and positron momentum (p) at maximum e�ciency for both the unpolarized
and polarized modes at 120 MeV, considering di�erent angular and momentum
acceptances. Let us discuss the signi�cant di�erences and similarities between the
two tables:

1. Optimal target thickness (t): In both the unpolarized and polarized modes,
the optimal target thickness decreases as the angular acceptance decreases.
This observation suggests that speci�c setups can apply the same target thick-
ness for both polarized e+ and unpolarized e+ production. Despite the decline
in thickness with increasing angular acceptance, considering simulation bin-
ning and error margins, a 4.3 mm and 4.0 mm thickness might be nearly
equivalent at 5 degrees. Therefore, achieving an angular acceptance slightly
higher than 5 degrees, possibly between 7.5 and 10 degrees, could standardize
the thickness for both modes. Achieving this would also result in lower e+
momentum, facilitating further acceleration and manipulation to address the
energy spread.

2. Positron momentum: The positron momentum at optimum of the two
production modes di�ers between the unpolarized and polarized modes. Gen-
erally, the polarized mode exhibits higher positron momentum values than the
unpolarized mode at the same angular acceptance.

The optimal target thickness generally decreases as the angular acceptance
decreases for both modes. The polarized mode tends to achieve higher positron
momenta than the unpolarized mode, indicating a potential advantage in collecting
higher polarization. The results suggest the feasibility of designing a production
target with an optimal thickness suitable for both polarized and unpolarized e+.
With an approximate angular acceptance of around 7◦ and a thickness close to 4
mm, such a target would be instrumental. Identi�ying the optimum target thick-
ness is important for improving the positron production as it aims to support both
polarized and unpolarized modes e�ciently.

4.5 Optimization of production at 1000 MeV

To explore the advantages of increasing the electron beam energy to enhance
positron yield, and to understand its implications on the collection system, a study
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on positron production using a 1000 MeV electron beam was conducted. This
section explores the optimization of positron production at this beam energy, con-
sidering both unpolarized and polarized modes.

The dependence of maximum positron production e�ciency on target thickness
is studied in the unpolarized mode. The results show similarities to the 120 MeV
case, where larger beam energy leads to a more focused positron distribution and
a reduced optimum angular domain. Higher production rates can be achieved with
more considerable beam energies, but this comes at the cost of a more technologi-
cally demanding collection system. The target thickness is found to be minimally
sensitive to the momentum acceptance but strongly dependent on the angular ac-
ceptance as shown in Fig. 4.12.

∆θ
∆p/p0 = ±5% ∆p/p0 = ±10%

tε δt−ε δt+ε pε δp−ε δp+ε tε δt−ε δt+ε pε δp−ε δp+FoM

(◦) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c)

20 11.0 0.4 1.0 33.8 13.4 13.4 10.8 0.8 1.2 33.8 13.7 13.7
5 7.4 0.4 0.6 113.7 14.5 14.5 7.4 0.2 0.6 113.7 17.5 17.5
1 5.1 0.3 0.2 300.2 30.6 20.1 5.1 0.5 0.2 300.2 40.1 40.1

Table 4.5: Optimal target thickness (tε) and maximum positron momentum (pε) in
the unpolarized mode at 1000 MeV for various angular and momentum acceptances

Similarly, in the polarized mode, the dependence of characteristic parameters
(FoM, εFoM, pFoM, PFoM) on target thickness is investigated under the same con-
ditions as the unpolarized mode on Fig. 4.13. The results show no signi�cant
di�erences between low and high beam energies, except for higher optimum FoM
values, indicating improved production e�ciency at higher energies. As previously
observed, the established rule of thumb for the optimum thickness remains valid.
However with an enhanced sensitivity to the angular acceptance primarily due to
the focusing e�ects of the initial electron beam.

∆θ
∆p/p0 = ±5% ∆p/p0 = ±10%

tFoM δt−FoM δt+FoM pFoM δp−FoM δp+FoM tFoM δt−FoM δt+FoM pFoM δp−FoM δp+FoM

(◦) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c) (mm) (mm) (mm) (MeV/c) (MeV/c) (MeV/c)

20 7.4 1.6 4.6 246.9 18.2 29.4 8.2 2.2 2.8 233.6 35.4 35.4
5 7.2 1.0 0.8 300.2 42.7 30.6 7.2 0.8 0.4 300.2 40.1 40.1
1 4.4 0.6 0.9 500.0 36.5 36.5 4.9 1.0 0.5 486.7 55.5 55.5

Table 4.6: Optimal Target Thickness (tFoM) and Maximum Positron Momentum
(pFoM) in the polarized Mode at 1000 MeV for Various Angular and Momentum
Acceptances

The study results suggest that using a drive beam with greater momentum leads
to the creation of more positrons, when considering a 1 GeV drive beam for gen-
erating positrons. However, incorporating this into the CEBAF presented various
di�culties. Nonetheless, analysis with a 120 MeV electron beam for positron pro-
duction yielded results comparable to the 1 GeV scenario. This implies that a 120
MeV electron beam is an e�ective alternative for producing positrons in CEBAF. It
o�ers the advantage of being easier to integrate into the system while still achieving
satisfactory levels of polarization and yield of positrons.
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Figure 4.12: Target thickness dependence of the characteristic quantities of the
unpolarized mode at 1000 MeV and a momentum acceptance of ±5% for di�erent
angular acceptances.
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Figure 4.13: Target thickness dependence of the characteristic quantities of the
polarized mode at 1000 MeV and a momentum acceptance of ±5% for di�erent
angular acceptances.

4.6 Comparison between 120 MeV and 1000 MeV

The simulations results has been presented previously; the comparison between 120
MeV and 1000 MeV results can be summarized as follows:

1. Optimal Target thickness:

� At 120 MeV, the thickness varies from 6.5 mm at ∆θ = ±45◦ to 4 mm
at ∆θ = ±5◦.

� At 1000 MeV, the thickness varies from 11 mm at ∆θ = ±20◦ to 5 mm
at ∆θ = ±1◦.

The optimal target thickness increases at higher energies for similar angular
acceptances, but the range of angular acceptances are di�erent between the
two energies.

2. Positron momentum p0:
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� At 120 MeV, the normalized momentum varies from 0.14 at ∆θ = ±45◦

to 0.32 at ∆θ = ±5◦.

� At 1000 MeV, the normalized energy increases drastically, ranging from
0.033 at ∆θ = ±20◦ to 0.3 at ∆θ = ±1◦.

1. Optimal target thickness:

� At 120 MeV, the thickness ranges from 6.5 mm at ∆θ = ±45◦ to 4 mm
at ∆θ = ±5◦.

� At 1000 MeV, the thickness ranges from 7.4 mm at ∆θ = ±20◦ to 4.4
mm at ∆θ = ±1◦.

Thickness values are quite similar between 120 MeV and 1000 MeV.

2. Positron momentum p0:

� At 120 MeV, the positron normalized energy ranges from 0.3 at∆θ = ±45◦

to 0.5 at ∆θ = ±20◦.

� At 1000 MeV, the momentum drastically increases, ranging from 0.24
∆θ = ±20◦ to 0.5 at ∆θ = ±1◦.

Again, the positron momentum signi�cantly rises at 1000 MeV for all angular
acceptances.

1. E�ciency in positron production: Higher electron beam energy (1000
MeV) leads to a noticeable increase in the momentum of produced positrons
in both polarized and unpolarized modes.

2. Optimal target thickness: In the unpolarized mode, the thickness gener-
ally increases with higher energy, while in the polarized mode, the thickness
remains roughly consistent between the two modes for the given angular ac-
ceptances. This suggests that thinner targets might su�ce at 120 MeV, which
can be advantageous regarding target longevity, cost, deposited power, or other
factors related to the target physical properties.

3. Polarization: The results indicate that producing positrons at 120 MeV in
a polarized mode yields polarization levels similar to those achieved at 1000
MeV. This similarity in polarization outcomes means that using 120 MeV for
positron production aligns well with the polarization objectives of the CEBAF
involving the production of highly polarized positron beams.

It's important to note that the range of angular acceptances di�ers between 120
MeV and 1000 MeV. This di�erence is crucial for a fair comparison, especially when
considering the e�ects of the Lorentz boost. As energy increases, the angular dis-
tribution of positrons narrows. Hence, positrons are more tightly focused at higher
energies than at lower energies.
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4.7 Collection System considerations

In Fig. 4.14, the angular positron distribution at the target exit is shown. It high-
lights that high positron yields correspond to low energies. Consequently, optimizing
a positron injector for low polarization and high yield emphasizes capturing the max-
imum positrons at low energies. The main challenge is capturing low-momentum
positrons at wide angles. The �gure also contrasts the design approaches for col-
lection systems in polarized and unpolarized modes. For high polarization, a small
angular acceptance satis�es capture of the majority of positrons at the optimum
FoM. In contrast, the unpolarized mode requires a di�erent design approach due to
its extended transverse size at low momenta, with peak positron density observed
at a 50◦ angle.

Figure 4.14: Angular vs momentum positron distribution at the target exit

The sensitivity to the momentum and angular acceptances was investigated
within the ∆p/p0 range from ±1% to ±15% and ∆θ from ±1° to ±35°. Consis-
tent with previous sections, the optimum thickness dependence on ∆p/p0 at a �xed
∆θ can be approximated as a constant.
The �tted values resulting from the analysis of the ∆p/p0 distributions at �xed ∆θ
are presented in Figure 4.15 (top panel) across the investigated angular range and
�tted using a 3rd-order polynomial. It is worth noting that the smallest ∆θ values
exhibit larger statistical �uctuations, which lead to a normalized χ2

r larger than 1.
Overall, there is a systematic di�erence between the optimum target thickness for
the unpolarized and polarized modes, which declines with increasing angular accep-
tance. Similarly, the positron momentum and polarization at the optimum point do
not depend on ∆p/p0 but are strongly in�uenced by the angular acceptance. The
inverse of a 3rd-order polynomial function successfully �ts the ∆θ dependencies,
as shown in Figure 4.16 (middle and bottom panels). However, these observations
cannot be directly extended to the optimum e�ciency and FoM, as these quantities
depend on momentum and angular acceptances. Nevertheless, it is evident that
both the e�ciency and FoM increase with larger values of ∆θ.
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Figure 4.15: E�ect of angular acceptance on the optimal target thickness (top panel),
maximum positron momentum (middle panel), and positron polarization (bottom
panel) in the unpolarized and polarized modes at 120 MeV.
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Figure 4.16: Angular acceptance dependence of the optimum target thickness (top
panel), the positron momentum at maximum (middle panel) and the positron po-
larization at maximum (bottom panel) of the unpolarized and polarized modes at
1000 MeV.

In conclusion, the optimization and analysis of the positron production target
have provided valuable insights. The investigation focused on the sensitivity of
the maximum positron production e�ciency and Figure-of-Merit (FoM) to various
parameters, including target thickness, momentum acceptance, and angular accep-
tance.

The results revealed that the optimization patterns in the polarized and unpo-
larized modes are similar, with some notable di�erences. However, an interesting
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observation is that a high level of polarization is achieved regardless of the target
thickness.

The optimum target thickness was found to be dependent on the angular ac-
ceptance, while its sensitivity to the momentum acceptance was relatively minor.
The study revealed that the optimum thickness maximizing positron production ef-
�ciency in the unpolarized mode is consistently di�erent from the optimum target
thickness for maximizing the Figure of Merit (FoM) in the polarized mode. However,
this discrepancy decreases as the angular acceptance increases.

The study also investigated the sensitivity to the collection system, represented
by momentum and angular acceptances. The demonstrated that the optimum tar-
get thickness remains relatively constant with varying momentum acceptance but
strongly depends on the angular acceptance. Similarly, the positron momentum and
polarization at the optimum point were found to be independent of the momentum
acceptance but highly sensitive to the angular acceptance.

Overall, the optimization and analysis highlighted the complex interplay be-
tween target thickness, momentum acceptance, and angular acceptance in maximiz-
ing positron production e�ciency and achieving high positron polarization. This
guides the design and optimization of positron production targets in practical ap-
plications, improving the e�ciency and control of positron beams.

4.8 Target thermal fatigue

In this section, the focus shifts to a critical aspect of this process studying the
thermal fatigue of the target material. When employing a 120 MeV electron beam
to interact with a tungsten target of 4 mm thickness for positron production, it
becomes imperative to estimate the deposited power on the target. The reason for
this lies in the potential heat generation during the interaction process. The electron
beam, carrying substantial energy, can result in a signi�cant power deposition within
the target material. Therefore, understanding how to e�ectively dissipate this heat
within the production region is important to ensuring the target durability.

To delve into this matter, FLUKA software was employed to simulate and analyze
the energy deposition patterns when subjecting a 120 MeV electron beam, charac-
terized by a 1.5 mm rms spot size, to a 4 mm thick tungsten target. The insights
gained from this study will provide invaluable information for devising strategies to
manage the thermal challenges associated with positron production targets.

The electron beam energy deposition in the target was investigated using FLUKA
software [15]. Fig. 4.17 illustrates the energy distribution of a 120 MeV electron beam
with a 1.5 mm RMS spot size in a 4 mm thick tungsten target. For a CW beam
with a current of 1 mA, the peak power density is 324 MeV/e−mm3.

The heat generated by the beam needs to be distributed over a larger volume.
A 4 mm thick tungsten rim is mounted on a water-cooled copper disk. The calcula-
tions for temperature were based on the following parameters: The target rotates at
a frequency of 2 Hertz (Hz), and the beam moves across the target at a tangential
speed of 2.3 meters per second (m/s). Additionally, the copper disk that houses
the target contains a water channel, which has a radius of 8 millimeters (mm).
This information pertains to the design and operational conditions of the system
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Figure 4.17: Left: energy deposition and temperature pro�le in a rotating target
under electron beam irradiation, Right: heat power density distribution of a 1 mA
electron beam at 120 MeV with 1.5 mm rms Size in a 4 mm thick tungsten target
[15].

being analyzed. Simulation results indicate that the water cooling system e�ectively
dissipates heat from the copper disk and tungsten rim, with an increase in water
temperature of approximately 30°C and a peak temperature in the copper disk
below 100°C for a beam power deposited in the tungsten of 17 kW. This suggests
that more than 100 kW of beam power will still be present after the target.

To simulate the heating of tungsten by the electron beam, the heat power density
distribution was shifted along a circular path with a radius of 18 cm in 0.25 ms time
steps. The temperature at the selected point on the target (at R = 18 cm) increases
during 4.5 ms, reaching a maximum of 681°C. The time evolution of temperature
during the �rst 10 ms of the 0.5 s cycle is shown in Fig. 4.18.
The temperature distribution is then used to calculate the mechanical stress from

Figure 4.18: Left: cyclic temperature variation in tungsten at a radius of 18 cm with
a tangential velocity of 2.3 m/s and 1.5 mm rms beam spot: heating phase (shown
in red) followed by cooling phase (extended up to 0.5 s in blue).

the ANSYS static structural module. The equivalent Von Mises stress [71], which
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indicates the proximity to material failure, shows a maximal stress of 878 MPa in
tungsten as shown in Fig.4.19.

Figure 4.19: Left; thermal-induced mechanical stressRight, right: temperature dis-
tribution in a 17 kW Target.

