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Abstract

Dielectric laser acceleration (DLA) is a promising approach for accelerating rel-
ativistic electrons to high energies using laser-driven electric fields. Unlike con-
ventional acceleration techniques, DLA employs a structure made of dielectric
materials, such as silicon or quartz, to create electric fields that are several orders

of magnitude higher than those generated by conventional radiofrequency cavities.

DLA has the potential to revolutionize the field of particle acceleration due
to its ability to produce compact and relatively low-cost accelerators that can
operate at high repetition rates. Furthermore, the use of lasers to generate electric
fields means that DLA is capable of producing electron beams with extremely
short bunch lengths, opening up new avenues for studying ultrafast processes in

materials science, chemistry, and biology.

Despite the potential of DLA, there are still significant challenges to be over-
come before this technology can be applied in practice. One of the major challenges
is to increase the acceleration gradient, which determines the maximum achievable
energy gain per unit length of the accelerator structure. Another critical challenge
is to improve the beam quality and stability, which is essential for many applica-
tions. Also, due to an enormously large parameter space of grating geometry to be

optimized, algorithmic methods for designing DLA grating need to be explored.

This PhD thesis starts with the geometric optimizations of double-sided grat-
ing structures and tests the performance of two different shapes of grating struc-
ture for the laser-driven acceleration of electron bunches with nonrelativistic and
relativistic velocities. The study emphasizes that even with the same grating pe-
riod, electron bunch and laser parameters, the shape of the geometry can also
affect electron acceleration. The simulations were performed with electron bunch
parameters from the Compact Linear Accelerator for Research and Applications
(CLARA) facility.

Additionally, the thesis presents numerical simulations of a specific case of
DLA with silicon grating structures optimized for high energy gain and driven
by a CO, laser. The simulations were performed with electron beam and laser
pulse parameters from the Accelerator Test Facility at the Brookhaven National
Laboratory. The thesis investigates the oscillatory energy gain profile in DLAs,
which suggests that driving the DLA with longer wavelength lasers provides better
phase overlap of the electron bunch and the laser fields, resulting in higher beam

qualities, an increased charge carrying capacity and reduced tolerance stress in
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geometry design.

Furthermore, the thesis explores the capability of DLAs in accelerating high
bunch charges under extreme accelerating fields and introduces a focusing injec-
tion scheme to preserve 6-D phase space dynamics (beam emittance and energy
spread) for higher beam quality. The study also involves a time-dependent and
metallic substrate-based emission model for electron bunch to mitigate numerical

Cherenkov radiation during simulations.

The thesis also presents the applications of accelerating structures in Terahertz
(THz) radiation generation. For this, it takes advantage of machine learning algo-
rithms in designing these structures. This photonic device development method
saves computational resources by skipping the brute force optimization process of
optimizing structure with a handful of grating parameters. The study presents
simulating ultra-relativistic beam-driven THz radiation generation. The study
also benchmarked the simulation results with the experimental tests performed
inside the Accelerator on a Chip (ACHIP) chamber of the SwissFEL (Switzer-
land’s X-ray free-electron laser) laboratory within our collaboration with the Paul
Scherrer Institute. The 3-D simulations of the full-scale structure show good agree-
ment with the measured spectra. The results open the route for the generation of

tunable THz sources and various pump-probe experiments at FEL facilities.

Additionally, the thesis takes the DLA study a step further and investigates
designing geometry using the inverse design algorithm for the acceleration of rel-
ativistic electrons, with comparative acceleration results suggesting better opti-
mization for incident lasers, mitigating scattering and unwanted reflections from

sub-wavelength features of the structure.

The simulation studies performed in the thesis have considered realistic exper-
imental parameters that can be obtained at various facilities for the relativistic

electron bunch globally.
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Chapter 1
Introduction

Particle accelerators are some of the most remarkable scienti c instruments ever
developed. They have played a vital role in advancing our understanding of the
fundamental nature of the universe, and they have contributed to numerous dis-
coveries that have transformed our lives. In this section, | mainly focus on linear
particle accelerators.

The history of linear particle accelerators dates back to Gustav Ising's 1924
proposal of using a series of accelerating gaps to accelerate particles down a se-
ries of tubes, which was never implemented. In 1927, Rolf Wideroe demonstrated
radio frequency acceleration in his two-gap accelerator [1]. It was a 1-meter-long,
cylindrical copper waveguide with periodically spaced disks inside to match the
phase velocity of the accelerating mode with the electron's velocity. The devel-
opment of high-frequency RF tubes for radar applications during World War I
opened the potential for higher energy RF linear accelerators after the war. This
linac yielded an acceleration gradient of approximately 1.6 MeV/m. After World
War |1, Luis Alvarez used high-frequency oscillators to design the rst resonant
cavity drift tube linac, which achieved proton energies of 31.5 MeV in 1947 [2].
The need for higher energy electron beams for nuclear physics research, beyond
the limit of conventional linear accelerators using drift tubes and xed-frequency
RF sources in the early 1950s led to longer and more powerful linacs, includ-
ing the rst travelling-wave electron accelerator constructed by William Hansen
at Stanford University in 1947 [3]. In 1970, Soviet physicists I. M. Kapchinsky
and Vladimir Teplyakov proposed the radio-frequency quadrupole (RFQ) type
of accelerating structure, which provided simultaneous acceleration and focusing
to injected particle beams [4]. Finally, superconducting radio frequency cavities
made of niobium alloys allowed for much more e cient acceleration [5]. Modern

1



RF linacs have either room-temperature (copper) or superconducting (niobium)
accelerator structures. Room-temperature cavities can reach gradients of up to
100 MeV/m before the metal breaks down due to high RF elds. In comparison,
superconducting structures can reach gradients of up to 50 MeV/m before damage
occurs [6]. Some of the earliest superconducting linacs included the Superconduct-
ing Linear Accelerator at Stanford and the Argonne Tandem Linear Accelerator
System at Argonne National Laboratory [7].

1.1 Fundamentals of particle accelerators

Charged particles can be accelerated using static or oscillating electromagnetic
elds. Electrostatic accelerators, such as cathode ray tubes and x-ray tubes, utilize
static elds and are linear, while oscillating eld accelerators, such as cyclotrons,
betatrons, and synchrotrons, can be circular and use time-varying or oscillating
elds to accelerate charged particles. The Lawson-Woodward theorem states that
the net energy gain of a particle interacting with electromagnetic elds is zero
under certain conditions [8, 9, 10], for example, if no static electric or magnetic
elds are present if the interaction occurs in a vacuum, and the particle is highly
relativistic.

