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Abstract

The acceleration of electron bunches reaching GeV energies within a centimeter-scale
device exemplifies the remarkable advancements achieved in the field of laser-plasma
acceleration. One essential by-product of such acceleration process is the production
of highly energetic X-ray photons.

In this thesis, I will detail an experimental research centered on Laser Wakefield
Acceleration (LWFA). The main focus of this research is directed towards exploiting
LWFA as compact sources of brilliant, hard synchrotron radiation, commonly referred
to as betatron radiation.

The primary result of the thesis follows the production of hard X-ray photons in
keV regime using gas cell as the target for LIWFA through ionisation injection scheme.
The gas cell length was kept much longer than the electron dephasing length with
an anticipation of the overlap of the laser fields with the charge trapped inside the
plasma wave. This overlap could result in stronger transverse oscillation of the trapped
electron bunches and an increase in the total emission of the X-rays produced by the
LWFA. Hydrogen and Helium were used as the background gas with Nitrogen as the
dopant. The resulting X-rays showed high critical energy, peak brilliance and source
size at par with the results shown by other groups [1-4]. Additionally, the X-rays
produced boast of high degree of shot to shot stability and reproducibility paving way
for the implementation of single shot imaging set-up at JETi200 laser system in Jena,
Germany.

Another result discusses the production of quasi-monoenergetic electron beams
from LWFA by implementing shock-front injection mechanism [5, 6]. The X-ray
beam measured from such quasi-monoenergetic beams were found to have critical
energy similar to [7]. However, the X-ray beam had lower critical energy and photon
yield than the beams produced using ionization injection mechanism. Therefore, to
increase the betatron yield, a new experimental configuration was implemented to
break the axial-symmetry of the injected electrons and to increase the transverse
oscillation amplitude of the injected electron bunch by asymmetric injection, achieved
experimentally by rotating the shockfront. This configuration aimed at increasing the

betatron yield has its results supported by 2D PIC simulations.
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Zusammenfassung

Die Beschleunigung von Elektronenpaketen, die in einem zentimetergroflen Gerét
GeV-Energien erreichen, ist ein Beispiel fiir die bemerkenswerten Fortschritte, die
auf dem Gebiet der Laser-Plasma-Beschleunigung erzielt wurden. Ein wesentliches
Nebenprodukt einer solchen Wechselwirkung ist die Erzeugung hochenergetischer
Rontgenphotonen.

In dieser Arbeit werde ich eine experimentelle Forschungsarbeit zur Laser-Wakefield-
Beschleunigung (LWFA) vorstellen. Das Hauptaugenmerk dieser Forschung liegt auf
der Nutzung von LWFA als kompakte Quellen fir brillante, harte Synchrotronstrahlung,
die gemeinhin als Betatronstrahlung bezeichnet wird.

Das Hauptergebnis der Arbeit ist die Erzeugung harter Rontgenphotonen im keV-
Bereich unter Verwendung einer Gaszelle als Target fiir LWFA. Die Lange der Gaszelle
wurde viel linger gehalten als die Elektronendephaselénge, und ihre Auswirkung auf die
erzeugten Rontgenphotonen wurde untersucht. Wasserstoft wurde als Hintergrundgas
und Stickstoff als Dotiergas verwendet. Die erzeugte Rontgenstrahlung zeigte eine
hohe kritische Energie, Spitzenbrillanz und Quellengréfie, die mit den Ergebnissen
anderer Gruppen vergleichbar sind. [1-4]. Dariiber hinaus zeichnen sich die erzeugten
Rontgenstrahlen durch ein hohes Mafl an Stabilitdt und Reproduzierbarkeit aus und
ebnen den Weg fiir die Implementierung eines Single-Shot-Imaging-Setups am JETi200-
Lasersystem in Jena.

Ein weiteres Ergebnis ist die Erzeugung quasi-monoenergetischer Elektronenstrahlen
aus LWFA durch die Implementierung eines Stofront-Injektionsmechanismus. Es
wurde festgestellt, dass der aus solchen quasi-monoenergetischen Strahlen gemessene
Rontgenstrahl eine &dhnliche kritische Energie wie [7] aufweist. Der Rontgenstrahl
hatte jedoch eine geringere Photonenausbeute als die Strahlen, die mit dem Ionisa-
tionsinjektionsmechanismus erzeugt wurden. Um die Betatronausbeute zu erhohen,
wurde daher eine neue experimentelle Konfiguration implementiert, um die axiale
Symmetrie der injizierten Elektronen zu brechen und die transversale Oszillationsam-
plitude des injizierten Elektronenpakets durch asymmetrische Injektion zu erhéhen,
was experimentell durch Rotation der Stofront erreicht wurde. Die Ergebnisse dieser
Konfiguration zur Erhéhung der Betatronausbeute werden durch 2D-PIC-Simulationen
bestéatigt.
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1 Introduction

At the core of scientific exploration lies the quest to enhance our understanding of
the fundamental principles governing the natural world. Particle accelerators, which
were first invented in the 1930s, have played a pivotal role in scientific discoveries and
have found diverse applications in fields ranging from industry to healthcare. These
accelerators, capable of accelerating particles to highly relativistic speeds, have led to
significant advancements in modern science. The ongoing development of accelerator
technology has resulted in ever-increasing particle energies and installment of more
than ten thousand accelerators worldwide. A prominent example is the Large Hadron
Collider (LHC) located at CERN in Geneva. The LHC serves as the world’s most
powerful microscope, with the aim of unraveling the internal structure of particles
such as protons and neutrons. Through this colossal machine, researchers have made
groundbreaking discoveries, including the detection of the Higgs boson, a particle

responsible for giving mass to all other particles [8-10].

However, the LHC also exemplifies a fundamental challenge associated with con-
ventional accelerators: the need for significant physical dimensions to achieve high
particle energies. With a diameter of 27 km, the LHC stands as the largest accelerator
on Earth. This size is primarily attributed to the acceleration technique. The charged
particles are accelerated by traversing high electric field gradients within traditional
metal cavities. The maximum field strength achievable in these cavities is around
100 MV /m. Fields exceeding this limit are susceptible to material breakdown, a phe-
nomenon where electrons from the metal surface are drawn into the vacuum, resulting
in the destruction of accelerating structure. Consequently, achieving higher particle
energies requires a huge number of such cavities, ultimately requiring more physical
space. In circular accelerators, particles are guided through multiple passes of the same
acceleration cavities to amplify energy gains. However, the minimum diameter of the

particle’s orbit is constrained by energy losses attributable to synchrotron radiation.

Plasma accelerators brings innovative acceleration techniques to surpass the un-
derlying limitations of material breakdown and enable the development of the next
generation of small scale accelerators. The reduced scale and cost compared to tradi-
tional large-scale facilities could facilitate more widespread exploration of high-energy
particle research, helping a greater number of scientists and institutions to contribute

to advancements in this important scientific domain.
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1.1 Particle accelerators as light sources

By employing thoughtful design, it’s possible to generate a significant portion of the
synchrotron radiation in the X-ray (>1 keV) regime of the electromagnetic spectrum
using particle accelerators. These sources have become highly sought-after for a wide
array of applications, as demonstrated by the existence of more than 50 operational and
planned synchrotron light sources worldwide, each equipped with multiple beamlines
[11]. In the following section, we will provide a concise explanation of how these light
sources operate, followed by an overview of their numerous applications. Additionally,
we will delve into the concepts of average and peak brightness, highlighting the
advantages that these sources offer over traditional x-ray tube technology. We will
touch on the physics and findings associated with hard x-ray free electron lasers
(X-FELs), representing the cutting edge of modern x-ray technology. This section will

conclude with an exploration of the limitations inherent to these remarkable devices.

1.1.1 Insertion devices

While certain beamlines harness synchrotron radiation generated by bending magnets,
a significant number opt for an insertion device configuration, which comprises a series
of dipole magnets with alternating polarity (as illustrated in Figure 1.1). The insertion
device offers a distinct advantage: it emits radiation from multiple oscillations of
electrons in the forward direction, yielding a considerably brighter source compared to

a bending magnet.

Figure 1.1: A diagram of an insertion device [12]. A relativistic electron beam (2) is
wiggled by an assembly of magnets having alternating polarity (1) and
spacing A, to produce a bright X-ray beam.

The insertion devices are often characterized by the dimensionless, undulator or
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wiggler, parameter K, where
/= GB()Au

2Tmec

(1.1)

By is the peak magnetic field in the device and A, is the dipole magnet spacing.
When K < 1, the device is referred to as an undulator, and it emits monochromatic
radiation due to the convergence and interference of emitted light cones. In essence, an
undulator operates similar to a diffraction grating, where light emanating from distinct
sources (points along the electron beam path) constructively interferes only when
the source locations are spaced apart by an integer number of wavelengths. For an

undulator, the wavelength of on-axis radiation emission is determined by the equation:

A Ao (1 + “Q2> (1.2)

T 292 2

where . is the relativistic electron factor. The high value of 7, available in modern
particle accelerators, typically a few thousand, results in the generation of short-
wavelength radiation. This radiation is tightly focused within a narrow cone with an
opening angle of ~ 1/,, making it an extremely valuable x-ray source.
For K > 1 a white light continuum is produced and the insertion device is referred to
as a wiggler. X-ray sources that utilize relativistic electron beams interacting with

insertion devices are commonly referred to as 3rd generation light sources.

Peak brightness is a widely used metric for assessing x-ray sources. It is quantified in
units of photons per second per square millimeter per milli-radian per 0.1 % bandwidth
(photons/s/mm?/mrad?/0.1%BW). In essence, it represents the number of photons
generated per second within a bandwidth of 0.1% centered around a specific energy,
divided by the cross-sectional area and divergence of the beam. To put this into
context, typical x-ray tube sources exhibit brightness values in the range of 10® to 10'°
photons/s/mm?/mrad?/0.1%BW. In contrast, synchrotron sources can achieve average
brightness levels as high as 10*° photons/s/mm?/mrad?/0.1%BW and peak brightness
of 10?* photons/s/mm?/mrad?/0.1%BW [13]. Here, the peak brightness is attributed
to the single bunch of electrons whereas, the average brightness is determined by taking

a time-average measurement over a considerable number of these electron bunches.

One such insertion device having highest peak brightness available currently is called
X-ray free electron laser which will be discussed next.

X-ray free electron lasers In the year 2009, the world’s first hard x-ray free
electron laser (X-FEL), LCLS, began lasing. A free-electron laser (FEL), represents

a 4th generation light source and is comprised of an electron accelerator followed
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by a long undulator. As electrons move through the undulator’s magnetic field, the
radiation they emit starts to modulate the electron beam. This modulation leads to
micro-bunching of the electron bunches at the wavelength of the emitted radiation.
Once this micro-bunching is established, the electron bunches oscillate in phase and
emit radiation that gains amplification from the electrons themselves. To initiate this
process, seeding is essential. Seeding can occur naturally from random shot noise, and
the radiation gets amplified in a phenomenon known as Self-Amplified Spontaneous
Emission (SASE). This process is the standard operating mode for facilities like LCLS
(Linac Coherent Light Source) and results in an exceptionally bright source of hard
x-rays, with LCLS reaching a peak brightness of 10** photons/s/mm?/mrad?/0.1%BW
[13].

Figure 1.2: Aerial view of European X-ray Free Electron Laser spanning 3 km [14].

The LCLS counterpart European XFEL (Fig: 1.2) started operating in the year
2017 registering a peak brightness of 5 x 103 photons/s/mm?/mrad?/0.1%BW at a
rep. rate of 27 KHz. The European XFEL provides x-ray pulses with a duration of
less than 100 fs for wavelengths from 0.05 nm to 4.7 nm and is 3 km long [14]. Figure
1.3 shows the peak x-ray brightness for a selection of 3rd and 4th generation light

sources emphasising the huge gain in peak brightness due to lasing.

1.1.2 X-ray applications

X-ray radiation, since its discovery by Roéntgen [15], has enabled numerous break-
throughs in medicine, chemistry, biology, and physics. X-rays possess the remarkable
ability to penetrate various materials and biological tissues, providing a unique win-
dow into internal processes that would otherwise be inaccessible without destructive
methods. The applications can mainly be categorised into spectroscopy, imaging and

diffraction.
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Figure 1.3: Peak brilliance of a number of third and fourth generation light sources
from around the world [14]. The red solid line shows the brightness of the
betatron radiation produced at the JETi200 laser facility in an experiment
carried out in 2020-21, which is reported in chapter 4 of this thesis.

Spectroscopic experiments serve as powerful tools for researchers to uncover the
elemental composition, chemical state, and physical properties of a wide range of
materials, encompassing both inorganic substances and biological systems. Scientists
employ various types of electromagnetic radiation, such as x-rays, infrared, ultraviolet,
and visible light, to explore different aspects and characteristics of samples. These
investigations span diverse fields, including the examination of biomedical specimens,
condensed matter, engineering materials, and magnetic substances. X-ray absorp-
tion spectroscopy, angularly resolved photoemission spectroscopy and photo-emission
electron microscopy are few examples of the spectroscopic application of the X-rays
[16-19].

When X-rays interact with a crystal, they undergo scattering due to the ordered
arrangement of atomic planes within the crystal lattice. Diffraction studies exploit this
phenomenon to examine the structural characteristics of various materials, including
chemical compounds and composite substances. These materials encompass a wide
range, such as minerals, ceramics, biological specimens, as well as electronic and
magnetic materials. This technique provides valuable insights into the atomic and

molecular arrangements within these materials. The use of diffraction techniques for
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determining crystal structures has yielded numerous scientific publications. A notable
example of such an achievement is the determination of charge density in various forms
of buckminsterfullerene (C60) [20]. Additional insights into the correlations among ion
positions within a material can be understood through spectroscopic techniques like
Extended X-ray Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure
(XANES). These methods provide valuable information about the local structure and
chemical environment of atoms in a material.

X-ray imaging is widely favored due to its ability to reveal the contents of typically
opaque objects. Variations in absorption among different elements within the material
create contrast, enabling the generation of informative images. Alternatively, when
employing a spatially coherent x-ray beam, even slight differences in the real part of
the refractive index of the material can alter the wavefront. This effect is particularly
valuable for examining biological tissue samples [21]. For instance, it can highlight the
edges of a tumor, which may have a very similar level of absorption to the surrounding
tissue. This technique is known as phase contrast imaging (PCI). X-ray PCI has found
applications in various fields, including the reading of scrolls that were damaged during
the eruption of Mount Vesuvius in 79 AD [22].

Laser wakefield accelerators provide an important alternative for such X-ray appli-

cations and in the next section we will learn more about such accelerators.

1.2 Laser wakefield acceleration

Conventional accelerators are confronted with several constraints that impede their
further progress. One notable limitation is the restricted accelerating gradients
achievable in radiofrequency(RF) cavities due to the occurrence of electric breakdown
within the cavity. Moreover, despite efforts to minimize the size of conventional
accelerators, these machines still demand substantial physical space and financial
resources. Expanding the capabilities of these accelerators to reach higher particle
beam energies would require even larger and more costly facilities, rendering them
economically unfeasible. Consequently, there is a pressing need for a novel acceleration
mechanism that offers a reduction in size and construction expenses.

Following the introduction of chirped-pulse amplification (CPA), a Nobel Prize-
winning technique [23], the peak intensities of optical lasers have experienced expo-
nential growth. Concurrently, the number of high-intensity laser systems has surged
[24]. This remarkable advancement has sparked a revolution in our understanding of

interactions between light and matter, triggering transformative changes [25].
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CPA’s emergence has given rise to entirely new scientific domains, including strong-
field atom and molecular science [26, 27], attosecond physics [28], relativistic and
nonlinear optics [29], and laboratory astrophysics [30]. Furthermore, it has facilitated
the realization of plasma-based laser wakefield acceleration (LWFA) [31-33], wherein
a laser pulse of relativistic intensities forms an accelerating cavity with high field
gradients [34].

The laser pulse’s high intensity exerts a force on electrons, causing them to move
away from its trajectory and resulting in exposed ions directly behind the laser pulse.
This charge separation leads to a Coulomb force, which in turn draws the electrons
back towards the laser’s path. As these electrons are pulled back, they gain energy and
surpass their equilibrium positions. These collective plasma oscillations collectively
create a wakefield that travels alongside the laser pulse. Electrons introduced into
this wakefield experience a potent accelerating field, enabling them to attain highly
relativistic energies.

The convergence of these two technologies—ultra-relativistic particle accelerators
and ultra-intense lasers—holds immense promise for advancing our understanding
of the natural world. It grants access to electromagnetic fields that can reach, and
potentially surpass, those encountered in extreme astrophysical environments, such as
those near the surface of a neutron star [30] and also potentially be used as a driver

for the next generation compact light sources [35].

1.3 Betatron Radiation as an X-ray source from

Laser-Wakefield Acceleration

Professor Donald Kerst played a pivotal role in the development of the world’s first
magnetic induction accelerator at the University of Illinois in 1940. This innovative
machine went through several early names such as "rheotron," "inductron," "Super-X-
Ray Machine," and "cosmic ray machine" in initial press releases. To finalize a suitable
name for the accelerator, a departmental contest was organized and Kerst settled on
"betatron" [36].

The LWFA systems are known to produce intense x-ray radiation referred to as
"betatron radiation’ [37, 38]. This radiation is emitted by electrons undergoing trans-
verse oscillations as they are accelerated (Fig:1.4) by the laser. Betatron x-rays have
small emission cone typically spanning milli-radians and are emitted from a micron

scale source [37, 39] which permits high resolution imaging in a compact geometry [40].
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The spectrum of betatron radiation is broadband and resembles that of a synchrotron,
covering a wide energy range with a continuous high flux. Furthermore, betatron radia-
tion boasts an intrinsic femtosecond duration, offering exceptional temporal resolution
in addition to its other advantages. It is predicted that the spectral shape resembles
the on-axis synchrotron spectrum [35]. The critical energy of this spectrum, which
divides the energy spectrum into equal halves above and below it, is a characteristic

parameter of this phenomenon [41].

1.4 Thesis Outline

This thesis documents the efforts to establish a stable and highly brilliant X-ray source,
aiming for future applications at the JeTi200 laser system in Jena, Thiiringia, Germany.
The typical setup employed for Laser Wakefield Acceleration (LWFA) is illustrated in
Figure 1.4, where a laser pulse is focused on a gas target, generating LWFA electrons
and betatron radiation. Through the implementation of the shockfront injection
mechanism, a quasi-monoenergetic electron beam was successfully generated. The
subsequent characterization of the betatron radiation emanating from these beams

was conducted. Additionally, the impact of asymmetric injection on the intensity of
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Figure 1.4: (a) A schematic for LWFA and betatron radiation. An intense laser pulse
is focused onto a gas target and drives a plasma wave inside a plasma
channel. The focusing forces of plasma channel causes transverse oscillation
of the accelerating electrons which then emit synchrotron-like radiation. (b)
Calculated synchrotron spectrum for range of electron energies at plasma
density 5 x 10'® ecm 3, keeping betatron oscillation amplitude and number
of oscillations =1.

Author’s role: The author was the Principal Investigator (PI) for all the ex-
periments performed in this thesis done at JETi200 lab in Jena. The design of the
experimental set-up, the calibration of the X-ray detector, construction of the X-ray

spectrometer and 2D PIC simulations were done by the author.



1.4 Thesis Outline

The structure of the thesis consists of chapters with theoretical fundamentals, di-
agnostics & analysis methods and experimental results. Chapter 2 dives into the
fundamental principles of plasma and its interaction with ultrashort pulse lasers, provid-
ing insights into laser plasma acceleration. It also covers the theoretical underpinnings
of synchrotron and betatron radiation.

Chapter 3 shifts the focus towards the experimental aspects, detailing the methods
employed for data acquisition in this thesis. It places particular emphasis on the
diagnostics for electron beams and X-rays.

Chapter 4 and 5 are dedicated to presenting the outcomes of the experiments
conducted using ionization injection and shockfront injection mechanisms for LWFA |
respectively.

Finally, Chapter 6 serves as the conclusion of the thesis, summarizing the findings,
and offering an outlook on potential future applications stemming from the results

obtained.



2 Theory

In 1979, Tajima proposed the concept of plasma-based acceleration [42], which utilized
the periodic charge density perturbations in plasma to propel charged particles using
the resulting electric field. These wakefields can be induced by driver beams, such as
laser pulses or energetic particles. An intriguing aspect of this accelerating structure
is its existence as a plasma wave within an ionized gas, eliminating the need for
fabrication and providing exceptional resistance to damage. As a result, it can sustain
significantly stronger accelerating fields compared to conventional technologies.

