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CHAPTER 9

Conclusion and future perspective

This chapter summarizes the present thesis work and discusses prospects of future
investigations in light of it.
9.1. Conclusions:

Laser wakefield acceleration mechanism (LWFA) has been investigated in
detail over years in various experimental conditions and has shown its potential for
generation of high-quality GeV-class electron beams [1-5]. Developments during last
two decades or so has led LPA to be recognized as a potential candidate for future
generation compact table top accelerators suitable for various possible applications
[6-9]. Today when LPA is considered as a source of high energy short wavelength
radiation, the other dominant acceleration mechanism governing laser plasma
interaction i.e. DLA is being considered again along with wakefield in a hybrid
regime acceleration [10-15]. This regime of acceleration has two fold advantages: one
is the enhancement of electron energy gain in LWFA as the electrons new gains
additional energy from the DLA over wakefield [10-15], and the other very important
advantage is the potential to generate high-energy betatron radiation compared to only
wakefield mechanism as in this case oscillation amplitude of electrons could be
comparatively larger [16-20]. Thus, DLA shows a promising path to enhance the
betatron radiation generated from LWFAs. Realizing the importance of DLA, Shaw et
al. [21] have proposed for optimization of the DLA in LWFA either by optimizing the
laser pulse duration or by experimentally verifying the two laser pulse scheme of

Zhang et al. [10,11].
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The present thesis work focuses on the experimental investigation of LPA and
identification of the role of direct laser acceleration (DLA) of electrons in a wide
range of laser and plasma parameters. All the experiments were performed with the
CPA based 150 TW, 25 fs, Ti:sapphire laser system of RRCAT, Indore, India. The
laser and plasma parameters were varied such that it covers a long laser pulse duration
regime of L>>), to shorter laser pulse duration regime of L>\,, and the laser pulse
completely overlaps the injected electrons. Various gas-jet targets were used such He,
N2, Ar and mixed gas targets of He doped with few % of N, and N, doped with few
tens of % of He with varying concentrations of dopant.

9.1.1: Identification of role of DLA in different experimental regime:

In L>>, regime, where laser plasma interaction of long laser pulse duration of
200 fs with underdense He plasma was studied, a pure DLA regime was identified as
discussed in Chapter-4, as is also observed in earlier reports by Gahn et al. [22] and
Mangles et al. [23].

On reducing the laser pulse duration to ~55-60 fs such that L>A,, contribution
of DLA along with wakefield in the total energy of electrons was observed and
thereby a hybrid regime of acceleration (DLA + wakefield) was identified in He gas-
jet plasma with equal contribution from both wakefield and DLA. The identification
of a hybrid regime of acceleration in L>\, regime at the self-injection threshold
density of He gas target has been discussed in Chapter-5 and was also verified later in
another experiment using He gas-jet target and is discussed in Chapter-7.

The acceleration regime of short laser pulse duration of L>\, was further
explored in detail in similar conditions using ~55-60 fs duration laser pulses and

mixed gas-jet targets of He + N, and high Z target of pure N,. Due to the effect of
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ionization induced injection mechanism associated with mixed gas and high Z targets,
the threshold density for generation of relativistic electron beams was reduced
compared to the self-injection threshold density observed for He gas-jet target.
However, the laser and plasma parameters still lies in the L>A, regime and complete
overlap of the laser pulse with the injected electrons takes place. On decrease of
density, strength of wakefield was observed to reduce, and interestingly a pure DLA
regime of acceleration was identified. To the best of our knowledge, such an
observation of pure DLA mechanism with short laser pulse duration of few tens of fs
regime using mixed and high Z gas targets has not been investigated earlier. The
investigations have been discussed in Chapter-5 and Chapter-6.

Further, in the similar conditions, threshold density for generation of
relativistic electron beams was varied in mixed gas-jet target by varying the doping
concentration of He and N, in the gas mixture and its effect on acceleration
mechanism was studied. With increase in density, role of wakefield was observed to
increase and hybrid mechanism was identified as the dominant applicable acceleration
mechanism. In this case, a regime of onset of wakefield was observed where strength
of wakefield slowly increases and hence the contribution of energy gain from
wakefield gradually increases. Thus the hybrid acceleration mechanism observed in
case of mixed gas-jet target is associated with ionization injection mechanism and is
different from that observed in case of He gas-jet target at the self-injection threshold
density where equal contribution of wakefield and DLA was observed. The
observations have been discussed in Chapter-5 and Chapter-6. Further, for comparison

experiments were also performed with Ar gas-jet targets in the L>X, regime using
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longer laser pulse duration of 120 fs. In this case also, a pure DLA regime was
identified and the results are discussed in Chapter-6 and Chapter-8.

Hence, the present thesis focuses on the identification of DLA mechanism and
the suitable laser and plasma conditions were identified in different gas-jet targets of
He, N2, Ar and mixed gas of He + N, either by varying the laser pulse duration or by
varying the plasma density. The identification of the acceleration mechanism of DLA
has been based on the theoretical analysis on DLA performed in the different laser and
plasma conditions supported by various experimental observations and 2D PIC
simulations performed using code EPOCH [24] and OSIRIS [25,26].

9.1.2: Generation of relativistic electron beams and its characteristics:

Stable and reproducible generation of electron beams were observed during
the experiment for the wide range of laser and plasma parameters. However, the
electron beam properties were observed to vary depending on the acceleration
mechanism i.e. either a pure DLA or hybrid regime. Electron beam properties were
also observed to be affected by the injection mechanism i.e. either self-injection in
case of He gas-jet target or ionization induced injection mechanism in case of pure Ny,
mixed (He + N) and Ar gas-jet target.

For 1.2 mm length of plasma, in pure He gas-jet target where a pure DLA
regime of acceleration was identified with 200fs duration laser pulse, collimated
electron beams with typical divergence of ~30-40 mrad were observed with mostly
quasi-thermal electron spectra with maximum energy of ~30 MeV (Chapter-4). In few
shots, quasi-monoenergetic electron beams with peak energy of ~17-22 MeV and
energy spread of ~10-20% were also observed from the similar experimental

conditions. With 55fs laser pulse and N, gas-jet target, collimated electron beams with
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divergence of ~15-30 mrad and quasi-thermal electron beams with maximum energy
of ~ 60 MeV were observed in a pure DLA regime (Chapter-5). Electron beams with
similar energy and with quasi-thermal spectra were also observed from mixed gas-jet
target of He + N, in a pure DLA dominated regime (Chapter-5). However,
enhancement of electron energy was observed up to ~90 MeV in mixed gas-jet target
when electrons were accelerated from a hybrid regime of acceleration (Chapter-5).
The electron beam spectra were quasi-thermal. With He gas-jet target, quasi-
monoenergetic electron beams with peak energy of ~28 MeV and energy spread of
~64% were observed accelerated through hybrid mechanism (Chapter-5).

For 4 mm length of plasma, in mixed gas-jet target of N, + He, where a pure
DLA regime was identified, collimated electron beams with divergence of ~7-8 mrad
were observed. Electron beam spectra were quasi-monoenergetic with energy spread
of ~21 % and peak energy of ~168 MeV (maximum energy ~206 MeV) were
observed (Chapter-6). On increasing density, hybrid regime of acceleration was
identified and enhancement of electron energy upto ~235 MeV was observed with
quasi-thermal electron spectra (Chapter-6). Hybrid regime of acceleration was also
identified in He gas-jet target where quasi-monoenergetic electron beam with peak
energy of ~140 MeV and energy spread of ~18% were observed (Chapter-7). In few
shots, the peak electron energy was observed to increase up to ~400-520 MeV with
maximum energy in the range of ~620-750 MeV.
9.1.3: Radiography applications:

The present thesis also focuses on the study of radiography applications of
various metallic and biological plant samples using the relativistic electron beams

generated from LPA using He and Ar gas-jet targets (Chapter-8). The radiographs
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were generated with a minimum resolution of ~75 um. Further, reconstruction of the
radiographs of various samples was performed using GEANT4 simulations [27].
Penetration depth of electrons generated through LPA was studied through
simulations and in this regard suitability of LPA in radiotherapy was also discussed.
9.2. Future outlook:

In the present thesis, experimental investigations in different parametric
conditions were performed and role of DLA was identified. The complexity
associated with this aspect of laser plasma accelerators suggests further investigations
(experimental and simulations) which is not possible to address through a single thesis
work. The thesis work thus brings out vast scope for possible future investigations,
and several points could be considered as dedicated research problems for further
investigations in this field.

Through experimental observations, various regimes of acceleration were
identified viz. pure DLA, and hybrid (WF+DLA). DLA signatures were established
through its manifestation in observed maximum electron energy, spectrum
characteristics (quasi-monoenergetic, broad continuous spectrum and appearance of
multiple groups of electrons), and also through electron beam profile (ellipticity and
larger divergence) and transmitted laser spectrum wherever available and applicable.
Dedicated experiments towards establishing the signature of DLA could be useful in
establishing and improving the understanding, e.g. appearance of fork structures in
energy spectrum when dispersed perpendicular to the laser polarization as observed by
Shaw et al., [12], and also other parameters as stated above. Simultaneous use of
many diagnostics such as recording of laser forward spectrum, laser channeling and

propagation inside plasma through Thomason scattering, Shadowgraphy,
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interferrogram would lead to more detailed information about the interaction of the
high intense laser pulse with plasma. Although positive chirp was found favorable for
present experimental conditions, further detailed study in this direction on effect of
laser chirp on DLA would be of interest. Effect of other laser parameters e.g. focal
spot size, pulse front tilt etc. could also be considered. Finally, as high-power laser
systems are mostly operated in single shot mode, and therefore in general there has
been limitation on statistics of data on LPA, investigations with detailed statistics
could be targeted.

Another signature of DLA mechanism would be manifested from the
simultaneous recording of betatron radiation experimentally which would be another
aspect of our future investigation. Optimum regimes could be identified for generation
of betatron radiation from the accelerating electrons particularly in the laser created
channel in high Z gas-targets. Studies devoted to fundamental understandings e.g.
injection mechanism of electrons in DLA, particularly injection through surface wave
generation so that better control of the accelerator can be achieved, would also be
necessary and interesting.