An alternate approach to comprehending the theorem is by examining how the
elds a ect the particle's motion directly. When far away from all sources, the
elds can only be the sums of parallel, transversely polarized, and travelling waves,
which are oscillatory in nature when observed by a particle moving at velocity v
= c. Here is the relativistic velocity factor. For a particle moving at an angle

with respect to the direction of propagation of the eld, the energy gain will be
obtained from this integral

21X
U = eEpsin fcos(t [ cos 1])gdz (1.2)
1

substitution under t ! z/v. In this equation, e is the charge if the electronEg
is the magnitude of the eld, and! is the frequency, The particles cannot remain
in phase with the wave unless it moves at the same velocity in parallel to the wave.
In all other cases where the particle is at a di erent angle or velocity, the elds
that it perceives oscillate and have an average of zero. If the particle is moving at
V = ¢, in the same direction as the transversely polarized electric eld, it will be



in phase, but the eld cannot cause the particle to accelerate [11].

First-order acceleration is not possible without external static elds far from
sources. However, acceleration is possible near or inside a dielectric, conductor, or
plasma or if there is an external static eld. Localized acceleration can occur in free
space but is nulli ed when entering or leaving that speci c area. Acceleration by
considering the nonlinear forces is possible without the presence of any structures
as well [12]. One example of such force is the Pondermotive force given below.

e

P™ 4m! 2

r g2 (1.2)

The variables used in the equation are the electron charge e, its mass m, the
angular frequency of oscillation of the eld! , and the amplitude of the electric
eld E.

The exceptions to the conditions that prohibit acceleration are helpful for
classifying mechanisms that enable particle acceleration. While adhering to these
general constraints, it is also necessary to take into account the inherent limitations
of materials employed in the accelerator, as well as the scaling laws for accelerating
modes with regard to practical considerations such as e ciency, beam loading,
synchronization with particle velocity, and focusing [11].

1.2 Laser driven particle accelerators

Particle accelerators have provided us with a wealth of knowledge about the uni-
verse and helped us to make signi cant advances in many elds of science. Despite
their incredible usefulness, particle accelerators are incredibly complex and expen-
sive machines. They require enormous energy and must be carefully designed and
maintained to achieve the desired results. The high cost and massive size of cur-
rent state-of-the-art accelerators that use conventional radio-frequency technology
have spurred a growing interest in developing new acceleration methods that are
more compact and cost-e ective.

With the invention of the laser in 1960 [13], a new age of accelerator research
began as scientists promptly recognized its potential to be utilized for powering
an accelerator due to its high peak power.

Researchers demonstrated direct acceleration of electrons using a Titanium:Sapphire



(Ti:Sapph) laser with a wavelength of 800 nm [18]. They used gold-coated kapton
tape and inverse transition radiation to modulate the energy of a 30MeV electron
beam. However, this method required a material boundary in the path of the
electron beam to limit the interaction length and was not scalable.

For achieving scalable acceleration, the electric eld must have a component
parallel to the electron beam trajectory and match the phase velocity of the rela-
tivistic particle beam over a signi cant interaction length. Various methods have
been employed in previous attempts to accelerate particles with lasers, including
techniques to phase match the electron beam with a co-propagating laser eld.
The inverse Cherenkov accelerator [14] was the rst laser-driven accelerator, which
used a cylindrical cavity lled with helium gas to decrease the phase velocity of an
Nd:YAG laser beam with a wavelength of 1.06m [15]. This approach achieved
energy modulation of a 100 MeV electron beam; however, using a gas cell resulted
in electron beam distortions due to multiple scattering.

Later it was realised that a plasma wake could be generated in gas- lled cavi-
ties by a high-intensity laser pulse, which can accelerate trapped electrons to high
energies [16, 17]. By carefully controlling plasma conditions, high-quality electron
beams can be produced using this Laser Plasma Accelerator (LPA) technique [18,
19]. Demonstrations of this method have successfully produced GeV electrons in
a cm-scale gas- lled capillary-discharge waveguide with a 40TW Ti:Sapph laser
having wavelength 810 nm [20] and 2 GeV electrons in a similar waveguide with a
1 PW Nd:Glass laser having a wavelength 1057 nm [21]. Although these demon-
strated acceleration gradients are impressive, this method requires a powerful laser
system with pulse energies exceeding 100 J and faces challenges when staging mul-
tiple LPAs together to reach high energies.

The inverse free electron laser (IFEL) accelerator is another concept for laser-
driven acceleration [22, 23]. This technique employed an undulator magnet oper-
ating at its resonance condition [24] to provide a synchronous velocity component
to a 40 MeV electron beam along the direction of the eld from a CO2 laser with
a wavelength of 10.6m . A net energy gain of 1 MeV was achieved over a dis-
tance of 0.47 m, resulting in a gradient of 2.1 MeV/m. Other demonstrations of
the IFEL concept have shown energy gain above 20 MeV, achieving a 70 MV/m
acceleration gradient [25]. However, the practical application of this concept is
limited, as the required undulator period becomes too short at higher energies,
restricting the maximum particle energy to undulator machining capabilities.



1.3 Dielectric laser accelerators

One major challenge with the laser plasma accelerators is sustaining the high
accelerating gradients over longer distances and producing particle beams with
su cient qualities for medical therapies. An alternative and promising novel ap-
proaches for particle acceleration is micro-fabricated dielectric laser accelerators
(DLASs). The use of dielectric microstructures in DLAs can generate accelerating
elds that are one to two orders of magnitude higher than those produced by
radio-frequency cavity-based accelerators. DLAs also utilize smaller, less expen-
sive commercial lasers instead of the radio-frequency klystrons used in modern
accelerators. A number of advancements were required to achieve a successful
demonstration. One of the key factors was the development of ultrashort laser
pulses, which were ampli ed to produce high peak intensities. This technology
was recognized with the 2018 Nobel Prize in Physics for the invention of chirped
pulse ampli cation, among other achievements. With the advancements in mi-
cro/nano lithography techniques, DLAs can be manufactured cheaply, allowing
for mass production [26].

1.3.1 Theory behind electron acceleration in grating based
structures

This section discusses the theoretical framework behind the acceleration of elec-
trons inside grating based structures. The generalized analytical description of
the electromagnetic elds and forces inside dielectric gratings conventionally used
for particle acceleration through the DLA scheme is presented here.

1.3.2 Wave nature of electromagnetic waves in vacuum

In this section, the theoretical framework of the feasibility of electron acceleration
in a vacuum and near dielectric grating microstructures is presented [27].