FLUKA is employed to simulate the radiation damage incurred by tungsten.
Within FLUKA, radiation damage e�ects are taken into account for all particles,
including recoils that possess su�cient energy to cause material damage. Fig. 4.20
displays the radiation damage at various depths within the rotating target, which
has a diameter of 36 cm, after 5000 hours of irradiation. The calculated peak
damage reaches 0.21 displacements per atom (dpa) .

Figure 4.20: Radiation damage in a tungsten target with a diameter of 36 cm.

Experimental Tests have begun using tungsten and tantalum to study radiation
damage on these materials. They are exposed to a 50 µA, 3.5 MeV electron beam
at Mainz Microtron (MAMI). Additionally, fatigue tests with a high-power laser are
under investigation, similar to those for the APEX target at Je�erson Lab. The
goal is to determine the target stress limits and understand the impact of radiation
on the material.
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Chapter 5

Positron capture optimization

5.1 Collection system

The positron beam, generated from the conversion target, exhibits unique proper-
ties: a diverse energy spectrum, a pronounced angular spread, and a compact radius,
which strongly tied to the choice of the incoming e− beam. These intrinsic charac-
teristics, especially the signi�cant angular divergence, complicate its straightforward
acceleration or transportation to experimental halls. This is where the collection sys-
tem becomes indispensable, e�ectively transforming the widely distributed positrons
at the target into the accelerator, a parallel beam with minimal transverse momen-
tum. To attain a high degree of polarization (FoMmax) and an optimal positron
yield (ϵmax), it is essential to selectively harness positrons based on their angular
and momentum attributes, ensuring they have reduced transverse momentum.

Driven Beam

Conversion
Target

Collection 
System

CEBAF

Figure 5.1: schematic and purpose of the positron collection system symbolized here
by the matching device item

Magnetic solenoids are pivotal in particle accelerator systems due to their e�c-
tiveness in managing the transverse momentum of charged particle beams. Essen-
tially, a solenoid creates a near-uniform axial magnetic �eld. This causes charged
particles to spiral due to the fringe �eld at the solenoid entrance. However, when
these particles exit the solenoid and cross the fringe �elds, their spiral trajectory
stops. This intrinsic property o�ers a dual-directional 'focusing e�ect' that centers
drifting particles in x and y planes, contrasting with quadrupole magnets which
focus in only one direction at once. Moreover, while changing the beam character-
istics, solenoids conserve its overall emittance. Solenoids adeptly reduce transverse
momentum by providing multidirectional focus and conserving the beam inherent
quality.

In this work, two di�erent solenoid approaches are investigated for collecting
positrons at the exit of the production target [16]: the Quarter Wave Transformer
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(QWT) solenoid and the Adiabatic Matching Device (AMD) solenoid. The AMD is
a device capable of accepting a broad range of energy, while the QWT is designed
for a small energy acceptance.

Since both devices are meant to focus particles, understanding the nuances and
functionalities of the two primary solenoids, the Quarter Wave Transformer and
the Adiabatic Matching Device, is essential to e�ectively harnessing the collection
system potential. This study will explore incorporating both devices with a weak
magnetic �eld at their exits. This strategy is adopted to avoid losing particles post-
focusing. After the focusing solenoids, there are also accelerating cavities, which
are important for further enhancing the particle beam. The following sections will
present a detailed exploration of both these devices. Furthermore, a comparative
analysis will characterize each system-accepted particle phase space, illustrating
their distinct advantages and optimal use cases for CEBAF.

5.2 Adiabatic Matching Device

The term "adiabatic" refers to processes that occur slowly enough such that cer-
tain properties stay unchanged. In the context of an AMD, an adiabatic process
would slowly change the properties of the axial magnetic �eld Bz, allowing the beam
emittance to be transformed in a controlled manner without inducing unwanted os-
cillations or other perturbations. The Adiabatic Matching Device (AMD), features
a slow variation in a magnetic �eld between the maximum B1 and the minimum B2

values, along the z-axis (Fig. 5.2), this device can focus a large momentum range be-
cause of the adiabatic variation of the magnetic �eld. The magnetic �eld distribution
of the AMD can be described by the expression [72]:

B(z) =
B1

1 + µz
(5.1)

0.0 0.2 0.4 0.6 0.8 1.0
z (m)

0.0

0.5

1.0

1.5

2.0

2.5 L1 = 0.1 m

L1 = 0.2 m

L1 = 0.3 m

L1 = 0.4 m

L1 = 0.5 m

L1 = 0.6 m

L1 = 0.7 m

Figure 5.2: E�ect of AMD length on magnetic �eld variation

where µ = ϵB1

p0
, and p0 is a speci�c central scalar momentum. The adiabaticity

of the system can be characterized by a smallness parameter [72] de�ned as:∫ L

0

ϵ

p0
dz =

∫ B2

B1

dB

B2
(5.2)
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Then:

ϵ =
p0
eB2

dB

dz
(5.3)

The system is adiabatic only if (ϵ ≪ 1). The parameter µ become:

µ[m−1] =
ϵeB1

p0
=

e

L1

B1 −B2

B2

(5.4)

resulting in:

B(z) =
B1B2L1

B2L1 + (B1 −B2) z
. (5.5)

Fig. 5.2 illustrates the longitudinal magnetic �eld pro�le of the AMD with respect to
the length L1 of the �rst �eld region, considering B1 = 2.5 T and B2 = 0.05 T. It
shows that the choice of the AMD length is important to keep a slow variation of Bz,
indeed, the longer is the length, the smaller is the ϵ, the better is the adiabaticity.

The matrix transfer of the AMD region can be expressed using the equations of
motion [16]: (

ξ
Pξ

)
=

 √
B1

B
cosχ 2

e
√
B1B

sinχ

− e
√
B1B
2

sinχ B
B1

cosχ

(
ξ0
Pξ0

)
. (5.6)

The rotation angle represents the Larmor angle followed by the particle in a
solenoidal �eld and can be expressed by :

χ =

∫ l

0

eB

2p
dz (5.7)

where l is the length of the solenoid.
Here, B ≡ B(z) represents the AMD magnetic �eld, and B1 corresponds to the

�eld intensity at z = 0. When combined with the long section of constant weak �eld
B2 (equivalent to B(L1)), the complete transfer matrix can be written [16]:

(
X
PX

)
= e−χ

 √
B1

B2
cosχ 2

e
√
B1B2

sinχ

− e
√
B1B2

2
sinχ B2

B1
cosχ

(
X0

PX0

)
. (5.8)

5.2.1 Phase space admittance

Making Eq. 5.8 in quadratic form, and since the emittance is conserved in solenoids,
the positron accepted phase space links to the condition:

XX∗ +

[
2

eB2

]2
PXP

∗
X =

B1

B2

X0X
∗
0 +

4

e2B1B2

PX0P
∗
X0

= Cte . (5.9)

where X ≡ x + iy and PX ≡ px + ipy, and X∗ and P ∗
X are the conjugate values.

Positron emitted at the converter with phase space coordinates (X0, PX0) will be
captured into the downstream acceptance of the accelerating section; Within its
aperture a, and, immersed in a solenoidal magnetic �eld B2 if its coordinates and
angles satisfy the following conditions:

XX∗ ≤ a2 . (5.10)
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This leads to the corresponding volume acceptance of the transmitted particles [72]:

VAMD =

∫
XX∗≤a2

dx dy dpx dpy =
2π2

3

[
eB2a

2

2

]2
. (5.11)

The adiabatic variation of the solenoid �eld is advantageous, as the phase space
volume does not depend on longitudinal momentum. Accordingly, the AMD exhibits
broad momentum acceptance, constrained by the adiabatic condition (Eq. 5.3).

5.2.2 Transverse acceptance

The analytical formula [16] is derived from Eq. 5.9 in cylindrical coordinates:[
B1

B2

]
(
r0
a
)2 + (

Pr0

1
2
e
√
B1B2a

)2 + (
Pϕ0

1
2
eB2a2

)2[
B1

B2

1

[ r0
a
]2
− 1] ≤ 1 (5.12)

Here, a represents the aperture radius of the accelerator channel (capture sec-
tion), B1 and B2 are the peak and constant magnetic �elds as de�ned. The distance
from the central axis at the target is denoted as r0:

r0 =
√

x2
0 + y20 (5.13)

Notably, only initial positrons (x0, y0, px0, py0) satisfying the formula (5.12)
are accepted. The maximum extension in the spatial dimension, that is, the axis
of the ellipsoid in the position space, is determined at Pr0=Pϕ0=0 providing the
radial acceptance of the AMD, and r0 = Pϕ0 = 0 provide the maximum angular
acceptance of the AMD, thus, the acceptance of the AMD is deduced accordingly:

rmax
0 =

√
B2

B1

a (5.14)

θmax =
1

2p0
ea
√
B2B1 (5.15)

5.3 Quarter Wave Transformer

The second approach involves a QWT based on a strong solenoid magnetic �eld, B1,
which focuses particles over a short length, L1. In order to use an accelerating cavity
structure subsequently, this QWT will be integrated with a longer second solenoid,
L2, possessing a weaker magnetic �eld, B2. The extended region, L2, houses the
positrons and is designed to contain the accelerating section for positron capture.
This design ensures the positron transverse emittance aligns with the narrow trans-
verse angular acceptance of the capture section, introducing a correlation between
the system acceptance and the positron momentum.

For this study scope, the combination of B1 and B2 will be approximated using
the hard edge model. Subsequent sections will delve deeper into the QWT transfer
matrix, its acceptance, and the maximum emittance exiting the high �eld region.
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Figure 5.3: QWT magnetic �eld pro�le: short and long are two solenoidal �eld
pro�les. The target converter is positioned at the origin of the system. In this
context, B1 and B2 represent the �eld strengths of the short and long solenoids,
respectively, while L1 and L2 indicate the lengths of these solenoids [16].

Phase space acceptance

The transfer of a particle from the target to the exit of the long weak solenoid section
can be represented by a matrix, denoted as M . The equation describes this transfer
matrix:

q⃗B = M (zs|z0) q⃗0 . (5.16)

And
M (zs|z0) = R2M2R1M1 . (5.17)

where q⃗ represents the position vector of a particle in the phase space. The
transfer matrix M (zs|z0) can be written as the product of individual matrices:
R2,M2, R1,M1, where M1 and M2 are the transfer matrices for the �rst and second
solenoids under magnetic �elds B1 and B2, respectively. R1 and R2 are rotation
matrices that decouple the particle motion into two-dimensional spaces.

Thus, in a simpli�ed 2-dimensional space, the transfer equation becomes:(
X
PX

)
= e−i(ξ1+ξ2)

(
M11 M12

M21 M22

)(
X0

PX0

)
. (5.18)

where X, PX , X0, and PX0 represent the phase space coordinates of the particle.
Speci�c equations give the individual elements of the matrix M , and ξ1 and ξ2
represents the rotation angles.
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where

M11 = cosχ1 cosχ2 −
B1

B2

sinχ1 sinχ2 (5.19)

M12 =
2

eB1

sinχ1 cosχ2 +
2

eB2

cosχ1 sinχ2 (5.20)

M21 = −eB2

2
cosχ1 sinχ2 −

eB1

2
sinχ1 cosχ2 (5.21)

M22 = −B2

B1

sinχ1 sinχ2 + cosχ1 cosχ2 . (5.22)

Using the quadratic form of Eq. 5.18:

XX∗ +

(
2

eB2

)2

PXP
∗
X =

[
cos2 χ1 +

(
B1

B2

)2

sin2 χ1

]
x0x

∗
0 (5.23)

+

[(
2

eB1

)2

sin2 χ1 +

(
2

eB2

)2

cos2 χ1

]
px0p

∗
x0

+
2

eB1

sinχ1 cosχ1

[
1−

(
B1

B2

)2
] (

x∗
0px0 + x0p

∗
x0

)
.

where X ≡ x+ iy and PX ≡ px + ipy. X∗ and P ∗
X are the conjugate values. The

same transformation can be applied in the (y,y') - plane.
In a solenoid, the particles are held in an ellipse in [x xp; y yp] planes; this volume

is constant due to the Liouville theorem; thus, This may be expressed as:

(
eB2

2

)2

XX∗ + PXP
∗
X =

(
eB2

2

)2

(x2 + y2) + (p2x + p2y) = Cte . (5.24)

and since B2 is constant along the second solenoid

XX∗ +

(
2

eB2

)2

PXP
∗
X = Cte . (5.25)

Using (Eq. 5.24) and (Eq. 5.10), it can be written

Cte−
(

2

eB2

)2

PXP
∗
X ≤ a2 . (5.26)

5.3.1 Longitudinal acceptance

The volume acceptance V (acceptance ellipses in the phase space) of the QWT is
then de�ned from the integrated points of the phase space that satisfy (Eq. 5.10)

VQWT =

∫
XX∗≤a2

dx dy dpx dpy . (5.27)

and can be written [16]

V (χ1) =
2π2

3

(
eB2a

2

2

)2

1−
1− 1

sin2 χ1 +
(

B1

B2

)2

cos2 χ1


3
2

 . (5.28)
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The QWT can be optimized to collect positrons e�ectively at speci�c momenta by
adjusting its parameters (B1, L1, B2). The collection depends on the longitudinal
momentum (p0) and is represented by the volume acceptance V (χ1), as shown in
equation Eq. 5.28. To locate the maximum QWT volume acceptance Vmax, the
following equation is solved::

dV (χ1)

dχ1

= 0 . (5.29)

The maximum value for the QWT volume acceptance is achieved when the rota-
tion angle in the short solenoid χ1 = π

2
At this point, the longitudinal particle

momentum is optimized:

p0 =
eB1L1

nπ
. (5.30)

Eq. 5.30 reveals the dependency of the positron momentum with the magnetic �eld
B1 and the high �eld region L1, the QWT volume acceptance is maximized for a
particular rotation angle χ1 = π

2
which corresponds to particles completing half

a helical period within the short lens (in a helix, one period correspond to 2π),
therefore at this particular rotation angle, the maximized QWT volume acceptance
is given by:

V (
π

2
) =

2π2

3

(
eB2a

2

2

)2

. (5.31)

The acceptance volume expression of the quarter-wave transformer is closely a�ected
by both the size of the cavity iris a and the strength of the solenoid magnetic �eld B2,
It's important to note that at a speci�c central momentum p0, the volume acceptance
of the QWT is equivalent to that of the AMD. Alternatively, using the derivative
of the QWT volume acceptance, the correlation between the length of the high �eld
region L1 and the magnetic �eld intensity B1 can be established to optimize the
longitudinal acceptance for a speci�c momentum, as illustrated in Fig. 5.4. For
di�erent positron momenta, the solenoid length shortens as the magnetic �eld, B1,
strengthens. Consider a QWT designed to have a �eld limit of 2.5 T to bypass the
need for superconductive solenoids. At a momentum of 60 MeV/c, this results in a
solenoid length of 0.25 m, as shown in Fig. 5.4. The magnetic �eld strength, B1,
directly a�ects the value of the collected p0. As an illustration, a momentum of 10
MeV/c requires a �eld of about 0.5 T, as depicted in Fig. 5.4.
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Figure 5.4: Variation of the short solenoid length versus the magnetic �eld at opti-
mum QWT volume acceptance
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With this understanding of the solenoid parameters and their impact, the pri-
mary objective becomes clear. The aim is to optimize the transmitted positron yield
at 60 MeV/c while ensuring a high positron polarization, as detailed in Table 4.4,
especially when operating in the polarized mode for maximum Figure of Merit.