2D PIC simulation studies were performed primarily to support the
experimental observations and distinguish the underlying acceleration mechanism for
which bubble formation, channel creation, separate contributions in energy gain has
been studied. However, more detailed investigation could be useful such as retrieving
electron beam profile, charge, betatron radiation etc. would strengthen the claim. A
much more rigorous study of 2D PIC simulations on DLA and hybrid acceleration
mechanism is required particularly tracking of individual electrons and understanding

the electron energy gain separately from wakefield and DLA.
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Further, a more detailed theoretical model on the understanding of electron
dynamics in the laser channel accelerated by DLA would be of much interest. It is
understood that the applicability of theoretical estimation of the maximum energy gain
in the hybrid regime is not straight forward. Study of dynamics of the electron in the
presence of laser and wakefield and the trapping conditions of electrons in such
complex field structure would be of interest. Subsequently, detailed theoretical
analysis of the hybrid regime of acceleration of electrons needs to be performed and
this leaves a huge scope for future investigation from the theoretical point of view.
Another important study in this direction could be study of effect of chirp on
generation relativistic electron beams through DLA.

Further experimental investigation on the radiography application using
electrons generated from LPA should be performed for special target samples and
optimization of parameters is required for achieving higher resolution. Also, study
with biological samples should also be performed and experimental estimation of dose

deposition on adipose tissue could also be carried out.
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SUMMARY

The thesis work presents investigations on laser driven electron acceleration in
underdense gas-jet plasma with emphasis on identification of different applicable
acceleration mechanism and also demonstrates electron radiography application.
Experiments were performed using Chirped Pulse Amplification based 25 fs, 150 TW
Ti:sapphire laser system at RRCAT, Indore, India. Direct laser acceleration (DLA)
and hybrid regime of acceleration (DLA + wakefield) of electrons in different gas-jet
targets of He, N, Ar and mixed gas targets of He + N, were identified. A pure DLA
regime was identified as the applicable acceleration mechanism with long laser pulse
duration of 200 fs in He gas-jet target. Interestingly, a pure DLA regime of
acceleration was also identified with short laser pulse duration of 55-60 fs in high-Z
N, and mixed gas targets. Electron beams with few tens of MeV energy with quasi-
thermal distribution, and also quasi-monoenergetic (energy spread ~21%) electron
beams with peak energy of ~168 MeV were observed. Hybrid regime of acceleration
in He has demonstrated acceleration of electrons to few hundreds of MeV and
maximum up to ~750 MeV. Further, radiography application of relativistic electron
beams was explored (minimum resolution of ~75 um was achieved), along with
suitability for radiotherapy application. 2D PIC simulations were performed using
code EPOCH, and also OSIRIS, for supporting electron acceleration results, and
GEANT-4 for radiography and radiotherapy. Many interesting results have been
brought out through these investigations which to the best of our knowledge are not
reported earlier. The studies would be of significance for developing stable laser
plasma accelerator through understanding of acceleration mechanisms involved and

high flux short wavelength betatron radiation source based on that.
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CHAPTER 1

Introduction

1.1. Particle acceleration and advanced accelerator concepts: An overview

Today we all understand that ‘Atom’ (basic constituent of matter) consists of
three types of particles viz. nucleons [protons (positive charge) and neutrons (neutral)
found in nucleus] and electrons (negative charge) revolving around it, and numbers of
which are different in every element [1]. An atom as a whole is electrically neutral,
however, on removing one or more electrons from the atom, it becomes positively
charged and is called ‘ion’, €.g. removing one electron from hydrogen atom gives H*
ion i.e. proton. There are many particles in the nature, which are also available as free
stable particles like electrons, protons and ions, such as cosmic rays consist of very
high-energy particles (GeV-TeV). They are also generated in some natural processes
like radioactive decays of some of the heavy nucleus where ‘alpha (helium nucleus)’
‘beta (electrons)’ and ‘gamma (photons) are generated. Photon is the particle

associated with light or electromagnetic radiation.

The importance of high energy charged particles was realized way back in
1911, the above described structure of atom was understood through an experiment
performed by Ernest Rutherford (a British Physicist) by bombarding gold foil by
alpha particles (of energies ~5.5 MeV, generated from Americium: Am?*, a
radioactive substance) and hence discovered the existence of nucleus [2,3]. This was

the first experimental study showing the importance of charged particles of high-

energies in understanding the nature. Subsequent to his discovery, in his presidential
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address to the Royal Society, in 1927 [4], Rutherford urged, ‘‘I have long hoped for a
source of positive particles more energetic than those emitted from natural radioactive
substances’’, which was motivated by the desire to study even smaller dimensions.
This necessitated finding out the ways to accelerate charged particles in the laboratory

and accelerators were built.

Most of the knowledge of the subatomic world has been achieved using
particle accelerators. Initially, accelerators were developed particularly for the nuclear
and particle physics research with the demand for higher and higher particle energies.
Presently, worldwide a number of particle accelerators are operational which are also
used for other numerous applications covering wide range of field such as
understanding the structure and dynamics of materials and their properties (physics,
chemistry, biology), application in medicine such as treatment of tumors and cancers,
production of medical isotopes, sterilization, ion implantation etc, industrial
applications such as cross-linking and polymerization of tyres, rubbers, plastics,
semiconductor manufacturing, food irradiation, welding, cutting etc and applications
in security such as scanning of materials, radiography etc [5,6]. Beams of accelerated
particles can be further used to produce beams of secondary particles: Photons (x-rays,
gamma-rays, visible light) are generated from beams of electrons (light sources) [7, 8]

and neutrons are generated from beams of protons (spallation neutron sources) [9, 10].

Among many particle accelerators, electron accelerators have received much
importance because of being elementary particle and its lighter mass compared to
other heavy particles and hence cheaper compared to other heavier particles. Currently
two main applications have been identified that motivated the majority of

developments in the science and technology of electron accelerators: the first one
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concerns medical uses [11, 12], and the second one deals with the production of x-
rays for further utilization in research in several fields, the so called synchrotron light
sources [7, 8]. Also, electron accelerators play an important role in many other
industrial applications and are becoming more and more present in scientific, medical
and industrial field. The increasing demand in improving electron beam properties
necessitated greater control and efficiency of electron accelerators, leading to

incredible advances in the accelerator technologies.

In this regard, accelerator technologies have evolved tremendously over years
starting from the DC acceleration technique, and currently majority of accelerators
rely on the electromagnetic fields to accelerate charge particles, namely the radio-
frequency (rf) technology [13-16]. RF acceleration technique although evolved to be a
robust technique [16] yet suffers from the drawback of limited acceleration gradients.
The maximum achievable gradient reported is ~100 MV/m [17]. However, this is still
in a prototype stage, majority of conventional linear accelerators mostly operate at
gradients of ~20-30 MV/m leading to large accelerator size, for example, the longest
rf linear particle accelerator is the Stanford Linear Accelerator at Stanford Linear
Accelerator Centre (SLAC), California, USA which accelerates electrons and
positrons upto 50 GeV in 3.2 km length operating with an accelerating gradient of ~20
MV/m [18]. As an alternative, use of superconducting rf cavities have also been
adopted. A proposed superconducting rf based linear accelerator is the 500 GeV
electron positron collider: the International Linear Collider (ILC) with an overall
length of 31 km (accelerating gradient of 31.5 MV/m) which is about 10 times larger
than SLAC [19] and would be the largest linear accelerator. The large accelerator size

and the associated huge infrastructure costs has made the scientific community to
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think for alternative options to increase the acceleration gradients and consequently

several advanced accelerator concepts have emerged [20,21].

In this regard, lasers were proposed to be a suitable candidate and advanced
acceleration techniques on use of huge electric field associated with intense laser
pulses were suggested and explored [20-24]. Simultaneously, plasma was also
proposed for use as an accelerating structure, as it can sustain fields beyond material
breakdown limits. Subsequently, various plasma based advanced acceleration
schemes, have been proposed [20, 21, 24-28], which rely on the generation of plasma
waves or wakes through the space charge forces. In 1979, Tajima and Dawson
proposed a scheme of driving these wakes using high intense laser pulses and a laser
plasma interaction based advanced acceleration scheme evolved termed as Laser
Plasma Accelerator (LPA) [29].1t was found to be promising as the wakes could
generate high acceleration gradients of >100 GV/m [20, 21, 24-28]. Wakes could also
beexcited by charged (electron/positron/proton) particle beams and is called Plasma

Wakefield Acceleration (PWFA) [30].

Plasma acceleration have been extensively investigated over years as research
in plasma is scientifically very rich as it involves understanding of highly non-linear
physics and leads to rigorous scientific research beyond just use of accelerators.
Various schemes have been adopted for improvement of the accelerator performance
in terms of efficiency and beam parameters and much more detailed investigations is
required to bring these accelerators to practical applications. In this thesis, we present

a detailed experimental investigation of LPA.
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1.2. Brief history of technological developments of electron accelerators:

Acceleration techniques of electron accelerators have shown immense
progress over years [13-16]. It began with the simplest DC acceleration technique
where electrons generally produced from thermionic cathodes were accelerated in
constant electric field between two electrodes generated by high voltage generators
such as the Van de Graff generators, which could produce voltage upto 1.5 MV [31].
With the motivation to increase the particle energy, instead of DC voltages, use of
alternating time varying fields was proposed [32] and linear accelerators (rf linac)
consisting of alternating drift tubes of increasing lengths connected to the same
terminal of a rf generator were built [33]. Length of RF linacs may vary from few
meters to kilometres depending on the application, the largest electron linac being the
50 GeV Stanford Linear Accelerator (SLAC) of 3.7 km long [18]. Further, betatron
was developed where acceleration of electrons relied on the induced electric field
resulting from time varying magnetic field [34]. However, this scheme suffers from
the drawback of available maximum magnetic field. Betatrons in the range of 7-20
MeV are now manufactured, especially for use for medical purposes. Later on
microtrons were developed relying on rf electron acceleration with a constant
magnetic field and increasing electron orbit radius [35]. Mostly, microtrons are used

as injectors to storage rings.

The most important technological development of electron accelerators was
the synchrotrons, where, the electrons rotate in fixed radius orbits, gain energy in rf
cavities and the strength of magnetic field increases in synchronous with the
increasing kinetic energy of electrons [36]. Electrons revolving in circular orbits loses

energy and emit synchrotron radiation in a narrow cone tangent to the circular path of
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the magnets, which lies within the UV and X-ray range of the electromagnetic
spectrum [7, 8]. Loss of synchrotron radiation meant reduction in electron energy and
it became a problem for particle physicists, but soon became a very important tool for
material studies. As the synchrotron radiation user community grew, there was an
increasing pressure for storage rings designed and dedicated to the production of
synchrotron radiation. Facilities like the European Synchrotron Radiation Facility
(ESRF, in Grenoble, France, with 6 GeV electrons), Advanced Photon Source (APS,
in Argonne, USA, with 7 GeV electrons), and Japan Synchrotron Radiation Research
Institute (JASRI, with Spring-8 a 8 GeV storage ring, in Hyogo, Japan) are examples
of high brightness sources.