The wave nature of electromagnetic waves in vacuum can be derived from
Maxwell's equations by considering the special case where there are no charges or
currents present in space. This leads to a wave equation that describes the propa-
gation of waves, and a wave function that satis es the wave equation and exhibits
wave-like properties such as amplitude, wavelength, frequency, and propagation



speed.
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Here, E is the electric eld, B is the magnetic eld, is the charge density,
J is the current density, o is the vacuum permittivity, and ¢ is the vacuum
permeability. A vacuum has no charge or currents, soand J can be considered
to 0. Assuming the o and o are not time-varying and the curl of equation 1.5,
which is also Faraday's law of induction, can be written as
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r °E = 1.7
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Here a substitution from equation 1.6 (Ampere's law) and identity from the
curl operator are used. Plane waves are the simplest solution to this wave equation

and can be written as

E(t;£) = E, €F ™ (1.8)

and in a similar way
B(t;¥) = By, €F ™ (1.9)

1.3.3 Acceleration near a periodic dielectric structure

When analyzing a laser interacting with an in nitely periodic plane grating with a
periodicity of |, various parameters need to be taken into account, as depicted in
Figure 1.1 (a). One of this parameters is the incident angle However, aligning
all the coordinate systems and setting the laser incident angle perpendicular to
the grating simpli es the setup considerably. In this con guration, the incident
wave vector isK, the component parallel to the surface iK', and the parallel
and perpendicular di racted components ardk, and K , respectively. For studying



acceleration the parallel di racted component, is the most interesting part and
can have multiple spatial harmonicky = K + nk,. WhereK, is the wave vector
associated to the grating periodicity.

Figure 1.1: Sketch of light incident at the periodic grating surface. (a) light
incident at an angle, (b) light incident perpendicular to the grating periodicity
direction. The gure is taken from [27, 28]

These spatial harmonics can represent the grating elds as a series.

A1 i knzeknr
A(£1) = Ane T
n=1

(1.10)

Where, A is the electromagnetic eld of the nth modeky = nKy, Ky =2 = ,
», IS a phase term and is the angular frequency of an incident plane wave.
The velocity of the electrons(= c¢) and the mode velocity of the di racted light
wave must be the same. This is essential for achieving phase-matching condition.

The mode velocity here is given by, = !=k cos . This results in
! Ko
k., = = 1.11
“~ "¢ cos cos ( )

After assuming the particle trajectory parallel to the grating vector, the syn-

chronicity condition is given by , = n . In Ampere's and Faraday's law ifKj
and K> is used, the eld can be written as
0 1
icBy=( )
E= % Ey E (1.12)
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and 1
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Considering the famous Lorentz force equatioff = q(E + ¥ B) the resulting
force on the particle from these electromagnetic elds can be written as

0 1
icBy=(

Fzg 0 ) § (1.14)

cBy=( ?)

The forces resulting from this setup are illustrated in the left part of the gure.
1.2, revealing an invariant direction parallel to the grating teeth where there are no
forces present. Although the mode still declines exponentially in the z-direction,
phase matching is now accomplished through the grating's periodicity,,. The
exponential decay, however, has the consequence that particles propelled away
from the grating surface by inherent transverse forces can never be recaptured by
these forces, even if the phase is reversed and the force points back toward the
grating, as the force at a greater distance is signi cantly weaker. Furthermore,
similar to the case of an evanescent wave at the interface, the peak eld required
to accelerate electrons is much lower than when utilizing nonlinear e ects like the
ponderomotive force, which is advantageous since any structure can be damaged.

Another signi cant disadvantage of this type of structure is that, apart from
the evanescent decay, no speed-of-light mode (mode of oscillation in which the
phase velocity of the light is equal to the speed of light in vacuum) is feasible.
Therefore, it is not feasible to accelerate relativistic electrons at a single-sided
structure such as a dielectric interface or a single dielectric grating. However,
combining two gratings solves both of these problems, as shown in gure 1.3.
In this setup, two gratings oppose each other, and the overlapping evanescent
elds form a hyperbolic cosine or sine shape, depending on the phase of both
incident lasers. Although the usable spatial extent of the elds does not increase
signi cantly, the gradient of the eld decay is much lower. As a result, electrons
occupying the space between the gratings experience a much more uniform energy
modulation, similar to the same electron population ying past a single grating.
Additionally, the double-sided grating supports a speed of light mode, enabling the
acceleration of relativistic electrons and also de ecting modes when the incident
laser phases are adjusted.



Figure 1.2: First order of spatial harmonic in single sided rectangular pillar grating
structures. The blue colour shows the decelerating eld, and the red colour shows
the accelerating eld. The gure is taken from [27, 28]. a, b ¢ are the simulated
eld pattern for three instances capturing four charged particles as they pass
through a single grating while being illuminated by a laser. Depending on the
injection phase of the positron (assumed charged particle here) in the excited
accelerating wave, it is possible for the positron to be accelerated, decelerated or
de ected.

Figure 1.3: First order of spatial harmonic in single and double-sided rectangular
pillar grating structures. The blue colour shows the decelerating eld, and the red
colour shows the accelerating eld. The gure is taken from [27, 28]



1.4 Recent advancementin the laser-driven struc-
ture based accelerators

Several demonstrations have occurred in the past few years on the dielectric laser
acceleration of non-relativistic electrons. The rst successful proof of principle
demonstration of laser-driven acceleration of non-relativistic electrons through
dielectric grating microstructure was shown by [29]. They accelerated an elec-
tron bunch having an initial energy of 28 keV with an acceleration gradient of
25 MeV/m. In the experiment, femtosecond laser pulses focused on fused silica
grating structure. The grating period was 750 nm, which resulted from a trade-o
between excitation e ciency for higher-order spatial harmonics and the resolution
set by the grating manufacturer. The central laser wavelength was 787 nm, repe-
tition rate was 2.7 MHz and pulse duration was 110 fs. The measurement results
are shown in gure 1.4.

These results were an essential initial step towards an all-optical particle ac-
celerator which would be compact due to the micron-sized grating structure.

The rst demonstration of de ection and acceleration from silicon grating
structure was shown [30] with 96.3 keV electrons. Driven by a laser having 5
nJ energy and 907 nm wavelength, the energy gain reached a maximum value
of 1.22 0.02 keV before the accelerated fraction decreased to the level of back-
ground scattered electron noise. This corresponds to an acceleration gradient of
250 MeV/m. Furthermore, they observed that the maximum beam angle from
the beam axis was 7.5 mrad. They used their analytical model and the initial
divergence of the beam and obtained that the observed peak de ection is 5.5
mrad, resulting in a transverse energy gain of 0.9.1 keV.