Having established the signi�cance of solenoid parameters and their in�uence
on the system, it is crucial to delve into speci�c metrics that quantify the system
e�ciency. Notably, the QWT volume acceptance half-width is an important metric.
It de�nes the accepted momentum spread and can be described by:

∆p

p0
=

4

π

B2

B1

. (5.32)

Equation (5.32) highlights the signi�cance of selecting the optimum central momen-
tum p0: as p0 increases, so does B1; contrarily, for low momentum collection, the
small p0 corresponds to a reduced B1, resulting in a comparable momentum spread
at a �xed B2.
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Figure 5.5: B2 Vs B1 for various ∆p/p0

Figure 5.5 illustrates the connection between the magnetic region B1 and the
magnetic �eld B2. An increased B2 corresponds to a broader energy spread. Given
the prior explanation of CEBAF longitudinal injection requirement, the objective is
to use the QWT to e�ciently capture a considerable number of positrons within a
concise energy spread while maintaining a higher polarization (FoMmax). Subsequent
sections will delve into the transverse acceptance characteristics of the QWT.

5.3.2 Transverse acceptance

The �rst accelerating section downstream of the target will house solenoids with
weak magnetic �eld B2 to keep the positron trajectories focused; the accelerating
section imposes a transverse acceptance that the QWT must match. From Eq. 5.28
and considering a rotation angle χ1 =

π
2
, the following expression is derived:

XX∗ +

[
2

eB2

]2
=

[
B1

B2

]2
X0X

∗
0 +

[
2

eB1

]2
PX0 PX∗

0
= Cte . (5.33)

which can be expressed in a cylindrical coordinate system as[
B1

B2

]2
r20 +

[
2

eB1

]2 [
P 2
r0
+

P 2
ϕ0

r2

]
= Cte . (5.34)
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where (r0, Pr0 , Pϕ0) are the coordinates of the particles at target. Using Eq.5.10 and
Eq.5.26, the following result is obtained:[

B1

B2

]2
r20 +

[
2

eB1

]2 [
P 2
r0
+

P 2
ϕ0

r2

]
= a2 +

[
2

eB2

]2 P 2
ϕ0

a2
. (5.35)

which de�nes the hyper-ellipsoid volume of the acceptance. The maximum extension
in the spatial dimension, that is, the axis of the ellipsoid in the position space, is
determined at Pr0=Pϕ0=0 providing the radial acceptance of the QWT

rmax
0 =

B2

B1

a . (5.36)

This relationship indicates that any particle generated at a radial distance from the
target greater than rmax

0 will not reach the (L1 + L2) exit. Likewise, the acceptance
of radial momentum can be described as follows:

θmax =
eB1a

2p0

[
1 +

B2

B1

]
. (5.37)

5.3.3 Comparison of collection systems

Upon comparing the two systems with identical magnetic �elds and optimized
lengths, it becomes apparent the AMD does not �lter the momentum. Comparing
the transverse acceptances of the QWT (Eqs. (5.36)-(5.37)) and the AMD reveals
the relationships

rAMD
0 =

√
B1

B2

rQWT
0 (5.38)

θAMD
max ≈

√
B2

B1

θQWT
max . (5.39)

These equations highlight a larger transverse size acceptance for AMD but a smaller
transverse momentum acceptance. As a result, this leads to a reduced angular
acceptance for a given momentum of interest.

When considering the same technology in both devices (i.e., identical B1 and B2

in the QWT and the AMD) for positron collection, selecting the QWT to capture
larger angle becomes more aligned with the speci�c positron source requirements at
JLab. This choice o�ers advantages that address the needs of the positron program.

5.3.4 QWT optimization

Given the parameters for the system:

� Magnetic �eld B1 = 2.5 T

� Magnetic �eld B2 = 0.05 T

� Accelerator aperture a = 18 mm
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Polarized mode
Un-Polarized mode

Figure 5.6: QWT volume acceptance shows the strong dependency between the
system acceptance and the positron momentum.

The maximum possible radius and angle at the target, which represent the phase
space accepted by the QWT, can be de�ned as:

rmax
0 = 0.36mm (5.40)

∆θmax = ±6.3 ◦ (5.41)

For positrons with momentum p0 = 60 MeV/c, e�cient collection is achieved
when con�ned within an angle ∆θmax = ±6.3◦. Fig. 4.14 indicates that most of
these positrons are concentrated within this angle. By reducing their transverse
angular divergence (xp and yp), adjustments are made to their transverse phase
space.

A minimal value for B2, speci�cally B2 = 0.05 T, was selected based on Eq. 5.32.
This choice aims to maintain positron polarization at a high level while minimizing
energy spread.

According to Tab. 3.2, the expected energy for positron injection at the CEBAF-
NL is projected to be 123 MeV. By gathering positrons at 60 MeV, an optimal FoM
value is ensured. To reach the target energy of 123 MeV, an acceleration of roughly
63 MeV is required post-capture, which reduces the energy spread.

A criterion of ∆p/p0 ≤ 1% is established for the injection region (NL). The use
of B2 aids in capturing highly polarized positrons in polarized mode while ensuring
a minimal energy spread.

Polarized mode

Building on the parameters established in the preceding discussion, attention is
directed to the polarized mode of the system. Using the setup (B1 = 2.5 MeV/c,
L1 = 0.25 m, B2 = 0.05 T) in the ELEGANT simulation software, there is an
expectation of collecting highly polarized positrons at the peak of the Figure of
Merit (FoMmax) within a constrained energy spread.

A primary design objective for this mode is e�ciently managing the transverse
phase space. Observing the positron distribution right at the target exit exposes
characteristics such as compact beam size and pronounced angular divergence. With
the system's con�gurations, the goal is to transform this distribution to have a larger
spot size and signi�cantly reduced angular divergence by the time it reaches the
QWT exit.
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Figure 5.7: Positron momentum distribution at the exit of the target (blue) and at
the exit of the QWT (orange)

Fig. 5.7 displays the positron momentum distributions at the target exit (in blue)
and the QWT exit (in orange). As anticipated, the results validate the e�ectiveness
of the QWT, particularly when combined with the weaker magnetic �eld region
B2. This con�guration selectively allows positrons around p0 = 60 MeV/c to exit
from L2. The presence of a few positrons at lower momenta can be explained by
harmonics within the QWT volume acceptance, as illustrated in Fig. 5.6.

Fig. 5.8, shows the positron longitudinal distribution at the exit of L2. The
central density around p0 = 60 MeV/c corresponds to particles �tting the angular
divergence at the 60 MeV/c momentum level. Notably, this distribution exhibits
minimal momentum dispersion, underscoring the QWT optimization capabilities in
the longitudinal phase space plane.

The outcomes highlight not only the e�cacy of the QWT in ensuring an optimal
phase space rotation (χ = π

2
) at its exit but also its capability to capture highly

polarized positrons.
In Fig. 5.9, the positron transverse plane (x, xp) and (y, yp) are displayed at

two locations: the target exit (in blue) and the QWT exit (in red). The successful
achievement of the π

2
transverse phase space ellipse is observed by appropriately

combining B1 and B2. This con�guration e�ectively reduces the transverse angular
divergence (transverse positron momentum xp =

px
p0
, yp =

py
p0
). Indeed, the π

2
rotation

transforms the initial vertically-oriented phase space ellipse, with substantial angular
divergence, into a horizontally-oriented one with signi�cantly reduced divergence.

By examining the positrons passing through the QWT from the initial positron
distribution at the target, the angular components of the particles become pictured.
It becomes apparent that the collected positrons are concentrated within ∆θ ≤ 12◦,
aligning with our earlier estimation (Eq. 5.41).
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Figure 5.8: Longitudinal positron phase space at the QWT exit.

Figure 5.9: Positron transverse space x, xp and y, yp through the QWT

UnPolarized mode

To enhance positron collection intensity, adjustments are made to the QWT mag-
netic �eld. The goal is to shift the central energy that maximizes the QWT volume
acceptance, enabling the collection of positrons at lower momentum values. By ad-
justing the magnetic �eld B1 and maintaining other collection parameters, a new
QWT setup emerges: B1 = 1.3 T, L1 = 0.25 m, and B2 = 0.05 T, optimized for
capturing positrons at p0 = 19 MeV/c. The volume acceptance of this con�guration
can be seen in Fig. 5.6.

Turning to the analysis of Fig. 5.11, the centered positron collection around p0 =
19 MeV/c becomes evident. Consistent with predictions, the positron momentum
distribution showcases not only a heightened yield but also a diminished presence
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Figure 5.10: Angular Distribution of Collected Positrons: Left Panel - Positrons
Identi�ed at Target Exit, Right Panel - Positrons Transmitted through QWT Exit

Figure 5.11: Longitudinal positron momentum distribution, collecting at the QWT
exit 19 MeV/c, the same short solenoid length is kept for this con�guration

of harmonics. This aligns seamlessly with the QWT volume acceptance tailored for
the unpolarized operational mode.

Considering the operational modes, the unpolarized mode showcases a distinct
approach, with positrons being collected at a notably lower energy. This amounts
to roughly a third of the central momentum observed in the polarized mode. Such
a shift to a lower energy inherently permits a more expansive energy spread. In
juxtaposition, the polarized mode entails the collection of positrons around the 60
MeV, followed by an acceleration process to meet the CEBAF injection energy of 123
MeV. Crucially, this advancement mandates achieving a tightly constrained energy
spread, speci�cally, σ∆p/p0 ≤ 1%. This restriction implies that rigorous energy
spread requirements bind the jump from 60 MeV to 123 MeV. On the other hand,
the unpolarized con�guration can accommodate a more generous energy spread,
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extending up to σ∆p/p0 ≤ 6%. This capacity signi�cantly enhances positron yield
following the collection system. At the L2 exit, the longitudinal positron phase space
is represented in Fig. 5.12:

Figure 5.12: Positron longitudinal phase space at the QWT exit

At 19 MeV, the positron density is most concentrated. However, the collection is
not maximized, as indicated by Fig.5.11. This �gure distinctly reveals that slightly
less than half of the available positron yield at 19 MeV has been captured. This
outcome can be attributed to adjusting the collection central momentum, driven
by the maximized volume acceptance, towards lower energies. This shift creates a
challenge due to the misalignment of the transverse angular divergence acceptance
with the wide angular distribution at low energies. The reduction in B1 results thus
in a lower central momentum value, but also in a small ∆θmax range. However,
Fig.4.14 indicates the need to increase accepted ∆θmax up to a 60-degree angular
QWT acceptance at lower energies. Unfortunately, maintaining the same QWT
length limits the �exibility to increase this quantity, leading to a lower-than-expected
positron yield at low energy.

With the setup of B1 = 1.3 T, L1 = 0.25m, and B2 = 0.05T, the anticipated
maximum angle for transverse collection is around ∆θmax = ±9.16◦. This angle
is quite close to the ∆θmax = ±6.3◦ seen in the polarized mode. Although a
higher positron collection was anticipated at 19 MeV, it is clear that e�cient low-
energy collection requires a broader angular acceptance. This suggests the need for
a specially designed QWT.

Upon examining the positron density at the exit of the tuned QWT, it becomes
apparent that the majority of collected positrons are centered around 19 MeV. Ow-
ing to the reduced harmonics in this setup, in agreement with the QWT volume
acceptance for the unpolarized mode.

As shown in Fig. 5.13, the QWT retains its e�ectiveness in optimizing transverse
phase space rotation. The rotation of both the (x, xp) and (y, yp) planes by an angle
of π/2 aligns impeccably with the computed values.

In Fig. 5.14, the angular distribution versus momentum of the collected positrons
at the QWT exit is illustrated in the right panel. By correlating this with the same
transmitted distribution from the target exit, showcased in the left panel, the angular
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Figure 5.13: Positron transverse phase space at di�erent locations: at the target
exit and at the QWT exit

distribution prior to matching emerges.
A key observation from this �gure is that the QWT captures the positrons up to

a maximum angle of θ = 18 degrees, in agreement with the previous estimation.
This angle is signi�cantly small when overlapped with the polarized mode maximum
collection angle. Furthermore, at 19 MeV, there is a notable increase in the positron
yield. The right panel underscores the direct impact of the π/2 rotation executed
by the QWT on diminishing the positrons transverse component. As a result, the
positron divergence undergoes a signi�cant reduction, descending from an initial 18
degrees. Given the same positron count, this transverse rotation facilitates a more
seamless integration with the subsequent elements of the positron injector.

Figure 5.14: Angular Distribution of Collected Positrons: Left Panel - Positrons
Identi�ed at Target Exit, Right Panel - Positrons Transmitted through QWT Exit
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The decision to set the central QWT volume acceptance momentum at 19 MeV,
rather than selecting lower energies with potentially higher positron yield, is based on
the same optimized QWT con�guration. This con�guration was initially designed for
the polarized operational mode, speci�cally for positron collection at 60 MeV. In this
setup, the QWT maintains a consistent short solenoid length of L1 = 0.25m. The
only possible approach to shifting the central momentum to lower values involves
reducing the magnetic �eld B1 within the �rst solenoid. This adjustment in B1

also reduces the angular acceptance, as governed by Eq. (5.37), which determines
the angular acceptance. To achieve a QWT capture centered around 10 MeV, it
becomes necessary to adjust B1 to approximately B1 = 0.5T when keeping the same
length L1 (refer to Fig. 5.4).

Using Eq. 5.37, the maximal collected angle through the QWT will be:

δθmax = ±7.4◦ (5.42)

At 10 MeV, the value is too small for e�cient positron collection at around 10
degrees. The QWT angular acceptance is considerably distant from the range of
high positron yield aimed for (refer to Fig. 4.14).

Modifying L1: an alternative approach

An alternative approach involves modifying L1 to improve the QWT angular accep-
tance. Considering the potential adjustment of the �rst solenoid length, the goal
is to improve the QWT angular acceptance. The aim is to optimize this revised
QWT setup with a central momentum value of p0 = 6 MeV/c to maximize positron
collection.

To establish the QWT volume acceptance at 6 MeV, the following con�guration
is employed:

Parameter Value
B1 1.27 T
L1 5 cm
B2 0.05 T

Table 5.1: QWT con�guration for 6 MeV momentum capture

Using Eq. 5.37 the related angular acceptance is:

∆θmax = ±33◦ (5.43)

The newly calculated value for ∆θmax is found to be ±33◦. This value indicates a
substantial improvement in angular acceptance within the QWT, achieved by intro-
ducing an additional tunable parameter, L1, to optimize the QWT con�guration.

The resulting positron distribution in Fig. 5.16 illustrates the longitudinal
positron phase space at the QWT exit:

The enhanced yield in this recon�gured setup is evident. The QWT e�ciently
collects all available positron yield within the relevant energy spread, determined by
the ratio B2

B1
(refer to (Eq. 5.32)). The speci�c values chosen for B1 and L1 are one

possible solution among several alternatives that can yield comparable results.
The re-optimization of the QWT con�guration signi�cantly enhances the col-

lection e�ciency in the angular plane, enabling the capture of the entire available
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Figure 5.15: Longitudinal unpolarized positron collection phase space

Figure 5.16: Longitudinal positron phase space at the re-optimized QWT exit

positron yield within the accepted angle. This improvement is evident in Fig. 5.16,
visually representing the collected positron longitudinal phase space at the QWT +
L2 exit. A notable observation is a considerable increase in positron yield compared
to the previous collection at 19 MeV.

