CEBAF INJECTOR FOR K; BEAM CONDITIONS

by
Sunil Pokharel
M.S. May 2020, Old Dominion University

M.S. September 2006, Tribhuvan University, Nepal
B.S. May 2004, Tribhuvan University, Nepal

A Dissertation Submitted to the Faculty of
Old Dominion University in Partial Fulfillment of the
Requirements for the Degree of

DOCTOR OF PHILOSOPHY
PHYSICS

OLD DOMINION UNIVERSITY
May 2024

Approved by:

Geoffrey A. Krafft (Director)
Jean R. Delayen (Member)
Todd Satogata (Member)
Moskov Amaryan (Member)

Mohammad Zubair (Member)



ABSTRACT
CEBAF INJECTOR FOR K;, BEAM CONDITIONS

Sunil Pokharel
Old Dominion University, 2024
Director: Dr. Geoffrey A. Krafft

The Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab concur-
rently operates four experimental Halls with distinct bunch charge specifications and repeti-
tion rates. Numerous critical beam parameters within CEBAF are configured in the injector,
some remaining unchanged throughout the accelerator. Consequently, the injector plays a
crucial role in determining final beam characteristics, including bunch structure, beam sizes,
bunch lengths, energy spread, and beam transmission. The Jefferson Lab Kj, experiment is
scheduled to take place at CEBAF in Hall D, featuring a much lower bunch repetition rate of
7.80 MHz or 15.59 MHz, below the nominal values of 249.5 MHz or 499 MHz. Although the
proposed average current of 511A or 10 pA is low compared to the maximum CEBAF cur-
rent of approximately 180 nA, the corresponding bunch charge is unusually high for CEBAF
injector operation. This study focuses on the behavior of low-repetition-rate, high-bunch-
charge (0.32 to 0.64 pC) beams in the CEBAF injector. We investigated the evolution and
transmission of low-charge beams to space-charge dominated high-charge beams in the front
end of the CEBAF injector for two configurations: the pre-existing CEBAF Phase 1 injector
upgrade, operated at 130 kV, and the existing CEBAF Phase 2 injector upgrade, operated
at 140 kV, 180 kV, and to be operated at 200 kV. The electron beam through the CEBAF
injector is characterized with beam dynamics simulations and comparisons with the available
measurements performed at 130 kV. Multi-objective genetic optimizations of the CEBAF
injector were performed to determine the operating magnetic elements and RF settings for
the evolution and transmission of low, moderate, and high charge beams in the CEBAF
injector at 180 kV and 200 kV DC gun voltages. Subsequently, simulations at the same
voltages were conducted to obtain the beam characteristics at the front end of the CEBAF
injector. The laser spot size and laser pulse length at the cathode were varied to observe
their effects on beam transmission in the injector at different voltages (130 kV, 180 kV, and
200 kV). Experimental studies at 130 kV, 140 kV, 180 kV validate the simulations. Beam

study measurements are carried out using EPICS tools, while optimizations and simulations



are facilitated by General Particle Tracer. Based on the findings, optimal parameters for the
upcoming Jefferson Lab K, experiment are proposed, utilizing a lower repetition rate and

higher bunch charge.
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CHAPTER 1

INTRODUCTION

The capability of electron accelerators to efficiently generate unpolarized or polarized
electron beams has paved the way for experiments with diverse applications in nuclear and
high-energy physics. In Hall D at Jefferson Lab, the experiment involving a beam of long-
lived neutral kaons, called K-Long (Ky,), will be conducted at the K-Long Facility (KLF) [1,
2]. This experiment will utilize the Continuous Electron Beam Accelerator Facility (CEBAF)
in conjunction with the GlueX experimental setup for strange hadron spectroscopy. The
exceptional quality of the CEBAF electron beam and average current will yield a flux on the
order of 1 x 10* Ky, /s, surpassing the previously achieved flux at Stanford Linear Accelerator
Center (SLAC) by three orders of magnitude. This advancement will enable a wide range of
measurements and enhance the statistical accuracy of earlier data collected on a hydrogen
target by a factor of three. Moreover, employing a deuteron target will mark the first-ever
measurements with neutral kaons on neutrons.

The experiment described will measure the differential cross sections and self-analyzed
polarizations of produced hyperons, including A, ¥, =, and 2, using the GlueX detector in
Jefferson Lab Hall D. The measurements will cover a range of center of mass (CM) cosf
from -0.95 to 0.95 and a range of the invariant mass of the final-state particles (W) from
1490 MeV to 2500 MeV [1]. The resulting data will allow for the partial wave analyses of
strange hyperon resonances with reduced model-dependent uncertainties, as well as the es-
tablishment of orbitally excited multiplets in the spectra of = and €2 hyperons. Comparisons
with the corresponding multiplets in the spectra of charm and bottom hyperons will also
provide insights into heavy flavor symmetry and the accuracy of QCD-based calculations.
Furthermore, this experiment will provide a unique environment to study strange meson
spectroscopy through K7 interactions, allowing for the identification of pole positions in
S—, P— and D—waves. The results of the experiment will also provide additional support
for the existence of the low-lying strange scalar meson x(800) and significantly improve the
determination of its mass and width.

The Ky, experiment requires time-of-flight measurements. To achieve this, substantially

lower bunch repetition rates are needed in the Continuous Electron Beam Accelerator Facility



(CEBAF) than the nominal 249.5 MHz or 499 MHz. While the proposed average current of
2.5 - 5.0 pA is relatively low compared to the maximum CEBAF current of approximately
180 nA, the corresponding bunch charge is higher than typical for CEBAF injector operation.
The momenta of Ky, particles will be determined through time-of-flight measurements, which
entail measurements of the time difference between the RF signal of the CEBAF accelerator
and start counters surrounding the LHy /LD, target. A schematic view of the beamline is
presented in Fig. 1. At 12 GeV, an average current of 2.5 - 5.0 pA corresponds to 30 - 60 kW
of beam power, which will be converted to photons by the compact photon source (CPS)

illuminating the beryllium (Be) target.

12 GeV 2°5/,5 1A Compact Pair Spectrometer Ghwax
bunch spacing 64/128 ns Photon Source N Spectrometer

North UNAC \ ; X VA Targe
: : y beam

Tagger Be Target  gueep i----d-ooooooo-.

Area Magnet Flux
East ARC Monitor

FIG. 1. Schematic view of Jefferson Lab Hall D beamline for e — v — Kp. Electrons
first hit the copper radiator inside the compact photon source. Then photons illuminate
the Be target where the Ky, particles are produced. Finally, neutral kaons hit the LHy /LD,
cryogenic target. Beam goes from left to right [1].

1.1 RESEARCH GOALS AND OBJECTIVES

For linear accelerators (linacs), the injector is where the particles to be accelerated origi-
nate, and therefore it sets the beam performance characteristics of the machine. This makes

the beam parameters at the injector a critical aspect of the final beam characteristics of



the machine. In CEBAF, many of the critical beam parameters are set in the injector and
some remain unchanged throughout the accelerator. Therefore, the injector plays a signifi-
cant role in setting the final beam qualities, such as bunch structure, energy spread, current
stability, etc. The CEBAF polarized electron source creates a spin-polarized electron beam
using a DC high voltage photogun. The electron beam originates within the photogun and
then passes through the beamline. The electron beam itself is composed of four interleaved
electron beams created with four lasers, allowing four experimental halls to simultaneously
receive electron beams [3]. However, designing an injector and delivering the electron beam
into the experimental halls for different charge per bunch, from low to high, for CEBAF
operation represents a significant challenge.

The initial focus of this research was to generate, characterize, and simulate a bunched
electron beam from a DC gun with a high bunch charge and low repetition rate, in ac-
cordance with the beam requirements for the Ky, experiment to achieve its goal. Table 1
summarizes the individual bunch charges corresponding to these beam requirements for the

K, experiment.

TABLE 1. CEBAF injector bunch currents and repetition rates for the Ky, experiment [1].

Current Repetition  Subharmonic Bunch Equivalent Equivalent
Rate of 499 MHz Charge 499 MHz Current 249.5 MHz Current

(nA) (MHz) (pC) (nA) (nA)

2.5 15.59 32nd 0.16 80 40

2.5 7.80 64 0.32 160 80

5.0 15.59 32nd 0.32 160 80

5.0 7.80 64t 0.64 320 160

In order to achieve the goals of generating, characterizing, and simulating a bunched



electron beam with high bunch charge and low repetition rate, the research objectives were

set as follows:

e Use the optimized variables (magnetic elements and RF settings) of the pre-existing
Phase 1 CEBAF injector upgrade at 130kV DC high-voltage photogun to generate
electron beams and investigate the evolution and transmission of low-rep-rate, high
bunch charge (0.32 to 0.64pC) beams through the CEBAF injector.

e Describe the designed beam size, the initial electron beam distribution, and analyze
the beam characteristics, and characterize the transmission as a function of the photo-
cathode laser spot size and pulse length for two injector laser drive frequency modes:
one with 249.5 MHz and another with 499 MHz.

e Report on the findings of these simulations, predict optimum parameters for oper-
ating the experiment, and describe upcoming experimental studies to validate these

simulations.

e Simulate the CEBAF injector to investigate the evolution in bunch length of beams
through the beamline of the injector with the existing 130 kV electron gun, and perform

measurements to validate these simulations.

e Optimize magnetic elements and RF parameters through multi-objective genetic opti-
mization (MGO) for the Phase 2 CEBAF injector upgrade model at both 180kV and
200kV gun voltages. These optimized settings are crucial for the effective operation
of the CEBAF injector in the Ky, experiment.

e Perform simulations on the CEBAF injector model at both 180kV and 200 kV to moni-
tor the evolution of beam characteristics. This includes tracking transverse beam sizes,
bunch length, energy spread, beam transmission, and normalized transverse emittance.
The simulation encompasses a range of bunch charges, from low to high, enabling con-

current operations in all four CEBAF experimental Halls.

e Conduct measurements for Phase 2 of the CEBAF injector at a gun voltage of 180kV
for the Ky, experiment. This focus is essential as the gun voltage is set at 180 kV for the
fall 2023 operation. Measurements should employ the existing laser with frequencies
of 249.5/499 MHz and the new Hall D Kj, laser at 15.6 MHz.



e Perform measurements at a 140kV gun voltage across a range of charges using the Ky,
laser at 15.6 MHz. Compare these measurements with those conducted at 130kV and
180kV DC gun voltages.

1.2 ORGANIZATION OF THE DISSERTATION

This dissertation is organized as follows: Chapter 2 introduces the CEBAF accelerator,
providing a technical description of its electron source at Jefferson Lab, including the gun
high voltage, drive laser, and CEBAF injector beamline elements. Chapter 3 discusses
the optics and beam dynamics, covering basic concepts of accelerator physics, accelerator
beamline elements, linear beam dynamics, and derivations of some formalism used in this
dissertation. Chapter 4 provides a more detailed explanation of the theoretical background of
the space charge effect related to this dissertation. Chapter 5 presents the characterization
of the electron beam using simulation techniques, detailed measurement procedures, and
results analysis. It includes the evolution of transverse beam size, bunch length, normalized
transverse emittances, energy spread, and other relevant parameters along the beam line of
the CEBAF injector as a function of charge per bunch for both the pre-existing and existing
upgraded configurations of the CEBAF injector. Additionally, it reports on the findings
related to the measurement that helped validate and benchmark the simulations against the
actual measurement results. Finally, Chapter 6 summarizes the results, conclusions, and

future work.



CHAPTER 2

CEBAF OVERVIEW

The Continuous Electron Beam Accelerator Facility (CEBAF) is a nuclear physics re-
search facility located in Newport News, Virginia, which was built by the the United States
Department of Energy (DOE). The facility comprises two linear accelerators, recirculating
arcs, and four experimental halls labeled A, B, C, and D. The facility’s tunnel is situated 8
meters underground and has a circumference of 1.4km, with a 3-meter height and 4-meter
width. The design beam energy of CEBAF is 2.2 GeV per pass, and it can accelerate an
electron beam to 11 GeV in Halls A, B, and C after five circulation passes, and to 12 GeV
in Hall D after 5.5 circulation passes.

The first electron beam was supplied to users in Hall C with a beam energy of 4 GeV and a
beam current of 200 pA in 1995. Two years later, Hall A and Hall B were also provided with
the beam. By 1998, all three halls were operating simultaneously. The superconducting
radio frequency (SRF) gradient and cryogenic systems were updated in 2000 to support
6 GeV energy operation. The 6 GeV operation concluded in 2012 to pave the way for a
12 GeV upgrade. The upgraded CEBAF was commissioned from late 2013 to 2017, with the
addition of a new experimental Hall D. On January 12, 2018, the milestone of simultaneous

operation of all four halls in the upgraded facility was officially achieved [4, 5].
2.1 BEAM LINE DESCRIPTION

Figure 2 illustrates the main components of the Jefferson Lab CEBAF accelerator and
the location of the injector. The current machine can accelerate electrons up to 12 GeV
by recirculating the beam 5.5 times through two 1497 MHz SRF linear accelerators. To
create the polarized electron beam, the photo cathode is used at 130kV DC high voltage.
The beam achieves full injection energy of 123 MeV after acceleration by the cryomodules
before reaching the injector chicane. The SRF cavities in the cryomodules are either five-cell
and 50 cm long (in C20, C50, and C75 cryo-modules) or seven-cell and 70 cm long (in the
new C100 cryomodules). Liquid helium is used to fill the cryomodules, which operate at a
temperature of 2.07 K. Following the injector chicane, the beam is injected into the North

linac.
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FIG. 2. A schematic layout of the CEBAF accelerator showing the characteristic racetrack

design.

The North linac of the CEBAF accelerator is 250 meters long and comprises 25 cryomod-
ules for accelerating the beam. An alternating gradient magnetic lattice is utilized between
the cryomodules to ensure that the beam is focused according to the design parameters. As
the beam travels through the linac, its energy is raised by 1090 MeV, and it then encounters
the East spreader (similar to West spreader used later) (see Fig. 3). The spreader utilizes
dipole magnets to vertically separate the beam energies. The lowest energy beam is directed
towards the highest elevated arc, Arcl, while the highest energy beam is directed towards
the lowest elevated arc, Arc9. The beam passes through the East arcs, namely Arcl, Arc3,
Arch, Arc7, and Arc9, where it is bent by 180°. At the end of the arcs, the beam enters the
recombiner (see Fig. 4), which is symmetric with respect to the spreader, and the separated
beams are combined back into one as they enter the South linac. Each arc has a different

path length, differing by an integer number of RF wavelengths, to maintain synchronicity



across different beam passes. Additionally, to minimize bunch length growth in CEBAF, all
electrons have the same path length within a single pass, regardless of their energy, imply-
ing that the arcs are isochronous. Furthermore, the arc focusing lattice is designed to be
achromatic, which means that the position and angle of beam transport at the end of each

arc remain unaffected by small changes in beam energy.

Low energy

beam High energy
beam
Dipole
magnets

FIG. 3. A photograph of a spreader at the end of South linac.

The South linac has similar acceleration capacity as the North linac, resulting in an
increase of 1090 MeV in beam energy. After the South linac, the beam enters the West
spreader, which functions similarly to the East spreader. From there, the beam can either
be extracted into one of three experimental halls or directed to the West arcs (Arc2, Arc4,
Arc6, Arc8, and Arcl0), where it is bent 180° and passes through the West recombiner.
Once the beam exits the West recombiner, it meets the North linac again; completing a full
revolution will increase the beam energy by 2180 MeV. In order to ensure synchronization

of successive passes, path length adjustments are made using doglegs in Arcs 1-9. Doglegs



are three-magnet chicane systems that match the arrival time of following passes to the crest
of the RF wave. The doglegs are located at the beginning of each arc, with five at the
beginning of each East arc and four at the beginning of each West arc (except the highest
energy arc). During the 12 GeV era, path length adjustments are restricted to 1cm. This
limitation corresponds to 18° of 1497 MHz for the first four doglegs due to power supply

limitations. The remaining doglegs exhibit path length changes of less than 1 cm.
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High energy )
beam Dipole

magnets

FIG. 4. A photograph of a recombiner at the beginning of South linac.

2.2 CEBAF INJECTOR

The CEBAF injector at Jefferson Lab is responsible for providing beams to the main
accelerator and two recirculating linacs. The beams from the injector are delivered to the
experimental halls at bunch repetition rates of either 499 MHz or 249.5 MHz.
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FIG. 5. A layout of the CEBAF injector upgrade Phase 1 section at Jefferson Lab at 130
kV gun voltage. Magnet elements are not shown. PCup, FC#1, and FC#2 are insertable
Faraday cups. The longitudinal positions of main beam line elements with respect to the
cathode position at z = 0: the prebuncher is located at z = 5.363m, aperture Al is at z
= 6.48m, aperture A2 is at z = 7.156 m, the chopper RF cavity is located at z = 7.60m
downstream of the cathode, the buncher is at z = 8.88 m, the Faraday Cup is at z = 9.45m,
the capture is at z = 9.95m, the quarter cryomodule is at z = 12.80 m, and the upstream of

the full cryomodules is approximately at z = 30 m.

Figure 5 illustrates the main components of the CEBAF photoinjector [6-8|, which is re-
sponsible for generating, transporting, and providing electron beams to the main accelerator.
The depicted elements are related to the process of bunching the electrons and controlling
their timing. While the magnetic elements: solenoids, dipoles, and quadruples, as well as
steering coils, beam position monitors (BPM’s), and beam current monitors (BCM’s), are
not shown in the diagram in Fig. 5, they also play a crucial role in the operation of the
CEBAF photoinjector. This photoinjector supports the operation of multiple experimental
halls simultaneously [3, 9, 10], supplying continuous-wave (CW) electron pulse trains with
varying bunch charge to the main accelerator. The resulting beam has bunch lengths of
around 1ps, 1073 energy spread, and a normalized transverse emittance of <1mm mrad.
The photoinjector’s main elements consist of a load-locked DC high-voltage photogun [11—
13], a 4 7w spin-manipulator system (also called the 2-Wien spin flipper) [14], numerous spe-

cialized bunching and accelerating RF cavities [6, 7, 9], and the magnetic beam optics used
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to transport the beam from the photoinjector to the main CEBAF accelerator.

Overall, the CEBAF photoinjector is a complex and sophisticated system that is critical
to the successful operation of the CEBAF facility. In Section 2.3 of this thesis, the photoin-
jector systems are described in beamline order, providing a detailed overview of the various
components and how they work together to produce the high-quality electron beams that

are essential for a variety of experiments.

2.3 CEBAF INJECTOR BEAMLINE

2.3.1 PHOTOGUN

The CEBAF injector employs a high-voltage photocathode DC gun as its initial compo-
nent, producing a polarized electron beam with a polarization exceeding 85% and variable
charges. The photoemission process begins with a single strained-superlattice GaAs/GaAsP
photocathode [15], utilizing four circularly polarized lasers [16], one for each experimental
hall. This configuration generates interleaved longitudinally polarized electron pulse trains.
The laser beam travels through a vacuum window that is selected to have minimal birefrin-
gence. The laser beam then shines directly onto the photocathode at a perpendicular angle.
The lasers need to operate at subharmonics of CEBAF’s fundamental frequency of 1497 MHz,
either at 499 MHz or 249.5 MHz for routine operation. They are configured independently
and chosen based on the beam current and delivered bunch charge required for each ex-
periment. During multi-hall operations, the beam current delivered to the four experiment
halls can vary significantly, ranging from 100 pA to 100 pA. Moreover, the delivered bunch
charge, depending on the requested bunch repetition rate, can range from 0.668 x 10719 to
0.668 x 107!2 C. The electron bunches leaving the photocathode have a temporal profile
similar to the laser pulses used to create them, with a full-width at half-maximum (FWHM)
of approximately 45 ps. The DC field in the photogun within the pre-existing injector accel-
erates the photoelectrons to 130 keV.

Figure 6 illustrates a diagram and photo of the DC high-voltage photogun vacuum cham-
ber, along with its primary components. The cathode is a tee-shaped electrode made of
316LN stainless steel, located at the center of the photogun. It is biased by a high-voltage
cable connected to a power supply, and an inverted ceramic insulator insulates the HV cable
from the gun chamber vacuum. The region where the cathode and insulator meet, known
as the “triple-point,” has been demonstrated to generate high-voltage breakdown when the

cathode is energized due to its high electric field [18, 19]. To mitigate the electric field at
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FIG. 6. A schematic of layout and photo of the CEBAF photogun. The CEBAF DC high-
voltage photogun with inverted insulator geometry, with essentail components labeled (left)
and photograph of the CEBAF DC high-voltage load-locked photogun (right) [17].

this point, the cathode’s design has been altered to include an electrostatic shield around the
triple-point [20]. Additionally, the Pierce geometry of the cathode’s front edge concentrates
electrons exiting the photocathode through the anode aperture [21].

2.3.2 STEERING COILS

To ensure that the beam stays along the central axis of the beamline, horizontal and
vertical Haimson steering coil pairs are situated at different points along the beamline. As
the beam gets a downward kick from the electrostatic shield above the cathode electrode at
the start, two steering coil pairs just after the anode work to return the beam to its correct
position along the beamline. Additional steering coils further down the beamline correct
any irregularities in the beam’s path and account for the earth’s magnetic field. Figure 7

displays a steering coil pair in a photograph.
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Vertical Steering

FIG. 7. Photo of a Haimson steering coil pair on the CEBAF beamline.

2.3.3 DIPOLE MAGNET

Once the electron pulse trains pass the third steering coil along the beamline of the
CEBAF injector, they are deflected by 15° onto the longitudinal axis of the accelerator with
the aid of an air-core dipole magnet. The purpose of the dipole magnet is to enable the lasers
to illuminate the photocathode at normal incidence. A photograph of the dipole magnet is

presented in Fig. 8.

FIG. 8. Photograph of the dipole magnet (15° bend) on the injector beamline.
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2.3.4 WEIN SYSTEM

The subsequent segment of the CEBAF Injector beamline is the 47 spin-manipulator
system, consisting of two Stanford/Mainz-type Wien filters [22] separated by two single-
wound solenoids. The “2-Wien Spin Flipper,” as it is known, is illustrated in Fig. 9. The
2-Wien spin flipper is a system that consists of a vertical Wien filter, spin rotating solenoids,
and a horizontal Wien filter. The beam travels from left to right, with the large arrows
indicating the direction of the beam’s polarization. To create “spin flip” polarized beams,
where the spin direction is oriented in the horizontal plane but pointing in opposite directions,
the polarities of the two solenoid currents (top of the Fig. 9) or the Wien filter dipole current
and electrode high voltage polarities (bottom of the Fig. 9) are reversed. In either case, the
horizontal Wien filter is utilized to align the spin direction longitudinally at the experiment
hall [23].