The rst demonstration of DLA for a monolithic dual pillar (double-sided)
grating structure was shown where the grating structure was made from a single
piece of silicon [30]. The advantage of this type of fabrication on a single wafer
is that it allows for precise lithographic alignment of multiple structures and has
signi cant bene ts for future integrated accelerator devices. An example of a dual
pillar structure created through this process can be seen in Fig. 1.5. These silicon
dual pillar grating structures were tested at sub-relativistic electron energies of
86.5 keV and 96.3 keV using a few nJ Ti:Sapphire oscillator drive laser. The
energy gain 2.05 keV for a distance of 5.6 m and accelerating gradient of 370
MeV/m.
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Figure 1.4: (a) In the rst measurement, the accelerated fraction is observed as a
function of energy gain (horizontal axis) and acceleration gradient (vertical axis)
for two di erent laser peak electric elds (E, = 2.85 GV/m, denoted by circles and
Ep = 2.36 GV/m denoted by squares. The line curve shows the simulated results
with only two free parameters: the distance of the electron beam centre from the
grating surface and the overall amplitude. (b) Accelerated fraction's dependence
on the laser polarization angle and measurement alignment with expected sinu-
soidal behaviour. (c) Results of the relationship between the accelerated fraction
and the relative distance between the grating surface (blue-shaded region) and
the electron beam centre. The solid line shows a Gaussian t. (d) Measurement
results of the maximum acceleration gradient as a function of the initial electron
energy. Solid lines represent the simulation results. The gure is taken from [29].

Compared to non-relativistic DLA demonstrations, very few have been shown
for relativistic electrons. The rst demonstration of acceleration of relativistic
electrons was shown by [26]. In the article, the author presented the acceleration
of electrons in a DLA to high gradients exceeding 250 MeV/m. Using a fused silica
grating structure powered by a mode-locked Ti:sapphire laser with a wavelength of
800 nm, they were able to energy-modulate relativistic electrons (with an energy
of 60 MeV) over 563 104 optical periods.

Conventionally the DLAs are driven by the optical or the near IR laser wave-
lengths, as they take advantage of the state of the art micro/nanofabrication fa-
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Figure 1.5: The dual-pillar accelerator structures are shown in scanning electron
micrographs. The mesa layout in (a) displays a 10.5 m long grating on a 25

m wide mesa, with walls on either side of the mesa to prevent stray electrons
from upstream in the electron-beam column. The electron-beam trajectory and
laser trajectory are superimposed. In (b), a detailed inset of the evanescent-mode
pillar structure is provided. The gure is taken from [31]

cilities for preparing the grating structures. However the sub-wavelengths require-
ment for the structure dimensions restricts the accelerating channels in DLAs to
be of the order of few hundred nanometers. This restricts the amount of the charge
transport and has paved people to explore longer wavelengths such as mm scale
THz lasers. Over the past decade, the emergence of powerful THz pulse sources
has paved the way for a more e cient means of charged particle acceleration.
THz pulse energy has increased signi cantly, reaching up to 1 mJ [32, 33] and
demonstrating peak electric elds of up to 100 MV/cm [34] at higher frequencies.
Optical recti cation in various materials such as organic crystals [35, 36], lithium
niobate [37], and semiconductors [38, 39] has enabled e cient THz generation.
Compared to laser-driven methods, THz-driven electron accelerators o er numer-
ous advantages due to the longer wavelength and picosecond-long period of THz
pulses, which allow for a greater interaction length and particle count, as well as
more precise phase synchronization with the accelerating THz eld.

Various methods for manipulating electrons using THz radiation have been
proposed and simulated in recent years. These include THz-driven electron ma-
nipulation [40, 41], accelerators made up of dielectric structures [42], the electron
gun [43], acceleration in a cavity [44], linear accelerator [45], and the x-ray genera-
tion [46]. THz-driven electron acceleration in vacuum and waveguide has been the
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subject of experimental investigation[47, 48]. High-energy THz sources can also
be used for post-acceleration, and monochromatization of laser-generated protons
[49], as well as for driving a low-energy proton source directly in plasma [50].

1.5 Potential applications

Due to the high quality of output electron bunch and the compact and a ordable
nature of these laser-driven grating structure-based accelerators, they have the
potential for several applications across the scienti ¢ disciplines.

1.5.1 Applications in medical physics

Generating an electron source with MeV energy and even a small current of nano
amperes in a millimetre-scale would be highly advantageous for treating medical
patients. Electron beams with energies of 6-20 MeV can be used to treat super cial
cancers and diseases located within 6 centimetres of the patient's skin due to
energy absorption along their way to the tumour [51]. Currently, the generation
of electron beams of such magnitude necessitates the utilization of radio frequency
accelerators, which are ordinarily a meter in length, and beam delivery systems
spanning several meters. The length of the acceleration system is determined by
the acceleration gradient, which is around 10-20 MeV/m, while the delivery system
must allow for accurate localization and positioning of the electron beam at the
tumour site.

The use of a dielectric laser accelerator (DLA) can enable the generation of
MeV electron beams over an acceleration length in the range of millimeters to cen-
timeters, thanks to expected gradients exceeding 1 GeV/m. By using a compact
source that produces beams at the micron scale, it would be possible to eliminate
complexities in beam delivery and achieve a signi cant improvement in irradia-
tion localization. Apart from the tumour treatment, this technology could also
have other medical applications. For instance, it could help to etch end plates
of neurons, improve neuronal vesicle release and nerve function, and clean sen-
sitive devices using localized electron irradiation (e.g., endoscopes with internal
electronics).

By utilizing an active acceleration length on the scale of millimeters to cen-
timeters, it is possible to imagine a device that generates multi-MeV electron
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beams, which would be no larger than the tip of a pen, as depicted in Figure
1.6. This could create entirely new forms of electron beam treatments for clini-

Figure 1.6: A hypothetical schematic of the future endoscopic device based on a
DLA. [11]

cians, such as bringing the electron beam generation device inside the patient's
body for treatment. Given the potential proximity of the electron source device to
cancerous tissue, electron energies ranging from 1-5 MeV appear to be promising
since electrons are absorbed within a range of a few millimeters to approximately
one centimeter [52]. With a small exposed volume, an electron current in the nA
range is su cient to deliver a single massive dose over an exposure time of ap-
proximately one second, making it suitable for handheld or robotic surgery with
easily-removable heat loads in the watt regime. This could be a game-changer
for intraoperative electron radiation therapy (IOERT), which is a highly e ective
electron beam-based precision cancer treatment that has been in use for decades.