The center of the highest positron density is at 6 MeV, which aligns with the
observations from Fig. 5.15.

Regarding transverse phase space rotation, the updated QWT con�guration
achieves a π

2
rotation, signi�cantly improving the capture e�ciency and alignment

with downstream beamline sections. This is supported by Fig. 5.17, where the trans-
verse components xp and yp (left panel) exhibit a more pronounced phase space
distortion along the vertical axis (Angular component) compared to previous QWT
con�gurations. This distortion results from the extensive angular acceptance enabled
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Figure 5.17: Positron transverse phase space at di�erent locations : at the target
exit and at the re-optimized QWT exit

by the enhanced QWT. As a result, the new con�guration can e�ectively capture
more positrons at wider angles, enabling the accurate π

2
phase space rotation and

improved matching with subsequent beamline sections.

Figure 5.18: Angular distribution of collected positrons: left panel - positrons iden-
ti�ed at target exit, right panel - positrons transmitted through the re-optimized
QWT Exit

Fig.5.19 Clearly illustrates the QWT remarkable e�ciency in reducing angular
divergence. The red curve shows the angular transverse expansion of the beam
σxp , which has substantially reduced from 0.6 rad at the QWT entrance to 0.01
rad at its exit. This reduction arises from the QWT ability to maintain the beam
transverse phase space throughout its path. Consequently, the transverse beam
size has expanded to approximately σx = 0.013 m. Additionally, the in�uence of
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Figure 5.19: E�ect of the QWT on the transverse and angular beam size, top
optimized QWT con�guration for the polarized mode, bottom: re-optimized QWT
for the unpolarized mode

the weak magnetic �eld B2 within the long solenoid is evident, as it con�nes the
positron within a limited size while maintaining a consistent focusing e�ect along
the accelerating sections.

5.4 Capture linac

A practical method to enhance the collection system involves reducing the quantities
xp and yp through additional acceleration. Introducing an RF structure with a
magnetic �eld B2 within the long solenoid can further reduce the angular divergence.
The RF accelerating gradient can be expressed as:

Ef = −2πeV0

λh
sinϕrf (5.44)

Here, λ signi�es the RF wavelength, V0 is the on-crest voltage gain in the ac-
celerating structure, Ef represents the �nal energy post-acceleration, and h denotes
the energy chirp. This acceleration boosts the longitudinal component p0, leaving
the transverse momentum unaltered since the RF structure primarily a�ects the
longitudinal particle component. Consequently, there is a substantial decrease in
xp = px

p0
and yp = py

p0
, leading to a reduced angular positron distribution along the

long solenoid with magnetic �eld B2.

O�-Crest RF operation for energy spread reduction

The CEBAF RF structure operates at a frequency of 1497 MHz, resulting in an RF
period of 660 ps. To minimize the angular component of the beam as e�ectively as
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possible, operating o�-crest demonstrates advantageous con�guring the beam to use
the entire available accelerating gradient resulting in a signi�cant increase in the p0
component.

E�ectively using the RF structure involves leveraging its accelerating e�ect to
reduce the energy spread of transmitted positrons through the second solenoid L2 in
a similar manner. Given the restriction on collecting a wider energy spread, initiat-
ing energy spread reduction during capture using the Linac is prudent. Shifting the
center of the longitudinal momentum positron distribution slightly in an o�-crest
setup enhances energy spread reduction from the maximum gradient value. This
shift positions the slowest positrons at the peak of the accelerating gradient, priori-
tizing their acceleration. As a result, they undergo greater acceleration compared to
other particles. Conversely, the fastest positrons experience a weaker gradient and
undergo less acceleration. This approach converges both sides of the distribution
towards a �nal energy denoted as Ef .

T =

On-Crest

V0

T [ns]

V [V/m]

660 ps

Figure 5.20: Capture linac: energy spread optimization procedure

In CEBAF, the CW beam limited maximum achievable accelerating gradient
necessitates using a warm RF structure within the 1 or 2 MV/m limit, due to
their heat dissipation limitations. Performing CW operations prevents the use of
Superconducting Radio Frequency (SRF) cavities that o�er higher gradients within a
magnetic �eld in the long solenoid surrounding the capture linac due to the Meissner
e�ect. This results in a breakdown of the superconducting state, causing increased
electrical resistance, energy losses, and degradation of cavity performance. Assuming
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Figure 5.21: Energy spread of the collected positrons along the capture section

the placement of the SRF structure at the QWT exit and considering the short
QWT magnetic �eld L1, the high beam power poses a signi�cant risk of inducing a
superconducting breakdown.

Another contributing factor to the low available accelerating gradient in CEBAF
is the CW mode of operation. With their heat dissipation limitations, normal con-
ductive cavities cannot support a high accelerating gradient due to the potential for
material breakdown arising from elevated temperatures.

To assess the impact of using normal conductive RF cavities along the capture
section in conjunction with the magnetic �eld B2, ELEGANT simulations were
conducted to investigate the e�ect of the accelerating section on the positron phase
space. The simulation results for energy spread reduction are presented in Fig.5.21.
Diverse o�-crest con�gurations were employed. For every cavity, a new value of ϕ0

was computed based on the updated acceleration. Subsequently, the cavity phase
value was adjusted to align with the position of the slowest positron in the phase of
the highest accelerating gradient. Additionally, varying gradient values were used
to understand their impact on the beam phase space.

The results from Fig.5.21 reveal that even with a higher gradient (4 MV/m),
there is minimal reduction in energy spread after 6 meters. For instance, employing
V0 = 1MV/m across 6 meters while assuming the captured distribution is centered
around 60 MeV, the �nal energy is approximately:

Ef = 65 MeV

However, this reduction in energy spread is inadequate to signi�cantly a�ect
the �nal energy spread. In contrast, a 4 MV/m accelerating gradient yields a more
substantial energy spread reduction for the same length. This underscores the signif-
icance of employing a high accelerating gradient. Consequently, using a low gradient
necessitates very long accelerating sections to achieve notable outcomes in energy
spread considerations.

Additionally, the consequences of employing such a low accelerating gradient
on various positron phase space parameters are explored, including the transverse
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Figure 5.22: Variation of beam parameters along the capture section: top panel
shows the beam emittance of the captured positron, and the bottom panel shows
the bunch length

beam size σx, transverse geometrical emittance ϵx, angular beam divergence σxp ,
and bunch length. The results of these simulations are illustrated in the subsequent
�gures.

Fig. 5.22 displays changes in captured beam emittance and bunch length along
the capture section, while Fig. 5.23 showcases the angular divergence and corre-
sponding beam size of the captured positron along the QWT and through the cap-
ture section.

These results reveal an essential observation: the accelerating cavities a�ect only
the energy spread component. Even when increasing the accelerating gradient, no
discernible impact is noted on the transverse positron phase space or the longitu-
dinal bunch length. All transverse quantities behave identically with or without
longitudinal acceleration, aligning with the theoretical expectations.

In conclusion, the ELEGANT simulation QWT optimization highlights the key
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Figure 5.23: Variation of beam parameters along the capture section: top panel
shows the transverse beam size of the captured positron, and the bottom panel
shows the angular transverse component of the captured beam
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role of this short acceptance device in e�ectively collecting and signi�cantly miti-
gating the pronounced angular divergence originating from the converter. This de-
vice proves highly e�cient and necessary after the target to enhance the transverse
positron phase space and select the polarization.

Tab. 5.2 shows two di�erent possible QWT setups operating under the polarized
and unpolarized operation modes.

Parameters Polarized mode Unpolarized mode Second approach
p0 = 60 MeV/c p0 = 19 MeV/c p0 = 6 MeV/c

B1 (T) 2.5 1.3 1.27
L1 (m) 0.25 0.25 0.05
B2 (T) 0.05 0.05 0.05

rmax
0 (mm) 0.36 0.69 0.7

∆θmax (rad) ±6.3◦ ±7.4◦ ±33◦

Table 5.2: Di�erent QWT con�gurations for various positron operational modes

The chosen QWT design aligns well with PEPPo-like positron sources, facilitat-
ing e�cient longitudinal energy �ltration while favoring angular capture over radial
direction, in perfect synchronization with positron production at the converter exit.

Contrarily, enhancing the longitudinal phase space demands a powerful acceler-
ating RF structure. Observations indicate that acceleration exclusively impacts the
longitudinal plane and has the potential to enhance the angular positron component
with a su�cient accelerating gradient.
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Chapter 6

Positron transport optimization

6.1 Chicane design

The preceding chapters have discussed the generation of the positron distribution
and its subsequent characterization. Following this, an optimized collection system
was designed to capture and gather positrons based on yield and polarization criteria.
Moreover, exploration was carried out into energy spread reduction via a capture
linac to minimize losses during injection into the CEBAF-NL.

Upon exiting the capture section the collected positrons with a 60 MeV/c aver-
age momentum are accelerated at a rate of 1 MV/m across a 6 meter distance to
reach a �nal momentum of 65 MeV/c . The captured positrons exhibit a notable
energy spread post-capture, resulting in a signi�cant positron spectrum energy after
traversing the capture linac, necessitating further re�nement.

A chicane is proposed within the LERF scheme to enhance the positron momen-
tum distribution. The chicane e�ectively �lters and allows only the highly polarized
captured positrons (initially captured at 60 MeV and subsequently accelerated to 65
MeV within the capture section) to proceed through, acquiring the required momen-
tum spread at the chicane exit. Ensuring alignment with the injection requirements
of CEBAF-NL is essential to achieve smooth and seamless integration.

Furthermore, the chicane system provides a distinct bene�t through its dipole-
based design. Since positrons and electrons carry opposite charges, they are de�ected
in opposite directions when they enter the chicane. This allows for the electrons to be
directed into a dump, which still needs to be designed, while the positrons continue
along the intended path.

A typical chicane comprises four dipoles. The �rst component of the chicane
(consisting of the �rst and second dipoles) introduces a dispersion function. This
dispersion function transforms the positron momentum spread ∆p/p0 from the lon-
gitudinal axis z to the transverse axis x. Consequently, the possibility arises to
incorporate an aperture within the chicane middle. As a collimator, this aperture
allows only a beam centered around 65 MeV/c to pass through with a minimal
momentum spread. Subsequently, the �nal two dipoles in the chicane restore the
transmitted beam's energy spread from the x-axis back to the propagation axis z,
thereby returning the dispersion function to its initial state.

To understand the generation of the dispersion function, elaboration on the trans-
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65 MeV

Collimator

 z

x

Figure 6.1: Momentum collimation scheme

fer matrix through a dipole is necessary. The sector dipole matrix is de�ned as :

Md(ρ, θ) =



cos θ ρ sin θ 0 0 0 ρ(1− cos θ)

−1
ρ

cos θ 0 0 0 sin θ

0 0 1 ρθ 0 0
0 0 0 1 0 0

− sin θ −ρ(1− cos θ) 0 0 1 ( ρθ
γ2 )− ρ(θ − sin θ)

0 0 0 0 0 1


(6.1)

Where ρ is the bend radius, θ is the bend angle, and Ldipole = ρθ. The �rst chicane's
arm is made of two dipoles with opposite bending angles separated by a drift space;
the arm matrix can be calculated using the following:

MArm = Md(ρ, −θ)×Mdrift ×Md(ρ, θ) (6.2)

Then the arm matrix can be written as:

MArm =



1 + L
ρ
cos θ sin θ L cos2 θ 0 0 0 −L cos θ sin θ

− L
ρ2
sin2 θ 1− L

ρ
cos θ sin θ 0 0 0 L

ρ
sin2 θ

0 0 1 L+ 2ρθ 0 0
0 0 0 1 0 0

−L
ρ
sin2 θ −L sin θ cos θ 0 0 1 L(1 + sin2 θ)

0 0 0 0 0 1


(6.3)

Assuming free dispersion before the �rst dipole entrance (η = 0, η′ = 0), then
the dispersion function at the exit of the second dipole DExit is described by:

Dxx
′

Exit = MArm(2× 2)×
[
η Entrance

η′Entrance

]
+

[
MArm(1, 6)
MArm(2, 6)

]
(6.4)

It's evident that for small bending angles, the dispersion at the exit of the �rst arm
can be expressed as:

Dxx
′

Exit =

[
−Lθ
0

]
(6.5)

Taking into account that MArm(1, 6) and MArm(2, 6) describe the (x, z) and
(x′, z) phase space planes, one can use the introduced dispersion by the dipoles.
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Figure 6.2: ELEGANT dispersion generated by the �rst arm (�rst two dipoles) with
θ = −0.3 mrad, L = 3.4 m with Lθ = −0.0011 m which agrees with the previous
matrix estimation.

Consequently, the longitudinal energy spread can be transferred to the transverse
plane (x, x′) via the �rst arm and canceled using the second arm.

The understanding of dispersion behavior along the dipoles leads to the goal
of controlling the beam size within the chicane. Optimizing the dispersion value
in the collimation region is essential for facilitating momentum collimation choices.
Moreover, maintaining precise control over the beam size at this point is crucial to
avoid potential losses.

The idea is to set up the chicane as a periodic system. This periodic behavior
keeps the beam size within a speci�c range across the entire chicane. Therefore,
optimizing the optical properties of the system to achieve this periodic behavior
becomes highly important.

The optimization relies on the Twiss parameters. Shaping the optical parameters
of the beam involves designing a FODO lattice for the chicane. This lattice consists
of alternating focusing and defocusing quadrupoles, each separated by a drift space.
The quadrupoles impact the transverse phase space, with the transfer matrix for
quadrupole focusing represented as:

MQF =

[
cos

√
KLq

1√
K
sin

√
KLq

−
√
K sin

√
KLq cos

√
KLq

]
(6.6)

and the defocusing quadrupole matrix is described by:

MQD =

[
cosh

√
KLq

1√
K
sinh

√
KLq

−
√
K sinh

√
KLq cosh

√
KLq

]
(6.7)

K is the focusing quadrupole strength, Lq is the length. Applying the periodicity
condition, we have: βexit

αexit

γexit

 =

βentrance

αentrance

γentrance

 (6.8)
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The half-period FODO matrix can be written as follows:

M(s1s2) =

[
C S
C ′ S ′

]
(6.9)

In a periodic system, the equation of motion in a particle accelerator is stable under
the condition [73]:

|trace(M)| < 2 (6.10)

The Twiss transformation matrix from point s1 to s2 in the lattice is given by :βs2

αs2

γs2

 =

 C2 −2SC S2

−CC ′ SC ′ + S ′C −SS ′

C
′2 −2S ′C ′ S

′2

βs1

αs1

γs1

 (6.11)

And using Eq. 3.21, expressing the beam envelope trajectories, the stability condi-
tion described above (Eq. 6.10), the trace of the periodic system is given by:

|trace M(s1s2)| = C + S ′ < 2

Assuming a drift length between quadrupole L = 5.55 m, K = 1.7 m−2;
Lq = 0.15 m, the half perdiod matrix become [73]:

MHalf FODO =

[
1.77 3.79
−0.16 0.21

]
The stability condition is satis�ed:

|trace MFODO| = 0.78

Upon entering the FODO lattice, a maximum injection βx is considered, aligning
with α = 0. In the half period (center of the chicane), β can reach βmax at the
focal point of the focusing quadrupole.