Throughout the 1990s, initial experiments utilized long laser pulses to drive wake-
fields, successfully demonstrating the principle of plasma wakefield acceleration. This
groundbreaking advancement was further enhanced by the development of chirped
pulse amplification, for which Mourou was awarded the Nobel Prize in Physics the
previous year [43] . Consequently, the field of laser plasma wakefield experiments has
experienced remarkable progress and expansion.

Today’s laser systems boast peak power on the order of tens of Terawatts (TW) and

2 corresponding to an electric

can achieve relativistic intensities of I, = 10®®W/cm
field of about &, > 10'V/m. In comparison, an electron of Hydrogen atom with
the atomic radius, the Bohr radius (ag = h%/(m.e?)), experiences an electric field of

approximately |[£utom| = €/(4mea%) =~ 5.1 x 101V /m, leading to an atomic intensity of

1
Latom = 5eoc|5awm]2 ~ 3.5 x 10'W /cm?. (2.1)

Where 7 is the reduced Planck constant, m, rest mass of the electron, e the electron
charge, ¢ is the vacuum permittivity and ¢ the speed of light in vacuum.

When these high-intensity laser pulses interact with matter, with a focus on gaseous
interactions in this thesis, the laser pulse’s rising edge (pre-pulse) partially or fully
ionizes the target material. Understanding the relativistic laser-plasma interaction,
injection schemes, electron acceleration, and the generation of secondary "betatron'
radiation are crucial for comprehending the experimental work outlined in this thesis.

The following sections offer a summary of the underlying physics principles associated
with the experiments described in this work. We begin by exploring the fundamentals
of laser propagation in plasma (2.1) , followed by an investigation of the effects of ultra-
high relativistic laser pulse interactions with under-dense plasma(2.2) . Subsequently,
we delve into the possibilities of electron acceleration during such interactions and

various methods of electron injection(2.3) . Finally, we examine the generation of hard

10



2.1 Fundamentals of laser propagation in plasma

X-rays from laser plasma interactions(2.5) .

2.1 Fundamentals of laser propagation in plasma

What is a plasma? According to [44], a plasma is a state of matter that consists of
ionized and neutral particles. Despite the presence of charged particles, a plasma
appears to be quasi-neutral, meaning that the overall charge is approximately balanced.
The collective behavior of a plasma is a result of the electromagnetic interactions

between its charged constituents.

A plasma primarily consists of a mixture of electrons and their heavier, positively
charged parent atoms that have been dissociated. Consider a large number of particles
> 10'¥particles/cm?, in the plasma consisting of lighter particles (electrons) doing faster
oscillations compared to heavier particles (ions) doing slower oscillations [45].In this
research work, the laser-plasma interaction timescale spans several tens of femtoseconds
(1fs = 107 15s), effectively causing the ions to act as a motionless background due to
their higher mass-to-charge ratio. This allows us to treat ions as stationary with respect
to the much faster-oscillating electrons during the laser-plasma interaction process.
The large number of particles in the plasma is disturbed by the electromagnetic field
of the interacting laser pulse, which oscillates the electron away from the equilibrium
charge distribution with a characteristic plasma frequency w,. As ions are considered
motionless for the interaction time (fs), the plasma frequency is represented only by

the frequency of the electrons ,wy, ., given by [46]

2
Wy Wy e = ,/;:: ~ 5.64 x 10~%/n. /em—3THz. (2.2)

Where m, is the rest mass of the electron and n. being the local electron density

(number of electrons per unit volume). For the propagation of electromagnetic waves

inside a uniform plasma, the dispersion relation can be given as

w? = w4+ K (2.3)

Where w and k are the frequency and the wavenumber of the electromagnetic wave,
respectively. In vacuum, w,. = 0 (no electrons), hence the equation 2.3 gives the

dispersion relation in vacuum. According to 2.3, the phase velocity of the electro-

11
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magnetic wave is,

w c c
Uph = = 5 = — (24)
1_ <wp7e) Ui
w
Where
2
n= 1—(“‘“) = 1= (2.5)
w Ne

is the refractive index of the plasma with

2 21
= oMWy, 1.1 x 10 cm3, (2.6)
e? (AL/pm)?

the critical plasma density for a given laser frequency, wr,. The critical plasma density is
the electron density below which the plasma becomes transparent and the propagation
of light in plasma is possible i.e. n, > n. (W, > wpe). For electromagnetic frequencies
lower than the plasma frequency wy, < wpe (n. < ne), the refractive index becomes
imaginary (eqn. 2.5) and the electromagnetic waves are exponentially damped and
will be reflected by the plasma. In this thesis, we will work only with the underdense
plasma (n. < n.) where the plasma becomes transparent and the electro-magnetic

wave can propagate through the plasma.

When the ultra high laser intensities of the order of 10'®®W /cm? is applied to a
gaseous target, the electrons perturbed by the laser will oscillate with the speed close
to ¢ and therefore we should modify the description of laser-plasma interaction to the
relativistic laser-plasma interaction. In the section 2.3, we will explore the various
non-linear relativistic plasma effects which lays the theoretical groundwork for the
experiments presented in the thesis but before we learn in brief about how the plasma

behave under relativistic laser intensities in the next section.

2.2 Plasma effects at relativistic laser intensities

To describe how relativistic is a laser-plasma interaction, we use a parameter called
'laser strength parameter’ denoted by ag. It is defined as the peak amplitude of

the normalized (dimensionless) vector potential of the electromagnetic wave. This

A W
a0 = A8l g5 ZL 108 (2.7)
meWwi,C pm cm

parameter is given as
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Where [£p| is the electric field amplitude of the electro-magnetic wave. For a TiSa-
based laser system operating at A\, = 800nm, ag = 1 is reached at laser intensities of
I, =~ 2.2 x 10"W /cm?.

For laser intensities , 1, corresponding to ay < 1 the speed of the oscillating electrons
is small compared to the speed of light and the excite plasma wave is linear, having
the sinusoidal shape and the frequency equal to plasma frequency, w, according to
Equation 2.3 [47]. The relativistic effects are neglected in this regime. However, the
laser intensities used for the experiments in this work have ag > 1 which requires a full
relativistic approach. Here the gain in the rest mass of the electron due to relativistic

effects is given as v.m, determined by the v— factor

TNt
1) = ( - ) (28)

c2

Where 7 is the velocity of the electron. This gain in mass will change the plasma
frequency in Equation 2.3 and subsequently will change the refractive index in the
Equation 2.5. This leads to

e’n,

7{7>60m6 . (2.9)

Wprel = Wpe =
As for the underdense plasmas w;, > wp hence we can temporarily average the
relativistic y— factor over the fast laser oscillations and replace y(r,t) by (y(r)) (for
future purpose (y(r)) will be written as 7 for the ease of convenience). For an electron
in a plane electromagnetic wave the momentary value of the relativistic v— factor is

related to the laser strength parameter ag via [48]
2
NP % (2.10)

The electric laser field amplitude can also be expressed as a function of the laser

strength parameter as
Qo

AL/ pm

A change in plasma frequency, electron density or in the laser intensity can lead to a

o ~ 3.21 x TV/m (2.11)

change in the refractive index (Equation 2.5). To analyse the non-linear relativistic
effects, the variation of the refractive index for small modulation in a linear expansion

can be expressed as [29],
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lw?, on. (a®) _dwy
pa1 o ey e A0y (212)
2 Wi, Ne 2 wr,
N—
] 2 3 4

Term 1 represents the approximation of the Equation 2.5 for densities n, < n. (true
for experimentally realised electron densities). Term 2 shows the normalized density
perturbation dn.. Term 3 describes the square of the vector potential averaged over
the fast laser oscillations representing the laser intensity and the Term 4 denotes the
modification to the laser frequency wr,.

The modulations in n will also change the group and phase velocity of the the laser as,

1 w? one  (a®) _dwy
= =c|l—-—Ref1 VY1 o % 2.13
Vgr =1l Cl 2wﬁ< Ne 2 wr, (2.13)
1w} one 2 g
vph:c:ClH%;(l_n_W_z%)] (2.14)
n 2 wi Ne 2 wr,

Where vy, and vy, are the group and phase velocity of the laser pulse. These effects
shown in Figure 2.1 appear stationary in the laser pulse’s frame of reference(co-moving
in z-direction with the laser pulse) as a function of the pulse’s frame variable ¢ = t—z/c
and 7 =t.

Longitudinal changes in vy, Consider the change of two longitudinally(temporally)
separated part of the laser pulse (e.g. One part at the beginning of the laser pulse and
the other at the end). Longitudinal changes of v, during the laser propagation results
in a longitudinal bunching of the laser pulse envelope (also called "Pulse compression '

or "pulse stretching") figure 2.1 [Top] and is characterised by [29]

10L _ 10v,
Lor ¢ Oy

The longitudinal group velocity variation using the co-moving variables results in

(2.15)

changes in the pulse length L = c7;, meaning changes of the shape of the laser pulse

envelope. Here 7, is the laser pulse duration in vacuum.
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v

gr,2
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Figure 2.1: The change in the refractive index resulting from relativistic laser intensi-
ties triggers nonlinear effects. [Top| The presence of a density gradient in
the direction of laser propagation leads to a disparity in the group velocity
between the leading edge (v,,1) and the trailing edge (vg,.2) of the incident
laser pulse. As the laser pulse traverses the in-homogeneous plasma, it
undergoes temporal compression, resulting in a temporally compressed
output laser pulse. [Bottom| Considering a Gaussian-like laser intensity
profile (depicted in red), it becomes apparent that the refractive index is
higher on-axis (illustrated in dark blue), progressively diminishing as one
transitions in the transverse direction (illustrated in light blue). This fluctu-
ation in the index brings about a radially adjusted index of refraction,An,.
Consequently, the outer segment of the pulse’s phase velocity (vy2) out-
paces the inner segment’s (v41), vielding a curvature in the phase front
and initiating relativistic self-focusing.

The transverse and longitudinal changes in v,, Variations in the phase
velocity along the longitudinal direction lead to a frequency shift in the laser pulse, a
phenomenon known as "self phase modulation" or "photon acceleration'. In contrast,
changes in the phase velocity in the transverse direction induce a curvature in the
wavefront, resulting in either "self-focusing" or "de-focusing'. as shown in figure 2.1
[Bottom| and is described by [29] as,

1 8)\L _l(%ph

A O ¢ Y

(2.16)

This implies that when longitudinal variations in the phase velocity are introduced

using the co-moving variable, they prompt the grouping of wavefronts, resulting in

15



2 Theory

changes in the laser spectrum. Such local frequency changes necessitate corresponding
longitudinal adjustments in the refractive index, denoted as 7, thereby leading to
photon acceleration (Eq. 2.16) and pulse compression (Eq. 2.15). These dual effects
occur simultaneously, as the pulse’s spectrum and its duration are connected through

Fourier transformation.

On a transverse plane, the modulation of the refractive index yields a consequential
alteration in the phase velocity. This leads to the phenomenon of relativistic self-
focusing. This self-focusing effect (Fig. 2.1 [Bottom]) is enabled by the establishment
of a radially decreasing intensity profile within the focused laser beam, subsequently
shaping the necessary refractive index profile for the self-focusing phenomenon. Let
us assume two phase velocity components vy and vg 2. The first is located on the
laser axis and the second is at the edge of the beam profile at a transverse distance
'w’ from the laser axis. For vy # vy2, the phase fronts are curved and the transverse
laser energy will be focused inwards (vy; < v42) or defocused outwards ( vy1 > v42)

which is equal to the change in the laser spot size dw given by [29],

0w _ _c<%’1_”¢’2> (2.17)

72 w
Equation 2.17 characterizes the acceleration of the laser spot size, denoted as w,
arising from the transverse modulation in the phase velocity. Moreover, a diminished
electron density at the axis can also originate from the ponderomotive force, which
propels electrons away from high-intensity regions (details in section 2.3). This
supplementary transverse variation in the refractive index yields analogous outcomes
and is termed "ponderomotive self-focusing". The counteracting influence of natural
diffraction acts against relativistic self-focusing, resulting in the enlargement of the
laser spot size. When an equilibrium between both effects is attained throughout
the laser-plasma interaction, the phenomenon of self-guiding occurs. To deduce the
laser-power threshold condition, Py, for self-focusing one can consider the diffraction

of the laser beam and claim that the natural diffraction is balanced with relativistic
self-focusing [34, 47, 49, 50] leading to,

2.5,,2
P, > P = 8mepe— L ~ M 17 5GW (2.18)
e’ Wl Mme

For a laser of power P;, = 100 TW at a center wavelength of A\, = 810 nm, an electron

3

density of n, > 10'®em =3 is required to fulfil the self-focusing condition which leads to

the guiding effect for the high-intensity laser pulse.
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2.3 Plasma based electron acceleration using high-power lasers

2.3 Plasma based electron acceleration using

high-power lasers

The preceding sections of this chapter have discussed both linear and non-linear laser
pulse propagation within a plasma generated from a gaseous target. These discussions
have highlighted how non-linear effects influence various parameters of the laser pulse.

To comprehend the mechanism through which such laser-plasma interactions can
propel electrons to relativistic energies, it becomes imperative to investigate the
behavior of the plasma when subjected to the propagation of an ultra-high-intensity
laser pulse. This necessitates an examination of the interaction between a laser pulse
and a single electron. It’s noteworthy that this investigation will conclude that, under
ideal circumstances, electron acceleration cannot be achieved using laser fields.

Subsequently, the focal point will shift towards the physical forces that lead to
perturbations in electron density within the plasma, ultimately driving the generation
of a "wakefield."

Lastly, in the context of the experiments done in this thesis, the most relevant
acceleration regimes will be discussed. These discussions will offer a comprehensive
overview of the crucial aspects underpinning the electron acceleration mechanisms
studied in the thesis.

2.3.1 Single electron motion in a laser field

The fundamentals of electron acceleration via relativistic laser-plasma interactions can
be described by the motion of a plasma electron in the laser’s electromagnetic field.
Here the electric field act on a charged particle via the Lorentz force. Using Newton’s

law one can write equation of motion(e.o.m) as

dp _

g~ Fert) = —e|€(r.t) +v(t) + B(r,1)] (2.19)

Where p(t) = ymev(t) is the electron’s momentum. On the right-hand side, the
initial term describes the linear reaction of electrons to the electric field, denoting Direct
Laser Acceleration (DLA), £&. The subsequent term describes the non-linear reaction
attributed to the v x B force (Ponderomotive laser acceleration). It is worth noting
that the force acting on plasma electrons due to the magnetic field is considerably
diminished for relativistic electrons, scaled by a factor ~ v/c = v, /c for relativistic
electrons (|v. — ¢|). In the context of the simplest scenario involving an infinite plane

and a linearly polarized electromagnetic wave, solving Equation 2.19 results in the
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well-known figure-of-8 motion within the co-moving frame and in a drift motion
along the laser propagation axis in the corresponding laboratory frame [51].
Nonetheless, analytical computations considering more realistic laser pulse shapes
reveal a continuous oscillatory energy exchange between plasma electrons and the
electromagnetic field of the laser. This phenomenon is encapsulated in the "Lawson-
Woodward theorem" [52, 53]. The theorem states that a single, isolated, relativistic

electron does not gain energy from the electro-magnetic laser field if

the laser pulse propagates in the vacuum with no walls or boundaries present.

o The electron’s motion during interaction is highly relativistic (|v. — ¢|)
» no static electric or magnetic fields are present

o The interaction’s transverse region is infinite, and

o "ponderomotive effects " are disregarded.

In real-world experimental setups, when an intense ultrashort laser pulse is focused on
a gaseous target, one or more of these assumptions are invariably compromised. For
instance, the presence of the plasma itself violates point 1, while points 4 and 5 are
transgressed due to the laser’s tight focusing, which imparts a finite size to the laser
spot. Additionally, the interactions trigger the generation of space charge effects and
plasma currents, thus violating point 3. The subsequent section will delve into the
violation of point 5, where the ponderomotive force exerted by a focused laser pulse
results in a net energy exchange between the laser field and the electron.

The ponderomotive force To achieve relativistic energies in the order of 10'**W /cm?,
the laser pulse needs to be intensely focused within a highly confined spatial range,
approximately a few wavelengths. As described by Equation 2.7, the amplitude of
the normalized vector potential ag is substantially higher along the laser axis, thereby
leading to the relativistic electron motion. As one moves radially away from the laser
axis, the electric field weakens. This gives rise to the phenomenon where electrons
are propelled or scattered outward from the laser axis (see Figure 9). This effect
is attributed to the weakening restoring force on electrons off-axis in comparison
to on-axis. In a simplified description,electrons experience a form of light pressure
that expels them from the focal area (depicted in the figure). This phenomenon,
marked by the movement of electrons away from the high-intensity region, is termed

"ponderomotive scattering" due to the influence of the ponderomotive force [54, 55].
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Figure 2.2: Schematics of the ponderomotive force, F,onqa (red arrows) arising from
the light pressure which is pushing away the electron on-axis (blue) from
the propagation axis (z- axis). The ponderomotive force is directed in the
opposite direction to the gradient of the square of the electric field, i.e.,
the gradient of the laser intensity. The associated electric field within the
generated wake is utilized to accelerate the electrons.

2
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Fpond = 4( > W%V|€L| (220)

V)M
Which is obtained after time averaging of the Equation 2.19 over the fast laser
oscillations [48|. Here (v) is the time averaged y— factor taking into account the

relativistic mass gain ym..

2.3.2 Electron acceleration in laser-generated plasma waves

The mechanism to accelerate the electrons using the density modulations within the
plasma and the generation of "plasma wave" (also "wakefield") by the interaction of a
high intensity laser pulse with an underdense plasma was theoretically proposed by
Tajima and Dawson [42] in the year 1979. The fundamental principle is that a single,
short, high-intensity laser pulse is focused into a gas jet. After the pulse’s rising edge
has fully ionized the gas (Helium or Hydrogen) the main part of the pulse interacts
with an underdense plasma. Figure (2.4) represents the fundamental principle of "laser
wakefield acceleration" (LWFA).

Wakefield generation Within the central region of the laser pulse, where the
intensity and consequently the ponderomotive force are relatively strong, electrons are
propelled forward and radially outward from the optical axis (as shown in Figures 2.2
and 2.3). This motion triggers the generation of a space charge field that subsequently
exerts an attractive force on the electrons, drawing them back toward the axis. This

mechanism excites plasma oscillations at plasma frequency, w, given by Equation
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2.3. This plasma wave having speed close to the speed of light, has a wavelength in

practical units given by

2 3.34 x 101°
A, =~ 2 . pm, (2.21)

T wy (ne/em=3)

which is determined by the inertia of the electrons. With strong excitation, the plasma
wave can break and the electrons are injected in the associated electric field (the
wakefield) [47, 56, 57] with which they are accelerated in the forward direction to
relativistic energies over distance of only a few millimeters or centimeters [31-33, 58].
According to Poisson’s equation, a non-relativistic approximation of the highest electric
field which can be supported by a cold plasma wave can be associated with the limit

for wave-breaking and can be written as [44]

CMeWp

il = T (2:22)

The relativistic generalization reads as

sl = /20/ne/me — DIEG (223

In practical units, Equation 2.23 can be written as [Schnell 37]

|Ewp| = 2.75 x 107 (n, /em™2)"Y4V /m (2.24)

Consider, for instance, a laser with a wavelength of 800 nm and an electron density
of n, = 10¥cm™3. Under non-relativistic conditions, the wave-breaking threshold is
determined as || ~ 0.1TV/m, while under relativistic conditions, the limit becomes
|€wp| =~ 1TV /m. An evident advantage: plasmas are capable of accommodating sub-
stantially elevated electric fields compared to the accelerating electric fields achievable
in traditional radio frequency (RF) linear accelerators (linacs). The limitation in linacs
is restricted to ~ 100 MV /m due to potential material breakdown occurring along the

walls of the accelerating structure.