1.5.2 Application in high energy physics

The development of a high-gradient accelerator structure, compatible diagnostic
tools, and beam manipulation techniques are crucial for the future DLA-based
linear collider, as depicted in Figure 1.7 [53]. In the past ve years, signi cant
progress has been made in these areas, including the demonstration of high average
gradients (300-850 MeV/m) with synchronous acceleration at the speed of light in
laser-driven dielectric microstructures [53], as well as non-relativistic acceleration
with gradients of up to 350 MV/m [53]. Preliminary design concepts for photonic
components and power distribution networks have also been developed to comple-
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Figure 1.7: The schematic diagram illustrates a DLA-based e+ e- collider with a
30 TeV energy, powered by a network of energy-e cient solid-state bre lasers at

a 20 MHz repetition rate, which is phase-locked to the carrier envelope. The laser
power is distributed through photonic waveguides to a series of dielectric elements
for acceleration, focusing, and steering. These elements are co-fabricated on 6-
inch wafers and are stabilized and aligned using active feedback systems, both
mechanical and thermal. This gure is taken from [53].

ment these advancements [54, 55]. The power distribution scheme is expected to
use a ber-to-chip coupler to bring an external ber laser pulse onto the integrated
chip, distribute it across several structures via on-chip waveguide power splitters,
and then extract the spent laser pulse through a mirror-image ber output coupler
[56]. The power could then be either dumped or recycled for maximum e ciency
[57]. To ensure the synchronization of the laser pulse and the accelerated electrons
among many separately fed structures, the waveguide feeds' lengths would incor-
porate the necessary phase delays and use active feedback systems. Compatible
small-footprint de ectors, focusing elements, and beam position monitors (BPMs)
are also required.

The dielectric laser accelerator (DLA) is a versatile mechanism capable of accel-
erating both electrons and positrons. Various references, including the Snowmass
2013 report, have presented sample machine parameters for a DLA collider [56, 58,
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59]. These parameter studies show that DLA can achieve the desired luminosities
with reasonable power consumption, and with minimal beamstrahlung energy loss
[60].

Within the next decade, compact DLA systems capable of generating multi-
MeV beams are anticipated for both scienti ¢ and industrial purposes. However,
to demonstrate energy scaling over several meters with su cient e ciency and
beam quality for high-energy physics (HEP) applications, a dedicated multi-stage
prototype system with a GeV-scale should be developed within 20 years [53].

1.6 About the thesis

Over the last decade, many studies and experimental demonstrations have been
conducted for electron acceleration through specially articulated dielectric grat-
ing structures. Structures have been operated with laser elds above GV/m,
and acceleration gradients approaching GeV/m has been numerically studied and
demonstrated. However, few studies have focused on optimising the beam quality
of a relativistic electron bunch with high bunch charges under extreme acceler-
ating elds. At higher initial electron bunch emittance (mm-mrad) and bunch
charge (pC), the non-linear e ects become signi cant under GV/m accelerating
elds and may result in bunch instabilities. Also, the conventional DLAS, due to
their sub m grating size, pose restrictions on the geometric tolerance, limited
bunch charge transport and multi-staging for higher energy gain. The work in
this thesis mainly focuses on the realistic numerical simulative studies for various
double-sided grating structures, preserving the 6 D phase space dynamics of elec-
tron bunch during acceleration and maintaining high energy gain, as well as using
machine learning for grating structure optimization for narrowband THz radiation
and THz laser-driven electron acceleration.

Theoretically, this thesis gives insight into preserving the emittance growth
and mitigating the energy spread of the electron bunch by introducing a focusing
injection scheme for the relativistic electrons. The thesis presents the advantages
in electron acceleration by exciting grating structures with longer wavelengths,
such asCO, or THz lasers. In addition to accelerating relativistic electrons, the
thesis also bene ts from studying the Smith-Purcell THz radiations from an ultra-
relativistic electron bunch propagating through a dielectric grating structure de-
signed using photonic inverse designed algorithms. The experimental studies per-
formed at the Paul Scherrer Institute (PSI), Villigen, Switzerland, benchmarked
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our 3-D time domain and particle in cell simulations. The thesis also explored
the feasibility of electron acceleration through these inverse-designed structures
driven by THz laser. The numerical simulation study with realistic simulations
and proven benchmarking pave the way for future e cient DLA demonstrations.

Chapter 2 presents the comparative simulation study for accelerating the per-
formance of two di erent fundamental shapes of double-sided grating structures
in non-relativistic and relativistic regimes.

Chapter 3 presents the optimization and numerical simulation study for achiev-
ing MeV scale energy gain and GeV/m acceleration gradient through longer wave-
length CO; lasers. The chapter also investigates the oscillatory energy gain pro le
of electron bunch during the acceleration. The chapter has discussed the exper-
imental feasibility of this acceleration study by taking the parameters from the
Accelerator test facility at the Brookhaven National Laboratory.

Chapter 4 focuses on the beam diagnostic of relativistic electron bunch driven
by THz pulse and GV/m eld gradients. The numerical simulation shows the
emittance preservation and the control of energy spread after introducing a fo-
cusing injection scheme. The focusing injection scheme worked well for electron
bunches with 4 and 40 pC bunch charges which are signi cantly higher than con-
ventional DLAs driven by near IR femtosecond lasers. The section also presents
a new time-dependent emission model for electrons for particle in cell simulations
to address the numerical Cherenkov instability at high bunch charges.

Chapter 5 presents the application of machine learning in designing acceler-
ating structures. The recent developments in the machine learning for designing
photonic components have shown an excellent alternative for grating structure de-
sign without going through the Brute-Force optimization process. In this chapter,
the radiation emission spectra of a dielectric structure designed using an inverse
design algorithm for narrowband THz radiation were simulated at its full scale
before being experimentally tested at the SWissFEL facility at PSI. The chapter
presents the comparison of the simulated spectra and the measured spectra.