1.3 Laser based advanced acceleration techniques:

Charged particle net energy gain and hence acceleration in an electromagnetic
field requires violating the Lawson-Woodward theorem which states that highly
relativistic electrons interacting with an electromagnetic field in vacuum cannot gain
any net energy [37]. Several ways to violate the Lawson-Woodward theorem have
been explored-

1. By limiting the interaction region.

2. By focusing the laser to a finite spot size and considering the ponderomotive
force.

3. By applying magnetic field in the interaction region.

4. By changing the medium of interaction by introducing gas or plasma into the
region.

Electron acceleration and net energy gain can be achieved through interaction

with laser in vacuum by limiting the laser electron interaction to approximately in a
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region of the Rayleigh length by tightly focusing high intense lasers to finite size spot
or by introducing optics close to the focus [38]. In this case, the electric field of high
intense focussed laser fields in vacuum were used to accelerate electrons within the
focal region and was demonstrated experimentally [39].Finite energy gain in vacuum
is also possible through the ponderomotive acceleration where energy gain results
from the non-linear force of the high intense laser [40]. Acceleration by this technique
can generate electron upto a few MeV with laser energy spread and high scattering.
Energy gain can also result from the introduction of a periodic magnetic
wiggler field, as in case of Inverse Free Electron Laser (IFEL) [22]. Relativistic
electrons are co-propagated with the laser field in presence of a magnetic field, that
allows the electrons to oscillate in the same plane as that of laser and at resonance
exchange of energy between the laser (wave) and the electrons (particles) takes place.
The acceleration of electrons through IFEL was first demonstrated in 1992 [41] and
two notable experiments were reported on the IFEL scheme: one at Brookhaven
National Laboratory (BNL), USA, known as Staged Electron Laser Acceleration
(STELLA) [42, 43] and the other at UCLA’s Neptune laboratory, USA [44]. In the
UCLA experiment, 14.5 MeV electron beam was accelerated upto 30 MeV with an
acceleration gradient of 70 MV/m. Recently, micro bunching of electron in a cascaded
acceleration scheme was demonstrated where a 54 MeV electron beam was

accelerated to 82 MeV with an rms energy spread of ~1% [45].

Finite energy gain can be achieved by introducing a background of gas into the
interaction region, such that the phase velocity of the laser is reduced to match with
that of the electrons as in the case of Inverse Cherenkov Acceleration (ICA) [23].

Electron beam is intersected with laser beam at certain angle. When the angle matches
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with Cherenkov angle, phase matching between the electron and the laser pulse takes
place and results in acceleration of the electron beam. Using this scheme, Kimura et
al., demonstrated experimentally a 3.7 MeV modulation on a 40 MeV electron beam

using a 580 MW CO;, laser [46].

1.4. Plasma based advanced acceleration techniques:

Introduction of plasma medium also provides a possible means to support
electron acceleration and hence gives rise to several plasma based electron
accelerators, like the PWFA [30] and LPA [29] and since plasma is already a broken
state of matter, no further electrical breakdown is possible and hence accelerating
electric field of >100 GV/m can be produced in plasma by driving giant plasma waves

(wakefields) using charged particle beams or intense laser pulses [20, 21, 24-28].

In case of PWFA, the wake-field is driven by an intense, high-energy, charged
particle beam of either electron or positron when it passes through the plasma [30]. In
case of electron beam driven wakefield, the space charge force of the electron bunch
blows out the plasma electrons. If the driver bunch density is much higher than the
plasma density then all the electrons will be blown out. In such time scales, the ions
do not respond and a cavity void of electrons is created. When a second bunch of
electrons is trapped inside such cavity is accelerated by the longitudinal field of the
cavity. In the first experimental demonstration of generation of wakefield by a
relativistic electron beam, a field gradient of 2 MeV/m was reported [47].
Subsequently, experiments performed using this technique have demonstrated an
energy gain of more than 2.7 GeV [48], energy doubling of 42 GeV electrons [49],

and the first acceleration of positrons in a plasma [50]. However, the accelerated
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electron beams showed continuous energy spectrum. Further PWFA experiments were
performed at Facilities for Accelerator Science and Experimental Test (FACET) at
SLAC, USA aiming towards achieving higher acceleration gradient and lower energy
spread and reduced transverse emittance [51]. Apart from FACET, a new beamline at
CERN [52], at DESY in Germany, a new beamline called FLASHForward (Future
oriented wakefield accelerator research and development at FLASH) [53] and another
beamline called FACET-II at SLAC demonstrating high quality electron beams
through wakefield induced ionization induced injection [54] has been constructed to

further explore this scheme.
1.5. Laser Plasma Accelerator (LPA):

In case of LPA, the wakefield is driven by intense short laser pulses. LPA has
attracted lot of attention in the scientific community because of being cheap and
compact and also for applications covering wide range of fields due to the unique
characteristics of particle beams produced and hence has proved to be one of the

potential future generation accelerators.

In LPA, a short (few tens to few hundreds of fs duration), intense (~10*%-10*°

0'?°cm™) produced using gases

W/cm?) laser pulse interacts with plasma (density ~1
(e.g. He, N2 or mixed) of lengths few mm to few cms. Mostly, Ti:sapphire laser
system (A=800nm), based on chirped pulse amplification (CPA) technique [55] is
used. In CPA technique, an ultra-short (10-20fs) laser pulse is at first stretched in
time, then amplified, and subsequently compressed close to its original pulse duration,

providing short pulse of extreme peak powers from few Terawatt (TW) to Petawatt

(PW) level. Most widely investigated scheme in LPA is wakefield acceleration i.e.
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Laser Wakefield Acceleration (LWFA) [29]. In LWFA, intense ultra-short laser pulse
is used to excite accelerating electric field (known as wakefield) in the wake of the
laser pulse through driving large amplitude electron plasma wave. Efficient excitation
of wakefield requires L~\,, where L=ct is the laser pulse length, t is the FWHM laser
pulse duration and 2, is the plasma wavelength which is inversely proportional to the
square root of the plasma density. For example for electron densities of ~10*° cm™,
this matching requires a laser pulse lengths of ~30 fs.

In the following sub-sections, the different schemes of electron acceleration

under LPA and their respective current experimental status is discussed in detail.
1.5.1: Beat Wave Laser Wakefield Acceleration (BW-LWFA):

Initially during the proposition of LWFA in 1979, the available laser pulse
lengths were much longer such that the resonance condition of L~A, condition was
impossible to satisfy. In such scenario, plasma beat-wave LWFA or BW-LWFA was
suggested [29, 56]. In this case, two long laser pulses (~ 100 ps) of frequencies »; and
o, are collinearly propagated through the plasma. These two laser pulses will beat at a
frequency Aw=wi-w,. To resonantly excite the plasma wave, it must satisfy the
matching conditions such that the beat frequency is almost equal to the plasma
frequency wp, i.e.Ao=wm,. Effectively a series of laser pulses are formed each of
duration At=2n/Aw=2n/m,. These short train of pulses move with the group velocity
of the laser pulse. Now, plasma wave is generated by the ponderomotive force
associated with the intensity gradient of these short laser pulses. Since a number of
these short pulses resonantly excite the plasma wave moving with the group velocity

of the laser, high amplitude plasma wave can be generated with phase velocity equal
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to the group velocity of the laser, and electrons can be accelerated to very high
energies. Generally, BW-LWFA is operated at moderate intensities of around10-

10*wW/cm?.

However, electron acceleration by this method is limited by the detuning of
the resonant process. After travelling certain distance with the beat wave, the plasma
wave amplitude becomes so high such that its oscillation frequency , decreases.
Whereas, the beat wave frequency remains fixed. So, after certain beat periods, the
resonant condition breaks and the plasma wave goes out of phase with the laser beat
wave. In order to avoid this limitation, the beat wave frequency is made slightly lower
than the plasma frequency, i.e. Aw<wp [57]. In addition to the resonant detuning and a
very challenging scheme due to its requirements of a two-frequency laser system, and
precise matching to the plasma frequency, BW-LWFA process is subjected to various

laser plasma instabilities as it is operated in the long pulse regime.

The first experimental observation of accelerated electron beams using this
scheme showed generation of electrons upto 10 MeV using CO; laser having two of
~10.6 and 9.57 pm respectively [58]. Subsequently, experiments were also performed
by the UCLA group where electron energy gain of externally injected electrons to
~28 MeV using the PBWA technique was demonstrated [59] and several more
experimental demonstrations were reported using this technique [60,61]. The
maximum energy of electrons obtained through PBWA is ~38 MeV in a laser beat

wave induced plasma channel [62].
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1.5.2. Self-Modulated Laser Wakefield Acceleration (SM-LWFA):

Later with the development of laser technology, and availability of
comparatively short laser pulses, PBWA scheme was replaced by the SM-LWFA
scheme where single intense laser pulse was used to excite wakefields directly. During
this time the available shortest laser pulse durations were of the order of ps or
hundreds of fs such that the pulse length was still longer compared to the plasma
wavelength i.e. L>>A,. However, with the availability of shorter laser pulses of
several tens of fs, L>A, regime could also be realized experimentally. Long laser
pulses, after self-focusing inside plasma are modulated on the order of plasma
wavelength, which subsequently drives strong wakefield. SM-LWFA generally

operates at high plasma densities of the order of ~10*°cm™ or higher.

Subsequently, several groups have reported acceleration of electrons through
SM-LWFA in the L>>), regime using laser pulses of several hundreds of fs and peak
powers of few TW interacting with underdense plasma targets of densities of the order
of ~10"cm™ and gain in maximum electron energy up to few tens of MeV were
observed [63-68]. However, electron beams with broad continuous spectrum were
generated. There were experiments performed in the L>A, regime also using several
tens of fs duration laser pulses and densities of the order of ~10*°cm™ [70-80]. In all
these experiments electron beams with higher energy of several tens of MeV with
guasi-monoenergetic spectra have been observed. Acceleration of electrons in the SM-
LWFA regime has been explored extensively. It was demonstrated that in case of
wakefield acceleration, electron energy decreases with increase in the plasma density

[81]. Further, various experiments have been performed on increasing the self-
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modulation instability of the laser pulse to generate large amplitude wakefields such
as by using asymmetric or chirped laser pulses [82,83] or by increasing the growth
rate of Raman Forward Scattering (FRS) instability [84] where generation of electron

beams with improved beam parameters have been observed.
1.5.3. Blowout or bubble acceleration:

In 2004, interestingly, three groups simultaneously reported generation of
quasi-monoenergetic electron beams with energy spread (<10%) and low divergence
(<10 mrad) and comparatively higher electron energies in the range of 100-200 MeV
[85-87]. This marked a break-through in the evolution of LPA and on its potentials.
The generation of quasi-monoenergetic feature in the electron spectra was explained
by the mechanism of bubble formation: a scheme of LWFA known as 'bubble’ or
'blow-out’ [88, 89] applicable for the condition of L<\, regime, for comparatively
shorter laser pulse duration of few tens of fs and at lower plasma densities of ~10'" 2
cm™. In order to operate the LPA in a blow-out regime, it requires to fulfil certain

matching conditions between the laser intensity (ap), laser focal spot (wp) and the

plasma density (ne) such that,
Koo =k,R=2,[a, , (1.1)

where k, =27/ and A, (um) =3.33x10° /\/n,(cm™®) is the plasma wavelength [89]

and R is the bubble radius.