Electron injection To use the electric field inside the plasma wave for electron
acceleration, electron must be injected into the wave. Since the velocity of the plasma
wave is similar to the group velocity of the laser pulse ( ¢) electrons can be injected
externally if they have significant velocity. In order to achieve minimal emittance , the

electrons should be injected with sufficient initial momentum into a spatial volume
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Figure 2.3: Mechanism of electron acceleration in the laser wakefield regime. The
laser pulse travels along the z-axis (optical axis) from left to right. The
ponderomotive force (indicated by black double arrows and linked to the
laser pulse’s intensity gradient, depicted in red shading) drives electrons
away from the optical axis and triggers the initiation of a plasma wave
characterized by a plasma wavelength A,. With a strong excitation, this
plasma wave can break causing electrons (light blue circles) to be injected

and subsequently accelerated in forward direction via strong longitudinal
electric field.

that is matched to the beam charge and background density. This is difficult to
achieve with an external electron source (RF), because it requires matching abeam
from the RF injector with structure scales of centimeters to the plasma accelerator
with 10’s of pm. External injections was first proposed in 1993 [59] in low density
plasma with long wavelength and later in 2006 with using a colliding second laser
pulse creating a beat-wave inside the plasma [60, 61]. Electrons can also be completely
self-injected via the process of wave-breaking. Here the velocity of the electrons
forming the plasma wave reaches the phase velocity of the wave itself (Fig. 2.3). These
electrons are self-injected into the wakefield and accelerated in the forward direction.
Experimentally, self-injection this is the most straightforward approach to generate
relativistic electrons. However, due to the expansion of the cavity size during the
self-focusing of the drive laser, the phase velocity of the first wakefield peak slows down
and allows electrons to be trapped more easily over a considerable distance leading to
a large momentum spread. To avoid the appearance of an energy spread and in order
to achieve quasi-monoenergetic electron bunches it is extremely important to spatially

separate the electron injection and acceleration process (38, 62].
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Ionization injection Another way of injection relies on "creating" electrons in already
trapped orbits. Ionization injection uses the fact that different charge states of an atom
are ionized at different electric field strengths. To calculate approximate ionization
rates, models such as Ammosov-Delone-Krainov (ADK) [63] is used. Hydrogen or
Helium already ionize before ag ~ 0.03, which is reached already in the rising edge of the
main pulse. the same can be said for Nitrogen until 5th level. The ionization potential
for the levels 6 and 7 requires much higher intensities (ap = 1.8 or a9 = 2.3). A
small percentage of a gas with medium Z (here: Nitrogen) is added to the Helium
or Hydrogen gas target. Hence, these electrons are "born" right inside of the plasma
wave and can be trapped [64]. Although its simple implementation and high charge
output, ionization injection yields broad spectra because : a) Injection is continuous,
as long as the trapping condition is fulfilled, and b)Tunnel ionization smears out the

ionization threshold.

Atom | Level | IP(eV) | T (W/em™3) | aq
H 1 13.6 2.2 x 101 | 0.01

97.9 | 2.0x10' | 0.1
552 | 1.8 x 10" | 1.8
667 | 2.3x10® | 2.3

- 1 24.6 1.7 x 10" ]0.03
2 54.4 1.0 x 10'% | 0.07
1 14.5 2.8 x 10" [ 0.01
2 29.6 1.2 x 10 | 0.02
3 A7.5 3.3x10% | 0.04
N 4 77.5 1.2 x 10 | 0.08
5
6
7

Table 2.1: The ionization potential(IP) for Hydrogen, Helium and Nitrogen gases used
for experiment during this thesis. Last two columns give intensity and
corresponding ap which causes an ionization rate of 0.5/fs as predicted by
ADK model with A = 800nm.

Injection in density transitions The limitations of self-injection can be mitigated
by shaping the longitudinal plasma density profile. This injection, called down-ramp-
injection, has a longitudinally decreasing plasma density which leads to a continuous
increase of the plasma wavelength (A, n;1/2). Effectively, this lowers the phase
velocity of the back of the bubble and enables electrons to be trapped longitudinally.
While the slow downward density transition can trap many electrons, it has two major
drawbacks. First, the prolonged injection process will lead to a large energy spread,
and b) the permanent increase in the plasma wavelength causes quick dephasing of

the electron bunch, as it reaches the front part of the oscillating plasma only after a
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short propagation distance.
To overcome this a sharp density down-ramp profile could be used where the change
in plasma density occurs over a length shorter than the plasma wavelength. Here the
density changes rapidly from n.; to n.s with n.; = an.s and a 2 1. the relative
change in plasma wavelength is calculated as [65, 66],

ANy A1 — Ap2 Ne.1

1
— ) — o -1 2.25
N o s 2 (@—1) (2.25)

And at the same time, the phase velocity can be described as

A'Up — Vg,2 — Ug,2 ~ (1 . ne,2> <1 4 ne,l) ~ Ne 2 (Oé i 1) (226)
Vg1

Up 2n,

These two equations shows that the change is plasma wavelength is much greater than
the change in phase velocity of the for the typical underdense plasma used in the
experiments. The phase velocity of the plasma wave is basically frozen during the
rapid increase in the )\, and the wave is instantly loaded with many electrons. These
electrons are located at a similar phase of the wake with similar initial energy , exposing
them to the same accelerating field. Therefore they will gain similar energy resulting
in a quasi-monoenergetic beam. This mechanism was first proposed numerically in
(65, 66] and was experimentally verified to produce monoenergetic electron bunches
[5, 67]. In this thesis, the gas density profile from a supersonic gas nozzle was modified
by a razor blade creating a narrow shock-front with the desired drop in the density
profile [68, 69].

2.3.3 Laser wakefield acceleration in the blow-out regime

The most efficient mechanism to induce a plasma wave obtained with tightly focused,
high-intensity laser pulses (ap > 2) and pulse duration short enough to match half
a plasma length cr, >~ \,/2 = mc/w, is addressed in the so-called "blow-out" regime.
According to Equation 2.21, for an electron density of n, > 10¥c¢m =2 the plasma period
is A\, < 30pum and the aforementioned condition can be fulfilled with pulse duration on
the order of 7, < 56fs. The highly non-linear broken wave regime, also called "blowout'
acceleration regime, was explained in 2002 by Pukhov and Meyer-ter-Vehn in 2002

using computer simulations [70]. The main features of the blow-out regime are:

o A periodic plasma wave free from cold plasma electrons is formed behind the

driving laser pulse (Fig :2.3).
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o The electrons are pushed both in longitudinal and transverse directions and
stream around the generated cavity with a chance of getting self-trapped in the
ion-cavity. Here the longitudinal electric field inside the plasma wave structure
is strong enough ( Equation 2.23) to accelerate the electrons in the forward

direction up to the relativistic energies.

o The laser pulse propagates several Rayleigh lengths within the plasma without

significant defocusing.

One special case of the blow-out regime is the "bubble" regime where the cavity
generated by the laser pulse is assumed to be spherical in shape having radius 7, =
2\/ag /kp, where 1, is the radius of the sphere assumed. "Bubble" acceleration
has been developed through phenomonological laws via extensive analytical and
simulation studies [71, 72]. It was described theoretically by [73] and the optimized
conditions to generate quasi-monoenergetic electrons can be approximated. In the
following discussion, simple scalings will be addressed to reach the bubble acceleration
regime where quasi-monoenergetic electrons can be produced. Here, the parametric
dependencies were determined from the analytical theory while the numerical pre-
factors have been determined from three-dimensional particle-in-cell (PIC) simulations
[73]. The threshold for the laser focus spot radius, wy, pulse duration , 77, and laser

power, Pr, to create an efficient acceleration of the electron bunches are,

ﬂwo >~ \/ag, TS £ (2.27)
& c
and
TL/fS 2
Pp 2 Py = Pra(wprs)? = < " /um) . 31GW (2.28)

265 ~ 8. 7GW is the natural relativistic power unit. The scaling for

Here, P, = 4megmzc
the maximum achievable peak energy of the quasi-monoenergetic electrons and the

number of particles contained in such electron bunch can be approximated as,

P Py 1/t
Ennono = 0.65m.c*| | - CTL =\ 5 /S0 ey (2.29)
rel rel )\L/,um

P
Prel

According to the scalings in Equation 2.29 and 2.30, it was shown in 3D-PIC simulations

and

Nrono = (Ar/pm) x 10'® particle number (2.30)

that the laser energy conversion efficiency into such an accelerated electron bunch is

constant and on the order of [73]
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- Nmono(Emono/MeV)
(P TW) (1, /1s)

< 20% (2.31)

which is very promising for the future applications.

Limitations on energy gains

The main limitations for LWFA are three "detrimental Ds": Diffraction, Dephasing
and Depletion. We will discuss them here briefly.

Laser diffraction In any focused beam, diffraction will reduce the laser intensity
after a certain distance but self-focusing may balance this over many Rayleigh lengths.

Outside the Rayleigh range the laser spot grows quickly, which reduces the intensity.
2
TWwg

The Rayleigh length is given as, zy = N where z; is the Rayleigh length and w
denotes the waist of the laser pulse. For Ti:Sa laser system used in this work, a
beam waist of 25um gives Rayleigh length of around 2.5 mm , i.e. in the order of the
acceleration length.

Electron dephasing The trapped electrons in the plasma can be accelerated
arbitrarily close to the speed of light (v. &~ ¢), whereas the plasma wave propagates
with the laser group velocity (v, = nc < ¢) . Hence, after a certain length Ly, the
electrons overtakes the plasma wave and move to a region of decelerating fields. In
other words, it looses energy by being decelerated as the electric fields reverse at the
rising edge of the plasma wave. This process is called dephasing and the dephasing

length is denoted by Lgepn. In the 1D linear regime, dephasing length is given as

Ne =2
Ldeph = )\pnf X Ne’ (232)

e

The dephasing length for a 3D bubble regime is given by [74, 75],

-3
Laepn = ;sz\/a_o x \/Cl_one2 (2.33)
wy Ky

For typical electron densities of ~ 5 x 10¥cm ™3 and ag = 2, the dephasing length is

usually Lgepn, ~ 3 — 4mm.
Pump depletion As the laser pulse propagates through the plasma, it slowly loses
energy through diffraction and driving the wake. The energy loss is concentrated at
the front of he laser pulse that is interacting with the medium and slowly etches away

at a velocity Ve [74, 75]
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w2

Vet =~ C—5 (2.34)

Wy,
This means that after a certain distance, the pump-depletion length L4, the pulse
is not intense enough to drive the plasma wake and the cavity hence collapses. The

depletion length in 3D bubble regime is given as ,

2
c w 1
Lyg = CT X2 —gm' x — (2.35)
Vetch wp Ne

Higher plasma densities lead to faster etching of the pulse and shortens the depletion
length, whilst reducing the density allows sustaining the accelerating structure over
longer distances.

Beam loading For all the above cases, only single test electrons in the plasma fields
have been considered. A highly charged bunch, however, will modify ("beam load")
the electric field of the plasma wave., and therefore the acceleration process. Generally,
the electrons that are accelerated in the plasma wave will be out-of- phase with the
electrons constituting the plasma wave. Thus their electric field will counteract the
fields of the plasma wave and damp the accelerating field. Typically, a beam loaded
wakefield will manifest itself in a decrease in energy gain and a modified energy spread
[76].

2.4 Numerical 2D PIC simulations

The study of laser wakefield acceleration involves a multitude of experimental parame-
ters, many of which can be comprehended and determined using the 1D equations and
scaling laws outlined in the preceding sections 2. However, achieving a comprehensive
understanding of the entire process is a challenging task, and several parameters remain
experimentally inaccessible, at least for the time being. Consequently, the investigation
of laser wakefield acceleration heavily relies on computational simulations, particularly
those conducted using a technique known as Particle-in-Cell (PIC) simulations [77-79].

A PIC simulation can be divided into two primary components. The first component
deals with the electric (E) and magnetic (B) fields, which are represented by their
values on a predefined grid within the simulation box. These fields are dynamic and
evolve over time, and their temporal evolution is determined by solving Maxwell’s
equations numerically:

oB OE

E =-VxE Moﬁoa =V xB- ILLQJ (236)
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2.4 Numerical 2D PIC simulations

In a PIC simulation, these fields are calculated at each time step, taking into account
the motion and interactions of the charged macro-particles within the simulation. This
dynamic calculation allows the simulation to capture the complex interplay between

electromagnetic fields and charged particles as the simulation progresses in time.

Maxwell solver

update E, B

Calculate F|gents Calculate J

"Grid to particles" "Particles to grid"

Particle pusher

update X, P

Figure 2.4: The PIC workflow: After advancing E and B fields, the Lorentz force
(F Lorent=) is calculated for every particle within the simulation. With these
forces, all particle momenta P and respectively the particle positionsX
are updated. The moving charge J creates a current on the simulation
grid, which is inserted into Maxwell’s equation during the next iteration.
The cycle continues to evaluate the system of electromagnetic fields and
particles. Adapted from [80]

The second component employ discrete macro-particles that are initially placed on
a grid, typically with one macro-particle per cell. Each macro-particle represents a
specific number of electrons, typically ranging from 10° to 107 electrons, and thus
carries a designated charge and mass corresponding to this electron count. Also,
since the position and the momentum of every single particle is known, all required
quantities (like plasma density, charge density, current, temperature, etc.) can be
calculated from macro-particles. The particle trajectories are calculated independently
by solving each individual equation of motion [80, 81| :
Z—j =v Z—? = Froeni- = q¢(v x B) + ¢E (2.37)
The movement of the charged particles results in the generation of an electric
current density, J. This current density is calculated on the computational grid, taking
into account the positions, velocities, and charges of the macro-particles within the
simulation. The current density is then used as a source term in Equation 2.36, to
upgrade the electromagnetic fields (E and B) on the grid for the next time step. This

process is iterative and repeated for each time step, allowing the simulation to evolve
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over time as the particles move and interact with the electromagnetic fields (Fig: 2.4).
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Figure 2.5: A single frame from a Particle-in-Cell (PIC) simulation during the in-
teraction phase. The laser pulse is propagating from left to right. The
entire simulation box has dimensions of 80 pm in both the longitudinal
and transverse directions. (a) Electron bunch is being injected into first
plasma oscillation. (b) The longitudinal electric field co-propagating with
the laser pulse and providing the necessary field to accelerate electrons
up to relativistic energies.(c) The transverse phase space histogram of the
electrons trapped in the first plasma oscillation giving the information
about the symmetry of the injection of the electrons.(d) The Azimuthal
magnetic field of the accelerated electron bunch, which could be used to
detect the electron bunch via the Faraday effect [82]

Figure 2.5 captures a snapshot from a characteristic laser wakefield simulation. At
this stage, the laser pulse has penetrated the plasma, reaching a depth of several
hundred microns, and has triggered the development of a nonlinear plasma wave.
During this time frame, electrons have been introduced into the initial oscillation,
with a few electrons also evident in the subsequent oscillation. These electrons are
presently experiencing the influence of a potent longitudinal electric field. Notably, the
accelerated electrons contribute to the generation of a substantial azimuthal magnetic
field. The valuable information about the phase space of the injected electrons can also
be obtained from these simulations as shown in fig: 2.5. The visualization of transverse
momentum and thus the phase space will give us insights into the asymmetric injection

of the electrons using shock-front injection mechanism as presented in the chapter 5.
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2.5 Secondary "betatron" radiation generation

PIC simulations serve as a valuable tool for gaining insights into the fundamental
processes of laser wakefield acceleration, especially when experimental measurements of
critical parameters are limited. Naturally, the accuracy of these simulations increases
with smaller individual cell sizes (corresponding to fewer particles per macro-particle)
and larger total simulation box sizes. However, the choice of simulation parameters
always involves a trade-off between achieving higher resolution and the computational
resources available.

One notable challenge is the inherent limitation in capturing Coulomb explosion
forces accurately because electrons within a single macro-particle cannot interact with

each other.

2.5 Secondary "betatron" radiation generation

Laser-plasma based electron accelerators, described in section 2.3, are of great im-
portance for realizing table-top sources of relativistic electron bunches for practical
applications [83]. In this section, the subsequent generation of spatially and temporally
coherent hard X-ray pulses in the femtosecond-time domain will be discussed. It is
a basic physical principle that accelerating charges emit radiation. This radiation
can be calculated from a solution to Maxwell’s equations called Lienard-Wiechert
fields, provided that the equation of motion of the accelerating charge is known [84].
Along with the longitudinal acceleration of the electrons to the relativistic energies,
the electrons also undergo a transverse oscillation due to transverse electromagnetic
fields, which leads to the emission of the X-ray radiation. In general, photon emission
from radially accelerated electrons is referred to as synchrotron radiation which was
first discovered in 1946 as "Radiation from Electrons in a Synchrotron" [85]. Of large
interest are broadband femtosecond X-ray pulses that provide new opportunities for
time-resolved X-ray absorption spectroscopy [86]. Due to it’s ~ 1um source size, it
has been also sought after for phase contrast imaging techniques [40, 87, 88].There are
variety of keV X-ray generation methods based on laser-plasma interactions, including
high order harmonics from gas or solid targets [27, 89, 90], sources based on the flying
mirror technique [91] or K, sources [92] to name only a few. A more promising and
compact approach for generating X-rays using emission from accelerated electrons via
the relativistic laser and underdense plasma interaction is to induce a wiggling motion

of the relativistic accelerated electrons with one of the following mechanisms.

o A conventional meter-scaled undulator consisting of a magnetic structure like in

a synchrotron [93, 94].
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2 Theory

o An electromagnetic wave undulator where the electrons oscillate in the laser field

itself and emit femtosecond X-ray and gamma ray beams [95, 96).

e Or within the plasma itself, which is the simplest approach. Here the strong
localized electric and magnetic fields inside the plasma are used to accelerate
and wiggle the electrons and causes them to produce hard X-ray radiation as
shown in figure 97, 98].

max

Laser pulse

Electron density

Emitted light NV
Optical axis

min

Figure 2.6: Mechanism of the betatron oscillation from relativistic oscillating electrons.
A transverse electric field associated with the charge separation in the
plasma wave forces the highly relativistic electrons to oscillate transversely
(blue oscillation), leading to the emission of the betatron radiation in the X-
ray regime in the forward direction with a finite divergence (orange emitted
light is shown in the lab frame. The electron injection and acceleration is
similar to Figure 2.3, but occurs together with transverse electron oscillation
around the optical axis

The first successful experiments in a conventional undulator driven by a wakefield
accelerated electrons resulted in spatially coherent soft X-rays up to an energy of 130
eV [93, 94|. The measured radiation was spatially and temporally confined in a 10 fs
pulse having an angular distribution of only 2 mrad. However, an extension towards a
shorter wavelength require more energetic electrons and/or a shorter undulator period.
The later approach is known as "non-linear Thomson scattering" and "Thomson
back-scattering" where the electrons oscillate in an electromagnetic wave and emit
femtosecond X-rays and gamma rays. Here the shorter undulator period can be realised

with the laser itself. In Thomson back-scattering, the electron is wiggled in a counter
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2.5 Secondary "betatron" radiation generation

propagating laser field [95, 96] and emitted X-ray energy scales with the square of the
electron energy up to MeV energy range. Finally, the plasma itself can be employed as
a wiggler for the accelerated electrons [97, 98] as shown in figure 2.4. Here the electrons
oscillate with the so-called "betatron frequency', thus this kind of synchrotron radiation
is called "betatron radiation". In the literature, there are many instances where the
terms synchrotron radiation and betatron radiation have been used interchangeably.
to be consistent with this thesis, the name betatron radiation is used for the X-rays
generated from the laser plasma acceleration. this is the physical principle behind
the experimental work done in this thesis and therefore will be discussed in detail
in the following sections. The formulae would be derived for the simple model of
a single-moving electron and the scalings are, strictly speaking, only valid for time
constant parameters (will be explained in following sections), meaning for electrons
without acceleration. However, due to the strong dependence of the X-ray spectrum
on the electron properties, the largest number of the X-ray photons is emitted from
the region in the plasma where the electrons have their maximum energy [39, 99], i.e.,
within the last betatron oscillation around the dephasing time. therefore, the formulas
and scalings, derived for constant parameters can be used as a good approximation of
the realistic case of the accelerated electrons by using the values at the dephasing time.
Corde et al. [97] gives a comprehensive overview for femtosecond X-ray generation

from laser-plasma accelerators.

2.5.1 Electron orbit within the laser wakefield

Apart from the longitudinal electric field and an azimuthal magnetic field, there exists
a transverse electric field associated with a radial charge separation in the plasma
wave. In the bubble regime, this transverse electric field can be written in the practical
units as [47],

Erans| =~ 9.06 x 107 (n,/em ™) (r,/pum)MV /m, (2.38)

Where the ion cavity is described as the radius of sphere rs. In a cylindrical co-
ordinate system r is the transverse distance from the laser propagation axis. r =0
corresponds to the laser axis, where the ion cavity is centered and the transverse field is
zero. One of the major advantage of the plasmas is that it can produce really high Gauss
fields and have a much shorter effective wiggler period on the order of few hundreds of
microns [39], resulting in a low divergence beam of X-rays even for electrons in the

100MeV range. The physical principle of the laser-plasma based betatron radiation
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MmaxX
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Figure 2.7: Parameters for betatron radiation from the relativistic oscillating electrons.
The electrons oscillate (blue oscillations) with the betatron amplitude, 3,
and wavelength, Az. Here, the ion-cavity is described by a sphere of radius
rspn(red dashed circle). Light blue circles show the radiation point where
the electrons radiate light in the forward direction in a cone of divergence
characterized by 6 (orange emitted light is shown in the lab frame).

was first proposed by Kieslev at al. [100] in 2004 and was experimentally demonstrated
by Rousse et al. [97].