Chapter 6 presents another application of machine learning in designing grating
structures, but this is for the acceleration of a relativistic electron bunch with
the objective of achieving high energy gain. The numerical simulation results
show the feasibility of the relativistic acceleration, and the discussion opens the
route for designing gratings with custom objective functions such as maximizing
acceleration gradient and minimizing transverse de ection simultaneously.
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Chapter 7 gives a summary of the thesis and discusses the potential applica-
tions.
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Chapter 2

Geometric optimization study for
a Dielectric Laser Accelerator

The work presented in this chapter has been previously presented in the Journal
of Physics: Conference Series [61]. The simulation study presented in this chapter
is my contribution to this research. This chapter presents the dielectric grating
structure optimization for two di erent shapes depicting their performance com-
parison study in terms of peak energy gain, acceleration gradient, energy spread
and particle transfer e ciency. The study considers both non-relativistic and rela-
tivistic regimes of electron velocity. The chapter starts with section 2.1, discussing
the usage of various shapes of grating structures used in conventional DLAs and
emphasising geometry optimization. Section 2.2 talks about the grating structure
used for this comparative study and discusses the reasoning for choosing di erent
grating periodicities for di erent velocity regimes of electrons. The section also
mentions all the simulation parameters used for this study. Section 2.3 describes
the simulation method and tools used for this study, including the boundary con-
ditions. Section 2.4 presents the results of time domain and particle in cell simu-
lations from this comparative study. The chapter assumes realistic parameters of
electron beam and incident laser and emphasizes the role of geometry design in
dielectric laser accelerator (DLA). The chapter ends with conclusive remarks and
discusses the limitations and challenges in de ning the model for electron bunch
emission in the present study.
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2.1 Basic shapes prominently used for DLA

DLAs are novel devices for the acceleration of charged particles, where an electron
bunch is accelerated through the near- eld interaction of laser and metallic/dielec-
tric grating structures. The laser pulse is shined perpendicularly to the direction

of the grating. These grating structures hold an enormous scope of optimization

in their design space to enhance the acceleration elds for the particles [62]. Di-
electrics have been proven to be more resilient and less lossy and can withstand
electric elds one or two orders higher than metals [63]. Experiments have demon-
strated that dielectrics can sustain electric elds having few GV/m amplitudes,
which is an order of magnitude higher than metals [64]. The fabrication of these
structures has become much more feasible because of the recent advancements
in nanolithographic techniques [65, 66, 67, 68]. Dielectrics are also shown to be
e cient in producing higher coupling between the charged particles and the ex-
cited electromagnetic modes [69]. Figure 2.1 shows various shapes and design of
dual pillar grating structures which have been predominantly used for the electron
acceleration in the previous literature. In these structures electron bunch travels

in the direction of grating periodicity. The laser pulses strike from both sides of
the grating structures from the perpendicular direction of grating periodicity.

Figure 2.1: Various shaped dual pillar grating geometries used for DLAs. The
gure is taken from this article [70].

Figure 2.1a shows elliptical grating structures, used for the acceleration of a
sub relativistic electron bunch with an acceleration gradient of 370 MeV/m [31].
Figure 2.1b shows a grating structure made up of rectangular pillars. This study
numerically depicted that introducing asymmetry between the pillar width and
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the vacuum gap can increase the acceleration gradient by 10 % [71, 72]. Figure
2.1c is the double slab grating structure and has been shown to be suited well for
high average power lasers [65, 63]. Figure 2.1d is a reverse slab and gure 2.1e
is a buried grating structures, used for DLA [73, 74, 68]. These both structures
have smooth and solid vacuum channel for the propagation of the electron bunch
and therefore provides localized transverse focusing e ects. These structures can
provide better control over charge, reduce the electron scattering and integrate well
with on chip waveguides. Figure 2.1f is developed by a combination of rectangular
and slab grating structure.

Additional to optimizing the design of the grating structures to test the feasi-
bility of the electron acceleration, energy gain enhancement studies were also per-
formed. Bragg re ector (BR) has been considered for enhancing the eld strength
inside the vacuum channel, without changing the design of the grating structures.
Figure 2.2 shows the numerical and simulation results of energy gain for rectan-
gular (Figure 2.2a,) and cylindrical (Figure 2.2,b) structures being used with few
layers of BR and compared the results with no BR layer case. These simulation
(Figure 2.2a) [75] and experimental (Figure 2.2b) [76] studies showed that adding
BR layer increased the energy gain.

Figure 2.2: (a) showed the advantage of using BR for in enhancing the accelerating
eld. The laser wavelength was 2000 nm. (b) presented the measured energy
spectra showing the higher energy gain for DLA grating structure with BR, where
28.1 keV electrons were excited by a laser with 1930 nm wavelength. The gure
is taken from [75, 76]

These studies have emphasized the grating structure geometry and con gura-
tion for the acceleration of charged particles and enhancing the energy gain in a
DLA. Motivated by these, a comparative study is performed to test the perfor-
mance of two di erent shaped dielectric grating structures for accelerating both
non-relativisitic and relativistic charged particles. The key geometric parameters
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of the grating structure, electron bunch and laser were kept the same for this
study.

2.2 Grating structures used for this comparative
study

Figure 2.3 shows the two basic shapes, cuboid and cylindrical, used periodically
and together with a layer of 4 BR as grating geometry for DLA simulations in this
study. These shapes have been predominantly used to design dual pillar grating
structures in DLA simulations and experiments.

Figure 2.3: Two di erent shapes of grating structures with a layer of BR. (a) shows
cuboid and (b) shows cylindrical dual pillar grating structures.

In this comparative simulation study, for non-relativistic simulations, the upper
row of grating pillars was shifted (Figure 2.3), instead of keeping the top and
bottom row pillars adjacent to each other. This o set was equal to the width of a
pillar. It has been shown in the literature that this o set for low energy electron
beam (100 keV) accounts for higher e ciency in the excitation of acceleration
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modes [76]. To achieve uniformity in the eld pro le inside DLA, itis advantageous

to operate it with two lasers shining from two opposite directions. However, it
increases the complexity of the accelerator setup as it is experimentally challenging
to match the phase of both laser beams [76]. Bragg re ector mitigates this and
provides a cost-e cient alternative. The BR works as a highly re ective mirror
and re ects 99 of the incident eld into the accelerating vacuum channel. The
layers in BR have high and low refractive index materials in an alternating manner.
The BR enhances the coupling between the electron beam and the laser [76]. The
improvement in accelerating eld and energy gain has been discussed previously
in the description of gure 2.2. a four-layered BR is used for this study. In this
study, the high refractive index value is the same as that of the dual pillars, and
the low refractive index value is the same as that of the vacuum.