Given the matrix determinant condition CS ′ − C ′S = 1, which indicates that
beam emittance ϵ remains constant as per Liouville's theorem, there appears a
connection between Twiss functions:

γ0 =
1 + α2

β
(6.12)

At the entrance of the FODO lattice, α = 0 The ratio between the maximum
value of the beta function and its minimum is called the "beat factor" [73], and the
equation gives it:

m2 =
C2

S ′2 =
β2
Max

β2
Min

(6.13)

Therefore, we end up with:

βMin = 1.79 m (6.14)

βMax = 13.8 m (6.15)

The previous conditions de�ne the periodicity of the system. Speci�cally, this peri-
odicity remains intact when the maximum required βMax = 13.8 m is introduced at
the FODO lattice's entrance. As the system progresses to its midpoint (half period),

Chapter 6 Sami Habet 85



Concept of polarized positron source for CEBAF

y

Figure 6.3: Twiss function variation along one period FODO lattice

the beta function is minimized to βMin = 1.79 m. Subsequently, after completing an
entire period, the beta function returns to βMax.

Fig. 6.3 illustrates the change in beta functions throughout a single period of the
FODO lattice. The anticipated periodic pattern is achieved by implementing the
parameters mentioned earlier in the quadrupoles and employing βMax at the FODO
entrance. Consequently, as the lattice reaches its midpoint, the estimated βMin value
becomes evident. It's worth noting that the dispersion function is null due to the
absence of any dispersive magnet in the structure, as indicated by the red curve.

With the establishment of a periodic structure, the previously designed chicane
will be incorporated into the ELEGANT FODO model. This chicane is intended to
introduce a dispersion function, as clari�ed earlier. The resulting beta functions are
depicted in Fig. 6.4.

The beta functions exhibit perfect periodicity when the FODO lattice is coupled
with the chicane. The dispersion function introduced by the �rst dipole, denoted
as ηx (red), is shaped by adding a quadrupole in the middle of the chicane arm
(the two �rst dipoles). This dispersion function achieves its maximum value at the
midpoint of the chicane, resulting in ηx = 0.7 m. The second chicane arm then
adjusts it back to nullify the dispersion at the chicane's exit. The �rst quadrupole
(blue) has a focusing e�ect in the x plane, allowing to decrease of the βx function
to its minimum when the beam enters the quadrupole located at the middle of the
chicane, this quadrupole has a defocusing e�ect, allowing to the beta function to
reach back its initial value at the exit of the chicane.

6.1.1 Matching section

With the momentum collimation system now in operation, it's important to ensure
its periodicity regardless of the incoming beam parameters. The collected beam
from the QWT capture section may exhibit varying Twiss parameter values. It's
not feasible to re-optimize the collimation chicane for each incoming beam, con-
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Figure 6.4: Twiss parameters variation over the chicane implemented within the
designed FODO lattice.

sidering factors like operational modes, polarization, yield, and the desired central
momentum for collection.

A straightforward approach is to incorporate a quadrupole system to align the
beam's acceptance with the entrance of the chicane. This system can set the broad
range of betas exhibited by the positron beam originating from the QWT. As previ-
ously discussed, the collimation chicane maintains periodicity exclusively for speci�c
input parameters: βx = 13,m, αx = 0, βy = 1,m, and αy = 0. Consequently, an
additional setup preceding the chicane is necessary to shape the incoming Twiss
parameters from the capture section. This adjustment ensures alignment with the
transverse acceptance of the coupled chicane within the FODO lattice. To accom-
plish this, four quadrupoles have been developed and optimized. These quadrupoles
are designed to achieve the necessary Twiss values at the entrance of the initial
chicane.

The αx,y functions are also important to shape since α is de�ned as:

α =
dβ

ds
(6.16)

where s is the longitudinal propagation coordinate.
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Equation (6.16) demonstrates how the alpha functions contribute to the propa-
gation of the beta functions. As a result, a minimum of four quadrupoles is necessary
to control the transverse Twiss parameters.

This con�guration is referred to as a matching section, which serves to mold the
optical properties of beams and neutralizes substantial variations in beta and alpha
functions that stem from the transverse acceptances of the chicane.

Fig. 6.5 describes the variation of beta and alpha functions along the matching
section. The designed matching section accommodates a large range βx,y and αx,y.
This successful adaptation aligns well with the desired Twiss parameters at the
chicane entrance.

For instance, the red curve, representing an injection with βx = 2.8m, βy =
6.6m, αx = 0.5, and αy = 0.5, showcases how the four quadrupoles shape the
Twiss functions to attain the requisite betas and alphas at the chicane entrance
after traveling approximately 7.5 meters.

The matching section parameters are shown in Tab. 6.1.1

Parameters k (m−2) L1 (m) Drift (m)

Q1 -2.5 0.15 1.7
Q2 2.95 0.15 1.7
Q3 -0.43 0.15 1.7
Q4 -2 0.15 1.7

To proceed with matching the incoming beam into the chicane, it's essential to know
the incoming betas and alphas. While the optics model provides this information,
there is no way to determine these parameters in a real-world setting. A method for
conducting a quadrupole scan to measure the incoming Twiss parameters is needed,
and this aspect has not been addressed in the current work.

6.1.2 Momentum collimation

The momentum collimation system is crucial in re�ning the positron distribution
by incorporating the principles developed in earlier work. The previous work es-
tablished a periodic chicane coupled with a FODO lattice, integrating a set of four
quadrupoles to achieve beam Twiss parameter matching. In the subsequent analysis,
the simulation and investigation of the transport of the incoming positron distribu-
tion will be conducted, starting from the exit of the designed QWT and passing
through the designated momentum collimation system.

Figure 6.7 illustrates the control of Twiss parameters as the beam travels along
the designed momentum collimation system, which consists of a matching section
and a coupled FODO lattice with a magnetic chicane. As the beam exits the capture
section, it has approximately βx = 17 m and βy = 16 m, shown by the blue curves
in both x and y planes. These β and α would be mismatched if directly injected
into the chicane.

The required parameters which makes the magnetic chicane periodic are met at
it entrance (refer to Fig. 6.5). As previously discussed, injecting the necessary Twiss
parameters enables the chicane to exhibit periodic behavior. This permits a small
βx value at the middle of the chicane and the maximum dispersion function value
at the same point (depicted by the red curve). Additionally, it's noteworthy that
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Figure 6.5: Acceptance of the designed matching section for three di�erent beta
input

the dipole introduces no dispersion in the y-plane (shown in the bottom �gure),
ensuring that momentum collimation exclusively takes place within the p-x plane.

Having satis�ed the necessary conditions for e�cient momentum collimation,
the plot in Fig. 6.8 illustrates the positron momentum relative to their x coordi-
nates. This illustration showcases the connected p-x positron phase space during
the momentum collimation process at di�erent positions.

The blue dots on the plot represent the positron distribution upon entry into
the chicane. In contrast, the orange dots correspond to positrons at the collima-
tor's entrance in the chicane's middle. The green dots denote positrons that have
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Figure 6.6: Acceptance of the designed matching section for three di�erent alphas
input

experienced momentum collimation and are exiting the collimator.
The chicane's design facilitates the conversion of energy spread from the longi-

tudinal axis z to the transverse axis x. This transformation is achieved through the
dispersion introduced by the dipoles, resulting in a clear correlation between the
positron momentum p and their transverse coordinates x.

This correlation forms the basis for strategically placing a collimator following
the second dipole at the midpoint of the chicane. Adjusting the collimator's aperture
makes it possible to capture a narrow portion of the positron energy spread selec-
tively. This captured portion is centered around 65 MeV/c, as visually indicated by
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the green distribution.
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Dipoles
Collimator

Quadrupoles

Figure 6.7: Transverse Twiss parameters variation along the designed collimation
system

Upon exiting the momentum collimation chicane, positrons centered at 65 MeV/c
remain, exhibiting a signi�cantly reduced energy spread. All other energies outside
this range are e�ectively dumped at the entrance of the collimator, as illustrated in
the right panel of Fig. 6.8.

The positron beam parameters at the exit of the collimation chicane are sum-
marized in Tab. 6.1.

At this stage of the positron injector layout, a successful design has been achieved
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Figure 6.8: Momentum collimation process: Left panel, positron momentum colli-
mation described in the p (MeV/c)-x (m) plane at di�erent locations, right panel,
the positron momentum before and after the momentum collimation.

P0 (MeV/c) σ∆p/p0 (%) σt (ps) ϵx (mm mrad) ϵy (mm mrad)

65 1.3 10 0.12 0.18

Table 6.1: Positron beam parameters at the exit of the momentum collimation
chicane showing a reduced energy spread

for capturing high positron polarization. Additionally, the requirement for positron
energy spread has been met, and further reduction will occur during the 123 MeV
acceleration phase. However, a remaining challenge involves reducing the bunch
length, which presently exceeds the CEBAF injection limit of σLimit

z ≤ 4 ps.

6.2 Bunch Length compression

The optimization of the longitudinal positron phase space represents the next crucial
step. This involves focusing on two main aspects. First, the reduction of energy
spread must be pursued by accelerating the outgoing beam from the collimation
chicane to 123 MeV. Second, the longitudinal length, commonly referred to as the
bunch length, needs to be decreased.

Referring to Tab. 6.1, it becomes evident that the bunch length at the exit of the
collimation chicane exceeds the anticipated acceptance of the CEBAF-NL. To be
speci�c, after undergoing momentum collimation, the positron beam shows a length
of 10 ps. Thus, designing an appropriate system is imperative to mitigate this issue.

The C100 cryo module will reduce the energy spread, delivering su�cient accel-
eration to transition the positron beam from 65 MeV at the exit of the preceding
collimation chicane to 123 MeV. This acceleration is expected to result in a substan-
tial energy spread reduction, estimated at 50%.

As observed earlier in Fig. 6.1, a charged particle passing through a dipole ex-
hibits a direct connection between its longitudinal momentum component and the
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bending radius. This relationship de�nes the particle's curved trajectory along the
dipole, with the longitudinal momentum component characterized by:

pz[GeV/c] = 0.299 B0[T ]ρ[m] (6.17)

This indicates that particles with varying momentum will follow distinct paths
(either longer or shorter) starting from the collimation chicane exit in the case of
C+BAF. This variance arises due to the momentum spread of σ∆p/p0 = 1.3%,
which consequently causes di�erences in their arrival times at a speci�c longitudinal
position downstream of the dipole system. To put it simply, particles within the
beam, enclosed by the 1.3% momentum spread, will exhibit distinct longitudinal
coordinates (z in meters).

Control over the energy spread in the accelerator is achieved using a special-
ized accelerating component called the C100 cryomodule. One technique involves
adjusting what is known as the "energy chirp," or the variation in particle energy
along the length of a particle bunch. This tuning ensures that particles with lower
energy at the beginning of the bunch travel along longer orbits, while those with
higher energy at the end of the bunch take shorter orbits. As a result, the entire
bunch of particles is compressed, thereby increasing the peak current of the positron
beam�a key parameter for many applications.

For further compression of the particle bunch, a second chicane is introduced.
This design relies on what is known as an "achromatic chicane," a specialized non-
dispersive element, to e�ectively shorten the beam length.

Consideration is given to an achromatic symmetric chicane consisting of 4 iden-
tical sector dipoles. Thereafter, upon application of the achromaticity criterion, the
bending angle generated by each dipole of length ld can be characterized as follows:

θ0 =
eB0ld
p0

(6.18)

The reference particle (on-momentum) is denoted with pz,0, and as a result, the
corresponding bending angle is θ0. Due to the identical nature of the four dipoles
(θ2 = −θ1, θ3 = − θ1, and θ4 = θ1), the complete de�ection experienced by an
on-momentum particle along this chicane is given by:

θchicane = θ1 + θ2 + θ3 + θ4 = 0 (6.19)

For an o�-momentum particle, the bending angle is de�ned as:

θ =
eB0ld

p+∆p0
=

θ0
(1 + ∆p/p0)

(6.20)

And the total de�ection of the o�-momentum particle is also 0.
Applying the achromaticity condition (described by Eq. 6.4), it follows that if the

beam possesses zero dispersion at the entrance of the chicane, this zero dispersion
will be maintained at the exit as well.

Consequently, within a chicane, particles originating in a linear trajectory at the
entrance will preserve their linear arrangement at the exit, even when their energies
vary. This de�nition of achromaticity implies that the total de�ection experienced
by particles with di�ering energy deviations along the magnetic chicane is null,
regardless of the extent of their energy deviation from the nominal value p0. As a
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result, the chicane has its achromatic properties across all orders, unless anomalies
are present in the magnets or imperfections in the geometry.

The chicane matrix in the longitudinal plane (z, ∆p/p0) at the �rst order is
described by:

Mchicane =

[
1 R56

0 1

]
(6.21)

As a result, the coordinates of the particles at the exit of the chicane experience the
following transformation:[

zExit

∆p/pExit0

]
=

[
1 R56

0 1

]
×

[
zEntrance

∆p/pEntrance0

]
(6.22)

The longitudinal coordinate at the exit of the chicane is described by:

zExit = zEntrance + R56 ∆p/pEntrance0 (6.23)

Therefore, the expression for ∆z is formulated as ∆z = R56 ·∆p/pEntrance0 , with
R56 representing the chicane matrix element responsible for the adjustment in bunch
length. By referring to Fig. 6.1, we can establish the variance in longitudinal coordi-
nates between an on-momentum particle and an o�-momentum particle. Operating
under the assumption that the dipole length is insigni�cantly small in comparison to
the chicane length, we can proceed to compute the ultimate longitudinal coordinate
at the exit of the chicane in the following manner:

sz =
l1

cos θ
+ L2 +

l1
cos θ

(6.24)

Therefore, the ∆z can be written as:

∆sz = sz − sz,0 = 2l1

[
1

cos θ
− 1

cos θ0

]
(6.25)

Under the small angle approximation, the equation Eq. 6.25 can be approximated
as follows:

∆sz = −2l1θ
2
0

[
1− 1

1 + δ2

]
+ o(θ4) (6.26)

Subsequently, the expression becomes ∆sz = −l1θ
2
0δ + o(θ4, δ2) under the small

angles approximation with θ ≪ 1.
Furthermore, recalling from Eq. 6.23 that R56 =

∆sz
∆p/p0

, the following formula can
be expressed:

∆sz
∆p/p0

= −2l1θ
2
0 = R56 (6.27)

Eq. 6.27 primarily demonstrates how the longitudinal matrix element R56 relies
exclusively on the drift space and the in�uence of the bend angle introduced by the
dipoles. Its crucial role in shaping the bunch length is emphasized.

The compression factor formula based on R56 can be evaluated using a linear
approximation. This involves di�erentiating the particle's longitudinal coordinate
as described by Eq. 6.23:

dzf = dzi + d(R56δ) = dzi

[
1 +R56

d(δ)

dzi

]
(6.28)
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By replacing ∆p/p0 with δ, the previous equation can be rewritten as:

dzf = dzi

[
1 +R56

dδ

dzi

]
(6.29)

where dδ = d(E−E0

E0
), with E0 being the particle's mean energy, leading to:

dzf = dzi

[
1 +

R56

E0

d(E(z)− E0)

dzi

]
(6.30)

dzf = dzi [1 + eR56δ] +R56δ
′

(6.31)

The de�nition of δ is given by 1
E0

dE(z)
dzi

, where δ represents the correlated energy
deviation relative to E0, and δ′ stands for the initial energy deviation at the entrance
of the chicane. Additionally, h = δ

E0
is introduced as the energy chirp, outlining the

correlation between the beam's energy pro�le and its longitudinal coordinate.
To simplify the mathematics, expressing the �nal longitudinal particle coordinate

as follows:
dzf = dzi [1 + hR56] +R56δ

′
(6.32)

Eq. 6.32 provides insights into the constrained rms bunch length at full compres-
sion. Speci�cally, as the compression factor C = 1

[1+hR56]
approaches in�nity when

R56 = − 1
h
, the second term R56δ

′
remains, representing the minimum achievable rms

bunch length in full compression mode. It's crucial to note that the initial value of
δ
′
governs the �nal bunch length; higher beam energies lead to a shorter minimum

bunch length at the chicane's exit.
The analysis underscores that despite an optimized compression system, the

potential for improvement is constrained by the initial injected bunch length at the
compression chicane's entrance. This consideration adds another dimension to the
argument for minimizing energy deviation upon exiting the collimation chicane.