2.5.2 Radiation fundamentals

As described in previous section, the radial space charge field will force the highly
relativistic electrons to preform a transverse oscillation with the betatron wavelength

98] written in the co-moving frame as

As = V27N, &~ 4.72 x 101, /W,&Hl. (2.39)

This leads to the emission of the betatron radiation as shown in figure 2.7, whose
characteristics are similar to the synchrotron radiation in the wiggler regime [88] at

the fundamental wavelength of

A
Ao = o5~ 2.36 x 10"

o ),um. (2.40)

P nejem?
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2.5 Secondary "betatron' radiation generation

The fundamental wavelength is comparable to the betatron wavelength, Az, Doppler
shifted in the laboratory frame. The ion-cavity acts as a plasma undulator with a
period according to the Equation 2.39 and a betatron strength parameter written in

practical units as,

K =70~ 1.33 x 10 1% /~v(n./cm3)(rg/pm), (2.41)
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Figure 2.8: Schematic of the undulator and the wiggler regimes at the top and bottom of
the figure, respectively. a) In the undulator regime the oscillation amplitude
of the electrons is much smaller than in the wiggler limit, and the on-axis
spectra is characterized by its fundamental frequency, wy (Equation 2.40).
b) For £ > 1 (wiggler regime) the radiated spectrum is a broad-band
continuum characterized by its critical frequency, w..;; (Equation 2.44).

Where 0 is the half angle of divergence and 75 is the betatron amplitude of the
electron trajectory (Figure 2.8). This oscillation of the relativistic electron is similar
to that of an electron oscillating in a conventional oscillator or in a wiggler of a
synchrotron. Therefore, the characteristic values like the electron period (Eq: 2.39) or
the strength parameter (Eq: 2.41), which are commonly used in synchrotron and FEL

("Free electron laser") community are also used here.. consequently, the radiation is
K
emitted in forward direction in a narrow cone of divergence given by § = — and can

be characterised by the amplitude of the strength parameter, K, as [98]

< 1  Undulator regime, emission at the fundamental frequency wy.
K<{~1 Intermediate regime, emission at several harmonics.

> 1  Wiggler regime, emission of a broadband continuum.

33



2 Theory

Figure (2.7 2.8 a) shows that for the undulator regime, the electron motion remains
near the axis with a weak oscillation amplitude and the radiation is emitted at the
fundamental frequency according to the equation 2.40 in the forward direction (0 — 0).
Increasing the electron oscillation amplitude also increases the strength parameter to
K ~ 1 amd several harmonics starts to appear. Going further, K > 1, one reaches
wiggler regime, schematically shown in Figure 2.8(b), where the electron oscillation
amplitude is much higher compared to the undulator regime and many closely spaced
high harmonics are radiated in a broad-band continuum. For laser-plasma based
betatron sources operating in the blow-out (or bubble) regime a value of K > 1 is
typically used.

The continuous X-ray radiation centered on the observation direction n can be described

by the radiated spectrum of a single electron on an arbitrary oscillation r(t) [84]

/_J:O e:cp{ —iw(t — nr(ct) )} n X<[1(H_T8ﬂn)2)x ) dt| . (2.42)

d?I B e?
dwdQ)  16m3eqc

Here [ is the spectral flux emitted into the solid angle df2 within a spectral band
dw centered on frequency w. The emitted betatron spectrum depends on (and can be
controlled by ) the electron velocity normalized to the speed of light in vacuum, g,
and the electron trajectory r(t). For zero electron acceleration, B = 0, no radiation is
emitted. On the contrary, a maximum flux is reached for 8.n — 1, meaning a highly
relativistic electron, B ~ 1, that radiates in the direction of its velocity ( 8||n). For
an asymptotic behaviour of the radiated spectrum observed on-axis (6 = 0), Equation
2.42 can be simplified to [35]

d*1 N 3e?
dwdQ|,_, ?2m3hegc

Vot Ky (), (2.43)

Where Ny is the number of oscillations, Kj/3 the modified Bessel function of the
second kind and o = E/E,.;;. Here E..;; = hwe.; represents the energy, within the
distribution, where half of the radiated power is below FE..; and the other half lies
above E..; (Figure 2.8). This critical energy is defined in practical units by,

Bt = Maic = 5 x 107*y%(n,/em_3)(rg/pm)keV. (2.44)

and

Npn x Ng(ne/em_3)K. (2.45)
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2.5 Secondary "betatron" radiation generation

Where N, is number of photons emitted. According to the Equation 2.43 the
radiated X-ray energy extends up to

Epeak = Mpear =~ 1.45 x 107*9%(n, /em ™) (r5/pm)keV, (2.46)

and drops exponentially down to zero.

In summary, this chapter illustrates how plasma transforms the transverse electric
field of a laser into both longitudinal and transverse electric fields within the plasma
wave. These fields enable the acceleration of electrons to relativistic energies and
induce transverse wiggling with an amplitude denoted as rz . This complex process
results in the emission of betatron radiation characterized by a synchrotron-like energy

distribution.
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3 Experimental Methods and
Diagnostics

In anticipation of the forthcoming chapters, this section will provide an introduction
to the experimental methods and diagnostics employed in all the experiments detailed
in this thesis. The laser plasma accelerator, which comprises the high-power laser
system and the gas targets, will be examined. Subsequent sections will delve into the
diagnostic techniques applied to the laser-plasma interaction region, encompassing
diagnostics for the relativistic electron beams. Furthermore, particular emphasis will
be placed on the detection and characterization methods used for the generated X-ray

radiation (Figure 3.1).

(a) JETi200 (b) Gas targets (c) Electron diagnostics  (d) X-ray diagnostics
Laser system
Aiming screen
T
Gas cell /’ X-ray CCD

. Dipole [
1 I Laser Pulse O Gas jet magnet )
/
y z

Figure 3.1: Top view of the flow chart for the electron acceleration and the X-rays
generation setup followed in this work (light purple). (a) JETi200 laser
system, where the double arrow white line indicates the laser polarization
direction (Sec. 3.1). (b) The gas targets used during the experimental
work in this thesis. The gas jet was used with a commercial razor blade to
produce shock. (¢) Electron diagnostics (Sec. 3.2) and (d) X-ray diagnostics
(Sec. 3.3).

3.1 JETi200 Laser system

The Jenaer Titanium:Sapphire 200 Terawatt (JETi200) laser system utilizes a gain
medium made of titanium-doped sapphire (Ti:sapphire) and employs passive mode-
locking techniques. Titanium-doped sapphire (Ti:Sa) crystals used as the gain medium
has a central wavelength of 800 nm and up to 80 nm pulse bandwidth. This system is
capable of achieving peak power levels of up to 300 terawatts (TW). The JETi200 laser
system employs a technique known as double-chirped pulse amplification (CPA) [23] to

achieve high-power laser pulses with exceptional temporal contrast. CPA allows for the
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3.1 JETi200 Laser system

amplification of laser pulses by first temporally stretching them before the amplification
process. This stretching reduces the peak power of the pulses to levels below the
damage threshold of optical components and amplifying crystals. Simultaneously, it
keeps the laser system compact in size. In the final stage of the laser chain, the pulse is
then temporally compressed to attain the desired short pulse duration. The JETi200
operating parameters for this work was a peak power of 200TW, 20 fs-short pulses, 5
J on target with 0.2 Hz repetition rate.

A vacuum beam transport line serves as a connection between the JETi200 compres-
sor chamber and the long experimental chamber. To maintain the required vacuum
conditions of approximately 10~° mbar during experiments, two turbomolecular pumps
are utilized. Additionally, the optical breadboard for the experimental equipment is
isolated from the chamber frame to prevent any vibrations caused by the pumps and
deformations arising from pressure differences. An f/20 off-axis parabola (OAP) is
employed to focus the JETi200 laser beam onto the gas targets. The characteristics
of the laser profile and the gas-jet density profile will be elaborated upon in the
subsequent sections.

The experimental setup involves introducing a mirror into the laser beam path to
redirect the laser pulse towards off-line diagnostic equipment. To attenuate the laser
intensity and protect sensitive equipment like cameras from damage, the laser pulse is
reflected multiple times off uncoated, high-quality wedge surfaces.

The focal point created by the off-axis parabola (OAP) is then imaged onto a
wavefront sensor (PHASICS SID4) using a high-quality objective (TSO apochromat
F77) with a 50 mm aperture and 24x magnification. The manufacturer specifies a
resolution of 1.6 pum for this objective. A closed-loop system involving a deformable
mirror in the JETi200 compressor chamber is used to optimize the wavefront and
correct distortions. Additionally, the focus can be manually adjusted and imaged on a
CCD (charge-coupled device) camera.

The stability of both the near- and far-field is monitored by utilizing the low
transmission (< 1%) of the laser pulse through the folding mirror located before the
OAP.

3.1.1 Laser beam profile

To ensure the successful operation of the experiments, it is crucial to have a high-quality
laser beam profile. In Laser Wakefield Acceleration (LWFA), a short-pulse laser is

tightly focused to achieve high intensities, enabling it to generate a wakefield. However,
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it must also maintain its guiding ability over an extended distance. It’s important to
note that only the energy concentrated in the center or centroid of the laser beam
is effectively guided and contributes to the acceleration process. Energy distributed
in the peripheral regions or "wings" of the laser beam is lost, which in turn reduces
the peak intensity of the laser pulse [101]. Using the setup previously described, it is
possible to scan both the far and intermediate fields with the laser system operating at
low power. Instead of directly characterizing the high-power laser pulse, an attenuated
low-power laser pulse is employed for characterization. In this low-power mode, the
laser pulses go through the same amplification path, beam path, and optical elements
as in the high-power mode, with the exception of specific thermal effects. Consequently,
it is expected that the focal spot in the low-power mode closely resembles that in the
high-power mode, making it a more manageable way to gather crucial data about the

laser’s characteristics.
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Figure 3.2: The scanning of the laser beam profile using f/20 off-axis parabola around
its focus spot. The spot size of 20 um was reached near the focus of the
beam (z = 0). The beam waist contains ~ 76% of the laser energy, which
corresponds to the Strehl-ratio of 0.9. The formation of ring-like structure
around the center spot can be observed as we move away from the focus
spot in either direction. The laser profiles were obtained at low intensity.

Figure 3.2 illustrates the evolution of the laser profile in a vacuum. The wavefront is
optimized using a wavefront sensor (PHASICS SID4) operating in a closed loop with a
deformable mirror. In this setup, the off-axis parabola (OAP) is able to achieve a focal
spot size of 20 pm (FWHM) in a vacuum. Approximately 76% of the laser energy is

concentrated within the beam waist, defined as the region where the intensity drops



3.1 JETi200 Laser system

to e? of the peak intensity. The focal spot maintains a Strehl ratio of 0.9, indicating
high optical quality.

As the scan progresses, a Gaussian profile is preserved at the center of the beam,
while the energy fraction decreases to below 60% towards the outer regions. The
reduction in energy fraction at the outer fringes is likely responsible for the missing

portion of beam energy observed in the figure 3.2.

3.1.2 Gas targets

Indeed, the choice of the plasma medium is a critical factor in Laser Plasma Acceleration
(LPA) experiments. The density profile and characteristics of the plasma directly impact
the performance and capabilities of LPAs. Various types of plasma targets have been
developed to suit different experimental goals and conditions [58, 102, 103]. The choice
of target depends on the specific goals of the experiment, such as producing high-energy
electron beams, generating coherent X-ray radiation, or studying fundamental plasma
physics. Different targets have distinct density profiles and plasma characteristics,
which can be tailored to meet the requirements of the experiment. In this work, gas
cell and gas jet has been used to produce the X-rays using ionization injection and

shockfront injection mechanism respectively.

Wakefield length
—>

Laser propagation directiog

Entry cone Exit cone

Figure 3.3: Variable length and density gas cell used at JETi200 for the experimental
campaign described in this thesis. The length of the accelerator is varied
by the varying the relative position of the entry and exit cones. Glass
windows enable a transverse probe beam. The entry and exit cones are
made of brass for high durability and have an orifice of 800 pm.

Gas cell The experiment described in Chapter 4 utilized a versatile aluminum gas
cell with adjustable density and length. This gas cell was designed by Dr. Stephan
Kuschel from Helmholtz Institute Jena and had a maximum length of 20 mm. Figure

3.3 provides a visual representation of the gas cell and its components. The length of
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the gas cell could be adjusted as needed for the experiments. This was achieved by
changing the position of the entry cone tip inside the cell. The gas cell was equipped
with replaceable glass windows (colored purple in the figure) that allowed for optical
probing. These windows provided access for optical diagnostics and measurements.
The electron density within the gas cell could be controlled by adjusting the backing
pressure of the gas reservoirs connected to the cell. This allowed for precise control
over the plasma density, which is a crucial parameter in laser plasma acceleration

experiments.

20mm

1'mm

Figure 3.4: Gas jet and blade setup used at JETi200 for producing quasi monoenergetic
electrons using shockfront injection mechanism (side view (b). (a) Sketch
of the 5mm nozzle design. (b) A bmm gas nozzle (red) is mounted on a
Peter-Paul solenoid valve (blue). A razor blade (yellow ) is introduced to
induce a shock front.

Gas jet In the experimental investigations detailed in Chapters 5, we employed
conical aluminum gas nozzles to generate a supersonic flow of gas [102|. This involved
the containment of gas within a reservoir, pressurized within the range of 10 to 100 bar.
Subsequently, controlled release of the gas was achieved through the implementation
of a Peter-Paul solenoid valve. The outcome of this process yielded a characteristic
density profile, typically exhibiting a flat-top configuration with brief density gradients
on either side. These controlled conditions provided electron densities on the order
of few 10'¥cm 3. Also, a steel blade was inserted into the gas flow above the nozzle
to create a shock and facilitate shock-induced electrons. The blade was mounted on
a rotational and translational stage allowing the change of height and the relative
position of the blade with respect to the gas nozzle in all three dimensions. Figure 3.4
shows photo of this setup.

When an obstruction, in this case, a razor blade, is introduced into the gas flow, the
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gas must locally adjust to accommodate this disruption. Consequently, this process
results in the formation of a shock front, which propagates through the gas flow at a
specific angle. The shock has a higher density than the surrounding gas and very sharp
edges. This creates a sharp density transition profile which facilitates the generation

of quasi-monoenergetic electrons when an ultra-high intensity is focused on it.

3.2 Electron beam characterization

A crucial component of LWFA diagnostics is the electron spectrometer, a tool that
facilitates the measurement of various parameters related to the accelerated electron
beam. This includes assessing beam quality, determining charge, characterizing electron
energy, quantifying energy spread, and measuring divergence with pointing on the
non-dispersive axis.

In order to utilize magnetic dispersion as a diagnostic tool, a scintillating LANEX
screen is strategically placed behind the magnet. By performing calculations that take
into account the trajectories of electrons across a range of energies, it becomes possible
to establish a direct correspondence between each position on the screen and a specific
electron energy. In situations where all electrons are initially directed into the magnet
with a single defined position and angle, each location on the detector screen directly
corresponds to a unique electron energy. However, when the incoming electrons exhibit
variations in both angle and position, which is common in LWFA experiments, a single
position on the detection plane can be associated with multiple electron energies.

These variations in angle and position typically arise from two primary sources.
Firstly, the entire electron beam may be ejected from the accelerator at an angle
relative to a reference axis that varies from shot to shot. This phenomenon, known as
beam pointing, causes a systematic shift of the dispersed beam on the detection plane
relative to the reference axis. Without appropriate corrections, this shift can lead to
inaccuracies in the inferred electron energy. To address this issue, multiple detector
screens or spatial references can be employed to identify and rectify beam pointing
effects [104].

Secondly, the electron beam possesses a finite divergence, implying that even at
a constant energy, electrons entering the magnetic field exhibit a range of angles.
Consequently, instead of a single point, one energy level is mapped onto a finite spot,
meaning that the dispersion or energy axis becomes intermingled with the spatial
components of the beam.

In the experiments performed in this thesis, the detectors employed were scintillating
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Figure 3.5: The electron spectrometer’s typical layout is depicted here. The electrons
that have been deflected by the dipole magnet strike the LANEX screen,
which is shielded by aluminum foil to protect it from any residual laser
light. The scintillation occurring on the LANEX screen is captured using
a CCD camera, aided by a mirror. In the top-left inset, you can see a
reference image of an electron spectrometer screen. The dots on this image
were manually added for spatial calibration purposes, and they are spaced
10 mm apart. Additionally, a paper ruler was affixed at both the top and
bottom of the spectrometer for further reference.In the top-right inset,
there’s a 10 cm dipole magnet with a 3 cm free pole gap, boasting a peak
magnetic field strength of 800 mT. This magnet, designed in-house by
Dominik Hollatz, was utilized in the experimental work detailed in this
thesis.

Lanex screens, specifically Kodak Biomax MS [105] . These screens were captured
using a combination of a mirror and a Basler 12-bit CCD camera. The screen was
used as electron spectrometer by moving the magnet into the electron beam path, and
was used for measuring pointing fluctuation by removing the magnet from the electron
beam path (Figure 3.5).

3.3 Betatron beam characterization

X-ray photons in the energy range of 1 keV to 100 keV can interact with electrons in
solid matter through various scattering processes. As an illustrative example, figure
3.6 displays the cross-sections for different scattering phenomena in silicon. The

cross-section represents the likelihood of a scattering event occurring. Silicon is a
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3.3 Betatron beam characterization

potential bulk material for CCD cameras.

In the figure 3.6, several typical trends in the interaction of X-ray photons with
matter are evident. The total cross-section exponentially decreases as the photon
energy increases. Consequently, for higher-energy X-rays, the detector material needs
to be thicker to ensure sufficient photon detection. In the lower energy range, the
photoelectric effect dominates, while Compton scattering becomes more significant
for higher X-ray energies, typically above several hundred keV. Elastic scattering of
photons with free and unbound electrons contributes to background signals.

Betatron radiation has a broadband nature, emitting X-rays and gamma rays, as
discussed in chapter 2. Betatron diagnostics usually record photons with energies
less than 100 keV, but gamma photons with energies around 1 MeV have also been
observed [106]. Detector technology has seen significant advancements in recent years
and is expected to enhance betatron diagnostics in the near future. However, the
majority of betatron photons typically have energies around 10 keV, and silicon-based
pixel detectors can effectively cover photon energies only up to 30 keV. Hence, another
new detector based on the coupling of scintillating screen with the CMOS chip, having
energy range 10 - 150 keV, has been employed in the experimental work presented in

this thesis to characterise the photon energies up to ~ 100 keV.
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Figure 3.6: The total cross section of different X-ray photon energies when they interact
with silicon. Photons in the keV energy range interact with the solid matter
differently [107].

3.3.1 Detection System

The high resolution X-ray cameras available in the market today can be broadly

categorized into two: direct detection (DD) and indirect detection (ID).
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3 Experimental Methods and Diagnostics

Direct detection (DD) cameras operate by exposing a silicon chip directly to X-rays.
These X-rays are absorbed by the silicon, leading to the creation of electron-hole pairs.
The quantity of electron-hole pairs generated is directly proportional to the energy of
the incident X-ray photon [108|. This method is highly sensitive for X-ray detection,
particularly for energies up to around 10 keV. However, its effectiveness decreases for
X-ray energies higher than this, as very few X-rays are absorbed within the depletion
region of the CCD (charge-coupled device).

—— X-ray photon
(b) ---------- Light photon

Graphite cover
Polyurethane foam

Phosphor

Mechanical contact

| FOP

RadEye100™ CMOS photodiode array
adEye ¥
2 Ceramic substrate

Optical glue

Aluminum base

Figure 3.7: The back illuminated direct detection ANDOR CCD (left) and the indirect
detection scintillating screen+ CMOS Shad-o-box (right) used as the X-ray
detector for the experimental campaign presented in this thesis.