2.2.1 Grating periodicity and phase matching condition

There are a series of grating di raction modes generated between the dual pillars in
the vacuum region. The phase synchronicity condition between the electron beam
and the rst harmonic of di raction modes is achieved by matching the wavelength
of the input EM wave, and grating period [77]. These grating structures work as
a phase provider, which imparts phase di erence in the path of the incident
EM wave as compared to the wave which is travelling in the side vacuum region.
This is the main concept for the electron beam to gain energy. The synchronicity
condition can be written as [63]:

mkg+ k=( cos )=0 (2.1)

where m is the order of harmonicdky is the wavevector related to the grating period,

k is the wavevector of incident EM wave, is the Lorentz factor (v/c), and s the
grating tilt angle with respect to the direction of the incident EM wave. For our
simulation we achieved this condition by xing the grating periodicityky = k= .
We considered = 0 as we shined the EM wave perpendicular to the grating
periodicity without any tilt. The order of harmonic was m =1 for our study. Our
source was a DC electron source, so we didn't have to worry about tuning the
injection time between the electrons and the laser pulse.
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Value (non- | Value (rela-
Parameter o .

relativistic) tivistic)
Electron beam initial energy [MeV] 0.0284 1
Relativistic velocity factor, 0.3 0.94
Length/width of the pillars, A [nm] 320 900
Vacuum gap between two pillars, B 320 900
[nm]
Channel width, C [nm] 200 200
Height of the structures, W [nm] 1000 1000
Thickness of a BR, B [nm] 145 147
Vacuum gap between BRs, Y [nm] 250 500
Grating period, , [nm] 640 1800

Table 2.1: Beam and geometric parameters of the dielectric structures.

2.2.2 Simulation parameters

The following parameters in table 2.1 were used for geometry design, electron
beam for non-relativistic and relativistic cases of electron beam velocity. The
grating parameters for non-relativistic and relativistic electrons were xed follow-
ing equation 2.1. All other parameters for the grating geometry were optimized
by doing a parameter scan aiming for maximum peak energy gain for the elec-
trons at the end of the structures. Quartz material with a dielectric constant of
2.25 was chosen for the simulations. For this simulation, we chose a laser with a
wavelength of 2000nm, an electric eld of 1.5 GV/m and pulse duration of 100
fs. The laser pulse energy was chosen within the laser-induced damage threshold
of the structure material. Quartz has a laser damage uence &23J=cn¥ for a
laser with 100 fs pulse duration and it corresponds to an electric eld more than
10 GV/m [63].

2.3 Method of Simulation

Simulation studies were carried out for electron beam energies in both the non-
relativistic and relativistic regimes. The grating period for both cases comes out

di erent because of di erent values, following the above equation 2.1.

For our present studies, we have used the Computer Simulation Technology
(CST) studio suite [78]. The software has been frequently validated in the simu-
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lations of electromagnetic elds and particle acceleration inside dielectric grating
structures [79, 71].

2.3.1 CST Studio suite

CST Studio Suite is a numerical simulation platform for high-performance 3D anal-

ysis, design and optimization of electromagnetic interactions and components. It
is based upon nite element method (FEM) solver and has hexahedral and tetrahe-
dral volume meshes and hybrid triangular and quadrilateral surface meshes, which
can be used for di erent situations according to suitability. The meshing process

is automatic and has an option for adaptive mesh re nement. It is comprised of

several multiphysics solvers; a few relevant ones are listed below-

Time domain

It is a 3D full-wave solver and includes nite integration technique (FIT) and
transportation line matrix (TLM) execution in a single package. The solver is
also capable for calculating broadband eld distributions in a single run. General
applications include high-frequency simulations for medium to large models and
obtaining transient e ects.

Particle-in-Cell

Particle-in-Cell solver is useful in calculating the dynamics of charged particles
induced by various excitations of the static or dynamic electric or magnetic elds.
It's a versatile and self-consistent tool for tracking particles and their trajectories
together with calculating electromagnetic elds in the time domain. It can also
consider the e ects of space charges and their mutual coupling with the particles.
This makes it capable of simulating a wide range of devices, including accelerator
components where high-frequency elds become essential.

Wake eld

If a particle beam is represented by a line current, the wake eld solver is most
suitable in calculating elds around it and the wake elds which are produced due
to the interaction with the surrounding material discontinuities. An interesting
application of this solver is for beam position monitors.

For our present study, We have used its time domain solver for calculating
the electric elds inside the dielectric structures and particle in cell solver for ob-
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taining the dynamics of electrons traversing through the structures. After xing
the grating periodicity and the shape, CST's inbuilt model builder tool was used
to create the 3D geometry (Figure 2.3). Laser source was de ned as an elec-
tromagnetic plane wave having a linear polarization in the x direction. It was
propagated in y direction with a Gaussian excitation signal (Figure 2.4) over the
grating structures. The excitation signal de nes the pulse duration, wave envelope
and normalized eld of the laser. The wave encounters the vacuum and dielectric
region on its path and reaches the vacuum channel at a phase delay of This
creates interference between these waves and combines with the re ected wave
to form a standing wave-like pattern inside the DLA channel [80]. The electron
bunch was made to travel in the x direction. The electron bunch would accelerate
when the velocity of electrons matches with the phase velocity of light.

Figure 2.4: Gaussian wave packet of the incident EM wave, peak wavelength
2000 nm, pulse duration 100 fs, peak electric eld amplitude = 1.5 GV/m.

2.3.2 Obtaining Electric eld over the structure domain

CST's time domain solver was used, and the photonic bandgap structure design
option was selected in the simulation. Geometry was designed after selecting simu-
lation units and de ning the frequency range. The laser was de ned as a Gaussian
packet of electromagnetic waves and was shined in the direction perpendicular to
the grating periodicity. The laser excitation signal is shown in Figure 2.4. The
time domain solver provides 3-D elds over the whole structure domain due to the
interaction between EM wave, dielectric medium and vacuum.
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2.3.3 PIC Simulation

After obtaining the 3 D elds from the time domain solver it was imported into
the PIC solver for observing the dynamics of electrons. For simplicity, we chose a
circular point source for the electron beam and selected the DC emission setting
from the energy type option. We selected a particle monitor on solids and de ned
particle phase space monitor, which provides the analysis for the charge particle
dynamics and interaction with the EM eld.

2.3.4 Boundary conditions

Periodic boundary conditions were used in the direction of grating periodicity to

omit the edge e ects. Open boundary conditions were used in the y direction. This
makes the touching geometry extends virtually to in nity and ensures there are not

any wave re ections from the boundary. Perfect magnetic conducting boundary
conditions were used in the z direction to make the input and exit planes absorb
the normal electric uxes.

2.3.5 Meshing

For general-purpose electromagnetic simulations, the Maxwell equations need to
be solved on smaller subdivisions of the calculation domain called mesh cells.
The hexahedral mesh type was used for the simulations. The smallest mesh cell
was chosen to be 35 nm in all directions, su ciently small for a high-resolution
simulation.