Several experimental investigations performed in the bubble regime
demonstrated generation of good quality quasi-monoenergetic electron beams with

energy in the range of several hundreds of MeV to sub-GeV [90-95]. Later, several
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experiments have reported generation of multi-GeV electron beams with few percent
energy spread [96-102]. Recently, with the availability of PW laser facilities,
generation of ~8 GeV electron beams with few per cent energy spread have been

demonstrated through wakefield mechanism [103].

Observation of quasi-monoenergetic electron beams in the experiments
performed in the SM-LWFA regime i.e. L>A, [70-80] was also explained by the
bubble regime of acceleration. Although initially laser and plasma parameters were
not matched, however, the non-linear self-evolution of laser pulse in plasma would
lead to achieve bubble regime conditions leading to quasi-monoenergetic features in

the electron spectra.

Mostly, LWFA experiments (described above) were performed in low Z He
gas-jet targets. In low Z gas targets plasma formation takes place at the foot of the
laser pulse and main laser pulse interact with the fully ionized plasma therefore
ionization effects on laser propagation could be avoided. Relativistic self-focusing and
channelling of laser pulse for long plasma lengths exceeding several times beyond the
Rayleigh length has been observed in several experiments using He gas-jet targets [91,
104-112].Pure high Z gases are not preferred for laser plasma acceleration
experiments primarily due to inherent drawback of ionization induced defocusing of
the laser pulse [113-115]. Still, electron acceleration in high Z gases e.g. N, and Ar
etc. have been explored for comparison purpose and particularly N, as being readily
available and cheap [116-126]. In case of N, targets, experiments have been
performed both in the SM-LWFA [116-121] and bubble regime [122-126] and
generation of QM electron beams with peak energy in the range of few hundred MeV

has also been demonstrated [121-124]. LWFA experiments have also been carried out
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in mixed gas-jet target of where few percent (0.1-10%) of high Z gas (such as No,
CO,, O, etc.) is doped in low Z gas (such as H,, He) [127-138]. Experiments were
mostly operated in the bubble regime of acceleration and generation of few hundred

MeV to GeV electron beams has been reported.

This bubble regime of acceleration has therefore proved to be a promising
technique in generating very high energy good quality electron beams through LPA.
Thereafter, concept of staged plasma acceleration was proposed where electrons
accelerated from one stage is injected into the other for further acceleration [139] and

were demonstrated experimentally [132,133, 140, 141].

1.5.4: Direct Laser Acceleration (DLA) in plasma:

Another applicable acceleration mechanisms in laser created channels in the
long laser pulse regime i.e. in L>>\, (using hundreds of fs laser pulse duration) or
even in L>\, (using tens of fs laser pulse duration) regime is the direct laser

acceleration (DLA) of electrons.

One way to observe DLA in plasma is by the ponderomotive acceleration
[142]. At very high intensities, the vxB force of the laser field becomes strong enough
to eject electrons radially as well as in the longitudinal directions to the laser
propagation axis. Typically, the energy gained by this process is due to the quivering
of the electrons in the laser ponderomotive potential. So, typically with ap=1, the
electron energy results to be 200-300keV and 6~64°, suggesting generation of very
low diffused energy electron beams. Electron acceleration through this scheme was
experimentally demonstrated by G. Malka et al. where energy gain of ~2.7 MeV was

achieved [40].
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The second very dominant DLA mechanism in this regime is the betatron
resonance accelerationwas first investigated through 2D PIC simulation by Pukhov et
al. [143]. In this scheme, the electrons oscillate at betatron frequency in the self-
generated static fields of the ion channel created by high intensity laser pulse in
underdense plasma. The static electric field is generated by the depletion of electrons
from the laser channel axis by the radial ponderomotive force of the laser and the
static magnetic field is generated from the stream of accelerated electrons. When this
betatron frequency becomes equal to the doppler shifted laser frequency, resonant
transfer of energy from the laser field to the electrons occurs. This transverse energy
gain of electrons is converted into longitudinal direction by the vxB force and as a
result effective energy gain of the accelerated electron beams in the longitudinal
direction occurs. The electron energies in this case are far in excess of the
ponderomotive potential energy as discussed above and the acceleration is directly a
consequence of energy exchange with the laser, and not by the wake field as is in the
case of LWFA. In contrast to wakefield, in case of DLA, the electrons perform larger
transverse oscillations in the laser field and hence become a better candidate for

generation of high energy betatron radiation compared to the wakefield [144-149].

There are very few reports on the experimental study of DLA, particularly
using long laser pulse duration of hundreds of fs in He gas-jet target [150-152]. The
first experimental demonstration was by Gahn et al. [150]. They showed acceleration
of electrons of maximum energy of ~12 MeV with quasi-thermal distribution on
interaction of long laser pulses of duration of 200 fs. Experiments on DLA have
shown generation of electron beam with continuous [152], or quasi-thermal [150, 151]

energy spectrum.
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Applicability of DLA mechanism has also been reported in other gas-jet
targets such as clustering Ar gas-jet where mostly broad continuous spectrum has

been observed [144, 153, 154].

Since in the regime of L>A, and L>>L, both SM-LWFA and DLA are
plausible acceleration mechanisms, a competition between the two in terms of
dominance of one mechanism over the other is obvious. For the regime L>>A,,
several simulation results have shown that the wakefields are effective only at the foot
of the laser pulse, signifying dominant electron acceleration mechanism of DLA
[143,149,155,156]. It was found that the contribution of DLA vs wakefield
mechanism was also dependent on the value of P/P. where P is the initial laser power
and P is the critical power for self-focusing, and for large values of P/P.:>6, DLA
could take over wakefield [143]. This is because a high value of P/P. would lead to
strong relativistic self-focusing of the laser pulse and front of the pulse creates almost
complete blowout of the electrons from the laser axis, and form a near hollow
waveguide. The trailing part of the laser pulse propagates though this waveguide and

therefore does not drive strong plasma wave i.e. wakefield [156].

However, in the regime of L>\, using comparatively shorter laser pulse
duration of tens of fs, earlier in some of the reports on SM-LWFA also applicability of
DLA mechanism has been discussed using He [157,81] and N, [158] gas target and
electron energies of few tens of MeV with exponential spectrum have been observed.
Recently, dominance of both wakefield and DLA together with equal contributions
from each have been identified and a regime of hybrid acceleration (DLA +

wakefield) was proposed in mixed gas target of He+N, [159, 160]. In this experiment,
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electrons with continuous spectrum with maximum energy of ~120 MeV have been
observed. Accelerated electrons were dispersed in the perpendicular plane of the
magnetic spectrograph and fork-like structures appeared in the electron spectrum,
which suggested the contribution of DLA. Renewed interest in the hybrid regime of
acceleration was due to the fact that DLA can double the energy of the accelerating
electrons in a LWFA which was observed through detailed PIC simulations performed
[161-163]. Also, it was shown that DLA electrons can even have lower energy spread

compared to the wakefield electrons [162, 163].

1.6. Applications of laser plasma accelerators:

LPAs are now matured enough to generate good quality stable electron beams
with energies in the range of few tens of MeV to few hundreds of MeV. Hence,
applications of these electron beams for various potential applications are also being

explored [164-167].

1.6.1: Radiation generation:

LPAs can now produce electrons of energies comparable to those in 3rd
generation synchrotron facilities, and the use of wakefield accelerators for photon
light source applications is a near-term potential prospect [164-166]. Radiation
generated from electrons generated from LPAs could cover a wide range from tera-
hertz to gamma rays of the electromagnetic spectrum generated through various
mechanisms.

Betatron radiation is emitted when electron perform betatron oscillation either
in the plasma bubble or the plasma channel in case of bubble or DLA mechanism of
acceleration respectively. Several reports on experimental observation of betatron
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radiation in the blowout regime have been performed [168-178]. Highest betatron
brightness to date from the blowout regime (peaking at ~20 keV) have been reported
from 2 GeV electron beams accelerated at the Texas Petawatt Laser [174]. Some work
has been done in the DLA regime with picosecond long laser pulses [145], where x-
rays up to 50 keV have been reported. It has been shown that betatron radiation is
enhanced in the presence of laser field due to the increased oscillation amplitude of
electrons in the laser field [146-148, 179]. Betatron spectra peaked at 150 keV
produced by 700 MeV electron beams have been reported in a slightly different
regime at the Astra-Gemini laser facility [146]. Several studies have also been
reported on using betatron radiation as a tool for characterizing electron beam
properties such as electron beam source size [169, 172, 180, 181], initial angular
momentum [182, 183], anisotropy in electron oscillations [173, 184] and self-injection

into the plasma bubble or channel [147].

Another approach of generation of radiation from LPAs is by the inverse
Compton scattering process [185]. In this case, generally two laser beams are used.
One laser accelerates the electrons to relativistic energies whereas the other laser
propagating in the opposite direction to the accelerated electron beams gets scattered.
In the rest frame of the electrons, since the electrons and the laser field is moving
towards each other (counter propagating), due to Doppler effect, the frequency of the
laser field is up shifted. Another up shift of the radiated frequency occurs due to the
Doppler effect when the scattered radiation is observed in the laboratory frame,
thereby providing two fold increase in the scattered radiation. Various theoretical
study has been reported on the mechanism [186, 187] and the first study using 3D PIC

simulations on LPA Compton radiation source, predicted that with accelerating
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electrons of energy up to 300 MeV and nC charge generated from LPA, photon
energies of 1 MeV with 107 photons per pulse of x-ray flux could be generated [188].
However, recent simulation studies have even predicted generation of 10 MeV photon
energy with 10" photons from interaction with 200 MeV, 100 pC electron beam
[189].The first experimental demonstration was performed with a 10 TW laser
producing Maxwellian electron distributions with scattered photons having energies
up to 2 keV [190]. Consequently, several experiments were performed showing
generation of hard x-rays [191, 192] and even gamma-rays [193-196] through this
mechanism. The first experimental showing generation of hard x-rays of energy up to
300 keV (peak ~50 keV) was demonstrated using single laser pulse reflection from a
plasma mirror [191]. A recent study has demonstrated the tunability of photon energy
in the range of 75-200 keV with a quasi-monoenergetic (50%) spectrum [192]. Also,
experimental demonstration have shown generation of even higher energy gamma-ray
photons between 1-4 MeV from 300 MeV electrons generated from LPA using two
independent laser pulses[193], which have the advantage of optimising x-ray output
and scalability of higher y-ray flux with increasing scattering pulse energy. The
highest photon energy obtained from a LWFA Compton source is 18 MeV
(approximately 10" photons with energies exceeding 6 MeV per shot) from Astra-
Gemini laser facility [194].