On the other hand, indirect detection (ID) cameras function by imaging a scintillator
material. This scintillator converts X-ray photons into visible light photons. The
camera then detects these visible light photons. While this process can result in some
loss of information due to the conversion steps, scintillators can exhibit reasonable

quantum efficiency (QE) for X-ray energies up to approximately 100 keV. In standard
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Figure 3.8: The detector sensitivity for the ANDOR (a) and the Shad-o-box (b) used
during the experiments.
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3.3 Betatron beam characterization

charge-coupled devices (CCDs), illumination occurs from the front side of the chip.
However, this configuration presents a challenge for capturing shorter-wavelength
photons because they have to traverse an inactive layer of electrical connections on the
front side, which can absorb these shorter-wavelength photons. To address this issue
and enhance sensitivity to shorter wavelengths, the CCDs used in the experiment are
illuminated from the backside of the chip. This allows the device to efficiently capture

and detect shorter-wavelength photons.

The first detector used in the experiments was an ANDOR DO936N-M0Z-BEN
[109]. This CCD chip featured a high pixel count with dimensions of 2048 x 2048 pixels
and an overall size of 27.6 mm x 27.6 mm. The small pixel size, measuring 13.5 pm x
13.5 pm, was especially advantageous for imaging objects using X-ray radiation, where
achieving a high level of spatial resolution was essential. The camera was positioned
at a distance of 2.3 meters from the target and was situated within a lead-shielded
area. It was connected directly to the vacuum chamber with 50 pgm thick high purity

beryllium window (Fig:3.7).

Andor Shad-o-box

iKon-L 6K-HS
Set-up Vacuum Standalone
Pixels 2048 x 2048 | 2940 x 2304
Pixel Size 13.5 um 49.5 pm
Well depth | 150,000 e~! | 2,500,0000 et
Digit. 16 bits 14 bits

Table 3.1: Parameters for the X-ray cameras

To capture the complete angular divergence of the X-ray beam, a large area 1D
detector Shad-o-Box 6K HS Camera from TELEDYNE was used [110]. It has the
large detection area of 110 mm x 150 mm with 49.5 pm pixel size. The CMOS sensor
inside the Shad-o-Box HS camera contains a direct-contact Gd202S scintillator (DRZ
fine). The scintillator in use is responsible for converting X-ray photons into visible
light, which is then detected by the CMOS photo-diodes. To safeguard the sensor
against potential harm and to prevent interference from ambient light, a thin 2 mm
graphite cover is applied. Furthermore, the Shad-o-Box HS camera includes shielding
composed of lead and steel to shield the camera’s electronics from X-ray radiation.

These cameras are capable of detecting X-ray energies as low as 10 keV (Fig: 3.7).
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3.3.2 Betatron Beam Profile and Source Size

To characterize the angular distribution of the betatron beam, the detectors were
positioned directly within the path of the X-ray beam. It is advantageous to utilize
detectors with a substantial surface area when conducting beam profile analyses,
including assessments of beam divergence and the stability of beam pointing.

To accurately calculate the source size of the betatron beam generated in LWFA | it’s
critical to ensure that the measured radiation originates solely from the laser-plasma
interaction and not from electrons striking the chamber walls. To achieve this, an
object was placed between the laser-plasma interaction region and the X-ray detector,
allowing for a shadowgraphic image of the micrometer-sized object to be captured on
the detector.

The key indicator of success in this approach is obtaining a high-contrast image of
the back-lit micrometer-sized object. Such an image would suggest that the radiation
primarily originated from the laser-plasma interaction, as any background radiation
resulting from the electrons would diminish the obtained image contrast. If the back-lit
object is distinctly visible in the raw image obtained, it implies that the source size
cannot exceed the dimensions of the micrometer-sized back-lit object. Otherwise, as
the source size increases, it would blend with the background, resulting in poor image
contrast. To perform this validation, tungsten wires with dimensions on the order of
micrometers were employed as the back-lit object.

In the process of calculating the source size through geometrical analysis, a knife-
edge was utilized as the back-lit object. The shadowgraphic image produced by the

knife edge can be divided into three distinct regions:

o High Intensity Region: This area corresponds to the portion of the image where
the blade of the knife is not obstructing the X-rays, resulting in high-intensity

radiation.

o Low Intensity Region: In this section, the image corresponds to the shadow cast

by the knife blade, resulting in lower-intensity radiation.

o Transition Area: This area contains information related to both the source and
the knife-edge, representing the region where the transition between high and

low intensity occurs.
For this geometrical analysis to yield accurate results, several assumptions are made:

o X-ray Absorption: It is assumed that the knife-edge has 100% X-ray absorption,
meaning that no X-rays pass through the knife-edge itself.
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3.3 Betatron beam characterization

o Straight Knife-edge: The knife-edge is assumed to be perfectly straight, without

any bends or irregularities.

e Gaussian Source Distribution: The source distribution is assumed to be Gaussian

in shape.
o Neglecting Diffraction: Diffraction effects are neglected in the analysis.

With these assumptions in place, the analysis employs a step-function as the model
for the knife-edge and a Gaussian-like source distribution. When these two functions
are convolved, the resulting intensity distribution on the raw image takes the shape of
an error function given by:
I T —x,
I(x) =1y + 5[1 + erf( y )] (3.1)
Where Iy and I; are the offset and the intensity of the X-ray source and the resulting

error function’s width , d, can be estimated by fitting the error function to the intensity
profile obtained on the raw image. taking the geometric magnification M into account,

the Gaussian-like source size, o , can be calculated by using
oc=dM (3.2)

By delving deeper into the raw image of the shadowgram, one can see the diffraction
features which could be explained by Fresnel diffraction method [111].
Fresnel diffraction is the diffraction pattern obtained on a detector when an electro-
magnetic wave is impinged on an arbitrarily shaped aperture and is diffracted in the
near filed. It is dependent on the wavelength of the wave A and the distance between
the diffracting object and the detector , v. To work in Fresnel regime requires the
Fresnel number F' = A?/(\v) to be larger than 1 where A is the characteristic size of
the object.

The electric field (dE) at point P on the detector from a point source S emitting
spherical wavefront having wavelength A diffracted at coordinates (x, y, z) is given by

the Fresnel-Kirchhoff equation :

K(0)E,

aB(P) = -=

exp(ilk(p + 1) — wt])do, (3.3)

where k = 27/\, w = ¢/k and K is the Kirchhoff function, Ey is the source strength

and respective parameters are shown in figure 3.9. Using small angle approximation,
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-
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Figure 3.9: Fresnel diffraction sketch. S is the source emitting spherical waves of
wavelength A and P is the point on the detector. The half plane is formed
by the obstacle (here blade). r and p are the distances.

the amplitude of the equation (3.3) becomes % ~ %ﬁ’ where py and r( are the

source-back-lit object and the back-lit object-detector distances respectively [46, 83].

3.3.3 Betatron Beam Spectral Characterisation

Due to a very high photon flux generated from the LWFA electrons, the methods for
spectral characterisation of the betatron beams were limited. The spectrum could
be characterised using single photon counting method [46] but due to our high total
number of photons/eV this method could not be used. Due to fluctuation in laser
parameters on shot to shot basis, it is convenient to have a spectral diagnostic having
broad spectral range and can be analysed on a single shot basis. One such method is
based on the measurement of the x-ray photon transmission through a set of different
filters called Ross filters. The filters used for spectral evaluation in this thesis are

shown in figure 3.10.

Filters Niobium | Copper | Tin | Neodymium | Tantalum | Lead | Mylar | Aluminum

Thickness 20 50 40 100 34 30 120 30
(nm)

Table 3.2: Ross filters used during the experiment with their respective thickness.

The Ross filter pairs have identical transmission except the energy range between

their K-edges. The difference in the signal obtained on detector through two filters is
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3.3 Betatron beam characterization

Figure 3.10: The image of the Ross filter pairs used for (a) ionisation injection campaign
and (b) Shockfront campaign. The filters were designed keeping in mind
the expected photon energy radiated from both injection method. An
area without any filter was left in both the filter wheel to get the reference
beam used for spectral calculation.

due to the energy band between the two K-edges. The transmission through four such
filters is shown in the figure 3.11. The subtracted filter transmission of Ross filters
provides data points for different energy bins, giving a rough idea about the betatron
spectrum 3.11.

The X-rays transmitted through the filters were recorded on the X-ray diagnostic

cameras. The estimated signal level on the camera image for filter i, Y;, is given by

Y,=A /E " B .S(B).Q(E) Ty E)dE (3.4)
Where the integration limits were the energy sensitivity of the detectors used, A

proportionality constant, S(F) the x-ray number spectrum (dN/dE), Q(E) quantum

efficiency of the camera and T;(F) is the transmission of the filter 7 and the materials

in betatron beam path until the detector.

The spectrum S(FE) was assumed to be an on-axis synchrotron (cite) spectrum with a

critical energy F. that was to be determined. To find the F,. which fits the measured

data, we need to minimise the quantity given by
X=> Yni— Y;)? (3.5)

Where Y,,,; is the measured counts through filter 7. The £, with the smallest X

parameter was taken as the true critical energy for the given data.

To calculate the number of photons we subtract the measured signal [counts/steradian|

between the Ross filter pairs and take into account the the transmission of the filters
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Figure 3.11: (Left) The transmission curve for the Ross filters used for the experiment.
The metals and their thickness were chosen such that they have similar
K-edges. (Right) Filter pairs with their transmission curves subtracted,
providing energy bins in the range 10-100 keV. These pairs were use to
spectrally characterise the betatron spectrum measured for ionization
injection scheme.

and the detector sensitivity. The absolute number of photons/energy bin / solid angle

can be given as:

R|counts/srad] 1

Ja e (T T) K (E)E (E; — Ei)|keV]
B~ Ei

N|Photons/keV/srad] = (3.6)

|counts /photons]|

Where K(E) is the detector sensitivity, T; ; Ross pair filters, E; — E'i the edge energies
of the filters used.
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4 Bright and Stable X-rays from
lonization Injection

To compare the betatron X-ray sources generated from different injection schemes, a
key metric of interest is the peak brightness of the source. This physical quantity is
quantified in units of photons per unit area per second per milliradian squared per
0.1% bandwidth. Calculating peak brightness requires measuring the betatron beam’s
divergence in milliradians, the source size, intensity in photons per second, and the
spectral energy distribution in keV.

Within this chapter, LWFA with gas cell as the target and Nitrogen (N3) (5% by
volume) as the dopant was studied. Hydrogen (Hs) and Helium (He) at 95% by volume
were used as the background gases separately to produce two different gas targets.
Furthermore, the betatron radiation emitting from gas mixture producing electron
beams with higher charge, strong dephasing and smaller pointing fluctuation was
characterised and the results are discussed. An in-depth characterization of betatron
X-rays generated from laser-plasma interaction employing ionisation injection (as
discussed in Sec. 2.3.2) scheme has been conducted, allowing for a comprehensive

analysis.

4.1 Electron Beam Measurements

Figure 4.1 illustrates the experimental setup utilized in this study. The laser’s energy
was measured to be ~ 3 J upon reaching the target. Post-compression, the laser
pulse exhibited a full width at half maximum (FWHM) duration of ~ 23 fs. The
pulse was focused onto the gas cell, using an off-axis parabolic mirror with an /20
configuration and a focal length of ~ 2.5 m, with a spot size FWHM of approximately
20 pm. The accelerated electrons were captured on a scintillating Lanex screen. In
the experimental arrangement, the electron beam profile (scintillating screen) also
functioned as an electron spectrometer when the magnet was strategically positioned
in the path of the generated electrons. This setup allowed for the characterization and
analysis of the electron beam profile. The electron beam profile was located 1 m away
from the gas target and was shielded with 30 pm thick aluminum foil. Additionally, it
was slightly angled with respect to the the laser beam axis to mitigate any potential

damage resulting from back reflection to the laser. The position of the electron beam
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4 Bright and Stable X-rays from Ionization Injection

profile could be adjusted, enabling up and down movement with respect to the laser

axis.

Laser Magnet

¢ =Y o/
| _ b CaESs :
R o

OAP Lanex screen

X-ray beam

X-ray detector

Figure 4.1: Diagram of the experimental set-up for the betatron beam characterization
from ionization injection method. The laser pulse is focused by an /20
off-axis parabola over a distance of 2.5 m onto a gas cell with gas cell
length 10 mm. The accelerated electrons are then swiped by the permanent
magnet placed in the electron beam path onto a scintillating screen for
energy and charge measurements. To measure the pointing fluctuation in
the electron beam and the charge, the motorised magnet is moved out of
the way of the electron beam. The betatron beam emanating from the
accelerated electrons is captured by an X-ray detector 2.3 m downstream
from the source.

The gas cell used had been well characterised and the gas density formula was
given by : N[10'8/cm?| = 2.4(1.42 x p[bar| + 0.15) For lmm aperture and gas mix of
He: Ny 95:5, where p is the backing pressure in bar. A pressure scan was done to
compare the charge obtained by the mixtures He : Ny 95:5and Hy : Ny 95 :5 for
10 mm gas cell length. The pressure scan resulted in reaching higher backing pressure
for Hy : Ny than He : Ny as H is lighter than the He. This allowed us to utilize higher
backing pressure for H gas mix without damaging the gas cell (i.e. exploding of the
glass windows used in the gas cell for transverse probing). The result of the pressure
scan shows the change in charge yield for both the gas mixture with the plasma density.
It was observed that the gas mix containing H has more charge compared to the gas
mix with He even at same plasma density (Fig: 4.2 [Left]). The pointing fluctuation
of the electron beam for Hj : Ny at ne = 7.5 x 10'8[cm 2] was smaller than He : N, at
ne = 5.1 x 108[em?]. The fixed plasma density as operating points for both gas mix
was chosen at the parameters where the electron signal was stable and reproducible. It
showed that even at higher plasma density the pointing stability of gas mix with H is
higher than the pointing stability of the gas mix with He (Fig: 4.2 [Right|). The higher
charge for Hydrogen is due to higher electron background signal implying a longer
injection duration for Hydrogen than Helium. This means that the injection threshold

is achieved earlier for Hydrogen than Helium (Tab:2.1). Due to higher charge and
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4.1 Electron Beam Measurements

better pointing stability, the gas mix with H was chosen for further studying of X-ray
generation at JETi200.

The primary objective of this experiment was to measure the most intense betatron
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Figure 4.2: Electron charge yield vs plasma density scan for gas mix Hy : Ny (Blue)
and He : Ny (Orange). (Left) Higher charge was recorded at the same
plasma density for Hy : Ny gas mix. The linear fit (red) with standard
deviation (shaded green) shows the mean charge yield for both the gas
mix. (Right) The 0, pointing fluctuation of gas mix H, : N, was lower
than He : N, showing better pointing stability of the electron beam from
H, : Ny gas mix for the data taken at fixed plasma densities.

beam, making the X-ray detectors pivotal as the primary diagnostic tool. For this,
the electron beam characteristics (Charge, pointing stability) were fine-tuned based
on the observed betatron yield on the detector during the experiment. To optimize
the outcomes, a thorough pressure scan was conducted, holding all other experimental
variables constant, while measuring the betatron yield on the detector (Fig:4.3).
Following this pressure scan, two specific operating pressure points were selected (light
gray shaded). The pressure points corresponded to ne; = 9.3 x 10"®¥[em—?] (High
density) and nes = 7.5 x 10'8[cm?| (Low density). These points were chosen
to achieve the highest attainable yield while ensuring reproducibility with minimal
fluctuation in photon flux. For plasma density > 9.5 x 10'8[cm 2] the photon yield
variance was quite high and the Gaussian-fit shows minimal (< 20%) increment in the
mean yield.

After selecting the two plasma densities n,; (High plasma density) and ng» (Low
plasma density) for a gas cell length of 10 mm containing gas mix Hy : No(95 : 5), the
electron spectrum for both the cases were measured. As the gas cell length was 10
mm, the dephasing length (Sec:2.3.3) for n.; and n, » was calculated to be 0.85 mm
and 1.1 mm respectively. The injected electrons caught up to the tail of the laser pulse

and had increased transverse oscillation seen also on the electron spectrum shown in
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Figure 4.3: Total integrated betatron yield measured with the change in plasma density

(backing pressure). A Gaussian fit (blue solid line) was done to show the
variation of betatron yield with changing pressure. Two plasma densities for
this experimental campaign are marked with shaded region. The increased
variance in betatron yield at higher plasma densities may be attributed to
instabilities introduced in the higher energy range of the electron spectrum.
These instabilities could result from the wobbling of the betatron bubble
or the overlapping of the electron bunch with the laser tail.(see Fig:4.4).

figure 4.4. Dephasing leads to the reduction of peak electron energy and beam quality

[76]. As dephasing length is x (plasma density) !, higher plasma density leads

to smaller dephasing length (stronger dephasing) and hence greater electron beam
divergence (Fig: 4.4|Top).

Figure 4.4:
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Single shot electron spectrum after dephasing strongly for high plasma
density (ne1) and low plasma density ne o for a gas cell length of 10 mm
obtained on Lanex screen. Stronger dephasing for high plasma density
(ne1) lead to bigger divergence of the electron beam |[Top|. The charge
was calculated to be 174 pC for ne1 (Top) and 204 pC for ne 2(Bottom.)

The reconstructed spectra is shown for both the cases (ne1 and ne o) in figure 4.5.

Electrons accelerated through ionization injection mechanism show a broad, continuous

spectrum. As the laser beam is self-focused and compressed in the plasma, the inner

shell electrons of the dopant (N, here) is released continuously producing a broad
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4.1 Electron Beam Measurements

spectrum. The total mean charge was calculated to be 163 £ 32 pC for ne; and
207 £ 40 pC for ng o respectively. In general, the injected charge increases with the
increase in plasma density which is not the case here. This could be due to higher
plasma density reducing the bubble radius and hence smaller volume is available for
electron injection inside the bubble. The shrinking of the wakefield bubble leads to

smaller injected charge.
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0.9 — High plasma density (n. 1) ||
% 0.8}
s 0.7
é 0.6}
o 0.5}
20.4f <
5 0.3}

0.2}

— Low plasma density (n,, )

%400 200 300 200 500
Energy [MeV]

Figure 4.5: Reconstructed single shot electron spectrum for high plasma density (red)
and low plasma plasma density (blue) is shown in the figure. The continuous
spectrum for both the case shows the peak around 200-250 MeV. For low
plasma density, due to dephasing, the strong wiggling of the electron beam
is imprinted on the electron spectra as modulations between 180-260 MeV
(Black rectangle). Due to higher plasma density this effect is not localised
on the electron spectrum for neg .

Furthermore, the electron beam pointing fluctuation for both the plasma densities
was plotted (Fig:4.6) and it was observed that for higher plasma density (red) the
variance in the pointing fluctuation was higher. For ne 1, (Af,, Af,) was (7.2 mrad,
6.3 mrad) and for ne 5, (A8,, Af,) was (0.6 mrad, 0.8 mrad). The standard deviation
in the pointing fluctuation for ne; was almost 10x higher due to high plasma density,
for which the bubble size becomes smaller and hence the accelerating electron catches
up to the laser tail quickly. This results in the strong transverse oscillation of the
electron bunch in the laser electric field. For lower plasma density, the fluctuations are
smaller due to lower degree of overlap between the laser pulse and accelerated electron
bunch as seen in the Fig: 4.6.

In conclusion, with 10 mm gas cell length having a gas mixture of hydrogen (Hg) at
95% and nitrogen (Ny) at 5% provided a peak energy of ~ 250 MeV and total charge
around 200 pC. Due to high plasma density and longer gas cell length, the injected

electrons were overlapped with the tail of the laser. The injected charge was expected

99



4 Bright and Stable X-rays from Ionization Injection

4l|eee n.1(High) 0 -
e®o n,5(Low) *
— 2f Y ®
©
© .
E @ '
=
-2t o o
-4}
~10 =5 0 5 10

0, [mrad]

Figure 4.6: Pointing fluctuation measured for n, ; (high plasma density) and ne o (low
plasma density). The variation of the electron beam on shot to shot basis
was higher for ne ;. The standard deviation in 0, and 6, was 10 times more
for ne 1. Electron beams with greater pointing stability was generated
from lower plasma density (nea).

to increase with increasing plasma density but the total charge for n, ; was 20% less
than the ng o for same gas cell length. At lower density, the bubble size becomes
bigger which accommodates more charge hence higher charge was seen for ne 5. The
electrons observed in this experiment had their output energies in general lower than
the prediction of the scaling law (Eq:2.29) due to smaller dephasing length because of
higher plasma density.

4.2 Betatron Beam Measurements

During the interaction of an ultra-intense laser with plasma, the generation of a
relativistic electron beam is accompanied by the production of X-rays (Subsection:2.5).
These X-rays, known as the betatron beam results from the transverse oscillations of the
relativistic electron beam, co-propagating through the laser axis. In this experimental
setup, the X-ray diagnostics were positioned at a distance of approximately ~ 2.3 m
from the gas cell, ensuring a direct line of sight between the X-ray diagnostics and the
X-ray source. To shield the detectors from laser light, a 30

mathrmpm thick aluminum layer was employed (Fig: 3.7).