FIG. 9. Mlustration depicting the setup of the CEBAF 2-Wien spin flipper. Beam travels

left to right, with large arrows depicting beam polarization direction [23].
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2.3.5 RF SYSTEM

The RF system is the next section of the CEBAF injector, consisting of both supercon-
ducting radio frequency (SRF) and warm RF cavities. In the initial 130kV experiments,
this system includes two RF bunching cavities-prebuncher and buncher, a chopper system,
a capture section, two 5-cell superconducting cavities called quarter cryomodule (QCM) and
the first two full cryomodules. The accelerating RF system consists of warm capture cavity,
quarter cryomodule and the first two full cryomodules. In more recent experiments after
the Phase 2 upgrade, the capture section and quarter cryomodule have been replaced with a
new booster module containing a 2-cell and 7-cell cavity string. Details about the upgraded
injector RF system are described in Section 2.4.

The main purpose of using radio frequency cavities in accelerators is to add energy to
(accelerate) charged particle beams with high electric field. The acceleration is achieved via
interaction of the particle beam with time-varying longitudinal electric field in an accelerating
structure. The highest achievable accelerating gradient (measured in MV/m), however, is
not always optimal for an accelerator. There are other factors (both machine-dependent
and technology-dependent) that determine operating gradient of RF cavities and influence
the cavity design, such as accelerator cost optimization, limitations imposed by existing
technology on some components (e.g., maximum power through a fundamental RF input
coupler), necessity to extract higher order mode power, etc. Moreover, although the cavity
is the heart, the central part of an accelerating module and RF system, it is only one of
many parts and its design cannot be easily decoupled from the design of the whole system.
In many cases requirements are competing.

The chopper system, described Refs. [9] and [24] and illustrated in Fig. 11, plays a crucial
role in controlling the temporal acceptance of the front-end of the CEBAF accelerator. It
is composed of three main components: a two-cavity RF-deflector system, two counter-
wound solenoids, and three chopping apertures that can be adjusted independently. The
RF-deflector system consists of two 499 MHz TMs;o mode rectangular copper cavities, each
driven in two orthogonal transverse deflecting modes, which are phased to sweep the beam
in a circular pattern at 499 MHz. The beam at the center of the first cavity is then imaged
to the center of the second cavity by a pair of counter-wound solenoid lenses, which bracket
the chopping apertures, located midway between the two deflecting cavities. The amplitudes
and phases of the fields in the second deflecting cavity are carefully adjusted to cancel out
the RF kick from the first cavity. A fully open chopping aperture has a maximum duration

of 111ps, and it regulates very low current beam for experiments that require nA beam
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FIG. 10. Diagram of the CEBAF chopper system. A photograph of the three chopping
apertures (top left), the chopping system (middle) and a photograph of the electron beams
entering the three experimental halls simultaneously (top right) [24].

currents and manages the bleedthrough beam sourced from the higher current beams used
for the other experiment halls. Overall, the chopper system not only provides control of
the electron bunch downstream but also regulates and manages different types of beams for
various experimental needs.

The electron beam current is measured by an insertable Faraday cup after it passes
through the chopping system. The Faraday cup consists of an isolated electrode in a circuit
with an ammeter that measures the current induced by the electrons when they hit the
electrode. Using the Faraday cup in conjunction with the chopping system allows for the
measurement of the longitudinal size of an electron bunch. By adjusting the phase of the
chopper cavities, the deflection axis of the bunch can be scanned across one of the apertures
of the master slit, and the current passing through the slit can be measured by the Faraday

cup. Figure 11 depicts a photo of the chopper system and the Faraday cup in the beamline
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FIG. 11. Photo of the RF chopper system and the Faraday cup.

of the CEBAF injector.

The CEBAF photoinjector uses two RF-bunching cavities, which are re-entrant-style
TMy1o pillbox copper cavities operating at 1497 MHz. These cavities are used to maintain
the desired longitudinal bunch length of the non-relativistic beam. The first cavity, called
the prebuncher [7, 25|, is located between the photocathode and the chopper and is set to
zero-crossing. The objective is to counteract the elongation or growth of the bunch length
that occurs due to the presence of space-charge forces along the distance between the gun
and the chopper system in the injector. Even for bunches with low charges, space-charge
forces cause an increase in both the spatial and temporal size of the bunch [26]. If not
compensated, the space-charge forces acting on bunches with the highest charges can cause
the bunch length to grow beyond 111 picoseconds, resulting in avoidable loss of the beam.
The second buncher cavity [27], which is positioned between the center of the chopper system
and the following RF cavity referred to as the “capture section”, serves as the phase reference
for the injector and CEBAF accelerator [28]. Usually, it is set to zero-crossing or within 20°
of zero-crossing to initiate the compression of the longitudinal bunch.

The capture section [6, 25, 29] is a type of side-coupled cavity comprising five cells
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designed with a graded-beta configuration. Its primary function is to boost the 130 keV
beam to around 630keV and enhance bunching. The name “capture section” arises from
the fact that it raises the beam’s kinetic energy by approximately 500 keV, which renders it
suitably relativistic and matched in beta with the two superconducting cavities that follow
downstream.

The quarter cryomodule [6, 25, 30] houses two 5-cell superconducting cavities and is part
of the original cryomodules for CEBAF, which have eight 5-cell Cornell style accelerating
cavities constructed in four subsections, each containing a pair of cavities. The quarter
cryomodule is named after representing one of these cryomodules subsections [31] and is
responsible for accelerating the beam to 6.2MeV. The cavities in the quarter cryomodule
are phased off-crest to continue the bunching process initiated in the second buncher cavity,
with further drift bunching occurring in the downstream beam transport line. The beams
delivered downstream of the quarter cryomodule are further accelerated to 123 MeV using

two full cryomodules.
2.3.6 SOLENOID

Solenoid magnets are commonly employed to focus low energy beams in an injector.
The elements used to transport the beam from the gun to the quarter cryomodule include
solenoids placed at various points along the beam path. These solenoids serve to focus the
beam transversely at adjacent downstream components, such as the dipole magnet, Wien
filters, and RF cavities.

There are two main types of solenoids used in the beam transport system: single-
wound and counter-wound. Between the gun and spin-manipulator system, two single-wound
solenoids are used. Between the spin-manipulator system and the quarter cryomodule, three
counter-wound solenoids are used, in addition to the two counter-wound solenoids in the
chopper system. Counter-wound solenoids are preferred after the spin-manipulator system
as they do not alter the polarization and spin configuration, unlike single-wound solenoids.
The photo in Fig. 12 displays the first solenoid located after the photogun. The field strength
of this solenoid is adjusted to ensure that the beam size is minimized at the center of the

dipole magnet.
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FIG. 12. Photo of a solenoid on the CEBAF injector beamline.

2.3.7 BEAM POSITION MONITOR

Antenna beam-position monitors (BPM’s) are utilized in the beamline to monitor and
ensure the alignment of the four independent beams by measuring the beam position. These
monitors also enable realignment of the beam to an approved orbit whenever adjustments are
made to the photocathode lasers or Wien filter spin angles. The antenna-style BPM at the
CEBAF photoinjector, depicted in Fig. 13, comprises two pairs of antennae that run parallel
to the beamline axis. By measuring the voltage signal induced by the beam, the BPM can
determine the transverse position of the beam in either the horizontal (z) or vertical (y)

directions.
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FIG. 13. Photograph of a BPM on the location of a steering coil pair at CEBAF injector

beamline.

2.3.8 APERTURES

Four apertures (Aj, Ag, Az, and A4) have been positioned along the beamline of the
injector to manage the transverse emittance. These apertures have varying hole sizes rang-
ing from 4.0 to 6.5mm and are utilized to collimate the beam and decrease the extent of
transverse phase space. They are named emittance limiting apertures and aid in controlling

the beam’s launch into and out of the chopper system.
2.3.9 VIEWER

Viewers are utilized to observe the transverse current distribution of the beam, and they
consist of an insertable screen made of yttrium aluminum garnet (YAG) that fluoresces when
excited by the beam. The screen is positioned at a 45° angle relative to the beam, allowing
a charge-coupled device (CCD) camera to capture the fluorescent light passing through a
view port. Below saturation the intensity distribution of the light is directly proportional
to the transverse current distribution of the beam. To determine the transverse transverse
(horizontal and vertical) root mean square (rms) beam sizes (o, and o,), measurements
of the distribution projections in the z-and y-directions are taken. Figure 14 displays a

photograph of the first viewer positioned after the photogun.
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FIG. 14. Photograph of a viewer on the injector beamline.

2.3.10 DRIVE LASERS

The CEBAF injector has four identical photogun drive lasers, which produce RF-pulsed
light with an optical pulse width of around 45 ps (FWHM) and are used to create a beam in
each of the four experiment halls. The laser beams are combined with interleaved pulse trains,
which have a repetition rate of either 249.5 MHz or 499 MHz. For the Kj, experiment, the
repetition rate will be either 7.8 MHz or 15.6 MHz. They all illuminate the same location
on the photocathode. The physical layout of this setup is shown in Fig. 15. The lasers
produce 780nm light that shines onto the photocathode. During CEBAF operations, the
intensities of the four lasers are adjusted to create large dynamic ranges in beam currents for
each experimental hall [32]. The light from the four lasers is combined using beam splitters
and a prism cube, and the combined beam passes through a lens controlled by a stepper
motor. The motor can adjust the laser beam’s horizontal or vertical deflection, which shifts

the laser’s position on the photocathode. A power meter inserted after the lens measures
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FIG. 15. Schematic of the physical layout of the four fiber lasers [17].

the laser’s power before it reaches the photocathode.
2.4 CEBAF INJECTOR UPGRADE

The pre-existing Phase 1 CEBAF injector upgrade utilized a photogun biased at 130kV
with DC high-voltage. The beam is then accelerated using a normal conducting copper-cavity
capture section to approximately 630keV. To achieve the design energy of approximately
5MeV, a quarter cryomodule consisting of two 1497 MHz SRF five-cell cavities, similar to
those used in full cryomodules, was employed. Despite being highly dependable, the beam
that passes through the quarter cryomodule experiences a significant transverse deflection
due to the existence of asymmetrical fields on the beamline axis caused by the design and
implementation of the RF fundamental power couplers and stub tuners [33, 34]. Furthermore,
there is strong coupling of xy motion, making it challenging to set the optics on both sides
of the quarter cryomodule to achieve a matched beta function, which ultimately limits the
adiabatic damping achievable for beam that is delivered to the experiment halls.

In order to resolve the aforementioned problems, a new cryomodule was developed to
replace the quarter cryomodule. The newly constructed “booster” cryomodule [35, 36] con-

sists of a 2-cell superconducting capture section, and a 7-cell superconducting cavity which is
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responsible for most of the beam acceleration. The booster cryomodule, designed to replace
the quarter cryomodule, tackles the issues of transverse beam deflection and zy coupling by
implementing modern forward power couplers and stub tuners [37-40] to reduce induced elec-
tric fields within the cavities. Moreover, it features a modern higher order mode damper [41]
that provides inherent up/down symmetry, reducing the skew quadrupole contribution to
the field almost to zero, which further reduces the xy coupling. As part of the booster
installation, the CEBAF photoinjector underwent simplification by removing the room tem-
perature capture section. This resulted in fewer RF components and a more straightforward
injector setup. The removal of the cavity also created additional space for beamline diagnos-
tics, including BPMs. Optics matching tools were utilized to adjust the focusing strength of
elements on both sides of the booster, leading to improved lattice matching and enhanced
adiabatic damping. Additionally, the beam will be less prone to loss at the injector apertures

due to the higher beam energy from the 200kV bias on the photogun.
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FIG. 16. A layout of the CEBAF injector showing different areas for upgrade (not drawn to
scale) from 130kV to 200kV gun.

Figure 16 illustrates the different areas of the Phase 2 CEBAF injector upgrade, which
was completed during the Scheduled Accelerator Down (SAD) in 2023. Increasing the gun
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voltage would require adjustments to the operating points of other components in the area.
While correctors and solenoids have enough range, the spin manipulators (Wien filters)
hardware needed to be upgraded. The choppers, prebuncher, and buncher RF cavities in the
200 keV beam path have enough power to handle the 200 keV beam. The Cornell-type beta-
graded five-cell cavity was not matched to a 200keV input beam. Therefore, the capture
section was integrated into the SRF booster, with new 2-7 cell SRF cavities replacing the
old 5-5 cell SRF cavities. The CEBAF injector upgrade consists of Phase 1 and Phase 2, as
depicted in Fig. 17(a) and Fig. 17(b), respectively. Ultimately, the Kj, experiment will be
conducted using a 200kV DC gun.
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(b) The CEBAF injector upgrade Phase 2.

FIG. 17. CEBAF injector upgrades: (a) Phase 1 and (b) Phase 2. In Phase 2, the capture
section is eliminated, the position of the buncher is modified, and the QCM is replaced with

2-cell and 7-cell SRF cavities [42].
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CHAPTER 3

OPTICS AND BEAM DYNAMICS

A particle accelerator is a machine that accelerates charged particles like electrons,
positrons, or protons. A beam is a collection of particles that have a nonzero average
momentum. In modern accelerators, the beam energy is raised using electric fields, mostly
radio-frequency (RF) fields. The particle source, also known as a gun, is the starting point
of the accelerator, followed by an accelerating section that increases the energy to the de-
sired level. The study of the physical principles that govern the transport and focusing of
a particle beam within an accelerator is called “beam optics”. To design the beam optics,
the accelerator lattice is essential, consisting of a sequence of elements that the beam passes
through, such as solenoids, dipole magnets, quadrupole magnets, sextupole magnets, acceler-
ating cavities, and undulators. Straight sections without electromagnetic fields, called drifts,
are also part of the lattice. By utilizing the lattice, a theoretical model of the accelerator is
created, which enables the simulation of the machine on a computer.

This chapter aims to introduce the fundamental mathematical framework utilized in
accelerator physics. Additionally, we will explore several essential concepts in beam physics
that are extensively utilized in this dissertation. The concepts of phase space, beam matrix,

and beam emittance will also be introduced and discussed.
3.1 COORDINATE SYSTEMS AND PHASE SPACE COORDINATES

In a particle accelerator, the primary focus is on the movement of a particle bunch,
consisting of numerous charged particles moving at relativistic speeds through the machine.
Due to the complexity of writing the equation of motion for an individual particle in a fixed
Cartesian coordinate system, particle coordinates are defined with respect to a reference
orbit: a path along the accelerator. The reference orbit is typically based on the path an
ideal particle would take, such as an arc of a circle in a dipole magnet or a straight line in
a drift or quadrupole magnet. However, it can also be defined as a path that no particle
would genuinely take, such as a straight line through an undulator.

The motion of particles in a linear accelerator system is typically described by a Cartesian

coordinate system (z, y, z), which is established based on the location of the reference particle
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with momentum pq as illustrated in Fig. 18. The curved path in the figure represents the
reference trajectory. However, most particles deviate slightly from this trajectory due to
differences in position, momentum, and/or time. Consequently, these particles follow paths

that are slightly different from the reference trajectory.

y

p individual particle trajectory
‘ reference
reference
trajectory particle

FIG. 18. Reference trajectory and coordinate system.

The deviation of particles from the reference trajectory is described by a set of particle
coordinates (z(s), y(s), z(s)) that are defined with respect to the ideal particle. These
particle coordinates also include relativistic momentum coordinates (p.(s), py(s), p:(s)).
The motion of the particle perpendicular to the reference trajectory is described by the
transverse coordinates, horizontal (x(s), p.(s)), and vertical (y(s), py(s)), while motion
along the reference trajectory is described by the longitudinal coordinates (2(s), p.(s)). The
independent variable s represents the path length along the reference trajectory.

The conventional phase space coordinates are often replaced by geometric coordinates,

also known as tracespace, in accelerator physics. These coordinates describe particle motion
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and are denoted by a vector:
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Here, 2’ = p./po, ¥ = py/po, and 6 = Ap/py, where Ap represents the individual particle

momentum difference from py.
3.2 EQUATION OF MOTION

The fundamental process of particle acceleration involves the use of electromagnetic fields
interacting with the charged particles in a beam. The trajectory of the beam through the
accelerator is determined by the dynamics of this interaction, and various components are
engineered to accelerate the particles to the desired energy level, steer them along a specific
path, and focus them to minimize losses. Consider a point particle with charge ¢ and mass
m, whose position is defined by curvilinear coordinates x(s), y(s), and z(s). The magnitude

of the velocity of this particle can be expressed as

Vil = \fo2 42 + 2
(2)
= [e.
Here, c is speed of light in vacuum and f is the Lorentz factor. The relativistic momentum

vector of the particle can be expressed as the product of its relativistic mass and velocity

vector, which is given by:

p =ymv (3)

= pxi’ + py'g + pzé7

p=\/p2+Dp;+Dp: (4)

The corresponding mechanical energy of the particle is

with magnitude

(pc)? + m2ct

2
= ymc”,
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where the relativistic factor is
7 =(1- g ©)

The classical motion of such a particle in an external electric field E and magnetic field B,

without considering radiation losses, is described by the energy gain equation:

d
d—f =qv-E, (Ta)
and the Lorentz force equation:
d
F:d—I;:q(EJrva). (7b)

The external electromagnetic fields (E, B) are generated by vector potential A as B = Vx A
and scalar potential ® as E = —V®—0A/0t. Since p = ymv, the Eq. (7b) can be described
in general form by the following equation of motion [43-45]:

dv dy dp 0A
A TP _ (v 22 VxA).
m +mvdt o q( 5 +v XV X ) (8)

Additionally, the external electromagnetic fields (E, B) obey Maxwell’s equations in a free
space:
0B

When particles pass through an external electromagnetic field, they can gain energy from
static or time-varying electric fields, and static magnetic fields can cause the particle beam
to bend and be confined in a transverse direction. Magnetic components, like dipoles and
quadrupoles, can bend and focus or defocus the beam while transporting it, forming the basis
for the linear approximation. Sextupole and octupole magnets are used beyond the linear
approximation to correct non-linear optical aberrations. Linear beam dynamics focuses on
linear fields that are either independent of or linearly dependent on a particle’s distance from
its ideal trajectory. The mathematical description of particle trajectories in the presence of

such linear fields is called linear beam dynamics.
3.3 BEAM PHASE SPACE AND TRANSFER MATRIX

The motion of each particle within a bunch can be fully described by its coordinates
and momenta in six-dimensional (6D) phase space (x, p, y, py, 2, p.). The 6D trace space
is typically defined as (x, 2/, y, ¢/, z, §). If we assume no coupling between dimensions,
we can separate the particle motion into transverse (horizontal and vertical) and longitu-

dinal dimensions. The longitudinal dimension determines the length of a bunch, while the
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transverse dimensions determine its height and width. The beam phase space description
is useful for analyzing the distribution of particles, which can be visualized as a “cloud” of
points in six-dimensional phase space at a specific time. According to Liouville’s theorem,
in the absence of acceleration, the differential trace-space volume dI' = dx dy dz dx’ dy' dp.
remains constant at all times in the accelerator.

Liouville’s theorem and the Hamiltonian equations for conservative systems allow us to
track the motion of a beam and multiple particles in trace space. This can be achieved using
a transfer matrix in the 6D trace space, which enables tracking anywhere along the beamline
as:

X(s); = M- X(s);, (10)

where the subscripts ¢ and f represent the initial and final positions with respect to the
reference trajectory and M is the transfer matrix which represents the linear optical elements

(including drift spaces). The Eq. (10) equation can be expanded to full matrix form:

T My Mz Miz Myy Mgz Myg T

7’ Moy Moy Moz My, Mas Mo 7’

) _ Mz Msz Msz Msy Mss Mg Y (11)
Y My Myo Myz Mgy Mys My Y

z Ms; Msz Msz Msy Mss Mg <

0 f Me1 Mgz Mz Mgy Mes Mg 0 :

If there is no momentum offset, the transverse properties of a beam can be determined
and analyzed, resulting in a four-dimensional (4D) system that excludes z and §. The total
transfer matrix M can be obtained by multiplying together the matrices that represent linear

motion through various optical elements, including drifts, bends, and quadrupoles as:

M = MxMn_1..... Mo M. (12)

An electron bunch is a collection of electrons moving together at relativistic speeds. Its
properties are determined by the total charge and the statistical distribution of the parti-
cles within the bunch. The beam is often modeled as a statistical ensemble described by a
normalized distribution function f(u, v’) in the (u,u’)-plane, where u is the horizontal or ver-
tical displacement (z or y) relative to the ideal trajectory, and primes indicate differentiation

with respect to s. To characterize the distribution, statistical central moments are used as:
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(u) = /+OO /+O°u Flu,u') du du' ~ %i::u (13a)

(u'y = /+°° /+°° u' fu,u) du du' ~ — Zul, (13b)

(u?) = /%0 /+OO u? flu,u') du du' =~ %Z (13c¢)
o0 o0 N

u'?) /+ /+ 2 fu,u') du du' = ~ N Z:: (13d)
+oo 400 N

(uu') / / wu' f(u,u) du du' =~ NZ (13e)

where N is the number of particles in the bunch. Additionally, the quantities o, and o/, are
called rms beam size and beam divergence, and o, is the correlation. These parameters

are defined by the following relations:

0—3:/_ OO/_ = )2 () du du’%%Z(ui—w))Q, (14a)

=1

:/ OO/ = W) Flud) du du’z%Z(ué—(u’))Q, (14b)

=

w = / OO/ i (u = (u)(u" = (W) fu,v) du du’ =~ %Z(Uz — (u)(u; = (). (14c)

Here, first order moments (u) and (u) are 0 for a zero-centered beam distribution.
Longitudinal bunch distribution is also commonly described by its rms bunch length

0. = 4/ (2%) and energy spread o5, = \/(Av?)/ (7). Here, d¢ is defined as AE/E = Ay /v,
where vy stands for the Lorentz factor of the bunch’s center of mass.

3.3.1 BEAM EMITTANCE AND BEAM MATRIX

The beam emittance is an intrinsic characteristic of a charged particle beam in a particle
accelerator that quantifies its quality. Essentially, it represents the volume of phase space
occupied by the beam. The emittance of a beam provides information on how well it can be
transported over long distances or focused into a small space [46].

Liouville’s theorem states that the area in phase space occupied by charged particles will

remain constant under the influence of conservative forces [47]. Although the shape of the
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ellipse enclosing the distribution of particles may be distorted by focusing and defocusing
elements along a beamline, the area of the ellipse remains constant, satisfying Liouville’s
theorem. Accelerator physicists typically describe a distribution of particles as being enclosed
by an ellipse in phase space, where the area of the ellipse corresponds to the beam emittance.
This can refer to either transverse phase space (spot size and divergence) or longitudinal
phase space (bunch length and energy spread).