The established compression factor, denoted as C = 1
[1+hR56]

, establishes a con-
nection between the energy chirp h and the longitudinal matrix chicane element
R56. As a result, including an accelerating section followed by a second chicane
becomes imperative for achieving longitudinal beam compression. This sequential
arrangement facilitates the compression of the beam along its longitudinal axis.

6.2.1 Investigation of the compression chicane

The compression factor, denoted as C, is described by the equation:

C =
1

[1 + hR56]
(6.33)

Equation 6.33 explains that to attain a minimal bunch length at the exit of the
compression system, it is necessary to maximize the compression factor C. Notably,
a simple mathematical demonstration reveals that when R56 = − 1

h
:

C =
1

[1 + hR56]
→ ∞ (6.34)

The equation quanti�es the energy correlation along the beam:
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h = −eV0

Ef

k sinϕ (6.35)

Here, λ represents the RF wavelength, and V0 denotes the on-crest voltage gain
of the Linac, responsible for accelerating the positron at a given phase value ϕrf ,
transitioning from an initial energy Ei to a �nal energy Ef .

By substituting Eq.6.35 into Eq.6.34, the expression for the compression factor
becomes:

C =
1[

1 + eV0R56

Ef
k sinϕ

] (6.36)

Furthermore, Fig. 6.9 provides an insightful visual representation of the compres-
sion factor's variation across the accelerating phase. This variation is particularly
signi�cant for a speci�c o�-crest phase value. As illustrated, at ϕrf = −97◦, an im-
portant beam compression factor of 20 is observed. This implies that the positron
beam exiting the injector will have a signi�cantly smaller bunch length, speci�cally
20 times smaller than the injected one originating from the �rst collimation chicane.

Figure 6.9: Energy Chirp Variation Across Accelerating Phase

This analysis highlights the critical importance of positioning the accelerating
cryomodule ahead of the compression chicane. Precise tuning of this component
is key to optimizing the compression factor and enhancing the e�ciency of the
longitudinal compression process.

The compression system can be simulated using an R56 value of−25 cm. This can
be achieved by con�guring a second chicane with speci�c parameters, as determined
by Eq. 6.27. Consequently, when operating at full compression factor, the following
relationship is established:

h = − 1

R56

= 3.8 m−1 (6.37)

This highlights the importance of selecting the appropriate phase within the accel-
erating cryomodule to achieve optimal beam compression. By choosing this phase,
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Figure 6.10: Longitudinal positron phase space before and after the compression
process

an energy chirp of h = 3.8 m−1 will be generated as the beam exits the cryomodule,
considering a beam energy of 123 MeV. This energy chirp is directly connected to
the speci�ed value of R56 = −0.25 m. The integrated compression system, which
combines the accelerating module and the chicane, can be con�gured by substituting
the chosen phase value into the equation in Eq. 6.36. This speci�c con�guration is
designed to achieve the maximum possible compression, denoted as C = 20. With
this con�guration in place, the simulation proceeds to evaluate the impact of such
a system on the longitudinal positron phase space. The initial positron distribu-
tion from the �rst collimation chicane serves as the input for a C100 model. This
model includes eight cavities, each spanning approximately 70 cm (3.5 wavelengths)
in length. These cavities are paired with drift sections measuring 0.299 m in length.
Following this arrangement, a specially designed achromatic chicane comes next,
characterized by an R56 = −0.25 m. This chicane is optimized to accommodate a
123 MeV positron beam and features a bending radius of Bρ = 0.41 T m.

Figure 6.10 provides a clear visualization of the positron energy spread (vertical
axis) in relation to the relative time coordinate (horizontal axis) at two critical
locations: the exit of the C100 accelerating module (shown as blue dots) and the exit
of the compression chicane (shown as orange dots). This representation e�ectively
illustrates the evolution of the positron beam as it crosses the compression system.

Notably, the orange distribution at the exit of the second component exhibits
a signi�cantly reduced time extension compared to the blue distribution at the
entrance of the C100 module. This observation corroborates our design strategy
and aligns with our initial expectations. It con�rms that coupling an accelerating
process with a magnetic chicane leads to a fully compressed positron beam, as it
originates from the collimation chicane.

Figure 6.11 illustrates the evolution of positron longitudinal characteristics,
namely σt, ∆p/p0, and the central momentum p0. As observed, the accelerating
module e�ectively reduces the energy spread over the initial four meters before the
beam enters the second chicane. This reduction is signi�cant; simultaneously, the
positron energy rises to approximately 110 MeV.
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t

Figure 6.11: Progression of longitudinal positron beam characteristics in the opti-
mized compression system

In the following stage, the latter portion of the C100 is used to achieve the
targeted chirp value of h = 3.8 m−1 at the exit of the C100. Unfortunately, this
action results in an increase in energy spread.

At approximately 14 meters, the chicane begins (after a second matching sec-
tion), and the bunch length σt exhibits continuous reduction until reaching a bunch
length of 2 ps at its exit.

It is noteworthy that the energy spread remains constant, as previously estab-
lished in Eq. (6.22), con�rming that the energy spread along a chicane remains
unchanged.

Considering the scenario of further minimizing the energy spread, additional
reduction is emphasized. This approach prompts the exploration of the consequences
of further reducing the energy spread.

Figure 6.12 illustrates the positron longitudinal phase space. In this description,
the C100 module has been �ne-tuned to achieve a smaller energy spread at its exit
than the previous "Full compression case."

However, it becomes evident that the compression quality deteriorates in this
context. The orange positron distribution demonstrates a pronounced extension
along the x-axis, indicative of a larger bunch length.

Referring to Figure 6.13, it becomes evident that this second approach, focused
on reducing the energy spread, results in an exit from the second chicane with a
modest energy spread of 0.26%. However, this reduction comes with a drawback
that leads to a bunch length of approximately 5 ps, larger than the previously
achieved value.

Therefore, optimizing the compression section requires �nding a balance between
energy spread and bunch length that aligns with the exit requirements of the positron
injector. The "Full compression" strategy proved more e�ective, yielding the desired
outcomes and e�ectively meeting the longitudinal requirements of CEBAF.

With the e�cacy of the compression section established, the focus now broadens
to the overall characteristics of the positron injector. The subsequent section pro-
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Figure 6.12: Longitudinal positron phase space before and after the compression
process

Figure 6.13: Progression of longitudinal positron beam characteristics in the opti-
mized compression system
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vides an integrated overview of the global positron injector characteristics along the
entire designed layout, o�ering a comprehensive understanding of its performance
and functionality.

Positron injector characteristics

At this stage, all individual components of the positron injector have been designed.
These elements are now assembled to form the complete layout of the positron
injector.

A comprehensive simulation is conducted to track the path of the positrons from
the moment they leave the target until they exit the compression chicane. The
following �gure illustrates the entire layout of the positron injector, encompassing
all these stages: Conducting an ELEGANT simulation will provide insights into the

Dipoles
Quadrupoles
Beam pipe

QWT MS CP DeAc CCT

0 10 20 30 40 50
s (m)

Positron Injector Layout

e
120 MeV

P~90%
1 mA

MS

To CEBAF

T : Tungsten target

MS : Matching Section

CP : Magnetic Chicane

DeAc : Decelerating/Accelerating cavity

CC : Compression Chicane

QWT: Quarter Wave Transformer

Figure 6.14: Schematic Layout of the Positron Injector Designed for the LERF
Facility

behavior of crucial positron beam parameters throughout the positron injector. The
aim is to assess positron e�ciency, current, beam size, and emittance.
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First, an analysis of the Twiss parameters along the length of the positron injec-
tor is conducted: Fig. 6.15 provides insight into the behavior of key optical param-
eters along the positron injector layout. The periodic nature of the betas is evident
throughout the two incorporated magnetic chicanes, facilitated by the optimized
matching sections. These sections enable precise beam control even when the dis-
persion function deviates from zero. Additionally, the dispersion is reset to zero at
the exit of both chicanes, ensuring the injector's achromatic nature.

The subsequent �gures illustrate the behavior of transverse beam properties
across the designed injector. In Fig. 6.16, a substantial variation in σx,y is ob-
served upon entering the injector. As discussed earlier, the employed collection
system QWT transforms the beam from the target, resulting in a considerable in-
crease in beam size and angular divergence, as indicated by notable jumps in σx,y.
These jumps are re�ected in the normalized transverse emittances ϵNormalizedx,y . A
signi�cant reduction in beam size is evident at the collimation region within the �rst
chicane. This reduction is attributed to the collimation process, which selectively
eliminates positrons located beyond the collimated energy spread, leading to particle
loss and subsequent beam size reduction. A similar reduction occurs after exiting
the collimation chicane. This trend continues after the C100 region, highlighting the
positive e�ect of the second matching section in controlling transverse beam size.
The addition of more quadrupoles could further enhance the control of the beam
envelope.

Examining the lower portion of Fig. 6.16, the signi�cant impact of the dispersion
function introduced by the �rst chicane on the normalized horizontal emittance
ϵNormalizedx is observed. The beam exits the collimator and behaves as a mono-
energetic beam; the normalized transverse emittances remain constant along the
C100, aligning with theoretical expectations.

In the pursuit of understanding the primary longitudinal characteristics of the
positron beam, attention turns to Figure 6.17, which shows the evolution of key
parameters: the central momentum p0 of the reference particle for the polarized
mode (p0 = 60 MeV/c), the positron bunch length σt, and the positron energy
spread σ∆p/p0 .

Two distinctive acceleration regions are discerned in the top panel of the �rst
�gure. The initial acceleration occurs within the capture section, using 1 MV/m,
where the central momentum accelerates from 60 MeV/c to 65 MeV/c. This stage
helps to reduce the positron angular divergence. The second acceleration segment
occurs after the collimation chicane, achieved through the C100 cryomodule, ending
in the desired injection energy of 123 MeV.

Directing attention to the red curve, a signi�cant reduction in energy spread is
evident within the midpoint of the collimation chicane. This drop in energy spread
at the 15-meter location is due to the successful momentum collimation, e�ectively
minimizing the energy spread. Subsequently, the C100 module further reduces the
energy spread.

Distinguishing between the top and bottom �gures, the upper part highlights
the optimized compression chicane. Here, the emphasis is on reducing the bunch
length, resulting in an exit from the positron injector with σ∆p/p0 = 0.6% and
σt = 2 ps. This achievement aligns with the energy spread requirement for CEBAF-
NL injection.

Conversely, the lower part presents an alternate con�guration of the compression
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Figure 6.15: Twis parameters variation along the designed positron injector for the
polarized operational mode
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Figure 6.16: Evolution of transverse beam parameters along the positron injector:
transverse beam sizes in x and y axes and normalized transverse emittances
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system. In this scenario, both the C100 and the second chicane are optimized to
minimize the energy spread, achieving an impressively tight beam energy spread
of σ∆p/p0 = 0.2%. However, the corresponding trade-o� leads to a bunch length
of approximately σt = 5 ps at the positron injector exit, a notable contrast to the
former case where the bunch length remained below 2 ps.

From Fig. 6.18, the top panel provides insights into positron e�ciency, central
momentum, and positron current. As discussed earlier, two distinct accelerating
stages are evident. A signi�cant reduction in positron yield and current occurs
within the capture section. This decline can be attributed to the optimized QWT
collection system, which e�ciently captures and transmits only a narrow energy
spread, dumping many positrons along this section. The collimator stage also leads
to a notable decrease in positron yield due to the collimation process. The behavior
of the positron current, represented by the green curve, aligns with the observed
e�ciency pattern.

Exiting the tailored positron injector layout optimized for the polarized opera-
tional mode, the positron exhibits favorable parameters and notably improved cur-
rent. These outcomes align closely with CEBAF injection requirements for CEBAF-
NL.

The bottom panel of Fig. 6.18 illustrates the locations of positron loss within the
injector. As discussed earlier, the highest lost density occurs at the initial segment
of the QWT and continues throughout the second solenoid (capture section). These
loss patterns introduce additional challenges concerning shielding and engineering
considerations for the positron source.

An interesting phenomenon is also revealed in Fig. 6.18, highlighting the corre-
lation between strong and weak magnetic �elds within the QWT. This correlation
selectively allows particles around 60 MeV to successfully traverse the capture sec-
tion, underscoring the signi�cance of optimization strategies.

After the collimation chicane, a high percentage of collimated positrons are suc-
cessfully transmitted to the C100 and the compression chicane with minimal losses.

Ie+ = 170 nA.
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Figure 6.17: Evolution of Key Longitudinal Positron Characteristics Along the De-
signed Injector: Central Momentum p0 (Blue Curve), Bunch Length σt (Green
Curve), and Energy Spread (Red Curve) for Two Distinct Compression Con�gu-
rations
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Figure 6.18: Positron beam physics characteristics along the layout, the central
momentum is shown in blue color, and the green current shows the positron current,
in the top panel �gure, and in the bottom panel �gure shows the lost positrons along
the beam line
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Chapter 7

Conclusion

In recent years, the potential of a highly polarized positron source has become in-
creasingly evident at JLab, promising to pave the way to a new era of experiments by
granting direct access to crucial nuclear parameters. Key experiments at JLab, such
as the Deeply Virtual Compton Scattering (DVCS), underscore this necessity. DVCS
allows researchers to explore the internal structure of nucleons, observing how vir-
tual photons interact within these subatomic particles and consequently displaying
their intricate dynamics. Moreover, it is worth noting that highly polarized positron
sources have garnered global attention and have seen signi�cant developments and
successes worldwide, despite the inherent challenges they pose. Notably, institutions
like MAMI and CERN are also exploring the potential of positron sources at their
facilities. A signi�cant step forward in this domain was marked by the success of the
PEPPo experiment conducted at JLab in 2011 [26]. This experiment demonstrated
the e�cient transfer of polarization from JLab CW polarized electron beam to a
generated positron beam. This transfer is achieved via the Bremsstrahlung process
coupled with pair creation. The design principle of the new Ce+BAF injector have
a marked alignment with the evolution of the positron source.

This thesis presents a design for a CW polarized positron source, meeting the
objectives through rigorous simulations. The research makes several signi�cant con-
tributions to the �eld, most notably achieving a simulated polarization of 65%, a
positron current of 170 nA, and a positron energy of 123MeV. This study not
only contributes to the development of e�cient positron sources but also highlights
several critical requirements essential for advancements of positron sources. These
requirements include beam power deposition in the target, addressing challenges
in the high-�eld region of the collection system, ensuring its adjustability to oper-
ate e�ciently at various positron energies, and the necessity for a high accelerating
gradient to e�ectively reduce energy spread in the capture region.