For precise characterization of the betatron beam generated in this campaign, two
types of X-ray detectors were utilized (subsection: 3.3.1). The first was a thermo-
electrically cooled, back-illuminated X-ray CCD camera, and the second was a CMOS
chip camera equipped with DRZ-fine Lanex as the scintillator, connected to the chip
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4.2 Betatron Beam Measurements

using Fiber Optic Plates (FOP). The Shadobox camera was primarily utilized for
measuring the critical energy and betatron beam profile. On the other hand, the
ANDOR CCD camera was employed for determining the source size and assessing

betatron beam stability in terms of photon flux and reproducibility.

Betatron Beam profile, divergence and beam pointing

The betatron beam profile was directly measured by positioning the detector in the
beam’s path 2.3 m away from the source. The Shadobox detector, with an active area
of 2940 x 2300 pixels (10 x 15 cm?) and a pixel width of 49.5 um, was employed for this
purpose. The Shadobox detector produces 14-bit images, providing high-resolution
data for precise characterization of the betatron beam profile.

For 10 mm gas cell length, at a plasma densities ne; ~ 9.2 x 10®cm™ and ne 1,
~ 7.5 x 10¥cm™ the angular spread of the betatron beam for a single shot was
found out to be 25 x 10 [mrad®] and 19 x 12 [mrad?] respectively. Taking mean
electron energy measured during this experimental campaign ~ 200 MeV (y = 400), the
betatron strength parameter (K) is calculated (Tab: 4.1). A 25% increase C for higher
plasma density (ne1) along the laser polarization direction shows stronger transverse
oscillation at higher plasma density. This is due to the injected electrons catching up

to the tail of the driver laser and oscillating under the influence of the laser’s electric
field.

Plasma Density c | x Ldephasing
[x1018(cm™3)] B [mm]
nea =92 |10 |4 | 085
Mei=75 |8 |4 |11

Table 4.1: The wiggler strength parameter,K, calculated for plasma densities ne; and
N 2. For higher plasma density, K, is 25% higher in the laser polarization
direction (x), and Lgephasing 15 around ~ 25% smaller implying stronger
wiggling at higher plasma density.

It is to be noted that the divergence of the betatron beam is a function of electron
density and increases with increasing plasma density [111], which is also shown by
Fig: 4.7. The elliptical shape seen in figure 4.7 (a) is due to the stronger dephasing of
the accelerated electron bunch resulting in more photon emission in the polarization
direction of the laser electric field.

For lower density ne 2, this behaviour is not pronounced, as the transverse oscillation

of the electrons are not strongly affected by the fields of the laser tail due to longer
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Figure 4.7: 2D Gaussian fitted single shot images for ne1 (a) and ne 2 (b) respectively.
The colorbar represents the incident energy in picojoule (pJ). The FWHM
divergence was 25 x 10 [mrad?] for ng; and 19 x 12 [mrad?] for ngs.
The laser polarization direction was parallel to the X-axis of the figure.
Shadobox detector having sensitivity > 10 keV was used as the betatron
detector.

dephasing length (25% longer than ne ). The wiggling parameter, K, also affects the
divergence of the betatron beam. Considering similar electron energies were observed
for both operating pressure points, a 25% higher I for n, ; leads to higher betatron
beam divergence. The total integrated incident energy recorded for the single shot
images shown in Fig:4.7 for the plasma densities ne 1 and ne 2 was 0.6 pJ and 0.3 pJ
respectively for incident photons >10 keV (Detector sensitivity > 10 keV). An increase
in K for ne; also lead to increase in total photon energy and the angular divergence
of the betatron beam in the lasers polarisation direction. This implies the dependence
of total photon energy and the angular spread of the betatron beam on K. The beam
profile for ne 2 shows greater relative collimation than the beam profile for ne j.

The mean divergence was calculated to be 8, = 32£7 [mrad| and 6, = 18 -6 [mrad]
for ne; and (0, = 19+5 [mrad| and 6, = 13+2 [mrad]) for ne». The mean divergence
in 0., the polarization axis of the laser pulse, was almost 2 time higher for high plasma
density (ne) while the mean divergence in 6, was only ~ 50% higher thus confirming
the effect of electron bunch-laser tail overlap during the acceleration process.

To study the pointing stability of the generated betatron beam profile, the centroids
of several consecutive betatron beam profiles were plotted for ne; and ne 2, as shown
in Figure 4.8. In figure, the higher plasma density (ne 1) resulted in strong influence on
the betatron beam pointing along the polarization axis of the laser (X-axis in figure).
When the plasma density was decreased (ne 1), no such influence was observed.

The mean centroid of the betatron beam profiles was set as the center of the detector
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Figure 4.8: Betatron beam pointing fluctuation for high plasma density (red) and
low plasma density (blue). For ne i, the fluctuation from the mean peak
position was recorded as 2.5, 1.1 [mrad| and for ne 2 the fluctuation was
recorded as 0.4,0.2 [mrad| in x and y direction respectively.

(0,0) having x-axis deviation of Af,= 2.5 mrad and y-axis deviation of Ag, 1.1 mrad
for 68 shots taken for nei. For ne o, the x-axis deviation was A, = 0.4 mrad and
y-axis deviation was Af, = 0.2 mrad for 49 consecutive shots. The pointing fluctuation
was 6x smaller for Ad, and Ag, for the operating point ne» (lower density). This
shows improved pointing fluctuation of the betatron beam profile for the ne» and
very strong pointing stability for the betatron beams generated from the ionization
injection in the dephasing regime at lower density.

Table 4.2 compares the pointing fluctuation between the electron beam and the

betatron beam for both plasma densities ne; and ne 2.

Ne1 [9.2 X 10%(cm 7)) Neo [7.5 % 108 (cm?)]

Std. dev. (Pointing)

Af, (mrad)

A0, (mrad)

Af, (mrad)

A0, (mrad)

Electron beam

7.28

6.36

0.65

0.80

Betatron beam

2.5

1.1

0.4

0.2

Table 4.2: Table comparing the standard deviation in the pointing fluctuation of the
electron beam and the betatron beam for both plasma densities. It shows
that the pointing fluctuation in the electron beam is linearly related to the
pointing fluctuation in the betatron beam, as for higher pointing fluctuation
in the electron beam at higher plasma density (ne 1), the betatron pointing
fluctuation is also higher.

The comparison shows that for higher plasma density the pointing fluctuation is

higher for both the electron beam and the betatron beam. A 10X increment in

the electron beam pointing fluctuation for ne o resulted in almost 6X increment in
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the pointing fluctuation of the resulting betatron beams. This shows an underlying

correlation between the pointing fluctuation of the electron beam and the betatron

beam.
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Figure 4.9: The total integrated betatron yield of plasma densities ne; and ne o for
photon energy > 10 keV was calculated in nano-joules (nJ). The data sets
of figure 4.8 was used to compare the total incident photon energy for
both plasma densities. The average photon flux was ~ 10% higher for n, ;
owing to the high plasma density and strong wiggler parameter (K). The
standard deviation in photon yield measured was calculated to be around

30%.

After calculating the pointing stability of both plasma densities, comparison of
the betatron yield measured for both plasma densities, for a 10 mm gas cell length,
was done. For higher plasma density the dephasing and the strength of the wiggler
parameter (K) is stronger which leads us to compare the X-ray yield from both plasma
densities. In Fig:4.9, the histogram illustrates the total incident energy variation in
nanojoules for the same data-sets as Fig:4.8, considering photon energy > 10 keV. The
photon flux variation (standard deviation) was measured to be around 30% for both
the cases. The mean photon flux was ~ 10% higher for ne; as the higher backing
pressure implies higher plasma density. This high plasma density leads to smaller
dephasing length and a stronger wiggler parameter due to the accelerating electron
bunch overlapping with the laser tail and oscillating strongly under the electric field of

the driver laser pulse.

4.2.1 Reduced gas cell length

To measure the impact of gas cell length on the betatron radiation generated, the gas

cell length was reduced to 5 mm from 10 mm while maintaining the same gas mixture
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4.2 Betatron Beam Measurements

(H2(95%) + N2(5%)). A pressure scan was conducted to determine the plasma density
at which stable and higher betatron beam yield could be produced. The betatron beam
thus produced was compared with the betatron beams from 10 mm gas cell length.
Higher plasma density was needed to generate the betatron beam yield comparable to
10 mm gas cell. The data was recorded for the plasma density nes = 14 x 10'® [em 2],
which was almost 50% higher than n,; and was ~ 2x higher than n, 5.

First the single shot electron spectrum along with the mean electron spectrum over
70 consecutive shots for 5 mm gas cell was compared with the single shot electron
spectrum of 10 mm gas cell (ne2). The modulations seen in the 10 mm spectrum is
not so much visible in 5 mm gas gas cell spectrum (Fig:4.10) even though the plasma
density is 2X higher. The high plasma density should have resulted in the strong
wiggling of the injected electron. The average energy was around 250 MeV similar to
the case with 10 mm gas cell. The charge was calculated to be 246 + 20 pC, a 20%

increment over 10 mm gas cell (1ne2).
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Figure 4.10: Single shot electron spectrum for bmm gas cell(green), 10 mm gas cell
(blue) and mean spectrum over 70 consecutive shots for bmm gas cell with
error (red, shaded). The charge modulation is not significant for bmm
gas cell even at 2X higher plasma density than ne 2. The average energy
was around 250 MeV and the mean charge was 246 = 20 pC for ng 5.

Now the angular distribution of betatron beam from 5mm gas cell along with the
pointing fluctuation of the beam for 30 consecutive shots at nez ~ 14 x 10%¥cm 3
was measured. The divergence (FWHM) of the single shot beam was 20 x 10 (mrad?)
which was similar to the case nes for 10 mm gas cell. The pointing fluctuation of
the beam was ,Af, = 0.5 mrad and Af, =, 0.5 mrad as shown in figure 4.11. The
mean incident photon energy for 5 mm gas cell was 316 + 89 nJ. The mean integrated

incident energy for 5 mm gas cell ((> 10 keV)) was ~ 35% lower than best case for
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4 Bright and Stable X-rays from Ionization Injection

10 mm gas cell (ne1). This could be due to weaker wiggler strength parameter ,/KC,
evident from no strong modulations seen on the electron spectrum lineout for bmm
gas cell (Fig:4.10).

o0 peak position

6,[mrad]
o
N
Incident energy [pJ]

-10 -5 0 5 10
0. [mrad]

Figure 4.11: Single shot betatron angular distribution overlaid with peak position
of 30 consecutive betatron beam profiles for 5mm gas cell length at
Ne 3 ~ 14 x 10®cm ®. The FWHM divergence after fitting 2D Gaussian
profile as 20 x 10 [mrad?®] similar to the divergence measured for ng o
(figure 4.8). The pointing deviation (standard error) was calculated to
be 0.5 mrad in both x and y direction respectively. The total incident
energy (> 10 keV) was 316 £+ 89 nJ.

Table 4.3 compares the electron beam parameters and the total integrated betatron
energy for 5 mm and 10 mm gas cell. The pointing stability of the betatron beam was
strongly correlated with the electron beam pointing stability for both the cases. Due
to stronger wiggling caused by the overlap of the electron bunch with the laser tail
for higher plasma density, the photon yield was seen =~ 30% higher for the operating
point ng y compared to ng 3. The depletion length for 5 mm gas cell length was 0.65
mm leading to the depletion of laser pulse energy after 0.65 mm hence, there was no
transverse momentum gain under the affect of the electric field of the laser tail. It was
concluded that reducing the gas cell length did not increase the betatron yield and

therefore 10 mm gas cell was preferred for further studies.

Gas cell length | Plasma Density | Mean Electron Energy | Mean Electron Charge | Mean Betatron Energy
(mm) [x10"%(cm™®)] | (MeV) (pC) (nJ)

10 Ne1 =92 ~ 200 163 £+ 32 470 £ 130

10 Neo =T7.5 ~ 200 207 £+ 40 418 £ 110

5 Nes = 14 ~ 200 246 £ 20 316 £ 89

Table 4.3: Table comparing electron beam and betatron beam parameters for 5mm
and 10 mm gas cell.
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4.2 Betatron Beam Measurements

The data suggests that if the application demands high X-ray photon yield and
high divergence irrespective of the pointing fluctuation then such X-ray source can
be obtained at higher plasma density (ne ) for the gas cell length of 10 mm having
Hy : N9,95: 5 as gas target otherwise lower plasma density (ne 2) with similar gas cell

length and gas mixture should be preferred.

4.2.2 Energy spectrum of the betatron beam

To measure the energy spectrum of the X-ray photons emitted by relativistic electrons,
Ross pair filters are very useful. In this section, the spectral shape of the betatron
beam is characterised using Ross filters.

Using the spectrum analysis method detailed in Chap:3, the energy spectrum of the
beatatron beam was extracted from the Ross filter images obtained on the detector.
The filter array was placed in vacuum and was imaged with the X-ray detector attached
to the vacuum chamber. A Ross pair filter wheel imaged on the shadobox detector is

shown in figure 4.12 (a). The images are background subtracted.
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Figure 4.12: Background subtracted Ross filter wheel imaged on the Shadobox detector
for 10 mm gas cell length at ne 1 operating point (a) and the betatron
beam profile (b). The red square was placed at identical location in (a)
and (b) for normalising the signal on the Ross filters.

The filters are arranged in shape of 'pizza slices’ having K-edge energies in increasing
order in clockwise direction (Fig:4.12 (a)). An area of 50 x 50 pixel? over each filter
inside the green circle was normalised with the area inside the red circle from the
spatial distribution of the betatron beam without any filters (Fig:4.12 (b)). This was
done because a homogeneous distribution of the beam over each Ross filters is required
to calculate actual transmission through the filters. This calculation process can be

understood as follows using figure 4.12:
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o Let say the mean total count of red square is A in figure 4.12 (b) and when we
place this red square on the figure 4.12 (a) we still get A counts which means in

both the cases the total peak count is same for the case with no filters.

o Now suppose we move the red square on Tin 40um in the figure 4.12(a) inside
the green dashed circle and calculated the total mean count as C, and then place
this red square at exact same location on figure 4.12 (b) and calculated the mean
count for this area to be B. Then A/B is the correction factor which we need to

multiply to the C of figure 4.12(a) to get the actual mean count.

o These two steps were repeated for all the filters and thus the counts were corrected
for each filter

Using the equation 3.4 and 3.5 for the Ross filter image obtained in figure 4.12(a),
we get a plot for fit residual against the energy range of the detector (> 10 keV).
The sum of the squares of the residuals, shown in black (Fig:4.13), has a minima at
28.21 keV giving the critical energy for the betatron beam as, F. = 28.21 keV. The
squared residuals of some of the filters is also included for comparison, showing a good
agreement, with the value obtained. After calculating the critical energy, the power

and number spectrum was calculated.
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Figure 4.13: (a): The sum of squared residuals (black) and residuals of some of
the Ross filters used (colours) for the single shot image. The critical
energy was the minima of the sum of the squared residuals (black),
E. = 28.2 keV. (b) Using the critical energy obtained by fit-residual
method, the reconstructed normalised synchrotron spectrum was plotted
and the spectrum peaks at 11.2 keV.

The normalized betatron spectrum obtained in figure 4.13 (b) for E. = 28.2 keV was
unfolded with the detector efficiency and the transmission efficiency of the materials in

the betatron beam propagation path. The betatron beam passed through 30 pm Al
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4.2 Betatron Beam Measurements

100 pm Mylar and 2 mm carbon before reaching the detector, excluding the Ross pairs.
From figure 4.12(b), we calculate the total incident energy on the detector, (Ej,.. [keV]),
by integrating the total number of counts and using 6.17 Counts/keV to convert the
incident energy from counts to keV . Now we integrate the unfolded spectrum in
energy limits 10-100 keV, (Ey,orm. [keV]). Then we take the ratio of (Ej,. [keV]) and
(Ernorm. [keV]) and multiply it with the normalised spectrum. This product was the
power spectrum (dI/dFE). The power spectrum is related to the number spectrum as
dl/dFE x E dN/dE and thus the number spectrum was calculated for the single shot
image shown in 4.12(a). The corrected number spectrum for a single shot (Fig:4.12(a))
is shown in figure 4.14 (a). The shaded region is the standard deviation obtained over
30 consecutive shots for the plasma density ne;. The absolute number of photons
obtained from Ross filters are shown with black dots. The y-error in measured number
of photons/keV /shot is the standard deviation and the x-error is the spectral width of
the of the Ross pairs used. Mean critical energy for high plasma density (ne 1) was
calculated to be 30.2 £ 5 keV and 16.9 + 2 keV for low plasma density (ne2) for gas
cell length of 10 mm (Fig:4.14(b)). This results in 10X more photons for n,; than
Ne 2 at energies >50 keV.
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Figure 4.14: (a): The number spectrum (dN/dE) with mean critical energy calcu-
lated for plasma density ne; over 30 consecutive shots was E..; =
30.2 £ 5 keV(red [solid line, shaded]). The absolute number of pho-
tons/keV /shot calculated from the Ross pairs (black circle) plotted shows
good agreement. (b) The mean reconstructed number spectrum for ne 4
and ne o are compared and the standard deviation was measured over the
respective data sets for both plasma densities having 30 and 33 images
respectively.

As the wiggler strength parameter (K) was strong due to higher plasma density and
hence shorter dephasing length for ne 1, this resulted in a ~ 75% higher critical energy
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for this case (Fig:4.14 (b)). For ne 2 although the pointing stability of the betatron
beam is almost 10 times better than the ne 1, the critical energy is lower due weaker
influence of wiggler strength parameter at lower density. The error calculated is the
standard deviation for 30 and 33 consecutive images in the data sets of the plasma
densities ne 1 and ne 2.

After finding the betatron spectrum, one can also calculate the peak brightness
of the source. For this, the betatron beam was assume to have a pulse dura-
tion of 10 fs. The peak brightness for both the case was of the order of ~ 10?2
photons/s/mm?/mrad?/0.1%BW, which is comparable with the X-ray brilliance avail-
able in the latest generation of synchrotrons [112, 113].

To summarise this section, the critical energy recorded for the two different plasma
density for a 10 mm gas cell length having gas mix (H3(95%) + Na2(5%)) was Ee.i =
30.2 £ 5 [keV] for neq and E.;y = 16.9 + 2 [keV] for neo . For single stage laser
wakefield acceleration and having a laser system with ~ 200TW peak power, the
critical energy achieved during this campaign is comparable to the results achieved at
other laser facilities [37, 88].

Source size measurement

For the rough estimation of the source size, that can be done during the experiments,
the shadowgraphic image of the object in the betatron beam path can be used. In this
section, we will first estimate the source size of the betatron beam using geometrical
analysis and then for more precise measurement we will use Fresnel diffraction method
(Sec:3.3.2). If the image of the back-lit object is visible on the detector with good enough
contrast, we can safely assume that source size is similar to the object dimensions and
cannot be larger [46]. The experimental setup used for measuring the source size is
shown in the figure 4.15.

The backlit objects were tungsten wires of 10 um and 50 pum thickness placed 21 cm
from the betatron source and the X-ray detector (ANDOR CCD) was placed 230 cm
from the source. The backlit objects and the razor blade were placed on a translational
stage to move in and out of the betatron beam path when required. The magnification
obtained on the X-ray CCD detector was 10.95. The radiograph shows the single shot
image for the backlit objects and the razor blade. The 10 pum tungsten wire is visible
with good contrast implying that the source size is < 10 pm.

The average lineout over 200 pixels for a radiographic image of razor blade is shown
in picture. The first diffraction overshoot (dotted green circle) happens just before

the blade edge as for X-ray wavelengths (~ nm) contained in the betatron beam the
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Backlit objects
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Figure 4.15: The experimental set-up to measure the source size of the betatron beam
from LWFA using ionization injection scheme. The backlit objects were
tungsten wires of 10 pm and 50 pm thickness. The backlit objects were at
a distance of 21 cm from the source. The ANDOR CCD was placed 230
cm from the source providing a magnification of 10.95. The radiographs
shows the images of backlit objects obtained on the X-ray detector.

blade edge is infinitesimally thin thus they get diffracted. It is shown in literature that
greater the first overshot, smaller is the source size [83]. Due to tapered shape of the
razor blade, the error-fit function (Fig:4.16) deviates just after the blade edge as shown
by the dotted rectangle (The error function represents the ideal blade). In region 3
the betatron signal is transmitted through the homogeneous thickness of the razor
blade. Due to high critical energy (> 25 keV), some part of the spectrum transmits
through the razor blade and therefore the betatron signal intensity does not drops
completely to zero in the blade region. Using equation 3.1, 3.2 and the magnification
of 10.95, the source size using error-fit was 2.25 4+ 0.26 pum for the single shot image
presented in the figure 4.16. The error fit is also an approximation as the deviation

produced by the lineout cannot be fitted with the error-function.