For the transverse motion, a diagram of the ellipse is shown in Fig. 19. The geometric

emittance € refers to the area of the beam ellipse in the (u,u’) coordinate system and given

by:
/ du du' = Te. (15)
ellipse

The normalized and geometric emittances are related simply by

€n = Ve, (16)

where 3 and v are the Lorentz factors. The normalized emittance in an ideal machine would
stay constant from the source throughout the transport. However, in reality, non-linear
magnetic fields and wakefields are among the factors that degrade the emittance.

The beam ellipse is characterized by three independent parameters and one dependent
parameter: a(s), f(s), and y(s) are the Courant-Snyder parameters (also known as Twiss
parameters) [48], and € represents the geometrical emittance. It is important to note that
the Twiss parameters differ from the Lorentz factors even though the notation is the same.
In the case of linear motion, the distribution of the beam in two-dimensional (2D) phase

space can be enclosed by an ellipse of the form:
€ = yu? + 20mu’ + Bu’?, (17)

where € is called the geometric emittance, and me gives the area enclosed by the ellipse.
The community uses different conventions to specify the fraction of the beam inside the
ellipse. In proton accelerators, an ellipse containing 90% of the particles is considered the
90% emittance. On the other hand, the electron beam community commonly uses the rms

emittance as defined by [49]:

€rms = 0-50-2’ O-Zu’ = 0y0wV1— T27 (18>

2
where 7 is defined to be the correlation coefficient, r = 0,,//\/020?,, whose absolute value is

less than or equal to one. The correlation coefficient will be zero in the absence of correlation

of the phase space variables, u and u’.
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FIG. 19. Beam phase space ellipse characterized by the Twiss Parameters.

The three Courant-Snyder parameters, 5(s), a(s) and 7(s), which are also called beam
optical functions, are proportional to the three second moments of the beam distribution.
The constant of proportionality is the rms beam emittance. This mathematical relation is

expressed as follows [50]:

B 1 <U2> 1 o1
—a | = (wu'y | = - o1z |3 with 78 —a®=1. (19)
Y <Ul2> 022

The relationship between the beam ellipse and the Courant-Snyder parameters can be un-
derstood by comparing Eq. (19) with Fig. 19. Specifically, v/¢8 corresponds to the beam
half-width, /ey corresponds to the beam half-divergence, and « is the correlation term be-
tween v and u/. If a > 0, the beam is converging; if o < 0, the beam is diverging; and if
a = 0, the beam has a local minimum or maximum £, as « = —f'/2 [50]. Additionally,
from Eq. (19), we can see that the rms width of the beam is v/€,s3. Therefore, the beta
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(B) function describes the beam envelope and must be kept small enough to avoid colliding
the outermost particles with the beam chamber.
For the Gaussian distribution in (u, ') :

flu ') = ! exp(— ‘ )

27T6rms 267“7718

20
1 yu? + 2cun’ + fu’? (20)
= exp| — :
2T €rms 2€rms

Changing the phase space coordinates to the normalized coordinates as:

Up = %, u, = +/pu + a—\/%, (21)
and normalizing the distribution function f(u,u’), we get
o oo 0o poo 1 n2 ’2
/ / flu,u') du du’ = / / exp _Un_ U du,, dul,
[e.e] o [ele] [ele] 27T€7"m8 267’7)’),8

L @)

:/ exp(— ¢ ) wde = 1.
0 27T6rms 2€'rms

>~ 1 €
€) = exp| — ede
< > A 2€rms ( 267‘ms> (23)

= 2€rms-

The average emittance is

The beam rms emittance is equal to the half of the average beam emittance.
With this statistical description of the beam in hand, the 2 x 2 horizontal beam matriz

also called sigma matriz, may be defined as:

(w?) () o1 O12 Bls)  —als)
Y(s) = = = €rms ! 24
) <<U’u> <u’2>> <U21 022) <_a(s> () ) -

Note that Det (X(s)) = €2,,,- The beam matrix at any position sy from s; can be obtained

™ms*

using the known transfer matrices and the relation:
Y(s2) = M X(s;) MT, (25)

where 3(s1) is the beam matrix at position sq, ¥(sz) is the beam matrix at position sy, and M
is the transfer matrix that describes the transformation from position s; to another position

so. Equation (25) describes how observable rms beam sizes evolve as they move through
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the lattice. For a unimodular (Det (M) = 1) matrix transformation with |Tr(M)| < 2, the

ellipses yu? + 20uu’ + Bu? = € are invariant under the linear action of M implying that
Yous 4 200t + Boulf = yiul + 20ugu) + frult = e (26)

Applying the phase space coordinate changes from s; to sy using the transport matrix, and

inverting the matrix with Det(M) = 1, we obtain

Uz} _ My My i) (U _ Mas  —Mis Uz (27)
Ulg Mo My Ull ’ Ull —Mao1 My Ulz
Substituting the values of u; and v} from Eq. (27) and using the equation Eq. (26),

Youz + 20upuly + Bay = (Maeyr — 2May Magary + M3, By )us + 2[—M2Magy; +
(M1 Maa + M1oMay )y — My Moy By Jugus + (M%ﬂl — 2M oMoy + M%ﬁl)ug- (28)

Solving Eq. (28), we get the changes in the ellipse or T'wiss parameters expressed in matrix

form as:
v(s2) M3, —2Ma1 My M3, v(s1)
06(52) = | —Mi2Myy M;1Magy + MioMg  —My1 My 04(51) . (29)
B(s2) M3, —2M s My M3, B(s1)

At a new location s, along the beamline, the phase space ellipse still has the same area e
as it did at the original location s;. However, the ellipse parameters change as described
by Eq. (29), resulting in a different shape and orientation of the phase space ellipse. This
implies that the phase space ellipse undergoes continuous changes in shape and orientation
as the beam propagates along the beamline, while the area of the ellipse remains constant.

Using Eq. (29), the beam parameters at any point along the beamline can be extrapolated
with knowledge of the initial values of parameters oy, (i, and 7. Alternatively, we can
express the elements of the transfer matrix M from s; to s, in terms of the optical functions

at the initial and final locations as:

\/%(COS ¢ + aq sin gb) VG231 sin ¢

M(sy, s9) = )
1,52 ﬁ (g — ag) cos p — (1 4+ ajag) sin @) \/%(cos¢ — assin @)

(30)

where ¢ = (¢2—¢1) is the betatron phase advance between the two locations, mathematically

So 1
o= j{l E ds. (31)

given by
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3.3.2 THERMAL EMITTANCE

Thermal emittance is the emittance achieved when particles are emitted from a source at
constant temperature. In photocathodes, it mainly depends on the illuminating wavelength,
the degree of negative affinity, and the band structure of the photocathode material [51].
The statistical definition of the phase space normalized rms emittance in (z,2’) plane is

given by [52]:

ns = =/ (a7 () — (o) (52)

The thermal emittance can be calculated by assuming the electrons from the cathode are
emitted uniformly and isotropically within a radius r in the presence of an accelerating
field. Introducing the transverse thermal energy of the cathode kg7, and invoking the
equipartition theorem, we write %m (vi} = %k‘BT '\, where kp is Boltzmann constant and
T, is transverse tempearature. For nonrelativistic photoelectrons, v, = p,/m represents
the transverse component of the velocity. The correlation term in Eq. (32) is absent at the

photocathode surface, so the normalized thermal emittance is given by [51]:

[kpT'|
nr — Oz 5 33
€ o - (33)

where o, = (x?) is the rms laser spot size on the cathode.
3.4 LINEAR TRANSVERSE BEAM DYNAMICS

Particles in a beam undergo transverse and longitudinal oscillations around the reference
trajectory or closed orbit during transport along the beamline. The transverse (horizontal
or vertical) differential equation of motion of a particle in an accelerator, assuming no mo-
mentum deviation from designed momentum is given by the linearized Hills’s equation [52,
53] :

u" + Ky (s)u =0, (34)

where u is the horizontal or vertical displacement (x or y) relative to the ideal trajectory,
and primes indicate differentiation with respect to s. The focusing function K,(s) describes
the magnetic field strength present at a location s along the beamline, and it is periodic for
a circular machine.

For the linear motion through the beamline elements, a solution of Eq. (34) can be

represented in a matrix form with cosine-like and sine-like elements:

I
i Mg Moo /) \u] C'(s) S'(s)) \u
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u.

where, ( j’f ) are initial(final) positions of a particle and M is the transport matrix.
Uiy

A typical electron injector comprises of an electron source and solenoidal lenses that form

an electron gun, as well as drift spaces, dipole and quadrupole magnets, and various types
of RF cavities, such as a buncher, a chopper, and SRF accelerating cavities. Sextupole and
octupole magnets may also be included for aberration compensation. Most of the accelerator-
transport components are described using a paraxial approximation solution of Eq. (34). A

thorough derivation of first and second-order accelerator optics can be found in Ref. [54].
3.4.1 MOTION IN DRIFT ELEMENT

A drift section in an accelerator is a region of the beam pipe where there are no electro-
magnetic fields, and particles move in a straight line without experiencing external forces.
However, in such field-free regions, the particles in the electron beam are still affected
by the internal Coulomb fields, known as space-charge forces. Ignoring the space-charge
forces, the linearized axial motion of the electrons can be represented in a matrix form with
K,(s) = K,(s) =0 in Eq. (34) as follows:

Mdrift = ) (36>

O O I~

0
0
1
0

o O O =
— N O O

where L is the length of the field-free region. The space-charge forces will be included in the

simulations later in this thesis.
3.4.2 MOTION IN DIPOLE CORRECTOR/BEND

Dipole magnetic correctors are necessary to adjust the alignment of the beam in the
beamline. The effect of a dipole magnet can be described as a change in the beam’s momen-
tum in the transverse plane, which is determined by the magnetic rigidity (Bp) and bending
radius (p) following the equation Bp = p/q. To correct for the vertical and horizontal dis-
placement, dipole correctors are usually arranged in pairs to address both the horizontal and

vertical kicks. The result can be expressed in a concise form as:

opz\ _ [ds
<5py> - (dy> ' 0
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Here (d,,d,) is a constant vector, where d, , corresponds to the dipole kick value in the = or
y plane.

A sector dipole is a type of dipole magnet that bends the beam in the horizontal plane
with a bending angle # and a bending radius p. Its end faces and fields are perpendicular to
the design trajectory at both the entrance and exit. As the dipole magnet bends only in one
direction, the vertical direction can be considered as a drift. Therefore, the transfer matrix
for a sector dipole with K,(s) = 1/p*(s) and K,(s) =0 in Eq. (34) becomes:

cos)  psinf

Msector - (38)

0 0
0 0

po

0
—%sin@ cosf 0
1
0 1

It is worth noting that the transfer matrix for a sector dipole resembles a scaled rotation in
the horizontal plane and a drift of length L = pf in the vertical plane.

In a rectangular dipole, the bending magnet field abruptly starts and stops along the
particle trajectory, requiring correction of the previous matrix and consideration of edge
focusing. To obtain the complete matrix for the rectangular dipole with edge focusing,
three matrices must be multiplied: edge focusing for the entrance, sector dipole, and edge
focusing for the exit. So, the complete matrix for the rectangular dipole with edge focusing

becomes [52]:

1 psiné 0 0
0 1 0 0
Mot = ) (39)
0 0 cos)  psinfd
0 0 —%) sinf  cos#@

The transfer matrix for a rectangular dipole can be decomposed into a drift of length L =
psinf in the horizontal deflecting plane and a sector dipole in the vertical non-deflecting

plane.
3.4.3 QUADRUPOLE FOCUSING

Quadrupoles are accelerator magnets that introduce linear focusing that depends on the
position coordinate s. If Hill’s equation has focusing in the horizontal direction, then it will

have defocusing in the vertical direction and vice versa. The transfer matrix of a horizontally
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focusing (vertically defocusing) quadrupole with length L is given by [50]:

cos kL % sinkL 0 0
Moot — —ksinkL coskL 0 0 | (40)
0 0 coshkL +sinhkL
0 0 ksinhkL coshkL

where k = VK and K = sgn(q)B’/(Bp) are both positive-definite. Note that the sign of
the derivative of the magnetic field (B’ = dB,/dx) depends on the sign of the charge of the
particle (q).

When a quadrupole is horizontally defocusing, the 2 x 2 matrix sub-blocks for the hor-
izontal and vertical planes are swapped. This occurs when k = v/—K is positive and K is
negative in Hill’s equation. When the quadrupole is short, a close approximation can be

achieved by setting the length L. — 0 while keeping K L constant. The resulting transfer

matrix is:
1 0O 0 0
-1/f 1 0 0
Mthin—quad = / > (41)
0 0 1 0
0 0 1/f 1
where KL =1/f, L << |f], and f is the focal length of the quadrupole lens.
The motion equations in the x — y plane for skew quadrupoles are as follows [52]:
B/
x”+B—y:x"+k2y=0,
; (42)

B
'+ —x=y" +kx=0.
Bp

The skew quadrupole provides focusing in the z + y plane and defocusing in the x — y plane.

The corresponding transformation matrix for the skew quadrupole is provided by [52]:

+ st - s
¢ % ¢ %
—ks™ ¢t —ksT ¢
Mskew—quad =3 — + ) (43)
2 c_ s_ C+ s
k k
—ksT ¢ —ks™ T

where the short-hand notations ¢t = cos kL +cosh kL and s* = sin kL +sinh kL are used. In
the thin lens approximation where the length of the quadrupole becomes very small (L — 0)

while maintaining the integrated magnet strength or the focal length f, the Eq. (43) for the



39

matrix reduces to the simple form:

=

Mskewfthin =

o O = O
o =
_ o O O

where the focal length is defined as f~! = K L.
3.4.4 SOLENOID FOCUSING

Solenoid magnets are frequently used in accelerators to focus low energy beams. In a
solenoid, the longitudinal magnetic field on the axis is peaked at the center of the solenoid,
decreases toward the ends, and approaches zero far away from the solenoid. In contrast, the
radial magnetic field is peaked near the ends of the solenoid. A sketch of a solenoid and its

field is shown in Fig. 20.
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FIG. 20. Magnetic field lines of a solenoid.
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The linear optics longitudinal and radial fields of a solenoid can be expressed as follows:

BZ(T, Z) = Bz(r =0, Z) = Bz; Br(h Z) = _gB,i;a (45)
where z is the distance along the solenoid axis, r is the radial distance from the solenoid
axis, and the prime denotes a derivative with respect to z. Such a field may be described by

a single azimuthal component (Ay) of the magnetic vector potential as

1
Ap = §Bz(2)r. (46)

The canonical angular momentum (CAM) Fp is
: .1
Py = ymr?0 + qrAg = ymr*0 + §qur2, (47)

where 6 is the angular velocity. The conservation of CAM, due to the axial symmetry of the
solenoid, is known as Busch’s theorem.

When a particle enters the solenoid parallel to the axis and with specific initial conditions
(Ag =0, 6 =0and 8, = B) and thus Py = 0. CAM is conserved due to Busch’s theorem and
s0 0 = eB, /2ym = wy. Here, wy is the Larmor frequency. The radial equation of motion for

this particle takes on the form of a harmonic oscillator equation in r as:
"+ k(s)r =0, (48)

where k(s) = (eB./28yme)* = w? /3% = (B./2Bp)? is the focusing strength. The Larmor
frequency wy, determines the rotation of the beam around its axis inside the solenoidal lens.
The rotation ceases when the particle exits the solenoid field. This means that a solenoidal
lens not only images the electron beam but also causes it to rotate. The focal length of the
solenoid f is given by:
2 00 2 oo

It is important to note that the focal length of a solenoid lens is proportional to the square
of the momentum and inversely proportional to the square of the charge of the particles.
This means that the solenoid lens will be more effective for particles with low momentum p
and high charge q.

We can examine how a particle behaves upon entering a solenoid with its velocity along

the z-axis, v = vZ. The radial component of the field, also known as fringe field, gives rise
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to angular momentum in the beam, given by Apy = ¢rB,/2. This means that the radial

magnetic field causes an angular kick that alters the beam’s divergence as:

Ax' = kry;

(50)
Ay = —kpx,

where k;, = ¢B,/2p, = B,/2Bp. The magnetic field inside the solenoid is uniform and
aligned along the z-axis, resulting in circular motion of the particle in the z — y plane. The
total rotation angle of the particle over the length L of the solenoid can be calculated as

follows:
qB. L  B.L

m v, _Bp

0 = Wheross = — — 2k, L. (51)

Here, t.0ss is the time taken by the charged particle to cover the distance L along the
length of the solenoid. The solenoid can be divided into three parts, the entry region, body
region, and exit region, for the purpose of approximation. If we assume that the angular
kick happens only at a specific longitudinal position at the entrance of the solenoid, the

corresponding matrix is:

1 0 0 0
1k, 0
Menr = 52
" 0 0 1 0 (52)
k0 0 1

The matrix that describes the particle’s behavior at the exit of the solenoid is identical to
the one at the entrance, except for a reversal in the sign of the kick. The corresponding

matrix at the exit can be expressed as:

1 0 0 O

0 1 —k; O
Mexi = 93
6 01 o (53)

kp 0 0 1

The angle and position transformations result in the following transfer matrix for the body

of the solenoid:

sin 2kp L 1—cos 2k, L
1 o0 0 2k, 8
0 cos2kr, L 0 sin2kpL
MbOdy - _ 1-cos2kpL 1 sin 2k L (54)
2kz 2k,
0 —sin2k,L 0 cos2kpL

The complete transfer matrix for a solenoid with a magnetic field strength of B and a

length of L can be obtained by multiplying the entry, body, and exit matrices together as
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follows [52]:
c? ésc sc ésZ
—k 2 —kps?
1.5C c 1S sc
Msolenoid = 1 9 9 1 ; (55)
—SC —k—S C k_SC
L L
kps® —sc  —kpse 2

where the short-hand notations ¢ = cosk;L and s = sink;L are used. The determinant
of the diagonal blocks M, and M,, of the solenoid matrix is not equal to 1, which means
that the emittances of 2’ and yy’ are not preserved. Additionally, the non-null M,, and
M, matrices indicate a coupling between the transverse dimensions through a solenoid.
Therefore, a solenoid can be seen as having an effect of both transverse dimensions focusing
and rotation of the zy space of angle kL.

The thin lens approximation can be achieved by considering a small length L and a small
angle 6, and by keeping only the first term of the Taylor series for the cosine and sine. In

this case, the transfer matrix takes the following form:

1 0 0

17 0
Msolenoid = f ) (56)

0 0 1 0

1
0 0 —5 0
where f is the focal length given by:
1 q*B?

~=kL= =L. 57
f L 4p2 ( )

3.4.5 TRANSVERSE RADIOFREQUENCY DEFOCUSING

In a linac, acceleration is commonly achieved through radiofrequency (RF) electric fields
generated inside a structure called a cavity. Although there are various types of cavities,
their specific details are not crucial for analyzing the effect on the transverse motion of
beam particles. What matters is that an accelerating cavity concentrates high-frequency
electromagnetic fields within a small space around the beam axis.

A cylindrical linac cavity operates in a resonating mode and has three non-zero field
components, namely E,, E, and By, where E is the electric field and B is the magnetic
flux density, while z, r, and 0 represent the longitudinal, radial, and azimuthal coordinates

respectively. When considering the EM fields in a cylindrical structure near the beam axis,
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it can be approximated that the longitudinal electric field is independent of the radial posi-
tion [55]:
E.(r,z,t) = E(0,0, z) cos(wt + ¢s), (58)

where w is the angular frequency and ¢, is the phase as the particle passes the center of the
cavity. If the longitudinal electric field F,(r, z,t) is independent of the radial position r near
the axis, then according to the divergence and curl relationships of Maxwell’s equations, the

following transverse fields are obtained:

roF r OF
E: 2 0z’ 7 92 ot (59)

The resulting Lorentz force leads to a change in transverse momentum of a particle of charge

q and velocity (e is given by integration of the transverse fields across the length L of the

accelerating cavity:

™~

So=a [ (B - peB) S (60)

Ny

Using Eq. (59), Eq. (60) becomes:

¢ [* [OE. PBOE.\ dz
Ap, = -2 z iy 1
Pr 2/_§r(82+08t Be (61)

The partial derivative with respect to the longitudinal position can be substituted with the

[

total derivative using:
dE. OE., 1 0E,

= ) 2
dz 0z + Be Ot (62)
we get, the radial momentum impulse is
L
qgr [ |dE, [OE,
Ap, = — = _
Pr 2B¢c /—é { dz * c Ot dz (63)

The integral over the total derivative vanishes if the interval L extends to zero field at both
ends, or if the field is periodic with period L. In these cases, the radial momentum change

can be expressed as:

qrw 3 .
Ap, = ~oga | E(0,0, ) sin(wt + ¢,)dz. (64)

o[

Suppose a particle is located at the origin at time ¢ = 0, so that wt = kz, where k = 27/S\.

Using the trigonometric identity, the radial momentum change can be written as:

A Iy o) /é E(0,0,z)coskz d (65)
p = in ¢, .0, 2 z dz.
p 923222 -

Nl
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Substituting p, = mecpyr’ and using f_LﬁZ E(0,0,2)coskz dz = Eyee. L = V. and L = 5A/2,

where F,.. is the accelerating gradient and V. accelerating cavity voltage, we obtain:

TqV, sin ¢,

A(ypr') = M2y (66)

Equation (66) indicates that the amount of radial deflection in a RF cavity is directly pro-
portional to the accelerating voltage, the radial position, and the sine of the RF phase, while
being inversely proportional to (87)? and the RF wavelength A\. Equation (66) provides us

with the transverse divergence change as:

A(yBa’) = ka; A(yBY') = ky, (67)
where Vsing
_ mqVesing,

k= —mc27262)\ . (68)

Since the usual coordinate system use 2’ and 1y’ one has first to transform to normalized
momentum, apply the equations above and the change in beam energy, and then transform

back into the 2’ 3/. The total transfer matrix for a RF defocusing cavity is given by

1 0\ /1 o\ /1 o 1 0
M,y = = . (69)
(1/(57% 1) (ki 1> (0 (ﬁv)z) (k’/(ﬁv)f (6'7)i/(ﬂ'7)f>

Here, (87); and (B7) represent the initial and final relativistic factors, 5, before and after

the cavity, respectively.
3.5 DISPERSION

The momentum of particles in a beam varies within a finite range around a fixed reference
momentum py, which creates a dispersion in the system. For a relative momentum deviation,

expressed as § = Ap/pog, the dispersion is found by the inhomogeneous Hill’s equations:

" _ 0
z"(s) + K(s)x(s) = ) (70)

y'(s) + K(s)y(s) = 0,

assuming that dynamics of off-momentum particles are important only in the horizontal
plane, and there is no bending in the vertical direction. When particles pass through bending
elements, their trajectories become dispersed by a certain amount, denoted as DJ. Along the

central design trajectory, the total displacement x of a particle can be calculated as follows:

2(s) = wp(s) + zp(s) = ws(s) + D(s)9, (71)
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where zp(s) describes the deviation of the closed orbit for an off-momentum particle with
p = po + Ap and z(s) describes the betatron oscillation around the orbit xzp(s). The

equation for horizontal motion (Eq. (70)) can be split into two parts:

25(s) + K(s)x(s) =0,

72
D"(s)+ K(s)D(s) = i 72)

The trajectory of dispersion inside a magnet is determined by the solution of a dispersion

equation:
b1 1
D(s) = S(s)/ —C(t) dt — C(s)/ —S(t) dt. (73)
o p(t) o P(t)
The solution for the position and divergence coordinates of particles with off-momentum can

be expressed as:

z(s) ¢ S D o
Zds)|=|C" S D zy | - (74)
d(s) 0 0 1 o
For example, for focusing bend, the solution given by Eq. (74) can be represented by 3 x 3
matrix as
x(s) cos  psinf p(1— cosb) z(so)
2(s) | = —% sinf  cosf sin 6 2'(so) | > (75)
o 0 0 1 4]

where bending angle § = s/p. Since z(s) = D(s)d, where D(s) is the dispersion function.
Dividing by § on both sides of Eq. (75), we get

D(s) cos  psinf p(1— cosb) D(sp)
D'(s) | = —% sinf  cosf sin ¢ D'(s9) | - (76)
1 0 0 1 1

If we have access to the 3 x 3 transport matrix and the dispersion function and its derivative
at the starting point sy, we can determine the dispersion D(s) at any downstream location
s along the beamline. It is important to note that the simplified dipole calculation pro-
vided here is for illustrative purposes only, and does not take into account edge focusing in
the dipole. When edge focusing is included, a slightly different 3 x 3 transport matrix is
obtained [52].