Short wavelength radiation can also be generated by the mechanism of XFEL
[198]. LPA is capable of generating high energy electron beams to be injected to x-ray
free electron lasers (XFEL) and are being considered as a candidate for compact
XFEL source. There are reports showing undulator radiation produced, with 55-75

MeV, 1% energy spread electron beams in the visible wavelengths [199], with 200
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MeV electron beams in the soft x-ray range (few nm) [200] and with 120-130 MeV
electron beams in the vacuum ultra-violet (VUV) spectral range [201].

Radiation emission by bremsstrahlung process takes place when energetic
electrons are propagated through dense target and collisions with ions and other
particles takes place. LWFA electrons have been also employed to produce gamma-
rays by passing it through high-Z material converters. This technique has distinct
advantages over direct laser irradiation of solid targets as in the LWFA-driven case,
the source is much more collimated (5°) [202 - 204]. Gamma-rays with energies in the
range of 8-17 MeV with ~108 photons were generated by 10-45 MeV LWFA electron
beams incident on a 2 mm tantalum slab and the yield was found to be exceeding two
orders of magnitude compared to direct radiation on solid targets [205, 206].
Production of tunable gamma-ray sources based on bremsstrahlung from LWFA
electron beams have also been reported [207].

In LPA, coherent transition radiation (CTR) is generated by the electron beam
induced currents at the boundary of the plasma/vacuum interface (typically in the THz
regime) [206]. Several experiments have been performed showing generation of CTR
from LWFA, and detection of CTR have been mostly used as a diagnostic of electron
bunch duration and its longitudinal profile for LWFA electrons [207-213].

1.6.2. Radiography and Radiotherapy:

Another potential application of LPA which has been sparsely explored is
electron beam radiography [214-218] and radiotherapy [219]. Electron beam has been
found to be a potential alternative for radiography compared to other particles such as
photons, neutrons and other charges particles such as protons [214]. In this regard,

LPA have unique advantages over conventional accelerators based on RF technology,
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apart being cheap, compact table top source. Laser driven electron sources can
generate electron bunches of very short duration of the order of fs [220]. As a result, it
can deliver dose at high rate [221, 222]. It also allows for time-resolved studies.
Experimental investigation of electron beams generated from LPA has been sparsely

investigated [223-228].

For radiotherapy applications, mostly linacs were used for the purpose of
treatment of superficial tumors [229], whereas to attend the deep seated tumors very
high energy electron beams (VHEE) of ~ 150 - 250 MeV will be required [230-233].
In this regard, LPA has also been proposed to be considered as it can routinely
generate electron energies of ~150-250 MeV and also have the advantage of ease and
control of high dose delivery [221, 222, 234, 235]. Considering the important
applications of electron beams in radiography and radiotherapy, further investigations
using advanced accelerators like LPA is desirable, more so when there are very few

reports in this direction.
1.7. Advantages and limitations:

LPA have been pursued rigorously by several groups worldwide and have now
emerged to be one of the potential candidates among the advanced accelerator family.

It has several advantages over conventional accelerators [24-28].

1. It can support acceleration gradient of upto ~100GV/m (three orders of magnitude
higher than conventional RF accelerators), and hence can accelerate trapped plasma
electrons to very high energies in small distances (few mms to few cms) [24-28].
Hence, LPA is seen as a promising technique to develop compact tabletop and cheap
electron accelerators.
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2. It can generate very high energy quasi-monoenergetic electron beams ~GeV with

energy spread of few percent, and bunch duration of the order of fs [220].

3. LPA represent a tunable source, capable of addressing a broad range of applications

[164-167].
However, LPA also suffers from various limitations also.

1. LPA has demonstrated generation of electron beams with total charge of the order
of nC which is comparable to conventional accelerators. However, the average beam

current is lower due to limitation of lower repetition rate of operation of LPA.

2. Since LPA is dominantly governed by the laser pulse propagation inside plasma, it
suffers from some inherent limitations such as laser diffraction, pump depletion and

various laser plasma instabilities.

3. It is associated with highly non-linear processes and hence electron beam stability

required for potential applications still now remains a challenge.

In the above sections, we have discussed about the various advantages of
LPAs over RF linear electron accelerators and its potential applications in the
industrial, research and medical fields that could be realized from the relativistic
electron beams with unique beam characteristics. However, LPA is still in the
research and development phase and has several issues still associated with it viz.
controlling the non-linear intense laser plasma interaction and hence generation of
high-quality stable electron beams. Various non-linear phenomena associated with
the high intense laser plasma interaction in LPA viz. relativistic self-focusing and

channeling of laser pulse in underdense plasma, different electron injection
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mechanisms and dynamics of trapping of electrons in different complex field
structures formed etc., is of paramount importance in order to control the accelerator
performance and generate stable electron beams. Particularly understanding the
dominant acceleration mechanisms applicable in different laser and plasma parameters
is also of much significance along with exploring the applicability of LPA for various
potential applications. In Table-1.1 below a summary of the understanding of different
acceleration and injection mechanism in different laser and plasma parameters is

provided.

Table-1.1: Summary of the experimental studies performed in LPA showing dominant

acceleration and injection mechanism in different laser and plasma conditions.

Reported experimental investigations
. Injection
Gas-jet target .
Regime | wakefield | P-4 mechanism
hybrid
Low Z gases Mostly Two reports
L>>A on pure _iniacti
(He, Hy) P | SM-LWEA DEA Self-injection of
electrons through
Mostly Two reports .
Lo, suggested wave-breaking
SM-LWFA | 1ole of DLA process
L<Xp bubble | = ------
Mostly One report
L>>), on cascade
P | SM-LWFA | of wakefield
High Z gas + DLA lonization induced
(Ny) Mostly injection
L>}\,p """
SM-LWFA
L<p bubble | = ------
High Z gas L>>hp | e Mostly DLA | |5 hization induced
(A) SV — Mostly DLA Injection
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L>>h, | - | e
Mixed gas target L Mostly One report o
p wakefield on hybrid lonization induced
(He+ few % Ny, O, injection
COy) Mostly
L<7hp """
wakefield

1.8. Scope of the present thesis:

In the present research work, we focus on the generation of relativistic electron
beams using Ti:sapphire laser pulses (A=800 nm) of varying durations in the range of
~55 - 200 fs to cover L~A, to L>>), regimes. Different gas-jet plasma targets e.g. He,
mixed gas-jet targets of He+N,, N, and Ar were used with plasma density in the range
of ~10"-10° cm™® to explore conditions suitable for applicability of different
acceleration mechanisms such as wakefield, direct laser acceleration (DLA) and
hybrid (i.e. DLA + wakefield) regime of acceleration. Generation of stable and
reproducible electron beams was observed with maximum energies in the range of
~30-700 MeV in various experimental conditions explored. Particularly, quasi-
monoenergetic electron spectra with peak energies in the range of ~30-500 MeV and
energy spread in the range of ~10-20% were observed. Finally, we also focus on the
radiography applications of these relativistic electron beams generated from the laser
plasma interactions and radiographs of various metallic and biological samples using

relativistic electron beams generated from LPA were recorded.
The chapter wise summary of the research work carried out is as follows:

Chapter 2 focuses on the theoretical aspects of different mechanisms of

acceleration applicable in LPA. Laser wakefield acceleration (LWFA) mechanism and
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various schemes of electron injection viz. self-injection and ionization induced
injection mechanisms etc. which are relevant to the present research work are
discussed. This follows by direct laser acceleration (DLA) mechanism, where
theoretical estimation of maximum energy gain and trapping conditions of electrons
interacting with the laser field are described. Further, analytical expressions to
estimate the dephasing length of electrons and rate of dephasing have been derived.
Lastly, a short discussion on the generation of surface wave as a pre-acceleration and

injection mechanism to DLA is also included.

In Chapter 3, details of the experimental set up used for various investigations
are provided. First, details of a 150TW, Chirped Pulse Amplification (CPA) based
Ti:sapphire laser system is provided and measurement techniques of various laser
parameters such as laser pulse energy, laser pulse duration, focal spot and pre-pulse
contrast is discussed. Description of the super-sonic gas-jet system used during the
experiment and details of the gas-line system designed for precise control of mixing
gases is provided. Details of various diagnostics used to record electron beam profile
and its energy spectrum, and study laser propagation in underdense gas-jet plasma e.g.
optical diagnostics such as 90° Thomson side scattering imaging, shadowgraphy,
forward laser spectrum set up are also provided. Details of various detectors used in

the experiment viz. phosphor screens, image plates and CCD cameras are also given.

In Chapter 4, experimental investigation on LPA using longer laser pulse
duration of 200 fs corresponding to L>>), using He gas-jet plasma is described where
a pure DLA regime was identified. The above observations were also supported by
theoretical analysis on DLA and 2D PIC simulations using code EPOCH. Further,

generation of quasi-monoenergetic electron beams was also observed although with a
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low probability of occurrence, even with such long laser pulses and where the
dominant acceleration mechanism was found to be DLA, and a plausible explanation
for such an observation was provided through the estimation of dephasing length of

electrons for DLA theoretically.

In Chapter 5, experimental investigation on LPA using shorter laser pulse
duration of 55 fs corresponding to L>\, using three different gas-jet targets of He, N,
and mixed gas targets (He + N) is described. In this case, two different acceleration
regimes was identified: a pure DLA regime in N, and mixed gas target at a lower
plasma density of ~2x10* cm™ and a hybrid regime acceleration in mixed and He gas
target toward comparatively higher plasma side. The results were supported by 2D
PIC simulation using code EPOCH and also showed an interesting aspect of surface
wave generation on the boundary of laser plasma channel which could be suggested as
a pre-acceleration mechanism for DLA. Effect of acceleration mechanism on electron

beam parameters was also observed and discussed.