To get more precise measurement of the source size, we use Fresnel diffraction
method (Sec: 3.3.2) by placing a half plane (razor blade) in the betatron beam path. A
typical intensity distribution on the detector looks like a half shadow (Fig: 4.16), whose
details are a convolution of information about the x-ray source and half plane. To
extract the source size information from this convolution, we first model the expected
diffraction pattern for various sources for the critical energy calculated during this
experiment (~ 30 keV). We model the diffraction pattern for a monochromatic point
source, poly-chromatic point source and also for a source with Gaussian transverse

profile having 1 um waist. It was observed that the point source emitting synchrotron
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Figure 4.16: The average lineout over 200 rows of the razor blade radiograph (inset)
obtained on the X-ray detector is fitted with a straight edge (error-fit).
The source distribution is assumed to have a Gaussian shape. With
magnification of 10.95, the source size obtained using error-fit was 2.2
0.2 pm for the single shot image (inset).

radiation and the Gaussian source emitting synchrotron radiation have all intensity
oscillations except the first one washed out due to the superposition of the diffraction
fringes generated by photons with different energies. With a finite source size, the

rising slope of the first overshot becomes even smoother.

The inset of figure 4.18 shows a radiograph of the razor blade produced on the X-ray
detector by the betatron beam. Integrating the betatron beam intensity along the
direction of the blade edge gives the experimental data shown in figure 4.18 (black
sqaures), which was normalised to the beam intensity in the transparent (blade free)
region. The observed higher overshoot peak in the normalized experimental data
compared to the overshoot peak for a point polychromatic source (Fig: 4.17) suggests
an interesting phenomenon. The assumption is that the experimental overshoot results
from X-ray refraction in the razor blade part. Due to the tapered profile of the blade,
with a few microns thick apex, certain photons can penetrate the obstacle and get
deflected towards the blade-free area. The deflected photons then overlap with the
diffracted photons, giving rise to the observed intensity overshoot. Since the model
shown in figure 4.17 was designed for an ideal knife-edge having 100% absorption, the
attempt was made to fit the profile instead the amplitude of the intensity overshoot
observed in the experiment. All the fit magnitudes were adjusted to have the same
maximum value as the experimental one. All the fit curves on the blade side are lower
than the experimental data due to the photons not being completely absorbed by
the blade owing to their higher energy. The rising slope of the first overshoot of the
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Figure 4.17: The modeled intensity profiles of Fresnel diffraction for different sources.
The distance between the source and the half-plane (blade) was 21 cm
and the distance of the detector plane from the half-plane was 230 cm.

experimental data follows the model with source size as 1 pum and 2 pm quite closely
and the falling slope lies in between them. We can therefore tentatively conclude
the X-ray source has a Gaussian distribution with 1/e? intensity size between 1 pm
and 2 pm. This was case for both the plasma densities ne; and ne 2 concluding no
significant effect of stronger wiggling parameter (K) on the betatron beam size. The
small source size of the betatron source could used to image features within a sample

up to few microns resolution.

4.3 Summary

With the aim to improve and optimise a laser-based X-ray source, it was demonstrated
that using a 10 mm gas cell with Hy : N2(95 : 5) as the gas mixture, synchrotron-like
X-ray beams can be produced with critical energy around 30 keV. The dephasing of the
trapped electron bunch increased the betatron wiggler strength parameter K and thus
the critical energy and photon flux was increased. Reducing the gas cell length or the
plasma density results in lower critical energy but improves the pointing stability of
the betatron beams at constant laser energy. However, the pointing fluctuation of the
betatron beam was always smaller than the single shot betatron beam divergence. The
greater shot-to -shot reproducibilty coupled with micron source size and high critical
energy is promising for various applications such as ultrafast pump-probe study, phase

contrast imaging, micro-tomography [37, 88, 114].
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Figure 4.18: The experimental mean lineout of the razor blade over 200 pixels along
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the blade edge (black squares) plotted with the calculated Fresnel models
having critical energy ~ 30 keV and various source size (solid colors).
The experimental data lies between the calculated Fresnel model profile
of 1 pm and 2 pm and follows the 1.5 pm profile. The distance between
the source and the half-plane (blade) was 21 cm and the distance of the
detector plane from the source was 230 cm.



5 Quasi-monoenergetic Electron

Beam and Betatron Radiation

The key element for the stability of the electron acceleration is the injection of
background plasma electrons into the plasma wave. As the self-injection scheme is
highly non-linear with the laser intensity where even small local fluctuations leads to
big instabilities [76], another method for controlled injection of the electrons into the
wakefield bubble was tested at JETi200 laser system. This section will present the
results of the shockfront injection scheme which is less dependent on the laser intensity
and could produce quasi-monoenergetic electrons. The X-rays emitted from these
quasi-monoenergetic electron bunches will be diagnosed. Furthermore, the results of a
novel experimental technique is presented which aimed to increase the betatron yield

hence produced from this injection mechanism.

5.1 Shock-front Injection

To achieve controlled trapping of the injected electron bunch, at JETi200 laser system,
we modified our gas target (5mm jet) with shock engineering to suppress self injection
while still exciting an intense wake structure using shock-front injection method. A
shock is created when a supersonic flow encounters an obstruction that turns the flow
into itself and compresses it. In this case, a blade placed in the gas jet creates a
subsonic region upstream of the blade and is re-expanded. The boundary of higher
density is inclined with respect to the main jet axis. The longitudinal plasma density
profile of the jet+blade assembly could be represented as Fig:5.1. The modified gas
target has density up-ramp(1), sharp density down-ramp (L) and then a density plateau
region as shown in figure 5.1.

In the up-ramp region (1) the laser pulse self-focuses and increases in energy, in
the steep density drop region (L) the plasma wavelength increases and this causes the
wake bubble to expand which lowers the trapping threshold of the background plasma
electrons. In region (2), the bubble expansion stops and the injection is terminated due
to the slowly varying density and the trapped electrons are accelerated until the laser
depletion. This method results in a highly localized injection and produces quasi-mono
energetic electrons. If the experiment is not limited by dephasing or depletion effects,

electrons are accelerated from the density transition until the end of the gas jet.
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Figure 5.1: The longitudinal density profile created by the modified gas target
(Jet+Blade) with up-ramp region (1), a sharp down-ramp density transition
of (An = n; — ny) and the density plateau (2).

5.1.1 Electron Beam Measurements

To create a shock, a commercial razor blade was placed on top of the nozzle of the
supersonic gas jet and was motorized to move in the laser propagation direction, the
transverse directions and also was able to rotate on the axis of the gas jet nozzle (Fig:
5.2). The laser was focused into the disturbed flow a few 100 micron above the gas
nozzle. With ag ~ 3 and plasma density around 4 x 10*® em 3, the gas jet produced

electrons via self-injection mechanism.

Magnet X-ray beam

_ Electrons|

one vy

Gas jet+Blade Larnexiscteen X-ray detector

Figure 5.2: The jet+blade assembly used to create sharp density transition. The blade
could be moved left to right to change the coverage of the gas jet exit
nozzle, rotated in a plane perpendicular to gas exit direction and moved
transversely to the laser propagation axis (left to right). It was placed on
top the gas nozzle covering 30% (best results) of the 5 mm nozzle. The
acceleration length was around 3.5 mm

A transition from self-injection to shock-injection was made to suppress self-injection
induced electrons in the wakefield bubble. Initially, when the ultra-high intensity laser

was focused on the gas jet without blade, the electrons were injected via self-injection.
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5.1 Shock-front Injection

Therefore, to suppress the self-injection the backing pressure (plasma density) was
decreased until there was no signal on the Lanex screen. The laser still generated a
non-linear wakefield but due to low plasma density, the electrons were not getting
trapped. Once the blade was introduced it created a sharp density gradient which
kick-started the acceleration process again (Fig: 5.3).

[mrad]
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£
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(d)

100 150 200 250 300
Energy [MeV]

Figure 5.3: Electron spectrum for the transition from self-injection to shock-front
regime for a bmm nozzle gas jet. (a) The electron beam measurement
without blade at 40 bar backing pressure (=~ 4 x 10"¥%cm™2). (b) No
electron signal for reduced backing pressure of 20 bar (=~ 2 x 10*¥cm )
. (¢) The recorded quasi-monoenergetic beam after introducing the razor
blade covering 30 % of the 5mm exit nozzle at 20 bar backing pressure. (d)
The lineout of (c¢) gives peak energy of 220 MeV and the rms spread for
this shot was 19 MeV (1/e) which gives 22 < 10%.

Now we start analysing the quasi-monoenergetic electron beam thus recorded on
the electron diagnostic screen. The blade coverage scan showed the best results (70
% shots of the data set produced best quasi mono-energetic electrons) at 30 % blade
coverage which was in line with the literature [6]. One such electron beam produced
is shown in the figure 5.3 (20 bar). Figure5.4(Left, gray), shows the electron spectra
from a data-set containing shots from a single run, where the data points having no
electrons were excluded. The mean spectra (red) for the data-set shows a low energy
spread of <10% around the mean energy of 220 MeV. For this data-set containing
47 shots, the mean charge was calculated to be 34.8 + 17 pC and the divergence was
<10% The pointing fluctuation was greater than the pointing fluctuation of the gas
cell (ionisation injection) most likely due to sharp density transition as compared to

homogeneous density distribution in gas cell.
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Figure 5.4: (Left): Electron beam spectrum (grey) from a single data-set showing
the fluctuation in peak energy and narrow energy spread around the
peak energy confirming quasi- monoenergetic electron beams from shock-
front injection mechanism. The mean energy spectra (Inset, red) shows
2X more charge/MeV for mean peak energy than the lower energy end
of the spectrum. (Right) The pointing fluctuation compared with the
electrons produced from gas cell (ionisation injection). The confidence
ellipse contains 95% of the data points.

5.1.2 Betatron Beam Measurements

After producing quasi-monoenergetic beams successfully, we then measured the beta-
tron radiation generated from such beams. We measured the angular beam distribution,
energy spectra of the X-ray beams from the localised injection of the electrons using
the same experimental methods as used in section 4.1. In this section we will evaluate
the betatron beam generated from the shock-front injection mechanism.

The angular distribution of the betatron radiation from shock-front injection was
measured by placing ANDOR CCD 2.3 m from the gas target. The measured angular
deviation (FWHM) for a single shot was 21 x 6 mrad?, where the X-axis is in the
laser polarization direction. To characterise the betatron energy spectrum a set of
Ross filters was placed 200 cm from the source in vacuum ( 30 cm in front of the
CCD)(Fig:5.5).

Furthermore, the betatron energy spectrum and the source size of the beam thus
generated was calculated. For measuring the spectrum the Ross pair method (refer
Sec: 3.3.3) was used. Andor CCD with 50 wm Beryllium window in front of the CCD
was utilized as the X-ray detector. The Beryllium window put a cut-off on the photon
energy reaching the detector (> 1 keV). An analysis approach similar to Sec:4.2.2 was
taken to reconstruct the betatron spectrum from the recorded Ross pair data. The
critical energy for a single shot image was calculated to be around 10 keV (Fig: 5.6).

Due to lack of statistics for the betatron beams measured using shock-front injection
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Figure 5.5: (a): The angular distribution of the X-ray beam generated by using the
shock-front injection in LWFA was measured to be 21 x 6 mrad? for a
single shot image. The laser polarization is in the direction of the x-axis
of the image (6,). (b) The Ross filters used to characterize the energy
spectrum. Due to weak signal level obtained on the CCD as compared to
the ionization injection, the filters used were changed from Ross filter pairs
to individual Ross filters. The images are background subtracted.

scheme, a standard error could not be provided but was estimated to be around ~ 50%.
The total number of X-ray photons above > 1 keV was estimated to be ~ 107. The
critical energy and the number of photons obtained by shockfront injection scheme
was lower than the ionization injection scheme due to two reasons. First, the critical
energy of the betatron spectrum is dependent on the electron peak energy and plasma
density. As the peak energy was similar for both the cases, the reduced plasma density
for the case of shockfront injection resulted in reduced critical energy. Also, there
was no dephasing as the dephasing length was greater than the acceleration length.
The electrons did not catch up to the laser tail and gained transverse momentum by

wiggling under the influence of the laser’s electric field.

To measure the source size back-lit objects, 10 pm and 50 gm Tungsten wires and a
commercial razor blade, were used. The radiographs shown in the fig 5.7b and 5.7c
illustrates the projection of the wires and the Fresnel target on the CCD chip of the
camera. In the radiographs, a diminished contrast would result from a source larger
than the backlit objects or an isotropic radiation background, whereas the presence
of multiple sources would give rise to the casting of multiple shadows. The 10 pm
tungsten wire can be clearly seen on the CCD detector with good enough contrast
showing the presence of none and provides an upper limit for the X-ray source size
being < 10 pm. Using the analysis method for source size as mentioned in (Sec:3.3.2),
we take an average lineout of the radiographic image obtained on the X-ray CCD
Detector, after doing background noise subtraction from the raw image. We fit the

obtained lineout with the error function to retrieve the source size of the betatron
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Figure 5.6: The reconstructed betatron spectrum from the Ross filters for a single
shot image for the shock-front injection method shows a critical energy,F..,
of 10.6 keV. There was 50% error in the critical energy (shaded region)
arising mainly from high electron beam charge variance. Andor CCD was
used as the X-ray detector.

beam produced from quasi-monoenergetic beam. With a magnification of 5.4, the

source size for a single shot was calculated to be 5.5 £ 0.2 pm.

For precise measurement of the source size, we do Fresnel diffraction analysis
(ref.4.2.2). The Fresnel diffraction model had convoluted information of the synchrotron
spectrum with 10 keV critical energy and the X-ray source having Gaussian distribution.
The Fresnel models with different source size (1 — 4 pm) was plotted against the
experimental data 5.8. The model assumes 100% photon absorption in the blade
region however, that was not the case. The high background noise would have an
effect on the mean lineout plotted for the experimental data. Due to the deflection of
the X-ray photons by the tapered profile of the blade edge into the blade free region
and the high background, the peak intensity of the experimental data is higher than
expected. Hence, all the fit magnitudes were adjusted to have the same maximum
intensity and an attempt to fit the rising and/or falling slope of the fit profiles was
made. The source size measured was less than 5 pm as the first fringe width of the
Fresnel model (5 pm) is larger than the experimental data. The Fresnel model with
source size 3 um matches the rising slope and falling slope of the experimental data
quite closely. It can be tentatively said that the source size was around 3 pum. The
relatively larger source size than the ionisation injection could be due to the off-axis

injection of the electrons for the shock-front injection mechanism.

76



5.1 Shock-front Injection

Figure 5.7:

Figure 5.8:
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The setup used for radiography and Fresnel diffraction includes the betatron
source, backlit objects and the X-ray CCD as shown in (a). The accelerated
electrons from the LWFA were deflected by a magnet (not shown) before
the backlit objects for imaging. (b) The radiograph shows mesh of tungsten
wire with thickness 10 pm and 50 pm. (c¢) The steel blade used for source
size estimation using error fit and the Fresnel diffraction.
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The figure shows lineout of the radiographic image of a commercial razor
blade as knife edge (inset) and the Fresnel models for various source size
with synchrotron spectrum having critical energy 10 keV . The rising
and falling slope for the source size 3 pm matches quite closely with the
experimental data. All the fit magnitudes were adjusted to have the same
maximum intensity as the blade was not an ideal knife-edge. The signal
in the blade free region is only 2x the signal in the blade region (ideally
should be zero) implying high background signal.

In conclusion, the shockfront injection campaign resulted in the quasi-monoenergetic

electrons having ~ 220 MeV peak energy with % < 10% for a gas jet having 5mm

nozzle and the blade coverage of 30%. The mean charge was measured to be 34.8 + 17

pC and the divergence was reported to be < 10 mrad for the Helium gas target. The

resultant betatron beam had the critical energy of ~ 10 keV for a single shot image
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5 Quasi-monoenergetic Electron Beam and Betatron Radiation

with around 50% uncertainty over the whole campaign due to unreliability in the
electron generation and high variance in the electron beam charge (~ 50%). The
source size was measured to be around 3 pm with the uncertainty arising from the
high background signal and non-ideal knife edge. With 3 pm source size, 21 x 6 mrad?
angular spread and assuming 10 fs pulse width the peak brilliance was calculated to
be ~ 10% photons/s/mm?/mrad?/0.1%BW.

5.2 Betatron Beam Enhancement using Shock-Front

Rotation

After conducting measurements on the X-ray beam properties produced from shock-
induced electrons in LWFA, a subsequent evaluation was performed to examine the
influence of shock-front rotation on the yield of X-ray photons. It is well-established that
the betatron beams arise from the transverse oscillation of the trapped electron bunch
[37]. By introducing controlled rotation of the shock-front, generated by the jet+blade
assembly, we hypothesized an increase in the transverse oscillation amplitude (rg) of
the injected electrons. This increase in amplitude rg, will then increase the number of
X-ray photons produced by increasing the betatron beam divergence (Eqn.2.45). In
this section, we will delve into the electron beams and the resulting betatron beams
produced at various angles of shock-front rotation and will do a 2D PIC simulation

using the experimental parameters to qualitatively compare the results obtained.

Electron and Betatron Beam Measurements

The shock-front, formed using a Jet+Blade assembly, was subjected to rotation at
different angles within a plane perpendicular to the gas nozzle. In order to study and
analyze the electron beam profile, a LANEX screen was placed at a distance of 90 cm
from the target. To perform electron spectrum measurements, a permanent magnet
was applied to modify the LANEX screen to function as a spectrometer as well. There
was a high degree of fluctuation in the data for higher angles of shock-front rotation.

The reproducibility of the stable electron beam suffered heavily with changing the
angle of shock-front rotation, indicating high sensitivity of shock-front rotation towards
the wakefield acceleration parameters (plasma density, laser pulse front tilt, laser
pointing). The background seen on the 60° (Fig:5.10) are the electron being sprayed all
over the screen showing the electrons trapped in the first bubble experiencing different

acceleration gradient.
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Figure 5.9: The longitudinal density profile used for 2D PIC simulation (top) and the
experimental configuration to achieve similar profile (bottom) for 0° and
60° shockfront rotation angles.

To maintain consistent injection points during the varying shock-front rotations, a
CCD camera was employed to capture images of the plasma channel resulting from the
laser-plasma interaction. The imaging setup had a resolution of 100 pum. To focus on
the specific region of interest (ROI) surrounding the plasma channel, the shock-front
was adjusted in parallel to the blade edge direction for each rotation, ensuring that
the plasma channel always remained within the designated ROI. Throughout all the
measurements, the height of the razor blade and its coverage in relation to the nozzle
of the 5 mm gas jet were kept constant to ensure reproducibility and consistency in
the experimental setup. Figure 5.10 shows the best single shot images for the datasets
corresponding to 0°, 30°and 60° angles of shock-front rotation. It could be seen that
the peak energy is increasing along with the increase in the rotation angle. This could
be due to the increase in the acceleration length, as increasing the rotation angle could
also increase the acceleration length for the injected electrons. However, the single shot
image should not be enough to show complete picture and we could not get statistics

with multiple images due to poor reliability of the electron spectrum.

Afterwards, the betatron beam images obtained from the Andor CCD for the electron
shots corresponding to the figure 5.10 were examined. When analyzing the results,
it was observed that the betatron beam divergence and photon flux showed minimal
variation for the shock-front rotation angles of 0° and 30°. However, for the case of a
60° shock-front rotation angle, both the beam divergence and photon flux exhibited
an increase. This change may be attributed to the concurrent increase in the injected
charge and also higher oscillation amplitude as the electrons are now being injected
from a higher off-axis angle. It is important to note that the critical energy for all the

cases remained within the range of 7— 11 keV. However, due to significant fluctuations
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Figure 5.10: Figure shows the electron spectrum and the respective X-ray CCD image
for 0°[Top|, 30°[Middle] and 60°[Bottom| angle of shock-front rotation.
These single shots are the best images from the data-sets taken for
respective rotation angles. The measured divergence of the analysed data-
shots was < 10 mrad and the peak energy was in between 250 — 350 MeV.
(Right panel): The corresponding betatron beam with Ross filters imaged
on X-ray CCD. The beam divergence and photon flux remained fairly
similar for 0° and 30° while it increased for the case of 60° angle of shock-
front rotation. The critical energy, E., was ~ 9 keV for all the three cases.

in the data collection process for the rotating shock-front data-set, it was not feasible
to calculate a statistical value for the betatron beam parameters. Therefore, the figure

5.11 represents the best single-shot data available for the analysis.