At any given location, the rms beam size can be determined by taking into account two

distinct factors: the betatron motion of particles and the finite momentum spread present
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in the beam. The horizontal beam size is given by

02(8) = \JeslB + D2(s)02, (77)

where ¢, is the horizontal beam emittance and oy is the rms relative momentum spread.

Similarly, the angular beam divergence o,/(s) is given by

0:1(5) = \/exs(s) + D2 ()03, (78)

where D/ (s) is the dispersion derivative along the beamline.

3.6 LONGITUDINAL BEAM DYNAMICS IN A LINAC

To accelerate charged particles, a non-zero force in the direction of motion is required.
Such fields are known as longitudinal accelerating fields and are responsible for imparting
energy to the charged particles. However, the use of electrostatic high voltages is limited
due to electric breakdown at around 10 million volts. Instead, modern high-energy particle
accelerators rely on radio frequency (RF) cavities that operate at microwave frequencies to
accelerate charged particles. In this section, we will explore how charged particles interact

with the longitudinal electric field to facilitate the process of particle acceleration.
3.6.1 ENERGY GAIN IN A RF CAVITY

R. Wideroe introduced the concept of creating accelerating fields in resonating RF cav-
ities [56]. These cavities are fed with traveling electromagnetic waves that generate a lon-
gitudinal electric field, capable of accelerating charged particles. In a linac, a series of RF
cavities is typically used to efficiently accelerate particles. The rate of change of energy for

a given particle per passage through an SRF cavity is
¢ d (
dt — dt

where E(r,t) is the electric field, and v is the velocity of the particle, r is the position

yme?) = eE(r,t) - v, (79)

coordinate vector. For particles moving mainly in the z direction, only the on-axis component

of the electric field needs to be considered, while ignoring any radial dependence [55] as
E.(r,z,t) = E(0,0, 2) cos(wt + ¢5), (80)

the total energy gain per passage is given by

AE = A(ymc?) = 6/

—0o0

& wz

E(0,0, z) cos (50

+o.)d: -

= eV, cos ¢,
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Here, V, is the accelerating cavity voltage for the charge particles and is defined as

V. = '/00 E.(0,0,z)exp <z%) dz

— 0 &

, (82)

where w is the angular frequency, and ¢, is the phase of the particle passing through the
cavity with respect to the crest! (maximum) phase when the field pattern is placed with
even symmetry on the z axis. Here, z is the beam axial distance, L is the effective length of
the RF cavity, given by L = SArr/2, where A\gp is the RF wavelength, (3 is the normalized
velocity, and c is the speed of light in a vacuum.

The accelerating field E,.. is defined by

C
E.. = _[‘
acc L (83)

The accelerating gradient F,.. is normalized by the cavity length L and is expressed in the

unit of [MV/m].
3.6.2 M OF A DRIFT

Assume an electron with a velocity v = ¢f and relativistic momentum p = ymv = yfmc
goes through a drift length L, where m is the electron mass, and c is the speed of light. To
cross a drift of length L, the reference particle needs time

L L
t===_".
v fPe
The change in time to cover distance L for the particle with higher or lower energy is given

by

(84)

LAB LA
T )

Note that At < 0 is negative for a higher-energy particle and At > 0 for the lower-energy

At =

particle than the reference particle in a bunch.
Now, writing the location of a particle with respect to the reference particle, considering
At <0, is:
Ap

Az = —fcAt = LF. (86)

'For sin function, the crest phase is 90°, and for cos function, the crest phase is 0°. Harmonic cavity

section uses cos function to denote the crest phase.
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Now, using the relativistic momentum equation p = Symc, the fractional change in relativis-

tic momentum of a particle with the reference particle is given by:

p=7Bme =mcB(1— %)/,
Ap=me ((1— 5277 4 B(1 - §)792) AB,

Ap=me(l - 7)) (1~ 5+ F)AB = mey* A, (&7)
A 3 A
Ly
p  meyp g
So, from Eq.(86) and Eq.(87), the following expression is obtained.
LAp L
Ar==—=L_ 25 88
Y o7 (83)

where 6 = Ap/p is the fractional change of momentum of a particle with respect to the
reference particle.

Since the distance change can be written as

A
Az = Mg =2, (89)
p
then
L
Mee = —. 90
56 7 (90)

This suggests that longitudinal motion is possible when a particle within the beam bunch
is not moving with relativistic velocity, and there is a difference in the energy of particles
within the bunch. The Mss depends on the distance (L) and 2.

3.6.3 RF BUNCHER

An RF cavity is used to introduce a velocity difference between the particles of an electron
bunch. The bunching RF cavity is a single-cell copper structure [57] that operates near zero
crossing of the RF phase. At zero crossing, the tail particles will receive an added energy
while the head particles will receive an energy decrease. After traversing a drift, the bunch
length is decreased; and the bunch is compressed. Ballistic compression is carried out by
chirping an electron bunch in a chirper cavity (RF cavity) at zero crossing, followed by a drift
where slow electrons at the head move back with respect to the centroid and fast electrons
at the tail catch up with the centroid as shown in Fig. 21.

Consider an ideal short bunching cavity designed to create a longitudinal waist after a

drift distance L. At the entrance of the buncher, downstream of the buncher, and at the
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Chirper cavity

Initial g, Final ¢
z

FIG. 21. The schematic of the action of the buncher along the beam transport line.

end of the drift, let (Az, 61), (Azs, d2), and (Azs, d3) denote the longitudinal position z
and fractional momentum 6 = Ap/p, where A indicates the deviation from the synchronous
value.

From the relativistic energy-momentum relation EAE = pc2Ap and € = ymc? and the

relativistic momentum p = vSmc, one easily obtains:

_ae
Y

A particle located at Az with respect to the bunch center arrives at the buncher cavity at a

Ap (91)

time given by:
Az
At = —— (92)
Be
where the negative sign indicates that the particle arrives earlier than at the center. If the
buncher is at the positive-going zero crossing, the energy gain (change) using the energy gain

equation AE = eV sinwt, where V is the buncher voltage, is given by:
AE = eV sinwt = eVwAL. (93)

This holds true for bunches much shorter than the RF wavelength.
In linear approximation of thin RF buncher cavity, the momentum offset ¢ changes but
the longitudinal offset Az does not. So using Eq. (91), Eq. (92), and Eq. (93), the linear

transfer matrix equation for the buncher cavity is:

<A22> ( 10 ) (Az1> ( 1 0) (Azl)
- - . (94)
(52 M65 M66 51 —GVQJ/’)/BS?TLC?’ 1 61
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From the definition of Mg, the offset length of a particle with fractional momentum deviation
0 going through the drift is: .
AZg = AZQ + —2(52, (95)
g

and the corresponding matrix equation is

(Az3) _ (1 M56> <A22> _ <1 L/ 72) (AZQ>. (96)
53 0 1 (52 0 1 (52

Here, e is the particle charge, v and § are the usual relativistic parameters. The combined

matrix of the buncher cavity followed by a drift length L is

14+ MM M:;sM 1—eVwL/¥383me  L/~?
M:<+ 65Ms56 56 66>:< eVwL/vy’ 3> me /’7) (97)

Mss Még —eVw/vB3me? 1
The particle’s longitudinal position and energy at the end of the drift are given in terms of
its initial values:

eVw _ L
Wzl; with M56 = ? (98)

For the full compression [58], 1 + MgsMs¢ = 0, which gives the buncher voltage as:

me33 38 B Agrmcy? 33
ewl 2mel

Here Lorentz factor v corresponds to the energy at which the bunching takes place and
Arr = ¢/ frr is the RF wavelength. Assuming that the incoming beam distribution has no

energy-position correlation (0;Az) = 0, then the final rms bunch length is

L

0z =/ (23) = Mse0s, = ?J(Sl' (100)

Since 6 = Ap/p = 1/5%.AE/E = §¢ /32, the Eq. (100) for the final rms bunch length can be

written as in terms of energy spread as:

L
Oz = <Z32>> = W(m&' (101)
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CHAPTER 4

SPACE CHARGE EFFECT FOR LOW ENERGY BEAM

The previous chapter (Chapter 3) discusses how charged particles moving in an accelera-
tor interact with the external electromagnetic fields. The external forces F used for the beam
transport and expressed by Eq. (7b) do not depend on the beam current. In a real acceler-
ator, however, there is another important source of electromagnetic fields to be considered,
the beam itself, which, circulating inside the pipe, produces additional electromagnetic fields
called “self-fields”. These fields, which depend on the intensity of the beam current and on
the charge distribution, perturb the external guiding fields.

The self-fields are responsible for several unwanted phenomena related to beam dynamics,
such as energy loss, a shift in the synchronous phase and frequency, changes in betatron
frequencies, and instabilities. The study of self-fields is conventionally divided into two
categories: space charge fields and wakefields. Space charge forces are generated directly by
the charge distribution, incorporating image charges and currents resulting from the beam’s
interaction with a perfectly conducting smooth pipe [59]. On the other hand, wakefields
are produced due to the finite conductivity of the walls and any geometric variations in the
beam pipe, such as resonant devices and transitions of the beam pipe [60]. The impact of
the self-field created by the beam alone is referred to as ‘direct’ space-charge tune shifts and
spreads. In a real accelerator, however, the system includes a vacuum pipe, accelerator gaps,
magnets, beam diagnostics, and a high-intensity beam. This high-intensity beam induces
surface charges or currents into this environment, which then exert an influence on the beam,
potentially leading to an ‘indirect’ space-charge tune shift. The detailed discussion can be
found in the Refs. [26, 59].

This chapter describes fundamental concepts related to space charges, including trans-
verse and longitudinal direct space charge forces and their impact on beam envelope, beam

sizes, and bunch lengths.
4.1 SPACE CHARGE FORCES

Space charge fields are among the factors influenced by the beam current and charge



52

distribution. These fields encompass Coulomb repulsive forces within the charge distribu-
tion, and they can perturb the external fields responsible for guiding the beam through the
accelerator. The smoothed space-charge forces acting on a particle can be treated as an
external force, which can be further divided into linear and nonlinear components based on
the displacement from the beam axis. The linear space-charge term typically causes beam
defocusing and leads to an increase in beam size, while the nonlinear space-charge term

distorts the phase-space distribution, leading to an increase in rms emittance.
4.1.1 TRANSVERSE DIRECT SPACE CHARGE FORCE

In electron injectors, especially when the particle energy is relatively low and particle
density is moderate, the primary influence arises from the average Coulomb forces resulting
from the beam’s charge distribution. This phenomenon is known as the space charge effect.
To assess the impact of the space charge effect, we can compute the radial force acting on
an electron within a cylindrically symmetric beam featuring either a uniform or Gaussian

charge distribution, as outlined in references [26, 59].

FIG. 22. Uniform cylindrical charge distribution with radius a, moving with velocity v = Se.

Consider a beam with a uniform cylinder of radius a so that the longitudinal charge
distribution (charge per unit of length) A(r) = Ao (r/a)? , moves with constant velocity
v = fc as shown in Fig. 22. It has a total current of I = ScA(r). The electric and magnetic

fields due to the charge distributions can be computed [26, 59]. Applying Gauss’s law,

E2rr)ns = Xn, o g = A0

€0 2meor

(102)
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Here ¢y denotes the vacuum permitivity. Applying Ampere’s law

A A
BA%MZMJ:M&Mﬂ:?&:22?:££QZ§E, (103)

where ¢ = 1/goug, and p is the permeability of free space. Thus, the electromagnetic

transverse force acting on a charge inside the beam is given by the Lorentz force.

E.(r,2) = e(E, —vBy) = e(1 — 5*)E,, (104a)
eAo el
r= r (r<a)
2 2,2 2 2,2 - ’
F.(r,z) = Teya meoferta (104b)
e el
(r > a).

2megy3r - 2meg Bey?r

Normalized transverse space-charge force (F;)

2 -1 0 1 2 ' N
Z (mm)

(a) (b)

FIG. 23. Transverse space charge force for uniform beam distribution. (a) 2D distribution
of space-charge force in the r-z plane, (b) 1D distribution of space-charge force with beam

transverse coordinates.
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The transverse or radial space charge force causes defocusing in both planes. For highly
relativistic particles with substantial energy, this force is negligible. The force is zero when
£ = 1. However, for non-relativistic particles, particularly low-energy beams near the cath-
ode, the beam rapidly spreads due to this defocusing effect. It is worth noting that this
transverse space charge force is inversely proportional to the bunch dimensions. Figure 23

illustrates the distribution of the transverse space charge force in accordance with Eq. (104b).
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FIG. 24. Beam with a Gaussian beam distribution. (a) 2D distribution of space-charge force

in the r-z plane, (b) 1D distribution of space-charge force with beam transverse coordinates.
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For a Gaussian distribution, such as:

B Q 22 r?
P(T,Z)—WGXP —557 ) P\ —55 | (105)

z T

the space-charge force or self field force in radial direction is then

2 1 —exp(—%)
E(r,z):L ¢ exp(—z ) i

21e0Y? /210, 20?2 r
2
e z
~ @ exp (— )T, for r < o,,

Amego?y? \2no, 202

where () is the bunch charge, o, and o, are the rms beam size in the transverse and longi-

(106)

tudinal directions, respectively. Figure 24 illustrates the distribution of the transverse space
charge force in accordance with Eq. (106).

It is evident that the radial space charge force diminishes as v? increases. Consequently,
in proximity to the cathode and the low-energy (keV) beam region of the injector, the
space charge effect is more pronounced than after the accelerating RF cavity and at medium
energy (a few MeV). Additionally, for an intense beam with small transverse dimensions, the
nonlinear space charge force can exert a significant influence during the acceleration from

low to higher energy and during the long drift, potentially leading to emittance growth.
4.1.2 LONGITUDINAL DIRECT SPACE CHARGE FORCE

The longitudinal electric field, responsible for the longitudinal forces, can be derived based
on the understanding of the transverse fields. The transverse electric field within the beam
(r < a) can be expressed using the first equation of Eq. (104b). However, this expression can
be extended to encompass non-uniform longitudinal distributions A(z). Outside the beam
(r > a), the longitudinal electric field due to space charge is given by:

E.(r,z) ——2£/ E.(r,z) dr. (107)
For a uniform transverse distribution, which however can be generalized by considering a

non uniform longitudinal distribution A(z), the longitudinal force is given by [26]:

_ zmw ( / L / },m/) g (108)
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Therefore, the longitudinal force acting on a charge is positive (negative) in the region with

negative (positive) density slope. For a Gaussian beam distribution in both planes:

e Q P 52 b |1 — exp(—%) ,
F.(r,z) =eE.(r,z) = " 9me0r? Varo (@ exp <_E)) /T 7 dr'.
(109)
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FIG. 25. Longitudinal space charge force for Gaussian beam distribution.

The longitudinal space charge forces modify the synchrotron frequency, which is par-

ticularly important near transitions in storage rings. They also cause bunch lengthening
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in low-energy electron beams in the injector (linac). An initial observation is the highly
nonlinear nature of space charge forces. Another important observation is that the radial
force is directly proportional to the longitudinal density, while the longitudinal force is pro-
portional to the derivative of the longitudinal density. When linearizing longitudinal forces
(applicable for very small amplitudes where r < 0, and z < 0,), it results in the following

expression [61]:

e Q —2z a® b
Fz ) ~ In —
(r;2) 20?2 V210, (202) (403 +m a)

e @ (1 +21 b) 9 __Q
= n— Zz = Z.
dmeoy? \2mo? a Ameoy® \2mo?

(110)

where a = /20, and ¢ = (1+2Inb/a). The normalized longitudinal force due to space
charge for the Gaussian distribution is depicted in Fig. 25. Similarly to the transverse space
charge forces, the longitudinal space charge force is maximum at a low energy and diminishes

at high energy.
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FIG. 26. Transverse size of electron beam expansion due to space charge forces. (a) Sim-
ulation results showing the horizontal rms beam sizes as a function of distance from the
photocathode for different beam energies, considering a bunch charge of 0.64 pC in the CE-
BAF injector, (b) Simulation results illustrating the horizontal rms beam sizes as a function

of distance from the photocathode for various bunch charges at a beam energy of 130 keV.



o8

The space charge forces, both transverse and longitudinal, demonstrate linearity for small
amplitudes and defocusing. In this thesis, the General Particle Tracer (GPT) is employed for
simulating space charge effects. The simulated results illustrating the increase in transverse
rms beam sizes and the rms bunch length as functions of the distance from the photocathode

due to space charge forces are presented in Figs. 26 and 27, respectively.
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FIG. 27. Electron bunch length expansion due to space charge. (a) Simulation results
displaying the rms bunch length as a function of distance from the photocathode for different
beam energies, considering a bunch charge of 0.64 pC in the CEBAF Injector. (b) Simulation
results showing the rms bunch length as a function of distance from the photocathode for

various bunch charges at a beam energy of 200 keV.

4.2 DIRECT SPACE CHARGE EFFECTS IN A LINAC

In a Linac (injector) or a beam transport line, direct space charge effects can result in
significant longitudinal-transverse correlations of the bunch parameters. This, in turn, may

lead to a mismatch with the focusing and accelerating devices, contributing to emittance
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growth and energy spread. Matching conditions that are suitable for preserving beam qual-
ity can be derived from a simple model, as demonstrated hereafter. For a more in-depth
discussion can be found in the Refs. [45, 62].

Examine a bunched beam with an initially uniform charge distribution in a cylinder with
a radius of R and a length of [,. This beam carries a current / and moves with a longitudinal
velocity v = fe. The linear components of the longitudinal and transverse space charge

fields are provided in [63] as follows:

Ir IL
E.(r,¢) = mg(o; E.(¢) = mh(g)a (111)

where the field form factors are described by the functions:

hQ) = VA+(1-CP = VA+E+ (20— 1), (112a)

(1-¢) n ¢
2JA2+ (1 -2 2/A2+ 2

where ( = z/L is the normalized longitudinal coordinate along the bunch and A = R/vL

9(¢) = (112b)

is the beam aspect ratio. As «y increases ¢g(¢) — 1 and h(¢{) — 0. Consequently, direct space
charge fields primarily influence the transverse beam dynamics.

The transverse beam dynamics of a beam, taking into account the space charge effect
and characterized by an rms envelope o and transverse normalized thermal rms emittance
€nth at the source, can be conveniently described. Under the paraxial ray approximation,
the rms envelope equation for an axisymmetric beam is given as [45]:

/ Ko | €n
o+ Lo+ k20 = 4 —th (113)

v Yo o

Here, the first term represents the change in the envelope slope, the second term drives
envelope oscillation damping due to acceleration, the third term accounts for linear external
focusing forces, the fourth term represents the defocusing effects caused by space charge,
and the fifth term deals with the internal pressure due to emittance. In this equation,
Ko = Ipear/1a is the beam perveance, I stands for the peak current, I4 represents the
Alfvén current (14 = dwegme® /e ~ 1TkA), and v/ = eEy../mc?, where E,,. is the accelerating
field.

Based on the envelope equation Eq. (113), we can distinguish between two regimes of
beam propagation: space charge-dominated and emittance-dominated. A beam is considered
to be space charge-dominated when the collective forces generated by space charge signifi-

cantly outweigh the influence of emittance pressure. The relative significance of space charge
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effects versus emittance pressure is quantified by the laminarity parameter, which is defined

as the ratio between the space charge term and the emittance term:

2
Ipeaka

== (114)
Q—IAVEi,th

When p greatly exceeds unity, the beam behaves like a laminar flow, where all beam particles
move on trajectories that do not intersect. In this regime, successful transport and accel-
eration require precise tuning of focusing and accelerating elements to maintain laminarity.
Correlated emittance growth is typical in this regime but can be conveniently reversed if
proper beam matching conditions are met. When p < 1, the beam is emittance-dominated
(also referred to as the thermal regime, corresponding to a Debye length significantly larger
than the bunch envelope), and space charge effects can be neglected. The transition to the

thermal regime occurs at p ~ 1, which corresponds to the transition energy:

2
Ipeaka

Yir = (115)

=57 3

For example, consider a beam with [,c.,= 200mA, €,=1pm, and o= 0.55mm. This beam
is transitioning from the space charge-dominated regime to the thermal regime at an energy
level of 910 keV. This example illustrates that the space charge-dominated regime is typically
associated with low-energy beams. However, in applications such as linac-driven free electron
lasers, high-density beams with peak currents exceeding kA are essential. Even if the bunch
energy surpasses the 7y, threshold, space charge effects may reoccur if bunch compressors
are active, leading to an increase in I,..;. Therefore, one must consider a new transition

energy level associated with higher Ipcqp.
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CHAPTER 5

ELECTRON BEAM CHARACTERIZATION: SIMULATIONS
AND MEASUREMENTS

The Jefferson Lab CEBAF is uniquely equipped with the capability to deliver polarized
electron beams of varying specifications to four separate experiment halls simultaneously.
Different experiments that will run concurrently with the Kj, experiment in different exper-
imental halls have distinct average beam currents, repetition rates, and charge per bunch.
However, for CEBAF operations, it is necessary to transmit both high and low-charge beams
for different drive frequencies of the laser, each with different specifications, simultaneously
through the injector using the same injector optics. To meet the diverse beam requirements
of the different halls, computer modeling is utilized to derive suitable settings for magnetic
elements (solenoids and quads) and gradient amplitude and phases of the RF systems. These
settings are critical in ensuring the effective transmission of both low and high-charge beams
through the injector and ensuring the desired beam characteristics out of the injector sec-
tions within the limits of the CEBAF injector operations. Beam characteristics include
bunch lengths, energy spread, total energy, horizontal and vertical beam sizes, normalized
transverse emittances, and beam transmission along the injector beamline. After perform-
ing computer modeling and simulations, measurements under the same conditions as the
simulations help validate the simulations against the actual measurements.