In Chapter 6, experimental investigation on LPA using shorter laser pulse
duration of 60-701s corresponding to L~A, using N2 and mixed gas targets (N, + He) is
described. At first, experiments were performed with N, gas target and gradually
doping concentration of He was increased in N, With increasing doping
concentration of He in N, threshold density for generation of relativistic electron
beams was found to increase which in turn affects the electron beam properties. At an
optimum composition of No+50 % He, at a threshold density of ~2x10® cm™®, electron
beam parameters were also found to be optimized. DLA was identified as the
dominant acceleration mechanism and with increase in density; role of wakefield was

also observed leading to a hybrid regime of acceleration. Results were supported by
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2D PIC simulations performed using code EPOCH. Optimization of electron beam
parameters in a DLA dominated regime was explained through the variation of rate of

change of dephasing of electrons in the laser field with plasma density.

In Chapter 7 experimental investigation on LPA using shorter laser pulse
duration of 60-100fs corresponding to L>\, using He gas-jet target is described. For
lower laser pulse duration of ~60 fs, quasi-monoenergetic electron beams with
average peak energy of ~180 MeV were observed and electron acceleration was
primarily attributed to the wakefield mechanism. However, for longer laser pulse
duration of ~100 fs, electron energy was found to increase with maximum energy
reaching upto ~620-750 MeV. In this case, role of DLA could be identified leading to
a hybrid regime of acceleration. The results are supported by 2D PIC simulations

performed using code OSIRIS.

In Chapter 8, an investigation on radiography application of relativistic
electron beams generated during the experimental investigation described in Chapter 6
and 7 above using Ar and He gas-jet targets respectively is described. Radiography of
various metallic samples was performed and a minimum resolution of ~ 75 pum was
achieved. Effect of different electron beam parameters on the quality of radiograph
has also been discussed. Further, GEANT4 Monte Carlo simulations were performed
to reconstruct the radiographic images and were found to be consistent with the
experimental results and further, suitability of these electron beams in radiotherapy

applications has also been discussed.

Lastly, in Chapter 9, summary and conclusion of the present research work is

presented. It also includes a brief discussion on the future prospects of both
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experimental and theoretical study on LPA towards generation of high-energy stable

electron beams, role of different acceleration mechanisms and potential applications.
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CHAPTER 2

Fundamental aspects of laser plasma acceleration

In this chapter, we discuss in detail about the theoretical background of the
different acceleration mechanisms governing laser plasma acceleration and the
injection mechanisms of electrons associated with the different acceleration
mechanisms. First, we discuss laser interaction and propagation in underdense gas-jet

plasma target.

2.1 Laser interaction and propagation in gas-jet targets:

When a high intense laser pulse is focused on a gas-jet target plasma is rapidly
created at the foot of the laser pulse. The peak intensities of ~10'%-10° W/cm?
achievable with the present laser 100 TW or PW laser systems is much higher
compared to the ionization threshold of mostly used low Z gases e.g. hydrogen and
helium and also of comparatively high-Z gases e.g. N2, O, and Ar etc. The physical
processes through which the initial ionization takes place, strongly depends upon the
intensity and the temporal profile of the laser beam. The electric field (E in V/cm)

associated with laser intensity (I in W/cm?) is given by:

E(V /cm) =27.5/1, (W /cm?) (2.1)

Electric field associated with the hydrogen atom is ~5.1x10° VV/cm, and as per
above expression intensity required to ionize the hydrogen atom is ~3.5x10%
W/cm?.However, depending on the incident laser intensity, plasma formation in gas
can take place through a number of ionization processes. Multi-photon ionization [1,

2] and above threshold ionization (ATI) process [3] are effective at lower laser
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intensities of ~10"*W/cm? where the atomic potential remains unperturbed. But when
the incident laser intensity is much higher as that is achieved currently, the associated
laser electric field perturb the atomic potential and suppress the barrier. As a result,
electrons are released more spontaneously and the effective threshold intensity for

ionization reduces as is given by:

I (laser) = 4x10°(E,, /eV)*Z W /cm? (2.2)

on

where Z denotes the charge of the gas. So, for hydrogen, the effective ionization
threshold intensity reduces to ~10™ W/cm? which is two orders lower than the actual
threshold intensity. This is called the over the barrier ionization (OBI) or tunneling
ionization [4, 5]. This process is very important in formation of plasma by interaction

of short laser pulse. Refractive index () of the plasma is written as:

n=(1— 2y = 1Dy (2.3)
0} n

c

2
where, a)§ _4memn, m= 5.64x10* x\/n_ is called the plasma frequency, o is the laser

e

frequency, neis the plasma density and n. is the critical density.
From the above relation, we see that for the laser frequency less than plasma
frequency, the refractive index becomes imaginary. But light propagation is only

possible for real values of refractive index for which it is necessary that w > @, . This
condition states that the laser propagation in plasma is only limited up to w=w,. So

the corresponding density at which @ = @, is called critical density and is given by,

n, =1.1x (j—an)‘zcm‘3 (2.4)
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For a Ti:sapphire laser operating at wavelength (A) of 800 nm, n. is calculated
to be ~1.7x10%* cm™. Plasma medium with density lower or higher than the critical
density for a given laser wavelength is called underdense and overdense plasma
respectively. In case of plasma produced on solid targets using intense lasers all
absorption processes occur in the under dense plasma region up to the critical density
layer as it defines the maximum plasma density up to which laser light can propagate.
In case of gas-jet plasma targets with density in the underdense region laser can
propagate through the plasma medium. However, focused laser pulse propagation
distance is limited to Rayleigh length given by, Zg=rro¥/A, (Where rq is the initial laser
spot radius at 1/e? value of peak intensity and A is the laser wavelength) due to its
natural diffraction. This relation is valid for ideal Gaussian beam, but in practical
cases, the presence of higher order modes in the laser beam limits the beam from
being perfect Gaussian. How much a real beam is deviated from the ideal Gaussian
beam is described by M? parameter, which is defined as W6 = M?2x/A, where W and
0 are the laser focal spot size and angular spread of the real beam [6]. The M?
parameter is a positive number ranging from unity to greater than unity: larger the
value of M?, larger is the deviation of real laser pulse from Gaussian. Considering M?
parameter, Rayleigh length of a real beam is redefined as Zg'=nW?*/M?\. Hence for
larger values of M? Rayleigh length decreases and effectively the laser pulse is
diffracted much earlier. For focal spot size of few microns to few tens of microns, the

Rayleigh length ranges from sub mm to few mm.

In addition, inside plasma, propagation distance is further limited due to
ionization induced defocusing effects [7-10]. The degree of ionization of an atom by

an intense laser field depends on the atomic number (Z) of the atom and on the laser
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pulse intensity. Considering a Gaussian laser pulse profile both in the transverse and
longitudinal direction, propagating inside a high Z gas target, the outer shell electrons
having lower binding energies are ionized at the foot or the wings whereas, the inner
shell electrons with comparatively higher binding energies are ionized at the peak of
the laser pulse. Thus, corresponding to laser intensity profile, a radial density profile is
formed with a density maximum at the peak of the pulse (i.e. on axis), subsequently
reducing the on-axis refractive index of the plasma. This leads to increase in the on-
axis phase velocity, compared to the wings, and hence acts like a diverging lens effect
and results into laser pulse defocusing. lonization induced defocusing effects can be
minimized for low Z gas targets such as H, and He due to complete ionization
occurring at the foot or wings of the laser pulse and no further ionization at the pulse
peak. However, without any guiding the laser propagation shall still be limited by
Rayleigh length and is generally not sufficient to achieve high-energy acceleration of

electrons.

Guiding and propagation of intense laser pulses in underdense plasma beyond
Rayleigh lengths can be achieved by modification of the refractive index of the
plasma such that the refractive index is maximum on the laser propagation axis
compared to the wings i.e. dn/dr <0. Various non-linear processes such as relativistic
self-focusing [11, 12], and ponderomotive channeling [13, 14] takes place inside
plasma and hence helps self-guiding of the laser pulse over several Rayleigh lengths.
At very high laser intensities, the electrons quiver relativistically in the laser field [11,
12]. The relativistic mass (m'=ym, where y is the relativistic factor) effectively
modifies the local plasma frequency (wp':wp/\/y) and hence increases the refractive
index along the laser axis, leading to relativistic self-focusing and guiding of the laser
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pulse. Whereas, in case of ponderomotive channeling, the electrons are expelled
radially outward from the laser propagation axis by the ponderomotive force of the
laser pulse leading to increase in the refractive index along the laser axis [13, 14]. It
has been shown that when laser power exceeds critical power for relativistic self-
focusing, P. (GW) = 17.4 (nJ/n.), diffraction can be overcome, and relativistic self-
guiding of the pulse occurs [11, 12]. Consideration of ponderomotive self-channeling
along with relativistic self-focusing enhances this effect by slightly reducing the

critical power for guiding to Pc (GW) > 16.2 (nJ/ne) [13, 14].

Relativistic self-guiding of the laser pulse depends on laser and plasma
parameters viz. laser pulse length (L) (L=ct., T, is laser pulse duration at FWHM: full
width at half maximum), plasma wavelength (), initial laser spot radius (ro), peak
amplitude of the normalized laser intensity (ao), input laser power (P) and plasma
electron density (ne). Self-focusing and guiding of intense long as well as short laser
pulses in plasma have been observed experimentally [15-20]. Based on initial laser
and plasma parameters, bubble (complete cavitation) / wakefield or a long channel is
created and both the conditions are suitable for electron acceleration as discussed in

the next sections.

2.2. Laser Wakefield Acceleration (LWFA):

As has been discussed in the previous chapter, laser wakefield acceleration of
electrons is operated both in the long and short laser pulse regime i.e. L>A,/ L>>),
and L<\, respectively, where L=ct is the laser pulse length, t is the FWHM laser
pulse duration and A,=3.33x10'%n,, is the plasma wavelength, n. is the electron
plasma density. SM-LWFA is generally observed in the long laser pulse regime of

L>A,/L>>\,. In this case, long laser pulses are at first modulated of the order of A,
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which subsequently drives large wakefields. Whereas, bubble regime of acceleration
is observed in the short laser pulse regime of L<i,. In the following sub-sections we
discuss in detail, the theoretical understanding of generation of linear and non-linear
wakefields, acceleration mechanisms in case of SM-LWFA followed by bubble
regime of acceleration. Lastly, we will discuss about the various electron injection

schemes associated with LWFA.