Furthermore, we were investigating the betatron yield for various shock-front rotation
angles. Our objective was to determine whether the observed increment in the photon
flux can be attributed to an increase in the transverse oscillation of the injected
electron. To achieve this, we computed the ratio of the betatron beam flux (CCD
counts) to the product of the mean electron beam energy and the electron charge.
This ratio will provide valuable insights into the relationship between the shock-front

rotation angles and the effect on the transverse oscillation of the injected electron.

Additionally, to conduct a comparative analysis of the charge (total integrated
counts) and the mean weighted energy for different rotation angles, we plotted data
from 10 good shots extracted from each data-set corresponding to the respective angle
of rotation (Fig: 5.12). Notably, in the case of a 60° rotation angle, the total integrated
charge exhibited an increase, which can be attributed to the possibility of a longer
ramp and, consequently, a longer injection time. These factors may have influenced
the observed variations in the total integrated charge and the mean weighted energy

among the different rotation angles.
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Figure 5.11: (a)The plot shows the variation of the total integrated X-ray CCD counts
against the shock-front rotation angles. An an increase in the photon
flux for the case of 60° shock-front rotation angle. For the rotation angle
40° and 50°, due to experimental limitation the data was not collected.
The dots correspond to the single shot data for the data-set. (b) The
betatron yields were subsequently normalized with respect to the electron
beam energy () and charge (Q[v]).

In the investigation, it was observed that the X-ray photon flux (CCD counts)
demonstrated an increase when the shock-front rotation angle was set at 60°. However,
upon normalization with both the corresponding electron beam energy and electron
beam charge, this effect was not evident. The experimental approach employed in this
thesis to enhance betatron yield through shock-front rotation does indeed result in an
increased betatron yield. Nevertheless, it is important to note that this increase is
primarily attributed to the increase in electron beam charge rather than an increment

in the amplitude of the transverse oscillation of the injected electron bunch.

5.2.1 2D PIC Simulation for Rotating Shock-front

To model the asymmetric injection of the electrons into the wakefield bubble and
to characterise the synchrotron radiation emitted from the transverse oscillation of
these relativistic electrons numerically, a 2D Particle-in-cell (2D PIC) simulations
were carried out (Sec. 2.4). These simulations also allowed to verify the experimental
findings for the betatron beam enhancement by creating an asymmetry in the electron
injection process.

To evaluate the impact of asymmetric injection of the electrons by rotating the
shockfront on the X-ray photon yield, this section will report the findings from the
simulations. We will first model the gas density profile corresponding to the rotating
shockfront as in the experiment (Fig:5.9), followed by the inspection of the tilt of the

plasma "bubble". Thereafter, we will analyse the phase space properties of the injected
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Figure 5.12: Figure showing the best electron data from each set of shock-front rotation.
The dots represent a data from the specific rotation angle data-set. The
total integrated count is plotted against the mean weighted energy of the
electron beam obtained on the LANEX screen. The mean energy was
calculated to be around 210 — 235 MeV. The plot indicates higher charge
for 60° shock-front rotation angle which could be due to the formation of
longer downramp length.

electrons and will compare the injected charge for different angles of shock-front

rotation.

In the simulation conducted using the particle-in-cell (PIC) code SMILEI in a 2D
geometry, a laser beam with a wavelength A\g = 800 nm and a normalized amplitude
ag = 3 is focused on density profiles featuring both a straight and a rotated downramp,
as depicted in Fig. 5.13. The overall plasma length considered was 4 mm, and the
ramp profile exhibited a peak density twice that of the density in the acceleration
section (8.5 x 10'"em™3). The rotation of the downramp resulted in breaking of
axio-symmetric injection of the electrons as seen in figure 5.13 (a, b). This break in
symmetric injection was expected to cause larger transverse oscillation of the injected
electrons, hence enhancing the number of X-ray photons produced.

From the simulation, the phase space information of the injected electrons was
extracted (Fig: 5.14). This information was crucial for understanding the transverse
oscillations of the injected electrons, as it allowed for the measurement of their trans-
verse momentum (Py) and transverse oscillation amplitude (Y). Through analyzing
this data, the first and second order moments ( mean and variance) of Py and Y
was calculated. Figureb.14 is the phase space histogram of Y-Py values for the last
time step of the simulation for straight and rotated downramp. This again shows a
symmetric distribution of particles for straight edge (0°) when compared with the

rotated edge (60°). The higher number of particles for (60°) could be due to a longer
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Figure 5.13:

Longitudinal dimension [um]

The snapshot of the wakefield process at the time-steps before, during
and after the sharp density gradient (Fig:5.1) for two different angles of
shockfront rotation (a) 0° and (b) 60° respectively . Compared to images
in row (a) for straight edge, the axial symmetry of the injected electrons
is broken for rotated downramp.

injection length created by rotated downramp.

Figure 5.14:
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The histogram of the Y (transverse oscillation amplitude) - Py(transverse
momentum) phase space for 0° and 60° angle of shock-front rotation at
identical simulation time-step, respectively. For 60°, a certain degree of
asymmetry can be seen in the distribution of the particles when compared
to the 0° case.

the information about the weight, mean longitudinal momentum , mean

transverse momentum, variance of the transverse momentum was calculated from the

simulation data. The temporal evolution of these quantities were extracted from 2D

PIC simulation for straight and rotating downramp. Figure 5.15 (a) and (b) shows

the evolution of mean transverse momentum (Py) and its variance (0%) Py. Although,

the (Py) was relatively higher for the rotated shock-front case, the variance of the Py

was similar for both the cases. The variance measured shows any actual change in

the trasnverse momentum of the trapped particles for the case of shockfront rotation.

The increase in transverse amplitude and momentum by increasing the injection angle
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of the electrons implies higher betatron oscillation amplitude which would in turn

facilitate the betatron yield enhancement (Eqn: 2.41).
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Figure 5.15: Temporal evolution of the electron transverse momentum (a) and its
variance (b) for straight edge (0°) and rotated shockfront (60°). The mean
transverse momentum, (Py), was observed to be higher and its variance
was found to be similar. The downramp length was 300 pm with 4.3 mm
acceleration length corresponding to 13 ps simulation time.

From figure 5.16 (a), we can see that the final energy of the injected electrons for
both the case is &~ 190 MeV (corresponding to the longitudinal momentum of 380 [mec]).
This imply that the final energy of the injected electrons remains unaffected by the
change in shock-front rotation angle. Figure 5.16 (b) points out that the number of
particles injected for 60° angle of shockfront rotation is ~ 2.5x higher than the case
of straight edge. This is expected as by rotating the shockfront, there is a significant
possibility of increasing the downramp length which then would assist in higher charge

injection.
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Figure 5.16: (a)The maximum longitudinal momentum for both the cases were fairly
similar ~ 380m.c indicating no affect of rotation on the peak electron
energy. (b) The final weight (charge) for the rotated case was ~ 2.5x
higher owing to longer downramp length due to shock-front rotation.

However, the simulation was done with the down-ramp length being kept as the

floating parameter. The downramp length was chosen such that the simulation results
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are in proximity with the experimental findings, in terms of injected charge and the
final energy of the injected electron bunch. The increment in the transverse oscillation
amplitude of the injected electron bunch and the increase in charge for the case of
shockfront rotation points towards an increment in the betatron photon yield. However,
the increase in the photon yield is majorly influenced by the increment in charge and
not so significantly by the asymmetric injection of the electrons. Figure 5.17 compares

the experimental and simulation data for the same.
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Figure 5.17: Total charge comparison for rotating shockfront, experimentally and by
simulation.(a) The experimental data for the total injected charge in
terms of CCD counts. It shows almost 3X increase in the total integrated
counts (charge) for the case of 60° rotation angle when compared with
the straight edge(0°). (b) The result from 2D-PIC simulation showing
~ 3x increment in the charge for the rotated 60° case. The simulation
data confirmed the increment in charge with the increase in the rotation
angle.

In conclusion, It was observed that the electron beam measurements were highly
sensitive to the change in laser beam parameters (chirp, pointing fluctuation) due
to change in the plasma density and hence the refractive index for sharp density
downramp. This lead to a high variance in the data obtained for this scheme. An
increase in pointing fluctuation compared to the ionisation injection was expected as
the laser gets refracted due to the sharp density gradient and injection of the electrons
follow the directional change in the wake driving laser due to refraction. Even at
lower plasma density 2 x 10*¥cm 2, the wiggler strength parameter (K) for shock-front
injected electrons is higher than the dephasing electron beam from ionisation injection
mechanism. This is due to the additional transverse momentum gained by the shock
injected electrons from off-axis injection. This implies that the number of X-ray
photons emitted/charge is higher for shock-front injection mechanism than ionisation
injection for similar mean peak electron energies (Eqn:2.45).

Additionally, the change in transverse momentum of the injected electrons for rotated
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shockfront was minimal compared to the change in the injected charge. The minimal
change in the transverse momentum could be due to the ponderomotive scattered
electrons coming back towards the laser axis at various angles resulting in a smaller net
change in the transverse momentum amplitude. The increment in the injected charge
with the increase in rotation angle is mainly due to the lengthening of the injection
length while rotating the shockfront.The experimental and simulation results indicate
the possibility of increasing the betatron yield by optimising the injection length and
injection angle. For future purposes, a probe beam could be implemented to measure

the change in the injection length with shockfront rotation experimentally.

Gas Jet Nozzle | Plasma Density | < Foectron > | <Q> | <Betatron energy> | < Fu.ip > K
(mm) [x10'8(cm™2)) (MeV) (pC) (nJ) (keV) (x,y)
5 2 =~ 220 34+ 17 ~ 24 ~ 10 (14 ,9)

Table 5.1: Table summarising the electron and betatron beam properties measured
from the shock-front injection scheme.

5.3 Summary

This chapter has reviewed results from shock assisted electron injection in laser
plasma accelerator. By suppressing the self injection at lower plasma density and
introducing the razor blade, a background free quasi-monoenergetic electron beam
and the consequent betatron beam was measured (Tab: 5.1). The betatron beam
produced had critical energy around 10 keV with 10° photons above 1 keV. Due
to off-axis injection, the wiggler strength parameter (K) was higher compared to
ionisation injection scheme implying higher X-ray photons emitted/charge for shock-
front injection scheme for similar electron energies. Moreover, the rotating shockfront
broke the axis-symmetry of the injected electrons and an increment in the X-ray
photon yield was observed for higher degree of shockfront rotation. However, the
increment in betatron yield was linear with the increment in charge due to increase
in injection length for increasing angles of shock-front rotation. 2D PIC simulations
based on experimental parameters agreed well with the qualitative observations of

charge increment for the rotating shockfront case.

86



6 Discussions and Qutlook

6.1 Discussion of Results

In this dissertation, the results from the two experiments are presented on electron

acceleration and X-ray beam production using high intensity laser pulses.

| Ionisation injection | Shock-front Injection
E-beam Parameters
< Eeeetron > (MeV) ~ 240 ~ 220
<Q> (pC) 205 34
Divergence (x,
(imcp)( y) (7 % 5) (3% 3)
Pomtlzfzfi%’ A6,) (0.65 x 0.8) (1.4 x 2.1)
Plasma Density
(x 10 (cm—3)) 7o 2
Betatron beam parameters
Critical Energy (E.) N N
(keV) ~ 30 ~ 10
<Integrated ]?Eigastron Energy> ~ 470 ~ 24
Divergence (x,
( Wg% o dQ)( y) (25 x 10) (20 x 6)
Wiggler Parameter (x,
saler Prneter () (10.4) (14,9)
Source Size
(ym) ~ 1.5 ~ 3
Peak Brilliance 102 1020
(Photons/s/mm?/mrad?®/0.1%BW)

Table 6.1: Table comparing the electron beam and betatron beam parameters measured
from ionisation injection and shock-front injection scheme.

The experiment presented in Chapter:4 produced relativistic electrons using ioniza-
tion injection scheme. A gas cell with 10 mm gas cell length and H5(95%) + No(5%)
gas mixture was used to generate LWFA electrons. Due to small dephasing length
(1.65 mm), the injected electrons caught upto the tail of the laser pulse and performed
stronger oscillations under the effect of the laser’s electric field. This increased the
wiggler strength parameter (K) leading to an increment in critical energy and the
photon flux of the betatron beam hence generated. A 25% increase in plasma density

lead to 25% increment in K which resulted in almost 2x increase in critical energy
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and 25% increase in average photon flux/shot.

A higher IC along the laser polarisation direction resulted in higher angular distribu-
tion of the betatron beams along same direction, at higher plasma density. At higher
plasma density, the electron pointing fluctuation was higher resulting in 5x increment
in the pointing fluctuation of the generated betatron beams. The pointing fluctuation
in the betatron beam was strongly correlated to the pointing fluctuations in the
electron beam implying a strong pointing correlation between the electron beam and
the resultant betatron beam. The source size was estimated to be around 1 pum giving
the peak brilliance of the X-ray source as ~ 10?> photons/s/mm?/mrad?/0.1%BW.

In Chapter:5, the results were presented for the LWFA experiment using shockfront
injection scheme. A 5 mm gas jet + razor blade assembly was used to create a sharp
density downramp (shockfront) profile with Helium as the target gas. The self injection
was suppressed at lower plasma density (~ 2 x 10®¥cm™3) and by introducing the
blade covering 30% of the gas jet nozzle, a quasi-monoenergetic beam was produced.
The beam had < 10 mrad divergence, 200-230 MeV peak energy with A—;J < 10%
and 34.8 + 17 pC charge. The quasi-monoenergetic beams produced were quite
sensitive to the experimental parameters leading to reproducibility at 40 — 50% (in
general) and 70% in the best case scenario. The betatron beam generated from
such quasi-monoenergetic electrons had critical energy around 10 keV, source size
around 3 pm, 21 x 6 mrad? beam divergence resulting in the peak brilliance of ~ 10%
photons/s/mm?/mrad?/0.1%BW. To observe the effect of asymmetric injection on
the X-ray photon yield, the shockfront was rotated and the electron and betatron
beam diagnostics were analysed. The data-set lacked statistics due to unreliability of
the electrons produced hence best single shot images were analysed for the rotated
shockfront angles. The electron energy and charge showed increment with the increase
in the rotation angle possibly due to the increase in acceleration length and injection
length with rotating downramp. The X-ray flux also increased with increasing the
shockfront rotation angle but it was mostly due to charge increment instead of the
increment in the transverse oscillation amplitude of the injected electron bunch. A 2D
PIC simulation done on smilei [77] using experimental parameters was in agreement

with the increment of charge for the rotating shockfront case.

In conclusion, the brightest X-ray beams with greater shot-to- shot reproducibility
was produced by using ionisation injection scheme. However, the number of X-ray

photons/charge was higher for shockfront injection scheme.
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6.2 QOutlook

Betatron radiation presents a remarkable feature in the form of a high photon flux
within an ultrashort femtosecond pulse, accompanied by a broad spectrum. This
characteristic has been showcased in this work and by various other research groups
previously [40, 83, 93]. In Figure 6.1, this high flux is vividly illustrated, showcasing
the brilliant single-shot betatron beam imaging capability. In a demonstration of this,
an 1C was backlit by the betatron x-ray beam, and an x-ray camera recorded the

transmitted x-rays.

Figure 6.1: An IC imaged with an X-ray shadobox detector having 49.5 um pixel
size. The IC (a) was backlit by the betatron X-ray beam and an X-ray
camera recorded the image (b) with 10x magnification. One can see the
10 pm connecting gold wires with a really high contrast clearly showing
the single-shot imaging capability of the betatron source produced during
the experiment.

As the betatron beam had high degree of stability 4.8, through meticulous optimiza-
tion of object and detector positioning, a versatile setup can be devised for performing
tomography, offering improved spatial resolution through phase-contrast imaging, as
shown by the work of Wenz et al [115].

Betatron radiation’s broadband and high photon flux characteristics make it excep-
tionally suitable for experiments demanding a uniform flux within an energy bandwidth
of approximately 1 keV. This is particularly valuable in techniques like X-ray absorption
spectroscopy (XAS) conducted near an absorption edge. XAS provides vital insights
into an element’s electronic and ionic structure.

In the vicinity of an absorption edge, X-ray absorption spectroscopy permits the
determination of charge state and orbital occupancy, typically within about 50 eV
from the absorption edge. Slightly offset at approximately 50 €V to 1000 eV, extended
X-ray absorption fine structure analysis becomes feasible, offering valuable information
regarding the type and number of lattice neighbors as well as bond distances.

Time-resolved spectroscopy of the absorption edge is a valuable tool commonly
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employed in the investigation of Warm Dense Matter (WDM) within laboratory
settings. WDM represents a unique state of matter characterized by densities near
that of a solid and temperatures ranging from 0.1 €V to 100 €V (equivalent to 10% K
to 108 K). The vast range of thermodynamic conditions poses a challenge for precise
theoretical descriptions.

Research experiments focused on understanding the equation of state and transport
properties of WDM provide crucial insights. These insights are not only relevant for
fundamental physics but also have broader implications, such as enhancing our under-
standing of astrophysical phenomena. Comparing laboratory-based WDM studies with
observations from telescopes and space probes enables a comprehensive investigation
into the inner structure and evolutionary processes of giant gaseous planets.

Furthermore, this research approach has far-reaching applications. It aids in under-
standing ultra-fast laser processes, solid-liquid-plasma phase transitions, correlated
electron systems, and the physics of high-pressure and shock environments.

Betatron radiation, employed as a source, offers a remarkable alternative for diving
into new states of matter with exceptional temporal resolution. Utilizing femtosecond
short x-ray probe pulses, we can access and explore non-equilibrium states. This
capability opens up exciting possibilities for in-depth investigations into the properties
of solid matter under extreme conditions of high temperature and pressure within
the Warm Dense Matter (WDM) regime. The high precision and rapid time scales
provided by betatron radiation enable a detailed and dynamic understanding of these
non-equilibrium states, paving the way for groundbreaking advancements in material

science and physics.
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Appendix

lonisation injection with He : Ny (95 : 5)

The single shot electron beam spectrum along with its lineout for the gas cell length 10

mm having He : Ny (95 : 5) as gas mix at plasma density 5.1 x 10'8[cm?]. The peak

electron e

nergy was consistently between 400-500 MeV with a mean charge of 17.8 pC.
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Figure 6.2: Single shot electron beam for gas mix He : Ny (95 : 5). The total charge
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Figure 6.3: Single shot betatron beam profile for the above electron beam. The FWHM

92
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Electron beam

oscillation in laser electric field
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Figure 6.4: Consecutive electron beams showing dephasing of electrons for high plasma
density (a) and low plasma density (b) for gas mix Hy : Ny (95 :5) in 10
mm gas cell.

Betatron Imaging

An Iphone was place in air just before the shadobox detector(in air) 10 cm away from

the vacuum window. With no magnification, one can clearly see features < 1 pm being

resolved with a high contrast in a single shot image.

[mm]

-40 =20 0 20 40
[mm]

Figure 6.5: A single shot image of an Iphone 5s with magnification =1 with the
betatron beam generated from 10mm gas cell length. The green rectangle
shows a part of the motherboard where features smaller than 1 mm (red
circle) could be easily resolved.
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Equations

Laser and plasma parameters

Vector potential

ag = 0.85\/10[1018Wcm_2])\L [um)]

Peak power

Po[TW] = 940(WL[J]/trwrm|fs])

Peak Intensity

Io[10%W/em™2] = 1.37a3 /N3 [um)]

Plasma wavelength

Aplpm] = 33.4//n[10%8em 3]

LWFA parameters (Bubble regime)

Matched bubble radius

Ry[pum] = 10 x \/ao/ne[lomcm*?’]

Dephasing length

Lacpnlpm] = 273 X Rylyum] x A2[pum] /A3 [m]

Pump depletion length

Lyalpim] = 0.3 x 7[fs] x Aj[pm]/Ag[pm]

Electron energy

ao
W, [MeV] ~ 380
(| MeV] ne[1018em=3]\? [um)

Optimal charge

Qopt [pC] = 75\/(1%/716 [1018cm_3]

Betatron radiation

Betatron wavelength

Aglpum] = 471 x \/fy/ne[l()lscm_g’]

Critical energy

E [keV] =524 x 1070 x 7% X n[10%cm 3] X rg[um]

Wiggler strength

K =0.133 x \/fy X ne[108em=3] x rglum)|
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