The beamline modeling and simulations of the CEBAF injector, spanning from the gun
to the upstream of the first full cryomodules 30.0 m downstream of the gun, were performed
using General Particle Tracer (GPT) [64]. The beamline was modeled separately using the
GPT program. These simulations were executed to investigate the evolution and transmis-
sion of beams with varying charge per bunch within the CEBAF injector. Beam character-
istics were analyzed across a broad spectrum of charge values to support the simultaneous
operation of CEBAF’s four experimental Halls.

Initially, beam dynamics simulations and a beam study were conducted for the pre-
existing CEBAF Phase 1 injector upgrade at a DC gun voltage of 130kV. Subsequently,
optimization and simulations were carried out to determine the magnetic elements and RF

settings for the existing CEBAF Phase 2 injector at a gun voltage of 200kV. During the
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Scheduled Accelerator Down (SAD) in 2023, the DC gun voltage was set to 180kV for oper-
ation. Later, due to gun tripping, it dropped to 140kV for the final measurements reported
in this thesis. As a result, beam studies were performed at DC gun voltages of 130kV,
140kV, and 180kV. All measurements at these gun voltages utilized the JLab ops accelera-
tor account and OPS desktop, making use of available Experimental Physics and Industrial
Control System (EPICS) tools. Data were collected and recorded in JELI (Jefferson Lab
Electronic Logbook Interface) and saved on the Acceleration Operations (OPS) desktop.
Afterwards, the results obtained from both measurements and simulations were processed
using Gnuplot and Python.

The values of the beam energy or corresponding Lorentz factor and the bunch charge are
crucial factors for beam transmission and beam characteristics in the low-energy sections
of the injector. The gun voltage, corresponding kinetic energy, total energy, relativistic
momentum, and relativistic factors $ and -~y for the simulations and measurements conducted,

which are discussed in this thesis, are tabulated in Table 2.

TABLE 2. CEBAF injector DC gun voltage and corresponding beam parameters.

Gun Voltage f=2% 7= 1+52 E=ymc®* p=yfmc KE = (y—1)mc?
(kV) (MeV)  (MeV/e) MeV
130 0.6037 1.2544 0.641 0.3869 0.130
140 0.6196 1.2740 0.651 0.4034 0.140
180 0.6731 1.3522 0.691 0.4652 0.180
200 0.6953 1.3914 0.711 0.4944 0.200

In the upcoming sections, simulations and measurements from beam experiments will
be presented, encompassing various beam currents and bunch charge specifications in the

CEBAF injector across different gun voltages. Subsequently, the key findings of this research
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will be presented. The organizational structure of the results is as follows: the simulation
and measurement results at 130 kV DC gun voltage will be presented first, followed by the
measurements, optimizations and simulations conducted at 180 kV DC gun voltage. The
final set of measurements will be presented at 140 kV DC gun voltage. Finally, discussions

about injector optimizations and simulations at 200 kV DC gun voltage will be undertaken.
5.1 GPT MODELING OF THE CEBAF INJECTOR

The three-dimensional (3D) space charge code GPT played a crucial role in this
work. GPT employs two 3D space charge solvers, specifically spacecharge3Dmesh and
spacecharge3D, to model space charge effects. The mesh version, utilizing GPT’s mean-
field space charge algorithm, employs a non-equidistant 3D multigrid Poisson solver [65, 66]
to calculate the mean-field interaction of the entire bunch, including image charge effects.
On the other hand, the spacecharge3D routine is a particle-particle solver [67] that uses fully
relativistic field equations without approximations, although it requires a substantial amount
of CPU time compared to the meshed approach. Furthermore, GPT enables users to define
custom optical elements and position and overlay electromagnetic field maps in 3D space.
These features offer the necessary versatility to accurately model the CEBAF injector, where
the fields of multiple elements overlap.

The GPT model spans from the gun to the entrance of the first full cryomodules in the
linac section of the injector, encompassing detailed element models. This model addresses
both longitudinal and transverse beam dynamics, covering the quarter cryomodules (QCM)
in the 130 kV Phase 1 CEBAF injector upgrade and the booster for the Phase 2 CEBAF
injector upgrade. It ensures that the longitudinal and transverse beam dynamics are ap-
propriate at the entrance of the injector linac section. Comprehensive discussions on GPT
injector modeling for different phases of the CEBAF injector with varying gun voltages can

be found in the references [68], [42], and [69], as well as in the following subsections.
5.2 CEBAF INJECTOR AT 130 kV DC GUN VOLTAGE

The beamline layout for the Phase 1 CEBAF inejector upgrade is explained in Chap-
ter 2 and detailed in Table 3. The gun starts at 0.2m and extends the beamline 30.0 m
downstream, upstream of the first full cryomodules. There are 11 solenoids, namely MFXs
(MFX2101, MFX1103, MFX0I01), spin solenoids MFGs (MFG1I04A and MFG1104B), and
MFDs (MFDOI0O4A and MFDO0I04B), MFAs (MFA0103, MFA0I05, MFA0I06), and MFLOIO7,

starting from the gun to just before the QCM. These solenoids are used for beam focusing
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TABLE 3. Locations of the beamline elements for the Phase 1 CEBAF injector upgrade at
130kV gun voltage. Here, MDR represents the dipole magnet, MFs denote the solenoids,
MQs stand for the quadrupole magnets. VWien and HWien refer to the vertical and hori-

zontal Wien filters.

Location of Beam Line Elements

Elements Positions (m) Elements Positions (m)
MFX2101 0.780796 MFAO0IO5 8.42042
MDR1I102 1.717802 Buncher 8.88413
MFX1103 2.261358 MFAO0IO6 9.14772
MQW1I03 2.636135 Capture 9.953398
VWien 2.911598 A3 10.61717
MQW1I104 3.187061 MFLOIO7 10.70130
MFG1I04A 3.573776 first 5-cell 12.42626
MFG1104B 3.816954 second 5-cell ~ 13.18493
MQW1I05 4.114669 MQSOLO1 14.76567
HWien 4.390132 MQJOLO1 14.9641
MQW1I06 4.665595 MQSOLOTA 16.95193
Prebuncher 4.823223 MQJOLO02 18.0041
MFXO0I01 5.515352 MQSOL02 18.33187
Pcup 5.801864 MQJOLO2A 18.6143
Al 5.938770 MQS0L02B 21.7726
A2 6.616446 MQJOLO3A 23.80147
MFA0I03 6.813255 MQSOL03 24.1523
MFDOIO4A 7.514275 MQJOLO3 24.43177
Chopper 7.60 MQS0L04 27.3836
MFDO0I04B 7.685725 MQJOLO0O4 27.585

in the keV beam energy region of the CEBAF injector. After the QCM, the beam is focused
using quadrupole magnets. There are 12 quadrupoles and skew quadrupoles after the QCM,
extending from the QCM to about 28.0 m downstream from the gun.
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In simulations conducted for the 130 kV DC gun voltage, we followed the previously
optimized settings [70] of the magnetic elements and RF systems. Employing these settings,
we systematically varied the initial beam sizes, pulse lengths, and charges per bunch across
a spectrum ranging from low to high charge (representative of a space charge-dominated
beam), corresponding to the K, bunch charge.

The previously modeled and developed 2D, and 3D field maps were utilized in the sim-
ulation for most of the beamline elements at specific locations in the CEBAF injector. The
longitudinal electric field of the 3D electric field map of the DC gun is depicted in Fig. 28(a).
The longitudinal magnetic fields of the 2D and 3D magnetic field maps for the focusing
and spin-flipping solenoids are shown in Fig. 28(b), Fig. 28(c), Fig. 28(d), Fig. 28(f), and
Fig. 28(e). The MFGs spin-flipping solenoid between the Wien system is single-wound to
provide spin manipulations, as shown in Fig. 28(c), and the rest of the focusing solenoids are
counter-wound. In the plots (Fig. 28, Fig. 29, Fig. 51, and Fig. 52), the thickness indicates
a minor fluctuation in the longitudinal electric and magnetic fields relative to the transverse
coordinates (z, y), while the longitudinal coordinates (z) remain constant.

Different types of field maps are utilized for both warm RF cavities (prebuncher, buncher,
capture) and SRF cavities (5-cell cavities) in the beam dynamics simulation. The pre-
buncher field map is a 3D rectangular field map representing a standing electromagnetic
wave pattern. It incorporates modifications on Map3D_TM, referred to as Map3D_TM_scope,
which includes a drift in the field map; this version specifies the map element to be LO-
CAL. The buncher field map is also a 3D rectangular field map, depicting an oscillat-
ing electric field, with modifications on Map3D_FEcomplex and map3D_Hcompler known as
Map3D_Ecomplex_scope and Map3D_Hcomplex_scope. Similarly, Map25D_TM_scope reads a
2.5D cylindrical symmetric field map of a cavity in TM-mode and is used for the capture
cavity. Map3D_TMparmela_scope, a modification of the original Map3D_TM (a 3D rectan-
gular field map for a standing electromagnetic wave pattern), removes any field component
that might generate transverse kicks and is used for two 5-cell SRF cavities. These field
maps are described in the GPT user manual [67]. The longitudinal electric fields of the 2D
and 3D electric filed maps of the RF systems (prebuncher, buncher, capture, and 5-cell SRF
cavities) is illustrated in Fig. 29.

The field maps, converted to the General Datafile Format (GDF), are employed in the
GPT kernel for simulations. Additionally, each element along the injector beamline contains
a rymax or rmaz statement, which is configured to eliminate particles from the simulation

if they move beyond the defined space of the field map. The specific values for rmax and
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(e) Longitudinal magnetic field in the MFL.
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(d) Longitudinal magnetic field in the MFAs.
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FIG. 28. Longitudinal electric and magnetic fields for: (a) 3D field map of the high-voltage

DC gun, where the transverse coordinates vary from 0 to 6 mm, (b) 2D field map of counter-

wound focusing solenoids (MFXs) after the DC gun, where the transverse coordinate varies

from 0 to 22 mm, (c) 3D field map of single-wound spin-flipping solenoids MFGs in between
the Wien system, (d) 3D field map of the solenoids MFAs before and after the chopper
and after the buncher, (e) 3D field map of the solenoid MFL after the capture. In these
field maps, the transverse coordinates vary from 0 to £12 mm, and (f) 3D field map of the

solenoids MFDs in between the choppers, where the transverse coordinates vary from 0 to

+22 mm.
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rymaz are determined based on the locations of the beamline elements.
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(c) Longitudinal electric field in the capture cavity. (d) Longitudinal electric field in the 5-cell cavity.

FIG. 29. Longitudinal electric field for 2.5D and 3D electric field maps of warm and cold
SRF cavities at 130kV gun voltage.(a) 3D field map of the prebuncher cavity, (b) 3D field
map of the buncher cavity. In these cavity field maps, the transverse coordinates vary from
0 to £6 mm. (c) 2.5D field map of the capture cavity, in which radial coordinates vary from
0 to 6 mm, and (d) 3D field map of the 5-cell SRF cavity, in which transverse coordinates

vary from 0 to £20 mm.

In the simulation, the beam, initiated from a 130 keV photocathode, traverses the injector
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elements along a 30.0m downstream beamline, including the prebuncher cavity, buncher
cavity, capture section, QCM, focusing solenoids, and quadrupoles. Strategically placed
steering magnets (correctors) between the gun and the first solenoid are used to center the
beam on-axis and compensate for the gun’s kick. Particle distributions, defining the electron
bunch from the photocathode, are generated using the GPT suite. Calculations reveal a
negligible impact (< 0.01% increase) of dipole magnets on bunch length due to the beam’s
low energy spread. The Msg of a short bend magnet is small, reducing the influence of
the bending magnet, and hence it is excluded from the simulation. RF choppers are not
included because their impact effectively “cancels out” upon the beam’s return to the axis.
The straight beamline model, excluding choppers, is used, and Wiens are turned OFF as the
Ky, experiment does not require spin manipulation.

For the particle distribution at the cathode in the simulation, the beam is assumed to
have a Gaussian distribution in ¢, x, y, p,, and p,, following the profile of the laser. Initially,
at the cathode, the transverse beam sizes are 40, =2.237mm and 40, =2.093 mm, with a
laser pulse length (FWHM) of 45 ps. The energy spread at the cathode is 05, = 2.45 x 1072
The longitudinal and transverse beam distributions at the cathode are shown in Fig. 30. The
beam current varies from 5 pA to 160 pA, and the corresponding bunch charges at 249.5 MHz
laser frequency are calculated using the relation: () = I/f. For high bunch charge, the space
charge effect is incorporated using the spacecharge3Dmesh algorithm [65, 66]. The applied
macroparticle number in the simulation is 10,000. Instead of initial emittance, the mean
transverse energy (MTE) was included. The MTE is a figure of merit used to characterize
the photocathode thermal emittance [51]. The normalized rms transverse emittance at the

cathode is given by:
MTE

me?’

(116)

€n,l =01

is 0.1348 mm mrad for a mean transverse energy of 30.691 meV for the GaAs photocathode.
5.2.1 BEAM TRANSMISSION AT 130 kV

The beam dynamics simulations were conducted to assess the beam transmission through
the CEBAF injector by determining the beam interceptions at the apertures, varying the
charge per bunch from low to high. Figure 31 illustrates the beam transmission through the
apertures as a function of the bunch charge. The graph depicts a decrease in transmission
with an increase in bunch charge. Specifically, for a 64 ns bunch spacing and a 0.32 pC bunch

charge, the beam transmission is approximately 92%. However, the transmission decreases
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FIG. 30. Initial particle distribution at cathode for GPT simulation. The transverse and
longitudinal beam distributions at the cathode are Gaussian in both transverse and longitu-

dinal directions, with o, = 0, = 0.55mm and o, = 19.20 ps (3.48 mm).

to about 82% for a 128 ns bunch spacing and a 0.64 pC bunch charge.

Throughout this thesis a goal of 90% beam transmission through the apertures is con-
sidered acceptable, based on previous operating experience at CEBAF. The simulations
indicate that for most conditions, 0.32 pC bunches have acceptable transmission. On the
other hand, the higher-charge 0.64 pC bunches transmit cleanly over a much more limited
range of parameters.

Additionally, we varied the laser spot size and the laser pulse length at the cathode to

observe the transmission as a function of these parameters. Figure 32 displays the beam
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FIG. 31. Simulated beam transmission through the apertures A1 and A2 as a function of
bunch charge at 130 kV DC gun voltage.
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FIG. 32. Simulated beam transmission through the apertures A1 and A2 with variation of

(a) laser spot size (b) laser pulse length at cathode size for 64 ns and 128 ns beam at 130
kV gun voltage.

transmission versus laser spot size and laser pulse length at the cathode for two different

bunch spacings: 128 ns and 64 ns, respectively. In Fig. 32(a) it is evident that the beam



71

transmission decreases for both bunch spacings (128 ns and 64 ns) with an increase in spot
size. However, after an initial decrease, the transmission starts to increase. Furthermore,
in Fig. 32(b), for both bunch spacings, there is no consistent increase or decrease in beam
transmission with an increase in laser pulse length.

Following the simulations, we conducted experimental measurements to analyze beam
transmission concerning bunch charge at varying drive frequencies of the laser: one at 249.5
MHz and another at 499 MHz. Figure 33(a) reveals that for a 499 MHz drive frequency,
only 0.4 pC of charge could be obtained from the gun, resulting in approximately 10% beam
loss. Conversely, at the 249.5 MHz laser drive frequency, more charge than the K; beam
requirement was achievable, although losses in the apertures (A1, A2, and MS) were notably
high. With a 0.65 pC bunch charge from the gun, the loss amounted to approximately 39%.
Furthermore, we compared the experimental measurement of beam transmission with particle
tracking GPT simulations, illustrated in Fig. 33(b). Our simulation results closely align with
the measurements. The beam transmission experiences a decline with an increasing charge
per bunch due to the space charge effect. The self-induced forces resulting from space charge

consistently exhibit defocusing effects in either the = or y directions [26].
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FIG. 33. Comparison between simulation and measurement for beam transmission vs. bunch
charge: (a) Beam transmission through apertures Al, A2, and Master slit vs. bunch charge
from the gun for different laser drive frequencies, and (b) Comparison between simulation

and measurement for beam transmission vs. bunch charge at the 130 kV DC gun voltage.
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5.2.2 BUNCH LENGTH MEASUREMENT AT 130 kV

The slit-chopper scan (chopper phase scanning) is an invasive technique used to measure
the bunch length of a beam at the location of a chopper. To perform the measurements, the
prebuncher gradient is set to zero. One of the CEBAF drive lasers (either 249.5 MHz or 499
MHz) is used to produce an RF-bunched beam, which is then sent to the chopper cavities.
The average beam current is varied by adjusting the power of the drive laser light, and it is
measured using a Faraday cup upstream of components that intercept the beam. For each
beam current, the bunches are moved across the narrow chopping aperture by incrementally
adjusting the laser phase relative to the chopper cavities in 0.5-degree steps. The electron
beam passing through the slit is monitored using a downstream Faraday cup, providing a
measurement of the electron bunch length (full width half maximum, FWHM) and shape. As

the chopper frequency is 499 MHz, the pulse length of the beam at different drive frequencies
is calculated as 5.6 ps per degree.
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FIG. 34. Chopper phase scan for measuring beam pulse length for different beam frequency
created by the drive laser C at 130 kV gun voltage. Measurements at low charge per bunch
and negligible space charge, reflecting the laser pulse length.

The actual bunch length is determined by deconvolving the notch size from the raw data
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using the formula:

Ocor = \/ 02 ns — notchsize? (117)

Here, 0. is the full width at half maximum (FWHM) for the actual bunch length, ¢,,cqs
is the FWHM for the measured bunch length, and the notch size is equal to (18 £1 ) ps,
which represents the width of the narrow chopper slit. The statistical fluctuations in the
measurements are smaller than the data points on the graphs.

The length and shape of a 10 fC electron bunch at 249.5 MHz and 499 MHz frequency for
C laser is measured at the location of 499 MHz chopper. Figure 34 shows the measurement
data and corresponding Gaussian fit for finding the pulse length of the beam for different
drive frequency of the laser. The length of the bunch is about 42.50 £ 0.22 ps full width at
half maximum (FWHM) for 499 MHz drive frequency and about 63.83 & 0.27 ps FWHM for
249.5 MHz drive frequency. The data shows that the different mode of drive frequency has
beam of different pulse length, when space charge is low.

Compared to the pulse length at low current the electron bunch length is much longer for
higher currents (higher bunch charge) as shown in Fig. 35. The results demonstrate that the
bunch length increases with increasing charge per bunch. Furthermore, for the same charge
per bunch the space charge effects are reduced for 249.5 MHz beam as at the cathode it
begins longer. With increasing charge per bunch, the longitudinal temporal distributions of
the bunch initially become Gaussian and then become non-Gaussian (e.g., Super-Gaussian
of higher order), as shown in Fig. 35.

At low charges up to 60 fC, the longitudinal profile of the bunch at chopper is Gaussian,
given by the following formula:

o) = e (0. (115)

oV 2T 202

where A is the amplitude, o is the rms value of the distributions, and g is the mean of the
distributions. When the bunch charge is increased the longitudinal profile of the bunch at
chopper is a Super-Gaussian function that describes a more rectangular distribution by the

following formula [71]:

o) = —Aexp (_(abS(x - u))N>

ooV 2T 20
N 2/N-1
Wlth 0O = 0y (5) .

(119)

Here, o is the rms value of the Super-Gaussian distributions, and N is the exponent of the

Super-Gaussian and will give a Gaussian distribution for N = 2. For large N, the function
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FIG. 35. Electron bunch length measurements using the RF chopper cavity at 130 kV gun
voltage. The average beam current ranges from (a) 2 to 195 pA at 249.5 MHz laser and (b) 4
to 120 nA at 499 MHz. The insets at the top of each plot provide more detail for the lowest
current measurements, which experience the least amount of space charge-induced bunch

length growth.
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will describe a more rectangular distribution, while for small N, it fits to a distribution
with long tails on both ends. The measurement data and corresponding super Gaussian fits

for pulse lengths at various charges for different drive frequencies of the laser are shown in

Fig. 36.
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FIG. 36. Longitudinal bunch profile measurements at the chopper for 130 keV beam for (a)
0.1 pC at 499 MHz Laser, (b) 0.48 pC at 249.5 MHz Laser, (c) 0.66 pC at 249.5 MHz Laser,
and (d) 0.77 pC at 249.5 MHz Laser.
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Note that at higher currents (charge) for both drive frequencies of the laser, the electron
bunch shape first becomes a symmetric Super-Gaussian, but then it becomes asymmetric
with some cusps in the distribution. This behavior is completely different from the previously
observed longitudinal temporal bunch profile described in Refs. [72] and [16]. The shape of
the bunches changes from an asymmetric Gaussian distribution in Ref. [72] to the symmetric
super-Gaussian distribution for high charge. The initial beam sizes of the laser at the pho-
tocathode is greater than the factor of 2 in our case than that of Ref. [72]. Additionally, it
has been found that the bunch length of the electron bunch decreases with an increase in the
laser spot size at the cathode. Moreover, the rate of expansion in bunch length is different
for both repetition rates, with the smaller bunch length at low current (low charge) for 499
MHz expanding more rapidly than that of 249.5 MHz. For a bunch charge of 0.1 pC and
for both repetition rates, the measured bunch length is 82.60 ps, and the longitudinal bunch
profile is shown in Fig. 37. The reduced space charge effect is evident in the 249.5 MHz
beam, as it retains its more Gaussian longitudinal distribution for the same charge because

the beam has expanded less.
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FIG. 37. Longitudinal bunch profile measurements at the chopper for different drive fre-
quencies for 0.1 pC bunch charge at 130 kV gun voltage.
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To understand the measurements obtained from the chopper phase scan technique, we
utilized the General Particle Tracer (GPT) [64] modeling program to forecast the electron
bunch-length at the chopper location. In this study, for this case we used both space charge
scheme, spacecharge3Dmesh [65, 66] and Spacecharge3D [67] to calculate the space charge.
Both algorithms employed identical field maps for the gun and RF components as well as the
solenoid magnet. The longitudinal shape and the laser pulse length used in the simulations
were measured for each drive frequency by sending a near-zero charge beam (10 fC) through
the injector (see Fig. 34). As there is very little growth from space charge, the temporal
profile remains nearly constant throughout the simulations along the beamline. The laser
pulses used had a full width at half maximum (FWHM) of 41.6 ps for the 499 MHz laser
and 62.5 ps for the 249.5 MHz laser. The beam current varied from 2.5 pA to 200 nA for
the 249.5 MHz laser frequency and from 4.0 pA to 120 pA for the 499 MHz laser frequency
as we performed in the experimental measurements. The presented results are based on

simulations made with 10,000 macroparticles.
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FIG. 38. Simulation results showing the (a) horizontal and (b) longitudinal, rms beam sizes
as a function of distance from the photocathode for different space-charge schemes for 0.40

pC bunch charge at 130 kV gun voltage.