2.2.1. Theoretical understanding of generation of linear and non-linear

wakefield:

Generation of wakefield involves complex physical processes of charge
separation induced by laser ponderomotive force and restoration force due to
electrostatic force, thereby setting up a plasma oscillation behind the laser pulse called
the wake which is longitudinal in nature. Generation of wakefield driven by high
intense laser pulse has been studied analytically by solving the Maxwell’s and Lorentz
equation of motion of electrons inside plasma.

The Lorentz equation is given by:

@Jr(v_v)p:_e(E s B) (2.5)
ot c

The Maxwell’s equations are given by:

V.E =4rxe(n,—n,) (2.6 a)
vxE--1%B (2.6 b)
c ot
VxB:—4—ﬁenev+l§ (2.6 ¢)
c c ot
vV.B=0 (2.6 d)
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Here, p = ymv is the total momentum of the electron with mass m, v is the
total velocity of the electron and y = (1+E/E) is the energy gain of the electron, where
E is the energy gain in units of MeV and E, (=0.5 MeV) is the rest mass energy of the
electron. Here n=ne-no gives the perturbed electron density in plasma and ng is the
background electrons.

Linear plasma wave: Solving the above equations assuming a coordinate

system in which laser pulse is polarized along y-direction and propagating along x-
direction such that E=(0,E,,0)and B=(0,0,B,) , longitudinal wakefield are
generated in the z-direction (E;). In the small pump strengths limit v, <<1 , ie. at

normalized laser intensity of a,<l (where, ap is the peak value of laser envelop,

azv%), describes a linear regime. The wakefield generation is in the linear limit is

thus given by [21, 22]:

2 272
(Zrepin, =202
PY: 2 ¢

(2.7)

The above equation shows a simple harmonic equation of the density
perturbation driven by the intensity gradient force of the laser i.e. the ponderomotive
force. The solution of Eq. (2.7) is a sinusoidal wave with oscillation frequency
which is governed by the plasma electron density and the linear plasma wavelength A,.

Using the Poisson’s equation given by:

oE,

=-4rxen,
The electric field associated with the wake field can be derived to
2
O kd)E, =k 92 (2.8)
o0& P P o&
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Where, the driving term a’ is equated to the laser ponderomotive potential ¢,

through ¢, = —% <a’> and k, =%. For a sinusoidal laser pulse,
p

_ 2772(0L
LAt -KED)

[cosk, (& —& ) —cosk (] (2.9)

So the field is maximum when kp& =2n i.e. & =\, This is a very important
condition to generate the wake field which shows that for resonantly exciting the
plasma to generate very high wake, the laser pulse length must match with the plasma
wavelength.

The maximum electric field associated with plasma wave depends on the density of

the plasma and is given by [23]:

mc
E, =2 ~96./n (cm”) (2.10)

e

This is also called the cold non-relativistic wave breaking field. For a density of ~10*
cm?, Eo~ 96 GV/m.

Electron energy gain through wakefield is limited by two important factors i.e.
either dephasing of electrons [24] or pump depletion [25]. When the accelerating
electrons gain sufficient energy (longitudinal velocity ~c) such that they begin to
outrun the accelerating phase of the wakefield (phase velocity <c), these electrons
enters the decelerating phase and begin to loose energy. These electrons are said to be
dephased and the length over which the electrons remain in the accelerating phase of
the wake is known as the dephasing length (Lg) [24]. Electron energy gain limitation
by pump depletion occurs when the laser pulse losses its energy by continuously
blowing out electrons from the axis. Consequently, after propagating a certain length
called the pump depletion length (Lyq) [25] the laser pulse would not be left with
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enough energy to excite further wakefield, thereby acceleration of electron is
terminated. Depending on the laser and plasma conditions, either of the two limiting
factors decides the overall electron energy gain.

In the linear regime (as’<<1), the dephasing limited electron energy gain is
given by [24]:

2
y=2x2 —axk (2.11)
n

@, e

Eq. (2.11) shows that, the electron energy gain in the linear wakefield regime

is governed by the electron plasma density, i.e. lower the plasma density higher is the
energy gain.

Non-linear plasma wave: For high pump strengths, i.e. for intensities beyond 10*

Wi/cm? and when p,/mc>>1, the system becomes fully non-linear. Analytical solutions

of the non-linear wakefield has been studied in 1D, 2D and 3D cases [26-32].

Assuming that the plasma and the laser intensity profile are both function of &, the

non-linear wakefield equation is given by [29, 30, 32]:

Fo ol gy ey [ 212
852 p7/p{’gp|: 7§(1+¢,)2} ( )

This is a non-linear ordinary differential equation for the wake potential .
Here, Bp=vy/c and y,=(1-v,’/c?) ™ where v, is the phase velocity of wake. Solution of
Eq. (2.12) shows that unlike the linear wakefield case, the wave is no longer simple
sinusoidal, rather it is a saw tooth profile. The wavelength of the non-linear plasma

wave increases due to the increase in amplitude of oscillation and is given by [27-29]:

Ay =, 21 Erocy B0 U Ena oy (2.13)
T EO Emax EO
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Here, Emax is the peak electric field of the plasma wave.
The maximum energy gain of electrons in a 3D non-linear plasma wave is given by

[25]:

y:%x%xao (2.14)

Eqg. (2.14) shows that unlike in the linear wakefield case, the maximum energy gain of
electrons now also depend on the laser intensity.

2.2.2. Self-Modulated Laser Wakefield Acceleration (SM-LWFA):

The self-modulated acceleration technique uses a single long laser pulse to
excite plasma waves which is broken into a number of pulses when propagated
through high density plasma (>10"° cm™®). As the pulse propagates it faces a density
variation within the pulse length. The regions with higher plasma density have a lower
refractive index and hence the phase velocity of the pulse in that region increases,
compared to regions with lower plasma density. This variation in the phase velocity
within the single laser pulse leads to the breaking up of the pulse. Within one plasma
wavelength, the variation of density occurs once and hence laser pulse lengths greater
than the plasma wavelength is necessary for modulation to take place. This breaking
of the long laser pulse into smaller pulses by its own, without any external stimulation
is called the self-modulation. Since in this technique long pulses are used, the power
(P) of the laser pulse must be greater than the critical power (P¢) required for self-
focusing of the laser [11]. Hence the necessary condition for the SM-LWFA is that,
L>A, and P>P.. Associated with the formation of number of small laser pulses is the
generation of large amplitude plasma wave upto the wave-breaking limit [Eq. (2.10)]

can be achieved.
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Initially, theoretical study on self-modulation of the laser pulse by the plasma
wave was first reported by Esaray et al. [33] and later observed through simulations
[34-37]. It has also been shown that, self-modulation of the laser pulse can also be
triggered by the Forward Raman scattering (FRS) instability [38, 39]. Since, in this
case, the self-modulation process requires a high value of P/P., relativistic self-
focusing of the laser pulse up to several Rayleigh lengths can be achieved. However,
since the process involves high laser intensities and plasma densities, it becomes

highly unstable and uncontrolled, resulting in poor beam qualities.

2.2.3. Bubble or blow-out acceleration:

The blow out regime is operated in the short laser pulse regime of L<\, using
comparatively shorter laser pulse duration of few tens of fs [32, 40]. It has been
discussed in the previous section that, wakefields driven in the linear regime are
sinusoidal in nature with wavelength A, and in the non-linear regime the wakefield is
saw-tooth wave with increase in A, [26-28]. Since the laser intensity is maximum on
axis compared to off-axis, the non-linear plasma wavelength along axis is greater than
that off-axis. This result in curvature of the wake phase fronts [36], and the
completely blown out electrons from the laser axis [40-42], form a bubble behind the
laser pulse following the curved wave front. This cavitated almost spherical region
devoid of electrons is called bubble. The maximum radius of the bubble (Ry) can be
scaled with the laser focus spot size oy i.e. Ry~wp [43].

The exact shape of the bubble depends on the growth of the electron bunch
with time inside the cavity. Hence initially the shape is governed by the transverse
ponderomotive force of the laser pulse only. The transverse radius of the bubble

reaches maximum at the mid plane of the bubble. At this position the Lorentz force on
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the electrons due to the ions at the channel axis is balanced by the ponderomotive
force. The radial force due to the ions can be calculated by applying Gauss's law.
Assuming the bubble to be exactly spherical and of uniform charge, the maximum

radial field comes out to be,
E ~-2ER, (2.15)

The ponderomotive force in this relativistic region scales as

2

F~k, o (2.16)
v
Equating Eq. (2.15) and (2.16),
kR, = \/g
since, R, ~ a,, S0, k@, =k,R, ~/a,
From simulation of Lu et al. [32] this relation exactly comes out to be
k,a, =k,R, =2./a, (2.17)

The minimum intensity for the bubble to be formed is governed by the
threshold power required for self-focusing of the laser pulse. From simulations of Lu
et al. [32] it is seen that the acceleration in the bubble regime holds best between the
limit,

2<a,<4
To be in the spherical blow-out regime, the laser pulse in addition would also

require a threshold power given by [42, 44]:

3
P~ (%jx P (2.18)
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The bubble consists of both the accelerating longitudinal field (E;) and the transverse

focusing field (E,) given by [42, 45],

kP
Er z?EOI’ (219)
kp

where & is the distance of the wake behind the laser pulse.
The advantage of the bubble acceleration regime is that, the focusing force in
the radial direction linearly varies with the radial distance r. This helps to minimize

the transverse emittance of the beam. The emittance of electron beams is given by

8=\/<y2><y'2>—<yy'>2 where y and y’ is the spatial and angular co-ordinates

respectively [25]. Additionally, since all the electrons are blown out from the laser
propagation axis, the laser pulse will remain focused for a longer distance leading to
longer acceleration lengths. Thus, blow out regime has the high potential of producing
high-energy good quality electron beams.

Bubble regime of acceleration can also be achieved in the long laser pulse
(L>X,) regime of SM-LWFA, where it was suggested that long laser pulses after
entering into plasma after undergoing relativistic self-focusing and can achieve bubble
matching conditions. Plasma blowout in a SM-LWFA regime has been studied
analytically [13, 36, 41, 46], where they showed complete cavitation of electrons in
the region of the laser pulse with formation of highly non-linear wake, generated

through pulse self-steepening, pulse compression and pulse self-focusing.
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2.2.4. Electron injection mechanisms in LWFA:

One of the crucial aspects for a stable laser plasma accelerator, is the electron
injection mechanism as it strongly impacts en the final electron beam parameters. In
LWEFA, a short laser pulse interacts with underdense plasma and subsequently excites
highly non-linear wakefield or bubble and electrons injected in such an accelerating
structure gain very high energies. For typical plasma densities of ~10'%-10'° cm™, the
accelerating structure or the plasma wavelength is in the range of 10-30 pum, and it is
essential that electrons are injected into such micron size structures moreso, in proper
accelerating phase of the wakefield. These stringent requirements make the external
injection of electrons quite challenging to achieve experimentally specially in highly
non-linear phenomena involved laser plasma interactions.