2.4 Simulation results

The Time domain solver was started, and the elds were recorded using the time-
dependent electric eld monitor. Figure 2.5 shows the Finite Dierence Time
Domain (FDTD) simulation results for electric eld distribution inside the grating
structures designed for non-relativistic electron bunch.
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Figure 2.5: Non-relativistic regime: CST simulation results for electric elds after
the interaction of EM wave with the dielectric structures. (a) and (b) are the
cuboid and cylindrical structures, respectively. The images are zoomed to show
only the grating region with pillars to highlight the eld near the propagation path

of the electron bunch.

This shows the 2-D k-y plane) top view of the electric eld inside the grating
structures near the dual pillars. The red and blue colours in the contour plot
show positive and negative eld amplitudes, respectively. The results show a
higher yield of electric eld peak amplitude inside the cuboid geometry of grating
structures than that of cylindrical structures. In both structures, the peak electric
eld is greater than the eld amplitude of the incident laser pulse. This happens
because of the constructive interference between the electromagnetic waves inside
the vacuum channel. The peak eld is 5.19 GV/m inside the cuboid structure and
2.7 GV/m inside the cylindrical structure.

After the electric eld calculation, the 3D elds were imported into PIC sim-
ulations to analyze the dynamics of electrons while being accelerated. Particle
monitors on solid and phase space monitors were used in CST to serve this pur-
pose. A basic emission model for the electron bunch, where the electrons were
emitted continually as a DC source, was considered for the simulation study. The
current of the DC source was set to 1 pA with an initial energy of 28.4 keV. Fig-
ure 2.6 shows the energy of the particles for both structures with respect to their
longitudinal position.
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Figure 2.6: Non-relativistic: Energy of particles and their respective positions in
the longitudinal space. The red curve is for cuboid-shaped structures, and the
green curve is for cylindrical structures.

This energy pro le is for the whole vacuum channel and not just at the end of
the grating structures. The pro le shows an oscillatory increment because each of
the particles enters inside the grating structures at a di erent phase. This result
suggests that only particles with a certain phase entering the acceleration channel
would get positive acceleration and energy gain. The comparison between the
cuboid and cylindrical shapes shows that in the former structures, particles would
attain higher energy gain than the latter. The initial energy of the electrons was
28.4 keV and the maximum energy gain at the end of the structure was 2.5 keV for
the cuboid structures and 0.6 keV for the cylindrical structures. The acceleration
gradient was 426 MeV/m for the cuboid structure and 97 MeV/m for the cylindrical
structures. Figure 2.7a, b shows the longitudinal component of the electric eld
at an instant inside the vacuum channel for cylindrical and cuboid structures,
respectively. The electric eld generated inside these non-relativistic structures is
di erent in both amplitude and peak curvature. This results in di erent energy
gain pro les for the particles. The cuboid structures have produced a mean electric
eld amplitude of 1.9 GV/m electric eld amplitude which is higher than the mean
eld amplitude of 1.56 GV/m produced by cylindrical structures. This explains
the higher energy gain amplitude achieved by electrons in the cuboid grating
structures. The reason for the higher accelerating eld inside the cuboid structure
is possibly due to the sharp edges in the cuboid shape. Sharp edges and corners
can act as scattering points or sources of di raction for the EM wave, leading to
constructive and destructive interference of the incident waves. Also, in structures
with sharp edges or corners, certain electromagnetic modes, known as resonance
modes, can be excited. These modes are standing wave patterns that are strongly
localized in speci c regions of the structure. When resonance modes are excited,
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they can lead to signi cant eld enhancements in the vicinity of the edges or
corners. As mentioned before, the laser damage uence of quartz3ig3J=cn¥
which corresponds to a eld of 10 GV/m [63] for a 100 fs laser pulse duration [63].

Figure 2.7: Non-relativistic regime: Longitudinal component of the electric eld
along the travelling path of electrons. The green curve is for cylindrical structures,
and the red curve is for cuboid structures.

Figure 2.8 shows the FDTD simulation results for the relativistic regime of
electron beam transport. The numerical simulation shows higher but localized
elds inside the cuboid structures compared to the cylindrical structures. The
maximum eld amplitude inside cuboid structures is 4.66 GV/m and 1.94 GV/m
inside cylindrical structures.
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Figure 2.8: Relativistic regime: CST simulation results for electric elds after the
interaction of EM wave with the dielectric structures. (a) presents the generated
eld inside the cuboid grating structure and (b) shows the eld for the cylindrical
grating structure.

Figure 2.9 shows the energy and the longitudinal position of the relativistically
injected electrons.

Figure 2.9: Relativistic: Energy of particles and their respective positions in the
longitudinal space. The red curve is for cuboid-shaped structures, and the green
curve is for cylindrical structures

The electron bunch had initial energy of 1 MeV, and the maximum energy gain
at the end of the structure was 6 keV for the cylindrical structures and 5 keV for
the cuboid structures. The acceleration gradient for the cylindrical structure was
370 MeV/m and 308 MeV/m for the cuboid structures. The simulation imagined
the same DC model for the emission of particles for both shapes. However, for
the cuboid shape, the total number of particles after acceleration was more than
70k, while it was around 30k for the cylindrical structures. This suggests that
more particles have been absorbed by the grating walls for the cylindrical grating
structure-based accelerator. Figure 2.10a, b shows the longitudinal electric eld
generated at an instant inside the vacuum channel along the propagation path of
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the electrons. The eld generated in both the structures doesn't have signi cant
di erences in amplitude, except for sharp edge e ects in the cuboid structures.
However, the mean- eld amplitude in cylindrical structures was 1.13 GV/m which
was slightly greater than the mean eld amplitude of 0.95 GV/m produced by
cuboid structures. This slight di erence explains the slightly higher energy gain
pro le achieved by the cylindrical structures in the relativistic regime.

Figure 2.10: Relativistic regime: Longitudinal component of the electric eld along
the travelling path of electrons. The green curve is for cylindrical structures, and
the red curve is for cuboid structures.

Figure 2.11 shows a comparison of the energy distributions and the transverse
position of particles accelerated through di erent grating structures and in di er-
ent velocity regimes. The horizontal axis shows the transverse position of particles,
and the vertical axis shows their corresponding energy. An initial energy spread
of 2 eV was given to the non-relativistic electrons. The electrons coming out from
the cuboid structures had a spread of 4.05 keV and 1.15 keV from the cylindrical
structures. For relativistic electrons, an initial energy spread of 0.0003 MeV was
given, and after acceleration from cuboid structures, the spread was 0.009 MeV,
and from cylindrical, it was 0.01 MeV. The results show that when the electrons
were non-relativistic, the cylindrical structures showed lower energy spread, while
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