This thesis had several goals. Firstly, this work aimed to give an initial evalu-
ation of the positron beam quality, con�rming that it meets the standards set by
the CEBAF machine and the JLab experimental program. Secondly, its goal is to
demonstrate the design of a new positron source that can achieve high polarization
degrees. Speci�cally, future experiments at CEBAF need a positron beam with over
60% polarization. Thirdly, the objective is to optimize the current of the generated
positrons. A minimum current of ≥ 50 nA is needed while maintaining a good
positron polarization. On the other hand, at least ≥ 1 µA is needed for a high
positron yield regardless of polarization. These goals were successfully achieved,
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paving the way for the exciting next level of R&D.
To meet these objectives, the thesis determined the optimal target thickness.

This ensured a balance between positron polarization and yield. A speci�c thick-
ness was identi�ed that allows both polarized and unpolarized modes to operate
optimally. In tandem with this, the design of a collection system was undertaken. A
comparison between di�erent variations and combinations of magnetic �eld pro�les
has been explored. The chosen design was successfully simulated to meet the small
momentum acceptance in accordance with the CEBAF speci�cations. To further en-
hance the positron beam quality, a momentum collimation system using a magnetic
chicane was designed and simulated. This system selects highly polarized positrons,
meeting the energy spread prerequisites of CEBAF. Moreover, an accelerating cryo-
module of the CEBAF-type was simulated to achieve the desired 123 MeV injection
energy at the entrance of the CEBAF-NL. Concurrently, a second magnetic chicane
was designed to compress the positron bunch length to under 4 ps, meeting the
injection criteria.

This research presents a comprehensive start-to-end simulation, modeling a com-
plete positron injector modeled in ELEGANT. The outcome exceeds the estimated
requisite positron beam quality for JLab experimental halls and gives guidance on
the feasibility of the positron project at JLab. This work also underlines some of
the technical challenges, such as the urgent need to evaluate the thermal fatigue
aspects resulting from high energy deposit in the production converter. This thesis
also shows the need to engineer a capture section realistically following the optimized
QWT con�guration. Another key point is related to the distinct secondary nature of
the positron beam. After generation at the target exit, the created positron beam
displays a phase space completely di�erent from the initial electron beam: such
as a high yield at lower momenta and a wide transverse angular spread. Conse-
quently, the quality of this beam at the injection region di�ers signi�cantly from the
standard primary electron beam typically injected into CEBAF. The work in this
thesis was guided by the requirement for matching the CEBAF machine acceptances
(Ei, ∆p/p0, σt, ϵ, FoM), which were thoroughly quanti�ed.

This design can be implemented as a second injector inside the building of the
Low Energy Recirculating Facility (LERF). The new positron injector at the LERF
would require: a new high intensity and high polarization electron gun; several cryo-
modules to accelerate the electron beam to 123 MeV; a positron production target,
a capture section, a collimation chicane, an accelerating section, and a longitudinal
compression system. Then the positron beam would be transported to the injection
point at the CEBAF-NL entrance.

This thesis serves as an introductory step for the positron research program
at JLab. While the simulations have shown promising results, it remains several
engineering aspects requiring additional focus. The current design predominantly
centers on optimizing the positron phase space throughout the positron injector.
Future designs should address further considerations:

� Damping of the primary and secondary electron beam after the target;

� Re�ning design and enhance positron beam parameters, speci�cally to decrease
normalized emittances arising from the beam secondary nature;

� Add realistic factors to the simulations, such as �eld errors and misalignments;
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� Evolve the design to �t within engineering constraints and speci�cations.

Continuous research and development e�orts are required to address these chal-
lenges and limitations. The primary focus would be enhancing positron generation
e�ciency, preserving polarization, managing power density, and ensuring compat-
ibility with accelerator systems. Overcoming these hurdles is key for successfully
designing future positron sources that rely on high-intensity and high polarization
positron beams.
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Abstract
Polarized and unpolarized positron beams are essential

for the future hadronic physics experimental program at the
Thomas Jefferson National Accelerator Facility (JLab). The
main challenge is to produce high duty-cycle and high in-
tensity polarized positron beams. The JLab positron source
uses the Polarized Electrons for Polarized Positrons (PEPPo)
technique to create either a low intensity, high polarization
positron beam (I > 100 nA, P=60%), or a high intensity un-
polarized positron beam (I > 3 µA), from an intense highly
polarized electron beam (I=1 mA, P=90%). The current de-
sign involves a new injector dedicated to positron production,
collection, and shaping suitable for acceleration through the
Continuous Electron Beam Accelerator Facility (CEBAF).
The optimization of the layout and the performance of the
positron source are explored in this paper.

INTRODUCTION
Positron beams can be used to probe physics phenomena.

For instance, high energy beams allow to investigate the
structure of nuclei while low energy beams access the distri-
bution of electrons inside materials [1]. One interest at JLab
is the study of the partonic structure of the nucleon from the
scattering of highly polarized electron and positron beams.
For instance, the comparison between the two beam species
allows to isolate the different components of the deeply vir-
tual Compton scattering cross section, and provides more
pertinent and sensitive experimental observables [2, 3].

In this context, we may refer to the PEPPo experiment [4,
5], which demonstrated at the CEBAF injector the efficient
polarization transfer from longitudinally polarized electrons
to positrons [6]. Initial beam electrons generate elliptical po-
larized photons within a tungsten target via bremsstrahlung.
These polarized photons then create in the same target
positron and electron pairs. The main concern of the JLab
positron project is to generate high-duty cycle longitudinally
polarized positron beams from a 120 MeV/𝑐 electron beam
with as high as possible an efficiency. The essential difficulty
is to keep a high positron efficiency all along the collection
and transport line of the positrons to the main accelerator,
and to permit polarized or unpolarized dual operation with a
small momentum dispersion delivered to experimental halls.
The positron injector layout design, the target thickness opti-
mization, and the positron beam optics are described in the
following sections.

POSITRON INJECTOR LAYOUT
The positron injector is designed to provide an efficient

number of positrons suitable for CEBAF injection. The trans-
verse and longitudinal dynamics of the positron beam are op-
timized to stay within the acceptance limits. A positron col-
lection system composed of high magnetic field lenses [7] is
essential to decrease the large transverse momentum spread
at the target exit. A conceptual layout of the injector is
shown in Fig. 1. A moderate energy electron beam inter-
acts within a tungsten target (T) to produce positrons that
are collected with an Adiabatic Matching Device (AMD).
A four quadrupoles matching section (MS) and a magnetic
chicane (CP) select further the central momentum and the
momentum bite of the positron population. A decelerat-
ing/accelerating section (DeAc) reduces then the momentum
dispersion. Finally, a chirping cavity (ChC) correlates the
momentum dispersion with the positron time-of-flight, and a
second chicane (CC) compresses the positron bunch length
to match with the CEBAF injection acceptance. We have
determined the maximum bunch length acceptance is 4 ps,
and our strategy is to further reduce this towards the nomi-
nal 12 GeV e- bunch length as possible, of 0.3 ps through
compression techniques.

POSITRON TARGET OPTIMIZATION
Geant4 [8] simulations are used to optimize the positron

production considering a 120 MeV/𝑐 electron beam 100%
longitudinally polarized hitting a tungsten target. The analy-
sis of simulated data follows the evolution of the positron pro-
duction efficiency 𝜖 and of the Figure-of-Merit FoM=𝜖𝑃2

𝑒+

as function of the target thickness. 𝜖 is the quantity of in-
terest for an unpolarized positron source. The FoM further
combines the average polarization to maximize the statistical
precession of an experiment in the minimum amount of time.
This investigation aims to optimize the target thickness for
the production of unpolarized and polarized positrons. The
Fig. 2 shows 𝜖 (left) and FoM (right) simulations for a 4 mm
thick target, within a selected momentum bite Δ𝑝/𝑝=±10%
at each central momentum 𝑝0 and within the angular ac-
ceptance Δ\𝑒+ . The efficiency decreases when the angular
aperture decreases, describing a large positron momentum
spread in the transverse plane. The essential difference be-
tween unpolarized and polarized operation modes is the
positron energy to be selected for optimum collection: about
a sixth of the primary electron beam energy for optimized ef-
ficiency, and a half for optimized FoM. The maximum value
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T

Figure 1: Conceptual layout of the positron injector for CEBAF.

of 𝜖 and FoM determines the optimum target thickness. At
120 MeV/𝑐, it is about 4 mm, however, depending on the
angular acceptance and the operation mode. The absolute
value of 𝜖 and FoM are strongly affected by the angular ac-
ceptance and the momentum bite. These define the main
parameters of the optimization of the positron injector.

PRELIMINARY CHARACTERIZATION
Momentum Selection

Figure 2 establishes the momentum selection procedure
for unpolarized and polarized mode operation which is cho-
sen at the 𝑝0 peak value of the efficiency or the FoM. In
order to select the corresponding positron yield a conversion
of the momentum dispersion from the longitudinal plane
(𝛿𝑝/𝑝, 𝑧) to the transverse plane (𝛿𝑝/𝑝, 𝑧) was explored. A
magnetic chicane is designed from two opposite doglegs con-
stituted of dipoles centered around 𝑝0. Since the positron
beam is polychromatic, the dogleg will allow to reach the
maximum dispersion at its exit. The dispersion generated
by each dipole is calculated from the expression [9]

𝐷 (𝑠) = 𝑆(𝑠)
∫ 𝑠

0

1
𝜌
𝐶 (𝑡) 𝑑𝑡 − 𝐶 (𝑠)

∫ 𝑠

0

1
𝜌
𝑆(𝑡) 𝑑𝑡 (1)

where 𝐶 (𝑠) and 𝑆(𝑠) are the parameters of the 2 × 2 dipole
transfer matrix. The dispersion function for each dipole can
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Figure 2: Positron production characteristics at 120 MeV/𝑐
off a 4 mm tungsten target, considering different angular
acceptances and a ±10% momentum bite.

be expressed as

𝐷 = 𝜌

[
1 − cos

(
𝐿

𝜌

)]
(2)

which quantifies the dogleg action on the beam in the
(𝑥, 𝛿𝑝/𝑝) plane. The positron beam envelope evolution
along the dogleg is shown in Fig. 3. At the dogleg entrance
(blue), the transverse coordinates 𝑥 do not correlate with
the momentum dispersion. At the middle of the chicane,
the positron distribution (red) exhibits an essential correla-
tion between 𝑥 and 𝛿𝑝/𝑝. Therefore, a collimator centered
at 𝑥 = 0 with appropriate aperture selects a given Δ𝑝/𝑝
of positron momentum. The distribution at the exit of the
collimator (green) corresponds to a 5 mm radius collimator,
selecting a ±10% of positron momentum.

Beam Size
Maximizing the positron selection efficiency after the col-

limator implies for the smallest beam size at the middle of the
chicane. Thus a focusing-defocusing (FODO) lattice is in-
troduced along the chicane. It consists of three quadrupoles,
the first and the third are placed respectively at the entrance
and exit legs of the chicane, the second at the middle of the
chicane. The FODO aims at making a periodic 𝛽-function
to obtain a minimum transverse beam size at the middle of
the chicane. The periodicity condition requires 𝛽𝑜𝑢𝑡 = 𝛽𝑖𝑛

Figure 3: (𝛿𝑝/𝑝, 𝑥) positron distributions at the entrance
(blue) and middle of the chicane (red), and at the collimator
exit (green).
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Figure 4: Variation of the optical 𝛽-function along the chi-
cane.

where 𝛽’s are the positron beam twiss functions related to
the transverse beam size at the entrance (in) and the exit
(out) of the chicane. The evolution of the 𝛽-function along
the chicane is shown in Fig. 4. The matching section prior
to the first dipole intends to match the incoming optical pa-
rameters of the positron beam with the optical requirements
at the entrance of the FODO lattice. The stability of the
FODO lattice is also demonstrated by the periodicity of the
𝛽-function from the entrance to the exit of the chicane. As
expected, the smallest 𝛽𝑥-function is obtained at the middle
of the chicane, simultaneously with the largest dispersion.
This allows an efficient momentum collimation.

CHIRP AND COMPRESSION
The second chicane intends to compress longitudinally

the beam. To reach an efficient compression, a correlation
between 𝛿𝑝/𝑝 and 𝑧 is introduced by chirping the beam with
an RF cavity. A second requirement is a magnetic chicane
with appropriate properties to link the momentum dispersion
to the longitudinal bunch length. The compression factor
for a small momentum dispersion can be written as

𝐶 =
1

1 + ^𝑅56
(3)

where 𝑅56 is the matrix element 56 of the chicane transfer
matrix. It controls the longitudinal size of the beam accord-
ing to

Δ𝑧 = 𝑅56

(
𝛿𝑝

𝑝

)
𝑖𝑛

(4)

where (𝛿𝑝/𝑝)𝑖𝑛 represents the initial longitudinal momen-
tum spread, and ^ characterizes the beam chirp created by
the cavity. The latter can be expressed as

^ =
𝑑

𝑑𝑧

[
𝛿𝑝

𝑝

]
=

2𝜋 𝑓
𝑐

𝑒𝑉0
𝐸0 + 𝑒𝑉0 cos 𝜙

sin 𝜙 (5)

where 𝑓 is the cavity frequency (Hz), 𝑒𝑉0 is the cavity ac-
celeration (MeV), 𝐸0 is the central energy (MeV), and 𝜙 is
the cavity phase advance. Figure 5 shows the compression

Figure 5: Variation of the compression factor vs the cavity
phase advance (left), and full compression of the longitudinal
beam length (right).

factor peak at 𝜙=-96.6◦ (left), which describes the setting
of the cavity with a proper chirp. The effect of full system
on the (𝛿𝑝/𝑝, 𝑡) beam profile, including the appropriate 𝑅56
chicane, exhibits a beam length at the exit of the chicane 23
times smaller than the entrance ones (Fig. 5 right).

CONCLUSION
The generation and injection of cw positron beams suit-

able to the high performance will present a number of tech-
nical challenges which must be overcome. One of the chal-
lenges is to decrease the momentum dispersion of the colli-
mated positron distribution from 𝛿𝑝/𝑝=±10% to ±2%. A
set of cavities at the exit of the first chicane will serve this
purpose, and acceleration through the south linac will pro-
vide about ten times further reduction. The CEBAF arcs can
also be tuned for more compression providing an additional
chirp. An optimization will be performed to obtain a reduc-
tion factor suitable for CEBAF acceptances that are a bunch
length of Δ𝑡=4 ps and amomentum spread of 𝛿𝑝/𝑝=±2%.
Further studies about the capture magnet are also foreseen
as different magnets may support different operation mode.
The concept optimization is being explored with further
analytical and simulation studies. Further, a new positron
injector may be assembled at the Low Energy Research Fa-
cility (LERF) to develop a proof-of-principle, and then later
maybe connected to the CEBAF accelerator through a new
transport line.
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Abstract
We present a scheme for the generation of a high polariza-

tion positron beam with continous wave (CW) bunch struc-
ture for the Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Laboratory (JLab). The positrons
are created in a high average power conversion target and
collected by a CW capture linac and DC solenoid.

INTRODUCTION
The CEBAF accelerator has provided high energy spin

polarized electron beams for almost 30 years. Today, JLab
is exploring an upgrade which would provide high energy
spin polarized positron beams to address new physics [1, 2].