Figure 38 shows examples of the beam evolution, including the horizontal beam size (o)
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and bunch length (o), for beams originating at the photocathode and extending through the
injector, for various space-charge models at a laser drive frequency of 249.5 MHz. Similarly,
the evolution of bunch length (o,) for beam originating at the photocathode and extend-
ing through the injector, for several bunch charge with spacecharge3D routines at a bunch
repetition rate 249.5 MHz is shown in Fig. 39.
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FIG. 39. Simulation results showing the rms bunch length as a function of distance from the

photocathode for spacecharge3D scheme for various bunch charges at 130 kV gun voltage.

The bunch length values obtained from measurements and simulations for different space
charge schemes are presented in Fig. 40, using both laser frequencies of 249.5 and 499 MHz.
The results show that there is excellent agreement between the measurements and simulations
for the spacecharge3D scheme at low charges, with a deviation of no more than 15% even
at high charges. For the spacecharge3Dmesh scheme, there is also good agreement between
the measurements and simulations at low charges. However, the deviation between the
simulation results and measurements becomes more significant at high charges (currents).
The simulation data and measurement data and corresponding Gaussian fit for low current
2.6 pA and simulation data, measurement data and corresponding Super-Gaussian fit for
high current 192.5pA out of the DC gun at 249.5 MHz are shown in Fig. 41. Also, the

longitudinal bunch profiles obtained from the chopper phase scanning technique and particle
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FIG. 40. Electron bunch length as a function of bunch charge with measurements obtained

using the invasive chopper phase scanning technique together with simulation results using

the particle tracking code GPT for different space charge schemes at 249.5 MHz laser (left)
and at 499 MHz laser (right) at 130 kV gun voltage with prebuncher OFF.
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ulation at 130 kV gun voltage. (a) Chopper phase scanning technique. (b) GPT Particle
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tracking simulations and is shown in Fig. 42. There is an excellent agreement between
simulations and measurement.

The same measurements and simulation schemes were repeated for the 249.5 MHz and
499 MHz laser settings, with the prebuncher (PB) cavity turned ON. In the simulations, the
amplitude of the prebuncher was set to 0.55 MV /m, with zero crossing of synchronous RF
phase, which corresponds to the optimized settings of the prebuncher for CEBAF injector
operations. The results show that the bunch length gradually increases with increasing
charge per bunch. Furthermore, with the prebuncher turned on, the longitudinal profile
of the bunch remains Gaussian for both low and high charge per bunch for both drive

frequencies of the laser, as shown in Fig. 43.
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FIG. 43. Electron bunch length measurements using the RF chopper cavity with prebuncher
ON at 130 kV gun voltage. The average beam current ranges from (a) 2 to 195 pA at 249.5
MHz laser and (b) 4 to 120 pA at 499 MHz. The insets provide more detail for the lowest
current measurements which suffer the least amount of space charge-induced bunch length

growth.
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The bunch length values obtained from measurements and simulations for different space
charge schemes are presented in Fig. 44, using both laser frequencies of 249.5 and 499 MHz.
The results show that there is excellent agreement between the measurements and simulations

of the compressed bunch length for the both space charge schemes.
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FIG. 44. Comparison of electron bunch length measurements between chopper phase scan-
ning and GPT simulation with the prebuncher ON at a 130 kV gun voltage. Electron bunch
length as a function of bunch charge, with measurements obtained using the invasive chopper
phase scan technique, along with simulation results using the GPT particle tracking code
for different space charge schemes at (a) 249.5 MHz laser and (b) 499 MHz laser.

5.3 CEBAF INJECTOR AT 180 kV DC GUN VOLTAGE

There are ongoing efforts to transition the gun voltages from 130 kV to 200 kV for the
CEBATF injector. Following the Scheduled Accelerator Down (SAD) in 2023, the CEBAF
Phase 2 injector beamline layout is present with changes in gun voltages. The Phase 2 up-
grades involve various modifications in the positions of beamline elements, system upgrades,
and notably, the replacement of the capture section and quarter cryomodule with a new

booster module containing a 2-cell and 7-cell cavity string. The schematic of the CEBAF
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Phase 2 upgraded injector layout is depicted in Fig. 45. Additionally, the details of the injec-
tor beamline elements, starting from the cathode, including magnetic elements, are provided
in Table 4.

TABLE 4. Locations of the beamline elements for the Phase 2 CEBAF injector upgrade.
Here, MDRs is the dipole magnet, MF's are the solenoids, MQs are the quadrupole magnets,

HWien and VWien are the horizontal and vertical Wien system.

Location of Beam Line Elements

Elements Positions (m) Elements Positions (m)
MFEX2I01 0.780796 MFX1dsch?2 8.505764
MDR1102 1.717802 MFX2dsch?2 9.103426
MFX1103 2.261358 FCup#1 9.462582
MQW1I03 2.636135 Buncher 9.586026
VWien 2.911598 A3 10.31653
MQW1I04 3.187061 MFX3dsch?2 10.722422
MFG1I04A 3.573776 A4 11.199434
MFG1104B 3.816954 2-cell 12.2754
MQW1I05 4.114669 7-cell 13.106
HWien 4.390132 MQSO0LO1 14.76567
MQW1I06 4.665595 MQJOLO1 14.9641
Prebuncher 4.823223 MQSOLO1A 16.95193
MFXO0I01 5.515352 MQJOLO02 18.0041
Pcup 5.801864 MQSO0L02 18.33187
Al 5.938770 MQJOLO2A 18.6143
A2 6.616446 MQSOL02B 21.7726
MFAO0IO3 6.813235 MQJOLO3A 23.80147
MFEFDOIO4A 7.514275 MQSOLO03 24.1523
Chopper 7.60 MQJOLO3 24.43177
MFEDO0I04B 7.685725 MQSO0L04 27.3836

MFAO0IO5 8.386765 MQJOLO4 27.585
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FIG. 45. CEBAF injector upgrade Phase 2 layout for 180 kV DC gun voltage. It shows the
section extending from the gun to downstream of the booster. The injector layouts are not

to scale, and magnet elements are not shown. PCup, and FC#1 are insertable Faraday cups.

5.3.1 180 kV GUN VOLTAGE MEASUREMENTS

During some parts of the CEBAF injector operation in Fall 2023, the DC gun voltage
was 180 kV. The electron beam generated by three lasers had a frequency of either 249.5
MHz or 499 MHz. As outlined in Ref. [1], with the existing and planned gun configurations,
laser development is essential to achieve the planned bunch repetition rates. Additional
power amplification is required to accommodate the higher beam currents envisioned for
this purpose. For the K experiment in Hall D, the baseline frequency for the CEBAF
photoinjector drive laser is set at 15.59 MHz, with an additional desired frequency of 7.8
MHz [1]. Since Fall 2023, temporary solutions for the 15.6 MHz baseline are installed on
the Hall D laser [73] to allow Kj, beam studies. These solutions are expected to become
permanent supporting the Ky, experiment in the near future.

For the 180 keV beam from the gun, initial beam studies were conducted with horizontal
Wien (HWien) filter activated and using a 249.5 MHz C laser, followed by a study using a
15.6 MHz K, D laser. In the case of the 15.6 MHz laser, beam transmission, longitudinal
bunch profile, and the corresponding expansion of bunch length from the gun to the chopper
location were investigated using chopper phase scanning techniques. These experiments were
carried out while gradually increasing the beam current from the gun. For the 249.5 MHz C
laser, bunch length profiles and corresponding bunch lengths at the chopper location were
examined as the beam current from the gun was increased. Subsequently, beam transmission

measurements and chopper phase scans were performed for a 499 MHz drive laser with the
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Wien system turned OFF. In all beam study measurements with a 180 kV gun, the beam
was directed from the gun to the FC1, and the injector operated in high current (charge)

mode.

TABLE 5. CEBAF injector beam transmission and interceptions at 180 kV DC gun voltage
with 15.6 MHz D laser and with horizontal Wien filter ON.

Gun Bunch Al A2 MS Beam
Current Charge Interception Interception Interception Transmission
(nA) (pC) (nA) (nA) (nA) (%)
2.8971 0.186 0.1742 0.5242 0.0012 76.0
4.3704 0.280 0.0416 1.0437 0.0122 73.0
6.2193 0.399 0.2852 1.6462 0.1522 66.5
7.8976 0.506 0.9720 0.6986 0.2016 76.3
11.6756  0.748 3.555 0.9894 0.4536 57.2
17.3721 1.114 9.244 1.1736 0.8716 35.0

Table 5 presents the beam current from the gun, corresponding bunch charge at the
15.6 MHz laser, beam interceptions at the apertures (Al, A2, and master slits), and beam
transmission in the injector. As expected, the table reveals a decrease in beam transmission
with an increase in beam current. While the beam transmission is low with high charge,
the transmitted beam current exceeds 5 A, aligning with the K;, baseline beam current at
15.6 MHz. Consequently, the new Hall D Ky, laser with an amplifier provides sufficient beam
current (charge) from the gun for the Ky, experiment. The results of the beam transmission,
varying with bunch charge, alongside the regression fit and the transmission goal, are de-
picted in Fig. 46. The increase of the beam transmission around 0.5 pC charge per bunch
may be attributed to the optimization of focusing optics. It is possible that at this specific
bunch charge, the focusing optics, such as the solenoids, are finely tuned to compensate for

space charge effects that would otherwise diminish transmission. However, this optimization
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may not apply uniformly across all bunch charges, thus resulting in the observed change.
Compared to the 130 keV beam running, the transmission losses were comparable and some-
what higher, inconsistent with the reduced space charge effect expected at higher energy. As

discussed later, the main reason is that activating the Wien filter decreased the transmission

substantially.
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FIG. 46. Beam transmission as a function of bunch charge for Ky, laser at 15.6 MHz for 180
kV gun voltage.

The longitudinal bunch profile for the 15.6 MHz laser, obtained using chopper phase
scanning techniques for various beam currents (bunch charges) from the gun, is depicted in
Fig. 47. By analyzing the Faraday cup current vs. chopper phase distribution, the bunch
length for the electron beam at the chopper location is calculated. The bunch profile for all
beam currents is Gaussian, and the bunch length increases with the beam current due to
space charge expansion. The 1A phase plot indicates that the 15.6 MHz laser pulses have
a pulse length of less than 73 ps, as the charge for the 1A is 0.064 pC, and there is still a

bunch length expansion.

The beam transmission for the C laser at 249.5 MHz is also low with horizontal Wien filter
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FIG. 47. Electron bunch length measurements using the RF chopper cavity for 15.6 MHz
laser at 180 kV gun voltage. The insets provide more detail for the lowest current measure-

ment.

turned ON. The beam transmission is 74% at 5 pA current (0.06 pC bunch charge) and 55%
at 72.5 pA current (0.29 pC bunch charge). Following the beam transmission, chopper phase
scanning was performed for the 249.5 MHz C laser with horizontal Wien filter turned ON
to observe space charge effects with variation of beam current through the CEBAF injector
from the gun to the location of the chopper. The measured longitudinal bunch profile for
various beam currents from the gun for the 249.5 MHz laser is presented in Fig. 48. Despite
significant beam loss in the apertures, the longitudinal bunch profile remains Gaussian, and
the bunch length due to space charge is not excessively high. The bunch length expansion

should decrease with an increase in gun voltage, but this is influenced not only by the rise
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FIG. 48. Electron bunch length measurements using the RF chopper cavity for the 249.5
MHz C laser at 180 kV gun voltage. The gun current was varied from 2 pA to 142 pA. The

insets provide more detail for the lowest current measurement.

in beam energy but also by the substantial loss of beam in the injector apertures.

Since the Ky, experiment does not require a parity-quality beam and there were high beam
losses with Wien filter ON, the experiment was repeated to measure beam transmission and
longitudinal bunch profiles at 180 kV with the Wien filter OFF. The beam test plan intended
to use the 15.6 MHz Kp, and 499 MHz C laser. Due to technical issues during the initial beam
test, the study was conducted only with the 499 MHz C laser, and the second opportunity
was missed due to a gun tripping event.

Figure 49 illustrates the beam transmission as a function of bunch charge with Wien filter
OFF for the C laser at 499 MHz with a 180 kV DC gun. As seen in the figure, the beam
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FIG. 49. Beam transmission as a function of bunch charge for 499 MHz laser at 180 kV gun
voltage with Wien filter turned OFF.

transmission is higher compared to Wien filter ON, but the C laser at 499 MHz could not
provide sufficient bunch charge (beam current), even reaching 0.32 pC for the Ky, experiment.
Compared to the 130 keV experiment, also with the Wien OFF (data in Fig. 33), the total
transmission is very comparable at around 90%.

The longitudinal bunch profile and corresponding bunch length at the location of the
chopper for the 499 MHz laser are shown in Fig. 50. At low charge (low current), the
longitudinal profile of the bunch at the chopper location is Gaussian with a FWHM bunch
length of about 40 ps, as in the 130 keV experiment. With an increase in charge per bunch,
the distribution becomes Super-Gaussian, starting from 40 A (80 fC charge). The increase
in bunch length and longitudinal bunch profile distributions follows the same trend as in
Section 5.2.2 for 130 kV. However, for a beam energy of 180 keV the bunch length expansion
is lower due to the reduced space charge. For the same charge per bunch, the bunch length

is smaller at the location of the chopper compared to 130 kV (see Fig. 35(b)).
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FIG. 50. Electron bunch length measurements were using the RF chopper cavity for the 499
MHz laser at 180 kV gun voltage with Wien filter turned OFF. The gun current was varied

from 5pA to 182pA. The insets provide more detail for the lowest current measurement.

5.3.2 INJECTOR OPTIMIZATION AND SIMULATION AT 180 kV DC GUN

Based on the setting of the injector gun voltage to 180 kV for the CEBAF Phase 2
upgraded injector operations in Fall 2023, we initiated the optimization of the Continuous
Electron Beam Accelerator Facility (CEBAF) injector for the Phase 2 injector configuration.
Employing Multi-Objective Genetic Optimization (MGO) through General Particle Tracer
(GPT), we determined the necessary magnetic elements and RF settings for the Ky, bunch

charge (0.64pC) at 180kV. The 180 kV gun voltage may also be used for future operations
of the CEBAF injector.
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For the injector DC gun voltage settings for the 2023 Fall operation of 180 kV, injector
optimizations were performed. The GPT model of the CEBAF injector at a 180 kV DC
gun employs the same field maps for the gun, most solenoids except MFXs, and prebuncher
and buncher as used in the 130 kV configuration. However, some beamline positions of the
elements are adjusted, some solenoids are removed, and the booster (2-7 cell SRF cavities)
replaces the capture and two 5-cell cavities. The objective for different field maps for MFXs
is associated with MFX solenoids repairs, as there is a problem associated with beam trans-
mission in the solenoids. For this, we utilized the first two MFX solenoids upstream of the
Wiens, employing a 2D single-wound field map, with the remaining MFX solenoids used as
a counter-wound 3D field map. The solenoid field maps for optimizations and simulations
related to repairs are shown in Fig. 51. These field maps represent an improvement over the

earlier-used field map used for 130 kV and 200 kV optimizations and simulations.
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(a) Magnetic field in the single-wound MFXs.  (b) Magnetic field in the counter-wound MFXs.

FIG. 51. Longitudinal electric and magnetic fields for 2D and 3D electric field maps of
the solenoids at 180kV gun voltage. (a) 2D field map of single-wound focusing solenoids
(MFXs) after the DC gun, where the transverse coordinate varies from 0 to 22 mm, (b)
3D field map of three counter-wound solenoids MFXs after the chopper cavities, where the

transverse coordinates vary from 0 to +22 mm.
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The Map25D_TM_scope was utilized for the booster (2-7 cell) SRF cavity. The longitu-
dinal electric field of the 2.5D electric field maps used for the 2-cell and 7-cell SRF cavities
is presented in Fig. 52. The optimization variables include current set points for solenoids
and quadrupole settings in G-cm, RF phases (prebuncher, buncher, 2-cell, and 7-cell RF
cavities), and the corresponding RF settings (GSET) that scale the respective RF field map
in the CEBAF injector beamline. These variable settings are adjusted within the operational

limits of the CEBAF injector.
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FIG. 52. Longitudinal electric fields for the booster at 180 kV gun voltage: (a) 2.5D electric
field maps of a 2-cell SRF cavity, (b) 2.5D electric field map of a 7-cell SRF cavity. In both

field maps, radial coordinates vary from 0 to 25 mm.

The injector beamline contains 12 solenoids, including spin solenoids MFGs set for 0°,
and 12 quadrupoles for transverse focusing, excluding the 4 Wien quads. These elements
are integrated into the injector General Particle Tracer (GPT) [64] model, while inactive
elements such as correctors and beam monitor devices are represented as drift spaces. The
15-degree bend dipole is modeled as a straight drift space, and Wiens are set to OFF, with
corresponding quads also set to OFF, along with the chopper cavity modeled as a straight
drift. The beamline used for optimizations and simulations extends from the gun to a point

just before the first full cryomodule, located 30.0 meters away from the gun.
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The initial distributions for the 180 kV optimizations and simulations of the electron
bunch are identical to those for the 130 kV Gaussian distribution in ¢, z, y, p,, and p,. How-
ever, the laser spot size is 0, = 0, = 0.50 mm, with a laser pulse length of 50 ps FWHM,
and an energy spread of oz, = 2.45 x 10~*. The normalized rms transverse emittance at
the cathode is given by Eq. (116) and is 0.12255 mm mrad. The space charge effect is in-
corporated using the spacecharge3Dmesh [65, 66] scheme. For the injector optimizations, we
employed the multi-objective global optimizer (GDFMGO) [74], which is the Non-dominated
Sorting Genetic Algorithm (NSGA-II) [75] implemented in GPT. The optimization process
utilized a Ky, bunch charge of 0.64 pC, a beam current of 320 pA, and a drive laser frequency
of 499 MHz at 180kV gun for a simulation with 250 macroparticles.

TABLE 6. Optimization goals upstream of the first full cryomodule (28.35 m downstream
from the gun) for the CEBAF injector. It is important to note that the specified minimum
and maximum values are not rigid constraints but rather indicative parameters defining the

desired objective space range.

Objectives Minimum Maximum Unit Order
transverse emittances (€,z, €ny) ~ 0.25 mm mrad 1076
bunch length (o) - 0.50 ps 10712
Kinetic energy (Ey) 4.5 8.0 MeV 109
Energy Spread (o, ) — 75 keV 10?
Beam Transmission 99.9 100 % 1

The optimizations included 28 variables, such as magnetic elements and RF settings, and
62 objectives and constraints related to beam transmission, bunch lengths, and normalized
transverse emittance at different locations in the beamlines. The optimization goal at the

end of the CEBAF injector upstreams of the first full cryomodules is summarized in Table 6.
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A population size of 120 with 1000 generations was employed for 120,000 runs, resulting in
120 sets of optimal settings for magnetic elements and RF settings. It is ensured that there
is a much higher kinetic energy, approximately 300 keV, going from the 2-cell cavity to the
7-cell cavity in the booster. The optimizations were performed using the Jefferson Lab ifarm

high-performance computing.

TABLE 7. Convergence test at the optimized (magnet and RF) settings.

Numpar Transmssion o, €nzs Eny Oz, Oy OB,
(%) (ps) (mm mrad) (mm) (keV)
250 98.80 0.2761 0.2264, 0.2309 0.3645, 0.3848  43.20
2500 98.32 0.2754 0.2982, 0.2747 0.4539, 0.4279  49.86
5000 98.18 0.2799 0.2952, 0.2770 0.4486, 0.4293 51.10
10000 98.40 0.2810 0.3118, 0.2868 0.4609, 0.4345 51.36
12000 98.20 0.2820 0.3014, 0.2784 0.4566, 0.4284 51.46

After completing the optimization, an effort was made to enhance the accuracy of the sim-
ulated space charge effects and capture any nuanced responses to the optimized setup. The
optimal settings underwent evaluation by increasing the number of macroparticles used in
the optimization process. However, this augmentation in macroparticles led to the deteriora-
tion of beam characteristics, including bunch lengths, transverse beam sizes, emittances, and
beam transmission achieved during the optimization. The simulations in the optimization
phase were initially conducted with 250 macroparticles, and the results were cross-validated
with simulations using 2500, 5000, 10000, and 12000 macroparticles. The augmentation
in macroparticles enhances the precision of calculated space charge effects and reveals sub-

tle responses to the setups identified by optimization. However, it is observed that beam
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characteristics, such as bunch length and transmission achieved during optimization, typi-
cally fluctuate slightly with an increased number of macroparticles, as indicated in Table 7.
Therefore, we used 10,000 macroparticles in all simulations where the beam characteristics

are converged.

TABLE 8. CEBAF beam specifications/requirements for simultaneous operation of four

experiment halls at Jefferson Lab.

Halls/ Frequency Avg. Beam Bunch  bunch
Experiment Rate Current Charge spacing
(MHz) (nA) (pC)  (ns)
Hall A (MOLLER)  249.5 65 0.26 4
Hall B 249.5 0.5 0.002 4
Hall C 249.5 35 0.12 4
Hall D (Kp, baseline) 15.6 5 0.32 64
Hall D (K, goal) 7.80 5 0.64 128

Table 8 provides details about concurrent experiments running alongside the Ky, exper-
iment in various experimental halls, including average beam currents, repetition rates, and
charge per bunch. For seamless CEBAF operations, it is imperative to simultaneously trans-
mit both high and low-charge beams through the injector, employing the same optics. To
address the diverse beam requirements of different halls, computer modeling is employed
to determine optimal settings for magnetic elements (solenoids and quads) and RF sys-
tems. These settings play a crucial role in ensuring efficient transmission of both low and
high-charge beams through the injector, optimizing the overall performance of the CEBAF
facility.

Simulations were conducted on the optimized settings obtained from GPT optimizations

to assess beam parameters for different bunch charges required for concurrent operation
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in four halls at CEBAF. Out of the 120 optimal settings from the GPT optimizations of
magnetic elements and RF systems, one optimal solution on the Pareto front was selected
for the injector’s simulation based on external constraints. The selection criteria included
achieving beam transmission greater than 90%, normalized transverse emittance less than 1
mm mrad, and a bunch length less than 1.0 ps upstream of the first full cryomodules. These
criteria represent acceptable beam characteristics for the CEBAF injector operation.

The beam dynamics simulation was conducted for different charge per bunch scenarios,
and the analysis of the simulation results yields insights into beam characteristics. In Fig. 53,
the variation of bunch length along the beamline is illustrated for different charge per bunch
values corresponding to different experimental halls. The findings reveal that, irrespective
of the charge per bunch, the bunch length remains below 0.5 ps upstream of the first full

modules.
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FIG. 53. Bunch length (0;) along the beamline at 180 kV voltage for different values of

bunch charge.

The simulated average kinetic energy of the beam remains nearly constant at approxi-
mately 6.68 MeV for all charge scenarios. The energy spread for each charge case is less than
0.01. Figure 54 illustrates the average kinetic energy and energy spread for various charge

per bunch values.
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FIG. 54. Average kinetic energy and energy spread for different bunch charge along the
CEBAF injector beamline at 180 kV gun voltage. (a) Average kinetic energy and (b) Energy
spread o, / Ex.
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FIG. 55. Transverse beam sizes for different bunch charges at 180 kV gun voltage: horizontal
(04)(left) and vertical (o) (right).

Figures 55 and 56 illustrate the simulation outcomes, portraying the variations in trans-
verse beam sizes and normalized transverse emittances, respectively, along the injector beam-
line for different bunch charge values. The results suggest minimal fluctuations in the beam

sizes and transverse emittances of the electron beam with varying charge per bunch along



98

the injector beamline. These values remain within the operational limits of the injector. The
simulation results thus indicate that the high charge Ky, can run simultaneously with lower

charge beam delivered to the other halls.
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FIG. 56. Normalized transverse emittances for different bunch charges at 180 kV gun voltage:

horizontal(e,, ;) (left) and vertical (e, ,)(right).

Figure 57 illustrates the simulated beam transmission along the beamline for different
bunch charges, showcasing that the transmission exceeds 98% for all charge scenarios.

Before SAD 2023, the laser spot size for all lasers was approximately 0.55 mm. However,
there is a variation in laser spot size after SAD 2023, and it differs for different drive lasers (A,
B, C, D). Additionally, different drive laser frequencies result in different pulse lengths-lower
frequencies correspond to larger pulse lengths and vice versa. Therefore, we investigated the
transmission as a function of the photocathode laser spot size and pulse length, assessing
the sensitivity of simulation results to these parameters. In the simulations, we adjusted
the laser spot size while keeping the laser pulse length constant and vice versa. Figure 58
illustrates the beam transmission through the injector, demonstrating the variation in laser
spot size and pulse length at the cathode for a 0.64 pC, 128 ns beam for the K, bunch charge
at 180 kV. The figure shows that the transmission is not significantly sensitive to changes
in beam size and pulse length, with reference values of laser spot size at 0.50 mm and laser
pulse length of 50 ps FWHM. With the optimized setting present in the CEBAF injector,
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FIG. 57. Beam transmission through the apertures for various bunch charge at 180 kV gun
voltage.
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(a) Beam transmission versus laser spot size. (b) Beam transmission versus laser pulse length.

FIG. 58. Simulated beam transmission with variation of laser spot size and laser pulse length

for 0.64 pC at 180 kV gun voltage. (a) Laser spot size at the cathode. (b) Laser pulse length
at the cathode.

all beam conditions should transmit greater than 90% beam.
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5.4 CEBAF INJECTOR AT 140 kV DC GUN VOLTAGE

For the CEBAF injector, the current DC gun voltage is set at 140 kV. At this specific
gun voltage, a comprehensive series of beam transmission and bunch length expansion mea-
surements were thoroughly conducted with Wien filters OFF. These measurements utilized
the Ky, laser operating at 15.6 MHz. The primary objective of this experimental endeavor
was to carefully examine and evaluate the response of the Ky, laser under these conditions.
The focus was on assessing its capability to generate a well-suited bunch structure while si-
multaneously determining the optimal charge per bunch for the forthcoming Ky, experiment.
The 15.6 MHz laser allows one to produce and measure bunches with charges far beyond the

0.64 pC maximum requirement for the Ky, experiment.

Beam transmission (%)
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FIG. 59. The beam transmission as a function of bunch charge for Ky, 15.6 MHz laser at 140
kV gun voltage.

Figure 59 illustrates the beam transmission as a function of charge per bunch from the DC
gun at 140 kV for the Ky, laser operating at 15.6 MHz. The graph clearly indicates that as the
charge per bunch increases, there is a corresponding decrease in beam transmission. The 15.6

MHz laser effectively supplies the necessary beam current (bunch charge) required for the
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Ky, experiment. Notably, these transmission results exhibit a slight improvement compared
to measurements conducted at the 130 kV DC gun. Specifically, the beam transmission for
a 0.32 pC bunch charge is approximately 95%, and for a 0.64 pC bunch charge, it dips only
slightly below 90%. This observation underscores the reliability of the 15.6 MHz laser in

consistently delivering the necessary current for the Ky, experiment.
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FIG. 60. Electron bunch length measurement using RF chopper cavity for 15.6 MHz laser
at 140 kV. The gun current was varied from 2.0 pA to 40.0 pA.

The longitudinal bunch profile and corresponding bunch length at the location of the
chopper for the 15.6 MHz laser at the 140 kV DC gun are depicted in Fig. 60. At lower



102

charges, the longitudinal profile of the bunch at the chopper location appears Gaussian. How-
ever, as the charge per bunch increases, the distribution transforms into a Super-Gaussian
shape. The trend in the increase of bunch length and variations in the longitudinal bunch
profile closely mirrors the observations discussed in Section 5.2.2 for the 130 kV experiments.
In comparison to the results at 130 kV, the bunch length is approximately 12% smaller at 140
kV (for a 0.64 pC bunch charge) due to reduced space charge. This observation maintains
consistency with the findings at 130 kV.
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FIG. 61. Comparison of beam transmission measurements as a function of charge per bunch
at 130 kV, 140 kV, and 180 kV DC gun voltages.

The beam transmission measurements, spanning from 130 kV to 180 kV, with spin flipper
both OFF and ON for different laser drive frequencies (15.6 MHz Ky, laser, 249.5 MHz, and
499 MHz lasers), are illustrated in Fig. 61. The figure demonstrates variations in beam
transmission with different gun voltages and spin flipper states. Upon examining the beam
study measurements and Fig. 61, it becomes evident that the 249.5 MHz and 499 MHz lasers

were unable to provide sufficient beam current (bunch charge) required for the Ky, experiment
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at all voltages. In contrast, the 15.6 MHz laser consistently delivered the necessary bunch
charge for both the baseline (0.32 pC) and goal (0.64 pC) of the K;, experiment. Notably,
the power amplification required for the 249.5 MHz and 499 MHz lasers at 130 kV operation
is effectively provided by the new Ky, laser operating at 15.6 MHz.

5.5 CEBAF INJECTOR AT 200 kV DC GUN VOLTAGE

There are ongoing efforts to transition the gun voltages from 130 kV to 200 kV for the
CEBAF injector. And also K, experiment will run at 200 kV DC gun voltage in the CEBAF
Phase 2 upgrade injector beamline. The schematic of the upgraded injector layout for 200 kV
optimizations and the simulation is depicted in Fig. 62. Additionally, the injector beamline

elements, starting from the cathode, including magnetic elements, are detailed in Table 4.
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FIG. 62. CEBAF injector upgrade Phase 2 layout for 200 kV DC gun voltage. It displays
the section of the injector that extends from the gun to downstream of the booster. The
injector layouts are not to scale, and magnet elements are not shown. PCup, and FC#1 are

insertable Faraday cups.

5.5.1 INJECTOR OPTIMIZATION AND SIMULATION AT 200 kV DC GUN

As carried out for 180 kV, Multi-Objective Genetic Optimization (MGO) was utilized
to determine the necessary magnetic elements and RF settings for the Ky bunch charge
(0.64pC) at 200kV. The GPT model of the CEBAF injector at a 200 kV DC gun employs
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the same field maps for the gun, solenoids, and prebuncher and buncher as used in the 130
kV configuration (see Fig. 28). The field map for the booster is the same as used for 180 kV
(see Fig. 52). The optimization goal at the end of the CEBAF injector upstream of the first
full cryomodules is summarized in Table 6.

The initial distributions for the 200 kV optimizations and simulations of the electron
bunch are the same as those at 130 kV, including the same laser pulse length and laser
spot size at the cathode. Initially, the optimizations and beam dynamics particle tracking
simulations were performed with the Wien filter turned OFF.

The beam dynamics simulation explored various scenarios with different charge per bunch
settings, providing valuable insights into beam characteristics. The simulated average beam
kinetic energy remains nearly constant at approximately 6.98 MeV for all charge scenarios.
Figure 63 visually represents the change in bunch length and energy spread for various
charge per bunch values at different locations along the beamline corresponding to distinct
experimental halls. The results consistently indicate that, regardless of the specific charge
per bunch, the bunch length remains below 1.1ps upstream of the full modules, and the

energy spread for each charge case is approximately 0.02 or less.
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FIG. 63. Evolution of bunch length (0;) and energy spread (o, /Ex) along the beamline with
Wiens OFF at 200 kV gun voltage for different values of bunch charge. (a) Bunch length
(0y) and (b) Energy spread og, /Ex.
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Simulated beam transmission along the beamline for different bunch charges is illustrated

in Fig. 64, highlighting that the transmission exceeds 94.4% for all charge scenarios.
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FIG. 64. Beam transmission through the apertures for various bunch charge at 200 kV gun
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FIG. 66. Normalized transverse emittances for different charges at a 200 kV gun voltage:

horizontal (e, ) (left) and vertical (e,,) (right).

Figures 65 and 66 present the simulation results, depicting changes in transverse beam
sizes and normalized transverse emittances along the injector beamline for different bunch
charge values. The findings indicate minimal variations in both beam sizes and transverse
emittances of the electron beam as the charge per bunch varies along the injector beamline.
The beam size and normalized variation are more pronounced for very low charge compared
to high charge, as the optimizations are performed for high Ky, bunch charge. However, these

values consistently remain within the operational limits of the injector.
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FIG. 67. Simulated beam transmission with variation of laser spot size and laser pulse length

for 0.64 pC at 200 kV gun voltage. (a) Laser spot size, (b) Laser pulse length at the cathode.
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We also examined the transmission as a function of the photocathode laser spot size and
pulse length. In the simulation, we adjusted the laser spot size while maintaining a constant
laser pulse length, and vice versa. Figure 67 illustrates the beam transmission through the
injector, showcasing the variation in laser spot size and laser pulse length at the cathode for
a 0.64 pC, 128 ns beam for the K, bunch charge at 200 kV.

As previously mentioned, the K;, experiment has distinctive beam requirements, charac-
terized by a notably low bunch repetition rate and an unusually high bunch charge. Addi-
tionally, the CEBAF injector demands a high-quality beam for experiments like the Mea-
surement of a Lepton-Lepton Electroweak Reaction (MOLLER). Following the completion of
optimizations and simulations with the spin flipper turned off (Wiens OFF and spin-flipping
solenoids set at zero degrees), and using the same optimized settings for magnetic elements
and RF amplitude and phases, we conducted simulations encompassing a range of bunch
charge beams, spanning from low to high specifications. These simulations considered con-
current operations across all four Halls at CEBAF, with the spin flipper ON at 200 kV. The
results obtained with the spin flipper ON were then compared with the previous simulation
results with the spin flipper OFF.

A Wien filter is a device characterized by static electric and magnetic fields arranged or-
thogonally to induce a net spin rotation without altering the trajectory of the beam. Within
the CEBAF injector, there are two Wien filter systems [14, 76]. Each system is accompanied
by two spin flipper solenoid magnets positioned in between them to achieve the required
spin orientations for the experimental target, as depicted in Fig. 68. The polarization of the
electron beam, originating from the photocathode, is initially longitudinal. The first Wien
filter, located downstream of the DC photo-gun, is oriented vertically and facilitates the
rotation of polarization from longitudinal to vertical. Subsequently, the second Wien filter,
oriented horizontally, rotates the polarizations in-plane to counteract the precession induced
by CEBAF transport magnets. The solenoids placed between these filters ensure additional
polarization rotations.

In the laboratory frame, the Thomas-BMT equation [77, 78] describes the spin precession
of a relativistic particle in an external electromagnetic field. For the CEBAF spin rotator,
the expression for spin precession relative to the electron momentum is derived using the

Thomas-BMT equations:

% —AQ XS, AQ=Q, — Qo (120)
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. . Horizontal Wien
Vertical Wien

Spin Solenoids

FIG. 68. A schematic of the spin flipper setup in the CEBAF injector. It comprises the

Wien system and spin-flipping solenoids.

Here, A2 represents the spin precession frequency and is defined as:

. q 1 1 BxE
AQ = m CLBJ_ + 7(1 —}—(Z)Bn (a 72 — 1) - :| . (121)

In Eq. (121), S denotes the spin vector of the particle in the rest frame, while B
and B represent the transverse and longitudinal components of the magnetic field in the
laboratory frame relative to the velocity B¢ of the particle. The Lorentz factor is denoted
by v=(1-— 52)_1/2. The electric field is represented by E, and a = (g — 2)/2 designates the
anomalous gyromagnetic g-factor. For an electron with ¢ = —e, the spin precessions in the

Wien and solenoid configurations are expressed as:

1 E
Spin Precession in Wien: AQ2 = < {aBL + ( 5 - a) B x } , (122)
m v:—1 c
1
Spin Precession in Solenoid: AQ = ‘ [—(1 + a)B”] . (123)
m |y

The spin precession frequency, denoted as A€, and the corresponding spin rotation angle,
represented by 6, are linked by the equation § = AQT', where T' = Leg/(fc) and Leg signifies
the effective length of the spin flipper. In the Wien system, the electric field magnitude
perpendicular to the particle velocity v, = fc is denoted by E,,. Longitudinal fields, as
found in solenoids, are confined to the injector and part of the Wien filter system. The
remaining injector solenoids are intentionally designed to be counter-wound, featuring two
alternating reversed loops, providing focusing while resulting in a net zero spin precession.

Figure 68 illustrates a schematic of the system employed at CEBAF.
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For the Wien filter to function as a spin rotator, maintaining the trajectory of particles
passing through the device is crucial. In the single-particle model, this is accomplished by
ensuring that the contributions of the electric and magnetic fields to the total force are zero,

thus satisfying the so-called “Wien condition”:
E, = —v.,B,. (124)

Here, £, denotes the vertical electric field, while B, represents the horizontal magnetic field
specific to the vertical Wien filter. For the horizontal Wien filter, the roles of the electric
and magnetic fields are swapped. Applying this mathematical framework facilitates the
determination of electric and magnetic field magnitudes required to achieve the desired spin
rotation angle, applicable for operations within the range of -100° to 4+ 100° for a 200 keV
electron. For the earlier 200 kV simulations, the spin flipper OFF conditions initially involve
turning off the vertical Wien (VWien) and configuring the spin-flipper solenoids, namely
MFG1I04A and MFG1104B, with )  FGs =0°. Subsequently, in simulations with the spin
flipper ON, VWien is activated to F 90° for left or right spin-flipping, and the spin flipper
solenoid conditions are set with ) FGs= 90°. The combined effects of the Wien system and
spin-flipping solenoid result in either flipping the spin orientations of the electron beam to
the left or right. Additionally, with the spin flipper ON, the VWien quads MQW1103 and
MQW1I04 are utilized for focusing the spin-rotated beam.

TABLE 9. Simulated beam characteristics upstream of the first full cryomodule with spin
flipper OFF.

o Bunch Charge Specifications

Beam Characteristics

2 fC 0.12 pC 0.26 pC 0.32 pC 0.64 pC
beam transmission (%) 99.52 94.40 97.84 99.28 95.75
bunch length (ps) 1.12 0.55 0.37 0.38 0.67
€ngs €ny (MM mrad) 0.84, 0.42 0.27,0.29 0.20, 0.25 0.21, 0.29 0.26, 0.32
Oy, 0y (mm) 1.86, 3.36  1.39, 1.53 1.04, 1.55 1.08, 1.68 1.30, 1.85
%“ (%) 1.40 0.65 0.63 0.69 1.04
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Table 9 presents the simulated beam characteristics of the CEBAF injector upstream
of the first full cryomodules with the spin flipper OFF. The results demonstrate that the
bunch length consistently remains below 1.1 ps upstream of the full modules, regardless of
the charge per bunch. The energy spread for all charge cases is approximately 1.4% or less.
Additionally, the beam transmission along the beamline for different bunch charges indicates
that the transmission exceeds 94.4% for all charges. The normalized emittance is less than
0.85 mm mrad for all charge configurations. It is worth noting that the average beam kinetic
energy remains almost constant at around 6.98 MeV for all charge cases and spin OFF and

ON scenarios, although this information is not explicitly shown in the table.

TABLE 10. Simulated beam characteristics upstream of the first full cryomodule with spin
flipper ON.

L. Bunch Charge Specifications

Beam Characteristics

2 fC 0.12 pC 0.26 pC 0.32 pC 0.64 pC
beam transmission (%) 99.95 96.61 99.93 97.96 99.89
bunch length (ps) 1.21 0.63 0.38 0.37 0.70
€ngs €ny (Mm mrad) 0.78,0.32 0.29,0.29 0.27,0.29 0.23, 0.27 0.35, 0.42
Oy, 0y (mm) 1.70, 2.53 1.29, 1.52 1.08, 1.58 0.96, 1.53 1.23, 2.07
== (%) 1.50 0.70 0.67 0.74 1.16

Table 10 illustrates the simulated beam characteristics of the CEBAF injector upstream
of the first full cryomodules with the spin flipper ON. No significant differences are observed
in the beam characteristics between spin flip left and right. The results reveal that the
bunch length consistently remains below 1.21 ps upstream of the full modules, irrespective
of the charge per bunch. The energy spread for all charge cases is approximately 1.5% or
less. Furthermore, the beam transmission along the beamline for different bunch charges

indicates that the transmission exceeds 96.61% for all charges. The normalized emittance is
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less than 0.78 mm mrad for all charge configurations.

Spin Flip OFF Spin Flip ON: Flip Left
2.5
25 0.002 pC: Hall B — | ‘ 0.002 pC: Hall B — |
0.12 pC: Hall ¢ — 0.12 pC: Hall € —
2L 0.26 pC; Hall A (MOLLER) — i 2k 0.26 pC; Hall A (MOLLER) —— |
032 pC: Hall D (K) 032 pC: Hall D (K)
0.64 pC: Hall D (K,) —— 0.64 pC: Hall D (K) ——

W,
‘s

(a) Horizontal beam size (o,) with spin flipper  (b) Horizontal beam size (0,) with spin flip-
OFF. per ON.

FIG. 69. Horizontal beam sizes for different bunch charge specifications along the CEBAF
injector beamline. (a) Spin flipper OFF. (b) Spin flipper ON.

We also conducted a comparison of the evolution of beam characteristics and transmission
with the spin flipper both ON and OFF along the CEBAF injector beamline. Figure 69
illustrates the variation in horizontal beam sizes along the beamline for different charge per
bunch values in various experimental halls with both spin ON and OFF. The variations in
bunch length and energy spread along the beamline for different bunch charge specifications
with spin flipper ON and OFF are depicted in Figs. 70 and 71, respectively. The results
indicate that there is no significant difference in the beam characteristics along the beamline
of the CEBAF injector with the spin flipper ON and OFF.

From the simulations, it is observed that both with spin flipper OFF and ON cases, the
beam transmission and beam characteristics upstream of the first full cryomodules meet the
criteria for acceptable beam performance in the context of CEBAF injector operations. At

optimized settings for a high charge, simultaneous operation with Halls A, B, C, and D is
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(a) Bunch length (o,) variation along the (b) Bunch length (o,) variation along the
beamline with spin flipper OFF. beamline with spin flipper ON.

FIG. 70. Bunch length variation along the beamline of the CEBAF injector for different
bunch charge specifications. (a) Spin flipper OFF. (b) Spin flipper ON.
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(a) Energy spread (og, /Ex) with spin flipper  (b) Energy spread (og, /Ex) with spin Flip-
OFF. per ON.

FIG. 71. Energy spread for different bunch charge specification along the CEBAF injector
beamline. (a) Spin flipper OFF. (b) Spin flipper ON.
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indicated, with minor differences in the transverse beam optics with the spin flipper OFF
and ON.

5.5.2 SIMULATION RESULTS COMPARISON

After conducting a series of simulations at different gun voltages (130 kV, 180 kV, and
200 kV) for the CEBAF injector, the simulation results are compared. Figure 72 illustrates
the transmission versus bunch charge at various voltages. The graph demonstrates that
higher gun voltages lead to increased beam transmission; demonstrating the effectiveness of
the injector to drive the Ky, experiment. This is particularly advantageous due to its higher

charge per bunch compared to the other experimental halls (A, B, C) at CEBAF.

180 kV —e—
200 kV —e—

Beam transmission (%)

5 1 1 Il 1 1 Il
8.0020.06 012 02 026032 04 048 056 0.64
Bunch charge (pC)

FIG. 72. Beam transmission as a function of bunch charge at different gun voltages in the
CEBAF injector.

The GPT simulation results for bunch length expansion at 130 kV, 180 kV, and 200 kV
are shown in Fig. 73. The corresponding longitudinal bunch profile at the location of the
chopper is shown in Fig. 74. From Figs. 73 and 74, it is observed that an increase in gun

voltages (and hence beam energy) decreases the space charge forces, resulting in improved
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(a) Bunch length at 0.01 pC bunch charge. (b) Bunch length at 0.64 pC bunch charge.

FIG. 73. Bunch length FWHM expansion in the CEBAF injector for low and high charge
at different gun voltages (130 kV, 180 kV, and 200 kV) with the prebuncher OFF. (a) 0.01
pC bunch charge. (b) 0.64 Ky, bunch charge.
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(a) Longitudinal bunch structure at 0.01 pC. (b) Longitudinal bunch structure at 0.64 pC.

FIG. 74. Longitudinal bunch structure at the location of the chopper for low and high charge
at different voltages with the prebuncher OFF. (a) For a 0.01 pC bunch charge. (b) For a
0.64 Ki, bunch charge. The chopper is located 7.6 m downstream from the gun.
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bunch structure and reduced bunch length for a higher charge per bunch.
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(a) Beam transmission vs. laser spot size. (b) Beam transmission vs. laser pulse length.

FIG. 75. Simulated beam transmission with variation of laser spot size and laser pulse length

at cathode for 0.64 pC at different gun voltages. (a) Laser spot size at the cathode. (b) Laser
pulse length at the cathode.

The simulated beam transmission as a function of laser spot size at the cathode and the
laser pulse length at the cathode for different gun voltages (130 kV, 180 kV, and 200 kV)
is shown in Fig. 75. From the simulations, it is found that there is no significant change
in beam transmission with variation of laser spot size and laser pulse length, particularly
around the reference values of 0.50 mm laser spot size and 50 ps FWHM of the laser pulse

length, for higher gun voltages of 180 kV and 200 kV.