A relatively new technique referred to as PEPPo (Polarized
Electrons for Polarized Positrons) has been adopted [3] to
generate the positrons. Here the spin polarization of an
electron beam is transferred by polarized bremsstrahlung and
polarized e+/e- pair creation within a high-power rotating
tungsten target.

In this scheme two accelerators are used (see Fig. 1). First,
the Jefferson Lab Low Energy Recirculator Facility (LERF)
building (see Fig. 2) is repurposed to take advantage of
existing electrical, cryogenic, and shielding facilities. A
high current >1 mA spin polarized CW electron beam is
produced, accelerated to an energy of 120 MeV and trans-
ported to the high-power target to generate the spin polarized
positrons. Afterwards, the positrons are collected to maxi-
mize intensity or polarization, bunched and re-accelerated
to 123 MeV. Finally their spin direction may adjusted in a
novel spin rotator. Once the positron beam exits the LERF
it is transported from ground level through a new beam line
to the CEBAF accelerator tunnel underground. There it is
transported half-way around the accelerator and injected as
a usual electron beam would from the existing CEBAF elec-
tron injector. The positrons are then accelerated to 12 GeV
and may be extracted at any pass (intermediate energies)
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Figure 1: CEBAF and LERF accelerators. Green line shows
the new 123 MeV transport beam line connecting LERF to
CEBAF for high energy acceleration of positron beams.

to any of the four halls. The Ce+BAF design is optimized
to provide users with spin polarization >60 % at intensities
>100 nA, and with higher intensities when polarization is
not needed.

LERF
Polarized Electron Injector

The existing LERF injector provides the baseline lay-
out with the superconducting quarter cryomodule (Capture
Linac: SRF 10 MV) capable of accelerating up to 10 mA
CW beams to 9 MeV/𝑐 [4]. Upstream of the Capture Linac,
the layout will resemble that in CEBAF, albeit more com-
pact starting with the polarized electron source, followed
by a Wien spin rotator and a buncher cavity for longitudi-
nal matching to the SRF 10 MV. Downstream of the SRF
10 MV, a three dipole magnet chicane injects the electron
beam into the first of two full-length accelerating SRF cry-
omodules (60 MV each). The LERF electron gun will be
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Figure 2: LERF layout of polarized e- and e+ injectors.



a scaled-up version of the 130 keV inverted geometry gun
used at CEBAF for many years [5]. The CEBAF gun reli-
ably provides highly spin polarized electron beams 90% and
average current of 200 µA with 0.4 pC CW bunch trains
(250/499 MHz). Due to excellent dynamic vacuum condi-
tions and a biased anode limiting ionized residual gas from
reaching the photocathode, charge lifetimes >400 C with
strained-superlattice GaAs/GaAsP are achieved [6, 7].

However, because the bremsstrahlung yield of positrons
from electrons will be low (< 10−4) a much higher beam cur-
rent >1 mA is required with correspondingly higher bunch
charge >2 pC. We expect to operate the gun in a range of
300-350 kV to manage the higher bunch charge and allow
direct injection to the SRF 10 MV. To meet the anticipated
demands we expect to re-design the gun cathode electrode
in two ways, (a) to have a larger spherical radius to achieve
and safely maintain higher gradient and (b) to accommodate
a larger laser beam spot size to extend the charge lifetime.
Additionally the cathode must be free of field emission so
we plan to include the capability of applying 50 kV beyond
the required beam voltage for high voltage gas conditioning.

The higher bunch charges also pose challenges for the
initial bunching and acceleration of the beam. Space charge
forces will repel the electrons and reverse the bunching as the
beam drifts, where space charge effects typically degrade
beam quality. To prevent this, we have kept the distance
between the gun and the first accelerating element as short
as possible and plan to compress the electron bunch from
40 ps (determined by the optical pulsed) to about 2 ps within
a few meters prior to the SRF QCM.

The final section of the electron injector shapes the trans-
verse emittance to match the acceptance for two CEBAF
style CMs which accelerate the beam energy to about 120
MeV. A separate contribution to this conference [8] describes
the electron injector in detail.

High Power Target for Positron Production
A conceptual design of the high power positron target has

been developed. Tungsten has been chosen as the preferred
target material. GEANT4 [9] simulations have been used to
determine that a tungsten target thickness of 4 mm is optimal
for maximizing the Figure-of-Merit [10] (FOM, defined as
the product of the positron current and the square of their
longitudinal polarization). The thermal power deposited
by a 1 mA electron beam current of 120 MeV energy into
4 mm of tungsten has been estimated with FLUKA [11, 12]
to be on the order of 17 kW. A typical target employed at
JLab has less than 1 kW of electron beam power deposited
into the target material. The only feasible cooling agent for
the 17 kW target at Jefferson Lab would be water as the
maximum cryogenic capacity for target cooling is less than
6 kW. Notably, the only JLab target that surpassed the 1 kW
mark to date was the 2.5 kW liquid hydrogen target [13] for
the Qweak experiment.

The design of the target has been done with ANSYS-
Fluent [14] thermal simulations. Fluent calculations have
shown that a static 4 mm thick tungsten target in a copper

frame cooled by an internal water channel could sustain
about 1 kW of electron beam power safely. A 35 cm diam-
eter and 4 mm thick tungsten target rotating at 2 Hz could
safely dissipate the 17 kW beam power deposited in it while
maintaining a maximum temperature below 1000 K. A con-

Figure 3: Side-view concept design of the rotating target.

cept of the rotating tungsten target is shown in Fig. 3, where
the tungsten is an annular ring partially encased in a copper
frame. The electron beam impinges onto the 4 mm tungsten
annulus a few mm from the frame and 17.5 cm from the
rotation axis. The conceptual design of the target will have
to be engineered into a design that can be manufactured,
operated and decommissioned safely. A detailed concept is
evaluated in a separate contribution to this conference [15].

CW Positron Beam Formation
The generation of positrons in a thick target creates an

exceptionally broad distribution in transverse and longitudi-
nal phase space. A high field (𝐵1) quarter-wave transformer
(QWT) located after the target decreases the transverse angu-
lar divergence of the positron distribution while also defining
the central momentum of the positron polarization distribu-
tion to be collected. Following the high field region a low
field (𝐵2) solenoid is used to manage the positron beam
through an RF capture section. The solenoid fields 𝐵1 and
𝐵2 are optimized to maintain the large 4D transverse phase
space of the beam [16] through this region.

A positron momentum spread 𝛿𝑝/𝑝0 < 1% was chosen
early on in the design in order to mitigate apertures in re-
gions of large dispersion in the transport lines connecting
the LERF to CEBAF. Although we have not settled on a final
momentum spread this issue motivated us to include an RF
capture section right after the QWT in our design studies in
order to decrease the longitudinal energy spread as well as
improve the transverse beam emittance.

Following the RF capture region the positron momenta
is defined by a chicane beamline composed of quadrupoles
and dipoles to create a correlation between positron energy
and transverse position at its midpoint. After the chicane
the positron beam is accelerated in a SRF CM to 123 MeV
(an injection energy requirement for CEBAF 12 GeV) and
transported through a bunch compression chicane to achieve
a bunch length of a few picoseconds.



Table 1: Simulated Parameters of the Ce+BAF Injector

Ce+BAF Parameter Status Goal

𝑝0 [MeV/𝑐] 60 60
𝜎𝛿𝑝/𝑝0

[%] 0.68 ±1
𝜎𝑧 [ps] 3 ≤ 4
Normalized 𝜖𝑛 [mm mrad] 140 ≤ 40
𝑝𝑓 [MeV/𝑐] 123 123
𝐼e+(𝑃 > 60%) [nA] 170 > 50

In this contribution the chicane was optimized for
60 MeV/𝑐 positrons (maximum polarized FoM) while pass-
ing a 1% energy spread. Results of recent CW polarized
positron beam simulations are shown in Table 1 relative to
our present design goals. We have met or exceeded all goals
except for the normalized emittance, which can be met by
reducing the acceptance and reducing the positron beam
current or increasing the drive beam power. A reference to
earlier work on this topic was reported in Ref. [17].

Positron Spin Rotator
The precession of the electron beam polarization when

accelerated at CEBAF to 12 GeV is more than 60 full revolu-
tions. Experiments however most often require longitudinal
or sometimes transverse spin polarization at their target. At
CEBAF a 4𝜋 spin rotator consisting of two Wien filters with
intervening solenoid magnets [18] is used to orient the spin
at the injector to control the final spin polarization at the
experiment. This is convenient when the beam energy is
100 keV and the required Wien filter field strengths are mod-
est (e.g. E 1 MV/m and B 100 G). However, the positron
beam production energies at the LERF are 10’s of MeV and
the final beam energy is >100 MeV, making a Wien filter
impractical.

For Ce+BAF a higher energy spin rotator concept has been
imagined. The proposed spin rotator scheme is shown in
Fig. 4. Composed by interleaved dipole and solenoid fields
the small anomalous gyromagnetic factor for positrons (or
even electrons) means the spin rotation in the solenoids is
more effective than in the dipoles at lower energies [19].
However, the dipole magnetic field is necessary to provide
the desired spin rotation axis. Rotating the spin around
the longitudinal solenoid and radial dipole fields, this spin
rotator can provide a desired net spin rotation around the
vertical axis in the horizontal plane. Notably in this design
the dipole fields are arranged with net zero bending angle,
leaving the beam trajectory intact and transparent to beam
orbit perturbations. Further details of this design will be
presented in a future presentation once on-going simulations
are completed.

12 GeV Ce+BAF
Once the CW positron beam has been formed and the spin

oriented it is ready for acceleration to higher energies. The

Figure 4: Spin rotator concept. 𝜙𝑥: spin rotation around the
radial axis, 𝜙𝑧: spin rotation around the longitudinal axis.

positron beam is transported in a new tunnel connecting the
east side of LERF to the south east corner of CEBAF near
the entrance of the South Linac (Fig. 1). This new beamline
features a double-bend achromat (DBA) to maintain small
dispersion and a vertical achromatic translator to bring the
beam to the elevation of the CEBAF South Linac tunnel near
the ceiling. At this point a long FODO channel attached to
the ceiling of the South Linac transports the beam to the west
side of CEBAF where it is bent 180 degrees via a DBA-like
lattice with low dispersion and is also isochronous. At the
end of this long transport line a vertical achromat translator
and horizontal bending magnets bring the beam to the start
of the North Linac where it is injected. Additionally, each
beamline also has a betatron matching section.

While this long beamline from LERF to CEBAF is de-
signed for the 123 MeV/𝑐 positron beam it should also be
suitable for an electron beam with energy up to 650 MeV/𝑐
to be compatible with a future upgrade of CEBAF to 22 GeV.

The CEBAF accelerator limits the maximum transverse
emittance that one can transport because of the reduced ac-
ceptance at the extraction corners. We estimate that one can
inject between 40 and 120 mm−mrad of normalized emit-
tance at the front of the north linac. In terms of longitudinal
acceptance, we are planning to change the optics configura-
tion for the first two recirculation arcs (east and west sides)
in order to have smaller dispersion functions and an easily
tunable momentum compaction. With these new optics we
should expect to inject up to a percent of energy spread in
the front of the north linac and transport a beam that has a
longitudinal bunch length around 1 mm. A separate contri-
bution to this conference [20] is exploring the admittance of
the electron injector and first recirculation pass of CEBAF.

OUTLOOK
The Ce+BAF working group has developed a scheme to

provide CEBAF with polarized positron beams with CW
time structure. Early designs and simulated parameters com-
bined with constraints are approaching the anticipated goals.
Our focus in the coming months is to develop a white paper
documenting in greater detail the technical approach and
additional issues being addressed, but not reported in the
length of these proceedings.
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Résumé en français

Les accélérateurs de particules sont des outils essentiels pour sonder les lois fon-
damentales de l'univers. Ils manipulent des particules chargées dans des faisceaux
utilisés dans des secteurs variés tels que la médecine, l'industrie et la recherche. Ces
applications exigent des faisceaux de haute qualité, caractérisés par leur intensité,
leur taille et leur énergie. Avec l'évolution de la technologie, les attentes des util-
isateurs de faisceaux ont également évolué. Dans la communauté des accélérateurs
de particules, les leptons, en particulier les électrons et les positons, jouent un rôle
signi�catif. Ils o�rent une fenêtre unique pour sonder la matière à son niveau le
plus fondamental. Le développement de faisceaux de positons accélérés a connu
des avancées notables ces dernières années, tirées par l'innovation et la recherche
rigoureuse.

L'importance des expériences avec les positons est soulignée par leurs aperçus
profonds des interactions de ces particules avec les matériaux aux échelles atom-
ique et subatomique. Par exemple, des expériences avancées utilisant des faisceaux
de positons ont permis des études sur des phénomènes comme l'excitation à deux
photons du positonium. Cette découverte a propulsé le domaine de la spectroscopie
d'annihilation de positons comme une technique capable de caractériser les matéri-
aux à une échelle granulaire et subatomique.

Dans ce contexte, cette thèse décrit la conception d'une nouvelle source de posi-
tons polarisés pour le Thomas Je�erson National Accelerator Facility (TJNAF)
pour la physique nucléaire. La communauté physique de JLab a un fort intérêt
pour l'utilisation de faisceaux de positons dans les expériences. Le programme de
physique hadronique au JLab vise à étudier en détail la structure des hadrons. Les
faisceaux de positons polarisés o�rent un outil unique pour certaines expériences,
notamment la di�usion Compton virtuelle (DVCS).

Le DVCS est intéressant car il fournit une fenêtre sur la structure interne du pro-
ton, en particulier la distribution des quarks et des gluons à l'intérieur du nucléon.
L'utilisation d'un faisceau d'électrons et de positons polarisés dans les expériences
DVCS o�re plusieurs avantages, permettant de mesurer l'asymétrie de spin du fais-
ceau, ce qui est intrinsèquement lié à des GPD spéci�ques, éclairant la distribution
des quarks et des gluons à l'intérieur du nucléon.

Les études précédentes ont exploré la faisabilité d'introduire une source de posi-
tons à onde continue pour le Continuous Electron Beam Facility (CEBAF). Plusieurs
options de conception pour un injecteur de positons ont été étudiées. Les sources de
positons construites partagent des caractéristiques communes en raison de la nature
pulsée des linacs. Les études ont montré que l'esapce des phases du faisceau de
positons est plus grande que celle du faisceau d'électrons existant.

La conception de la cible de positron est également un dé� signi�catif. Des
solutions proposées impliquaient soit une cible rotative, soit une cible liquide. Fi-
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nalement, bien que la gestion de la grande quantité d'énergie déposée sur la cible
présente un dé� de R&D, il est possible qu'avec les modi�cations appropriées, la
réalisation d'un courant de positons de 1 µA est à portée de main.

Cette thèse constitue une avancée notable dans la conception et l'amélioration
d'une source de positons pour le CEBAF. À travers des simulations approfondies,
Grâce à des simulations détaillées, une polarisation de positons simulée de plus de
65% a été atteinte, accompagnée d'un courant de positons excédant 170 nA. Ces
accomplissements prouvent non seulement la viabilité pratique du projet des posi-
tons, mais mettent aussi en lumière son impact futur possible sur le fonctionnement
de JLab. En s'attaquant méthodiquement aux dé�s et aux contraintes existants,
cette étude contribue au progrès signi�catifs dans le domaine des positons et de leur
utilisation en recherche.
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