116

CHAPTER 6

CONCLUSIONS AND FUTURE RESEARCH

6.1 CONCLUSIONS

In this thesis, detailed numerical and experimental studies have been conducted to in-
vestigate the dynamics of space-charge-dominated beams along with low charge per bunch
beams for the CEBAF injector, utilizing the CEBAF injector beamline elements. The main
objective is to develop an understanding of space-charge-dominated beams in the transport
line of the CEBAF injector and to provide valuable data for the Ky, experiment.

The primary objective of this project was to explore possibilities regarding beam trans-
mission, transverse beam sizes, and emittances, as well as longitudinal bunch structure
(bunch length and energy spread) from the CEBAF injector, specifically for conditions of
the Ky, experiment in Jefferson Lab Hall D. Additionally, simultaneous operations with other
experiment halls (A, B, C) along with Hall D were considered, requiring a different bunch
charge specification, lower than that of the K, experiment, and potentially involving spin
manipulations. We conducted a series of simulations and optimizations of beam transmission
and longitudinal bunch profiles at various DC gun voltages from 130 kV to 200 kV for the
CEBAF injector. In adddition corroborating measurements were taken at 130 kV, 140 kV,
and 180 kV.

The initial section of the thesis presents the results of simulations, measurements, and
their analysis for the 130 kV CEBAF injector Phase 1 upgrades. Beam dynamics simulations
using GPT were conducted based on the measured values of the initial beam size and laser
pulse length at the cathode for various charge per bunch scenarios, specifically up to for the
maximum Ky, bunch charge at 0.64 pC. Simulations considered charge per bunch conditions
measured for either 249.5 or 499 MHz laser. The evolution of beam characteristics (transverse
beam sizes, bunch lengths, normalized rms emittances, beam transmission, energy spread)
in the CEBAF injector from the DC gun to the upstream of the first cryomodules was
examined. The results of beam transmission and longitudinal bunch profile, including bunch
length, were compared to corresponding measurements using different drive frequencies of the

laser, either 249.5 MHz or 499 MHz. Beam transmission was measured by sending the beam
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up to Faraday Cup 1 and detecting beam interceptions in apertures Al, A2, and MS slits.
Longitudinal bunch profile and the corresponding bunch length for various charge per bunch
were measured using the chopper phase scanning technique at the chopper’s location. The
measurement determined the bunch length/pulse length of the laser at very low charge, as
well as the bunch length expansion from space-charge due to an increase in charge per bunch.
Despite different drive frequencies having different pulse lengths, they approximately had the
same laser spot size at the cathode. The results of beam transmission and longitudinal bunch
profile measurements from both simulations and experiments are in agreement. Regrettably,
at 130 kV, 0.64 pC charge per bunch was not achieved, as there was insufficient drive laser
power. One conclusion from the measurements is that at 130 keV beam transmission beam
transmission becomes more difficult as the bunch charge approaches 0.64 pC.

When the prebuncher was turned OFF, the measurements showed that the temporal
longitudinal bunch profile at the chopper location is Gaussian for low charges. However, the
distribution becomes super Gaussian above 60 fC of charge for both drive frequencies of the
laser. The order of super Gaussian increases with an increase in charge per bunch (current).
On the other hand, with the prebuncher turned on, the distribution becomes Gaussian for
both low and high charges.

To validate the measurements obtained from the chopper phase scan technique, we used
the GPT modeling program to predict the bunch lengths at the chopper location using two
different space charge simulation schemes: spacecharge3Dmesh and spacecharge3D. When
the prebuncher was turned OFF and the charge was low, the simulation results using the
spacecharge3D scheme showed excellent agreement with the measurements, with a deviation
of no more than 15% even at high charges. The simulations using the spacecharge3Dmesh
scheme also showed good agreement with the measurements at low charges, but the deviation
between the simulation results and measurements became more significant at high charges.
On the other hand, when the prebuncher was turned ON (the standard CEBAF operating
condition), there was excellent agreement between the measurements and the simulation
results obtained using both the spacecharge3D scheme and the spacecharge3Dmesh scheme
of the GPT simulation, with deviations of no more than 5%.

For Phase 2 CEBAF injector operations after the SAD in 2023, the initially planned gun
voltage of 200 kV was adjusted to 180 kV and later dropped to 140 kV due to technical
problems. A laser with lower repetition rates (15.6 MHz), required for the Kj, experiment,
was installed and tested during the SAD 2023. Subsequently, we conducted the same types

of measurements (beam transmission and bunch length expansion) for the CEBAF Phase
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2 injector upgrade as we did for the CEBAF Phase 1 injector upgrade at 130 kV DC gun
voltage, and compared results at 130 kV, 140 kV, and 180 kV DC gun voltages. These mea-
surements were performed using the existing laser at 249.5 and 499 MHz drive frequencies,
as well as with the newly implemented 15.6 MHz Ky, laser. It was observed that the increase
in gun voltages led to higher beam energy (and consequently higher relativistic v and ).
This increase in energy resulted in improved beam transmission and reduced bunch length
expansion as expected from the reduced space charge present.

Another part of the thesis involves adopting and demonstrating the use of Multi-Objective
Genetic Algorithm (MOGA) techniques for optimizing the CEBAF injector. This optimiza-
tion aims to obtain the optimized settings of magnetic elements and RF systems by em-
ploying the GPT particle tracking simulation code. The optimization procedure for GPT
implements the “NSGA-II” algorithm and includes 28 variables (magnetic elements and RF
settings) and 62 objectives and constraints related to beam transmission, bunch lengths,; and
normalized transverse emittance at different locations in the beamlines. The optimizations
were carried out at 180 kV and 200 kV, followed by beam dynamics simulations. Optimiza-
tions were conducted on the JLab ifarm high-performance computing system, while sim-
ulations were performed using GPTwin on Microsoft Windows machines CASSTUDENT4
at Jefferson Lab. Simulations were performed for various charge per bunch in the CEBAF
injector, assuming simultaneous operation in all four halls. For 180 kV simulations, various
charge per bunch scenarios were considered to evaluate beam transmission and characteris-
tics (transverse beam sizes, bunch lengths, energy spread, normalized transverse emittances,
etc.) without considering spin manipulations. However, for 200 kV, simulations were con-
ducted to assess beam characteristics with and without spin flipper activation. The results
demonstrated excellent transmission, above 90%, with minor differences in transverse and
longitudinal beam characteristics between low and high charge simulations at both 180 kV
and 200 kV gun voltages. The 180 kV results showed superior beam transmission, incorpo-
rating expected solenoid repairs with an inbuilt field map.

Overall, this project sheds light on the insights and challenges associated with transmit-
ting the space-charge dominated high bunch charge beam alongside the low charge beam in
the CEBAF injector. From the measurements and simulations at 130 kV gun voltages, for
0.32 pC bunch charge at 64 ns bunch spacing, we can confidently state that the Ky, experi-
ment can be performed even at 130 kV gun voltage. The dynamics simulation shows that the
beam transmission is above 90%, and bunch length expansion is manageable at the CEBAF

injector, facilitating the simultaneous operations of four experimental halls. Simulations



119

explained bunch length expansion and beam transmission at 130 kV gun voltage.

From the optimizations and simulations performed at higher gun voltages of 180 kV and
200 kV, there is an increase in beam transmission greater than 95% for 0.64 pC bunch charge,
and bunch length expansion decreases with the increase in gun voltages. This facilitates the
operation of the CEBAF injector with high charge per bunch and enables simultaneous op-
erations of four halls. With the Wien filter OFF, the measurements conducted at 140 kV
clearly demonstrate that the new Hall D K, can provide the necessary amount of bunch
charge for the Kj, experiment, with beam transmission exceeding 90% even for a bunch
charge of 0.64 pC. For 180 kV measurements with the Wien filter ON, the percentage of
beam transmission is low, but it transmits the 0.64 pC charge per bunch for the Ky, experi-
ment. Having the Wien filter ON negatively affected the beam transmission in the 180 kV
experiments. If we can tolerate the beam loss, conducting the Ky, experiment with a 0.64 pC
bunch charge is feasible even at 140 kV. Additionally, a higher gun voltage is advantageous
for beam transmission with a higher bunch charge, due to a decrease in space charge forces.
So, keeping in mind the possibility of an increase in gun voltage of the CEBAF injector,
Ky, at 0.64 pC can be performed at Jefferson Lab in Hall D along with other experimental
Halls. From the simulations and available experimental results, it confirms that the Kj,
experiment with 0.32 pC bunch charge can be performed easily, and with 0.64 pC bunch
charge, it is doable with some concerns regarding spin manipulations requirements for other
CEBAF experimental halls. After optimizations and simulations performed at 180 kV and
200 kV gun voltages, it is indicated that the simultaneous operation of four experimental
halls is possible. However, based on the measurements at 180 kV with the Wien filter ON,
running the Ky, experiment may be challenging and inconsistent with the conclusions of the
simulations.

As a result of finding optimized settings, by varying the laser pulse length and laser spot
size around the optima, it is possible to specify the pulse length and spot size of the laser
that leads to best transmission. The Ky, laser should be set to have a spot size of 0.55 mm

and pulse length of 60 ps for best transmission.
6.2 FUTURE WORKS

The Ky, experiment is scheduled to operate at a 200 kV DC photo-gun. Throughout the
course of this thesis, we have delved into the beam studies within the injector and conducted
beam dynamics simulations. It is important to note that not all questions regarding the

200 kV injector operations have been addressed in this work. The scope of our simulations
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covered the front end of the injector up to the first full cryomodules, while the beam studies
extended up to Faraday Cup 1 (FCupl) for a single beam, considering different drive fre-
quencies of the laser-either at 249.5 MHz, 499 MHz, or 15.6 MHz. There is potential value
in conducting beam studies with multiple beams simultaneously passing through the injec-
tor, directed towards the experimental halls. Furthermore, we can explore sending single
or interleaved beams specifically to Hall D, tailoring the beam characteristics to meet the
requirements of the Ky, experiment. Additionally, we could conduct a series of bunch length
measurements at the chopper location for a 200 keV beam, varying the charge per bunch,
and subsequently compare the obtained results with those from a 130 keV beam.

In this thesis, the extensive utilization of the General Particle Tracer (GPT) code is
evident. GPT performs time-domain tracking in 3D, featuring user-selectable accuracy and
incorporating various schemes for space-charge forces, including both Particle-in-Cell (PIC)
and point-to-point methods. The code facilitates the definition of arbitrary field maps and
custom elements without efficiency loss, covering fields and space charge. It enables the
optimization and simulation of numerous variables and constraints, producing more realistic
solutions for low-energy and high-charge beams in the injector.

In contemporary physics simulations and optimization, Artificial Intelligence (AI) and
Machine Learning (ML) have become increasingly popular. In the context of accelerator
physics and particle tracking simulations, Al and ML play pivotal roles in enhancing under-
standing, optimization, and efficiency. Through simulations like those performed in GPT,
substantial data can be generated. AI algorithms optimize beam dynamics parameters,
including magnetic elements and RF settings, to achieve goals such as maximizing beam
quality or minimizing loss.

Utilizing the GPT model of the virtual compact accelerator, similar to the UITF GPT
model employed in our studies, we have commenced collaborative efforts with data scientists
at Jefferson Lab to develop a software framework for an accelerator control system. In this
framework, ML surrogate models expedite evaluations of specific accelerator configurations,
predicting particle beam behavior based on historical simulation data. This approach allows

us to anticipate and mitigate issues, as well as optimize experimental setups.
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APPENDIX A

GPT SPACE CHARGE ALGORITHM VALIDATION

Considering a Ky, bunch charge of () = 0.64 pC and an rms bunch length of o, = 19.10 ps,
the peak current for Gaussian distributions is given by Inea = Q/ (V27 x 0.) = 0.64/ (/27 x
19.10) = 13.37mA. Additionally, for an rms transverse beam size of o,, = 0.55 mm and
normalized thermal emittances of €, 4, = 0.13487 mm mrad, Eq. (113) yields the transverse
rms envelope equation in a drift for Gaussian distributions of the electron beam:

y 29191 x 1077 9.2636 x 10~

Ox?y

(125)

3
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FIG. 76. Comparison of transverse beam size evolution between simulations and theory
along a 1.5 m drift. The solution of Eq. (125) (orange) is compared against GPT results

(blue). The red line corresponds to the case with no space charge.
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Figure 76 compares the solution of Eq. (125) with the beam envelope simulated using
GPT. There is a very close agreement between the space charge algorithm employed in GPT
and the theoretical calculations for the Gaussian beam with a 0.64 pC bunch charge at a

beam energy of 200 keV.
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APPENDIX B

BUNCH LENGTH AND BUNCHER VOLTAGE CALCULATION
AT UITF

ABSTRACT

In this note, we examine the evolution of the longitudinal phase space and bunch length
compression in a non-relativistic electron beam, utilizing the beamline layout of the Upgraded
Injector Test Facility (UITF) at Jefferson Lab. Additionally, we calculate the required

buncher voltage for a 200 keV electron beam.
I. GENERAL PARTICLE TRACER (GPT) SIMULATION

The particle distribution at the cathode in the simulation is generated by GPT using
the UITF GPT model and corresponding settings [79, 80]. The beam is assumed to follow
a Gaussian distribution in ¢, z, y, p,, and p, based on the laser profile. The transverse
beam size is 213 pm, the laser pulse length is 21.3 ps, and the transverse emittance is 0.061
mm mrad. A beam current of 1nA is used, resulting in a bunch charge of 1.333 x 10718 C
for a 750 MHz CW (continuous wave) mode frequency. The simulation utilizes 5000 macro

particles.

1497 MHz choppers

3
f,ove“ 7 Wien ‘ I- I ’ Buncher % CM
/ sol ‘ ’ sol 3

Al A2

FIG. 77. Layout of the UITF up to quarter cryomodule at JLab.
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TABLE 11. Locations of the beamline elements for UITF injector at 200kV gun voltage.
Here, MDS is the dipole magnet, MFs are the solenoids, MQs are the quadrupole magnets.

Location of Beam Line Elements

Elements Positions (m) Elements Positions (m)
DC Gun 0.0 MFH1KO01 0.5951
MDS2K01 1.3401 MFB2K02 1.9695
MQU2K02 2.1138 MQU2K03 3.4108
MFA3KO01 3.9571 Chopper 1 4.0306
MFD3KO02A  4.5969 MFD3K02B 4.6866
Chopper 2 5.2529 MFA3KO03 5.322595
Buncher 6.1554 MFA4KO03 7.3654

2-cell 9.2989235 7-cell 9.461988

In the simulation, a straight beamline is employed, omitting components such as a 15°
dipole, RF choppers, beam diagnostics, Wien apertures, etc. During GPT simulations, an
electron bunch is chirped by the buncher cavity (RF cavity) at zero crossing, followed by
a drift where slow electrons at the head move back with respect to the centroid, and fast

electrons at the tail catch up with the centroid as shown in Fig. 78.
II. CALCULATIONS

For the electron beam, the rest mass energy is & = mc? = 0.511 MeV = 511 keV, and for
the 750 MHz UITF buncher with frr = 750 MHz, Agr = ¢/ frr = 3 x 108/(750 x 10°) = 0.4
m.

For a non-relativistic beam of 200 keV, the relativistic parameters are v = 1.391388 and
B = 0.6953. For the drift length of L = 2.612456650 m, using Eq. (99), the bunching voltage
is
Vi = Arpmcia? 33 _ 0.4 x 511 x 1.391388% x 0.6953?

2mel 21 X 2.612456650
and using Eq. (101), the minimum bunch length is:

= 11.2750kV. (126)

L 2.612456650
» =\ (8) = 5 = 0.76278932 x 10~* = 0.212920 127
7 =) 232798 T 13013882 x 0.6953? % mm,  (127)
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which is very close to the GPT simulation value of 0.226148 mm. Also,

L
Msze = — = 1.349436m. (128)
8
(a) before buncher, z = 5.9882821754 m (b) after buncher, z = 6.2733571455 m (c) after drift, z = 8.8958235944 m
P 00 T 0.008) ' '
N 0.002
< vy 1
§ 00011 7
w «
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FIG. 78. Evolution of particle distribution in the longitudinal phase space (Az, 0F) along
the UITF beamline. The positions (a), (b), and (c) correspond to the different locations
from the buncher. (a) Before the buncher (chirper), z; = 5.98828218 m, o, = 3.9362
mm=18.8832 ps, ose, = (‘;—7)1 — 0.76278932 x 104, (b) After the buncher, 2 = 6.27335714

m, 0., = 3.8958 mm = 18.8078 ps, ose, = (%) — 1.33196145 x 10~% (c) After the drift
2

of length L = 2.612456650 m, 23 = 8.89582360 m, 0,, = 0.226148 mm = 1.084830 ps,

o (‘%)3 — 1.33236124 x 1073,

The buncher voltage may be determined via the slope of the energy-time plot in Fig. 79

as:
AFE (2keV x 10'?)ps

K weAt  2me x 0.750 x 10° x 38ps
which is close to the value given by Eq. (126).

= 11.1688kV, (129)

Using GPT, we investigated the impact of the buncher cavity on the longitudinal phase
space at UITF at Jefferson Lab. Additionally, we calculated the buncher voltage required for
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FIG. 79. Longitudinal phase space (At, AFE) just after the 750 MHz buncher at UITF. The

location is at z = 6.2733571456 m downstream from the gun.

full compression of the bunch and determined the minimum bunch length achievable under

full compression.
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APPENDIX C

MACHINE LEARNING SURROGATE MODEL FOR CEBAF
INJECTOR

A machine learning (ML) surrogate model, often simply referred to as a ‘surrogate’; is
created using machine learning techniques to approximate the behavior of a more complex,
computationally expensive, or time-consuming physical or computational model. The pri-
mary purpose of a surrogate model is to act as a proxy for the original model, providing a
computationally efficient means to make predictions or perform optimizations. Utilizing the
machine learning surrogate model simplifies the computational process.

We utilized GDFMGO (Non-dominated Sorting Genetic Algorithm (NSGA-II)), a multi-
objective global optimizer implemented in GPT, to obtain optimized injector settings (mag-
netic elements and RF). However, the optimization process for injectors required significant
computational resources, resulting in time-consuming procedures. Furthermore, when dif-
ferent injector configurations were necessary, despite maintaining consistent variables, we
developed a ML surrogate model customized to the specific configurations of the CEBAF
injector.

Data were generated through GPT simulations, encompassing diverse accelerator set-
tings, including magnetic and RF elements, within the operational limits of the CEBAF
injector. The general procedure for constructing the machine learning (ML) surrogate mod-
els is illustrated in Fig. 80. An ML model was trained using a sparse, random sample of
accelerator input variables and the resulting beam parameters. This ML model serves as a
rapid and efficient representation of the physics simulation.

Based on the data acquired from GPT simulations, we employed artificial neural networks
(NNs) to construct the ML surrogate model. The NNs were implemented using KERAS [82]]
and TensorFlow [83]. The architecture featured a fully connected, feed-forward NN with four
hidden layers, each consisting of 40 nodes and hyperbolic tangent activation functions. No
regularization penalties, such as L1 or L2 norm, were applied to the weights. The NNs
underwent training for 2000 epochs with a batch size of 500 points. The Adam optimization
algorithm [84] was employed for training, initialized with a learning rate of a = 0.001, and

hyper parameters 51 = 0.9 and 8, = 0.999. In this context, the loss function or error metric
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Input Variables:

Solenoid Current/Magnetic field Output Beam Parameters:

Quadrupole Strength Beam Transmission
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FIG. 80. Schematic of input variables and output beam parameters for the ML surrogate
model of the CEBAF injector. The input variables include magnetic and RF element settings,
while the output beam parameters consist of transverse beam sizes, normalized transverse

emittances, bunch length, energy spread, and beam transmission.

Accelerator (magnetic and Physics (GPT) Beam parameters
RF elements) settings Simulation (ground truth)

slow to execute

a N

ML Model Beam parfm}eters prediction
(fast to execute) (ML prediction) error

A

ML model Calculate update of ML
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FIG. 81. The flow chart of the ML surrogate models. The figure is derived from [81].

is the Mean Squared Error (MSE), defined as:
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FIG. 82. The training loss and validation loss vs. epoch for NN surrogate model for CEBAF

injector.

N
1 -2
MSE = = (v — )" (130)

i=1

Here, N represents the number of samples, where y; denotes the actual value (GPT simula-

tions) of the sample data point 7, also known as the true value, and g; signifies the predicted
value of the sample data point 7.

For training and testing, the random sample data was randomly split into training

(75%), validation (25%). The data was divided into training and testing sets using SCIKIT-

LEARN [85]. The data, obtained from GPT simulations, underwent scaling to fit within an

appropriate range. In our case, the data was scaled to fall within the range of [-1, 1].
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FIG. 83. MSE for the CEBAF injector surrogate model across different training set sizes.

Beyond a few thousand points, we observe a decrease in error.
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FIG. 84. GPT simulation results and corresponding predictions from the NN surrogate

model for the output beam parameters of the CEBAF injector. It demonstrates the excellent

agreement, between the GPT simulation results and the NN surrogate model.
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FIG. 85. GPT simulations vs. NN surrogate model prediction for the output beam param-
eters of the CEBAF injector (a) Normalized horizontal emittance, (b) Bunch length, (c)
Energy spread, and (d) Vertical beam size. Perfect prediction aligns with a straight diagonal

line.
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TRANSFER MATRIX FOR SUPERCONDUCTING LINAC (SCL)

I. DRIFT

ELEMENTS

For a drift of length L, the transfer matrix is

II. QUADRUPOLE

For a quadrupole of length L, the transfer matrix is

MQuad =

ITI. SOLENOID

cos kl

—ksin kl

0

0
0
0

o O O O O =

0

0
0
0

o O O O = I~

sin kl

cos kl

o o o ~ o o
o o R N ©o o
o R O ©o o o

0
0
cosh kl
k sinh kl
0
0

For a solenoid of length L, the transfer matrix is

3 o o o o

0
0
% sinh kl
cosh kl
0

0

o = O O O O

Y o o o o

(131)

(132)
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c? %sc sc %52 0 O
—ksc 2 —ks? sc 0 O
—sc  —+g? c? %sc 0 0
Msolenoia = | ks*  —sc¢  —ksc @ 0 0 (133)
0 0 ksinhkl coshkl 0 O
0 0 0 1 L
5
0 0 0 0 1
IV. RF CAVITY
For a RF cavity of length L, the transfer matrix is
1 0 0 0 0 0
k/(BY)y (By)i/(BY)¢ 0 0 0 0
0 0 1 0 0 0
Mcavity =
0 0 k/(Bv)r (B7)i/(BY)s 0 0
0 0 0 0 1 0
0 0 0 0 =29%k/(Bv)s (B7)i/(BY)s

(134)
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