For resonant excitation of plasma wave by laser, the phase velocity of the

wakefield should match with the group velocity of the laser (vg) such that,

~V,~—~¢C (2.21)

The key parameter in determining injection of electrons into the plasma wake
potential is the interplay between the phase velocity of the wake (v,) and the particle
velocity (v). For injection of electrons to take place electrons should gain enough
longitudinal momentum to catch up with the wake, which suggests that the electron
longitudinal velocity (u,) should be almost equal to the phase velocity of the wake i.e.
Vp~U, [31, 47]. Based on this requirement several methods for injecting electron into
the exciting plasma wakefield have been proposed which can be summarized into

three following general principals.
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1. Provide an initial longitudinal momentum to the background electrons such
that they catch up with the wake phase velocity.
2. Create electrons at the right phase of the wakefield even if their initial
longitudinal momentum is zero i.e. born at rest.
3. Slow down the wakefield phase velocity by some means locally can facilitate
electron trapping.
Based on this, various injection schemes of electrons have been adopted which are as
follows [48-50]:
1. Self-injection (SI) of electrons through wave breaking
2. Optical Injection
i) Ponderomotive injection
ii) Colliding pulse injection
3. lonization induced injection
4. Density transition injection
Among the various injection mechanisms, optical injection techniques are used
to obtain an electron bunch with a small energy spread. Optical injection is carried out
in two different ways. First, is the ponderomotive injection, which was first proposed
in 1996 [51]. In this scheme two laser beams are used-one is the pump beam and other
is the injector beam. The pump beam excites a wake field behind it, and the injector
beam focused perpendicular to the pump beam interacts with the wake generated with
the pump beam at some distance behind it. Recently, electron injection by this
technique has been demonstrated experimentally [52]. Second, is the colliding pulse
injection [53, 54] using three laser beams. One is the pump pulse and the other two are

the injector pulse, which are made beat at an axial region behind the pump pulse. This
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helps in tuning the injection point and electrons can be injected at proper phase of the
wake. Colliding pulse injection using two laser pulses has also been proposed [55, 56]
and was experimentally demonstrated also [57].

Self-trapping of electrons in the plasma waves can also be achieved using
downward density transitions with scale length long compared to the plasma
wavelength. In such a density profile, the phase velocity of the electron plasma wave
decreases, which in turn helps in injection. The density transition can be
experimentally achieved by passing a laser beam orthogonal to the main laser beam
and thus creating a parabolic density profile in the path of the main laser pulse [58],
by inserting a thin wire through the gas target, and by directly focusing the laser beam
on the downstream edge of the thin gas jet target [59].

In the following paragraph, we discuss in detail the wave-breaking process and
the ionization induced injection scheme which are relevant to the present thesis work.
Self-injection (SI) of electrons/ wave breaking:

It is the most widely investigated injection mechanisms [49, 60, 61]. It relies
on the principal of self-trapping of background electrons, i.e. by driving electrons
comparable to the phase velocity of the wake. In a plasma, most of the background
electrons oscillate with the fluid velocity (assuming a Maxwellian distribution), which
are far behind v, and are not trapped in the wave. However, by exciting the plasma
waves to very high amplitudes up to the wave breaking limit, electrons can be trapped.

Assuming a 1D model, electron plasma waves are oscillations of the electrons
in plasma with a characteristic plasma oscillation frequency ®, about the immobile
ions due to the space charge force generated between the electrons and the ions. The

maximum electric field that the wave can sustain is called the cold wave breaking
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field (Eo) given by Eqg. (2.10). Linear plasma wave executes simple sinusoidal
oscillation with frequency , and the phase velocity vy=c. The electric field oscillation
maintains a constant phase relation with the density oscillation (being out of phase by
n/2) and thus grows indefinitely. On the other hand, in case of highly non-linear
plasma waves the oscillation exhibits a sawtooth profile with steepening of the plasma
wave, leading to longer oscillation amplitudes such that the frequency of oscillation of
these non-linear plasma wave decreases from , and the phase velocity is also
reduced to vp<c. So, for trapping, non-linear wakefields are more favorable compared
to the wakefields in the linear regime. Hence, wave breaking process requires very
high laser intensities and plasma densities to reach to the wave breaking limit in the
non-linear regime. Simulations performed in 2D and 3D in the highly non-linear
regime, have showed generation of plasma waves in excess of E, and the threshold
required for wave breaking process is ag~4 in 1D for typical plasma densities of ~10'°
cm* [62].

Solving Lorentz and Maxwell equations for underdense plasma given by Eq.

(2.5 & 2.6), the density perturbation equation is given by:

_ ﬂpno

ﬂp —U,

n (2.22)

It can be seen that, for excitation of highly non-linear plasma wave, at u,~fy,
i.e. when electron longitudinal velocity equals the phase velocity of the wave, n
becomes highly peaked and density spikes are formed. Hence, in such case, the
amplitude of the wave may become so high that the maximum amplitude exceeds the

cold wave breaking value Eo. The plasma wave then cannot sustain such a high
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density and loses its coherency. The wave is then said to break. These electrons are
then trapped in the potential trough of the plasma wave and are accelerated.
In the relativistic limit, the maximum field amplitude of the plasma wave

breaking is given by [25, 31],

Ry, -1 (2.23)

B =

However, in ideal 3D case, the bubble is formed and complete electron
expulsion about the laser axis leads to highly non-linear wakefield. The blown out
electrons after traversing a curved path return to the axis behind the laser at the rear
end of the bucket. So, within a small region the density increases and since EocVne, the
longitudinal electric field forms a local spike at that point. The electron becomes
trapped only if it receives enough energy from the spike to reach the phase velocity of
the wake. The spike at the rear end accelerates these electrons to high velocities such
that they are further accelerated by the longitudinal field. Simulation studies have also
showed self-injection of electrons from the rear of the bubble [44, 45].

However, for efficient acceleration, the electrons have also to be injected in
the proper phase of the wake such that they get trapped in the wakefield. Analytical
study of trapping of electrons in the wake potential has been studied by tracking the
electron trajectories in the field through the Hamiltonian treatment [31]. The

Hamiltonian of an electron is given by:

H(y.w) =rQ1-BB,) - o) (2.24)
where, B=u,/c and y is the phase of the electron with the wakefield. The separatrix is
the boundary in phase space (y,y) separating the closed orbit (trapped orbit) from the

open orbits (untrapped electrons). The separatrix is defined by a threshold ys (),
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characterized by the condition that, H (ys,w) = H (yp,Wmin), Which defines the

separatrix orbit as [63],

Hs — 7(Wmin) — Prin (225)
Ve

The width of the separatrix along the y-axis i 2 (Wmax-Wmin) = KpAp and height of the
separatrix along the y-axis gives Ymax-ymin, SUggesting the maximum electron energy
gain. Only the trapped electrons inside the closed orbits of the separatrix can gain
maximum electron energy.

However, the drawback of the process is that, it is highly non-linear and
unstable and the parameters are not under control. Hence, electron beam generation
also becomes unstable. As the laser propagates, continuous trapping of the
background electrons takes place. Therefore, spread in the electron bunches takes
place and the beam loses its monochromaticity. To gain very high energy (~GeV), the
accelerator needs to operate at very lower densities (~10™ cm™®), where for self-
trapping of electrons requires very high laser peak powers (~few tens of TW) [64].
lonization induced injection:

A promising alternative approach to injection at low densities, which is
actively perused recently, is ionization-induced injection [63, 65]. Fig. 2.1 shows the

schematic of the ionization induced injection mechanism.
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Fig. 2.1: A pictorial representation of ionization induced injection mechanism.

In this mechanism, a trace amount of high Z gases (dopant) such as N, Oy,
CO; etc. are added with the parent low Z gases such as He. The choice of the dopant
gas depends on the intensity of the laser. The dopant gas should be such that, the
ionization energy of the K-shell electrons of the dopant gas must be high such that
they are ionized only at the peak of the laser field. These dopant K-shell electrons,
which are born at the centre of the bubble at rest, initially do not have sufficient
momentum to be accelerated with the wave. So, they begin to slip backwards. Before
leaving the rear end of the bucket, if these electrons gain sufficient momentum then
they will be accelerated with the phase velocity of the wave. Several experimental
studies have been performed relying on this mechanism and have shown generation of
stable electron beams [64-69]. These reports have also shown that, compared to the
wave breaking thresholds, ionization induced injection mechanism operates at lower
threshold plasma densities (~10*® cm™) and laser intensities (ap~1.6). This helps in
generating more stable electron beams compared to the wave-breaking process.
Moreover, ionization induced injection mechanism has also shown to generate

comparatively higher electron beam charge. However, this mechanism also suffers
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from the drawback of broad energy spread of electrons due to continuous injection of
electrons.

Theoretically, ionization induced injection mechanism have been studied
where dynamics of electron ionization and trapping conditions of the inner K-shell
electrons have been derived [63]. Since, the inner K-shell electrons are ionized at a
later instant, inside the laser pulse, unlike the wave breaking process, in this case,
contribution of the transverse momentum comes into play and the total energy y can

be now written as

y=ri+u (2.26)

where, y, =,/1+u’, where u; is the normalized transverse momentum of the

1
electron.

Accordingly, the separatrix orbit is defined by [63]:

HS — 7L (Wmin) _q)mm (227)
v

However, in this case, since the electrons are ionized within the wake
potential, the phase of injection of the electron (i.e. ;) is important and since they are
born at rest, u,(yi)=0. This finally modifies the Hamiltonian for the electron to be
trapped as:

H; =1-¢(i) (2.28)
where o; is the wake potential at the ionization position i. The ionization mechanism

also affects the formation of the wake potential and the modified wake potential which

is a function of the potential at the position i is given by:

1 62¢)_g 1+a’ B o \(A-a) 1+a’ B
k_§a§2_2{(1+<0)2 1}LH(‘” Vi) {(1—¢(i)+¢)2 1} (2.29)
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where, a is the fraction of the ionized electron and H(wy-v;) is a heaviside function.

2.3. Direct laser acceleration (DLA):

DLA takes place in the long laser pulse duration case when L>>A, or even in
L>X\, whenever there is substantial overlap of the laser pulse with the injected
electrons take place. In such case, the electrons interact with the laser pulse and gain
energy directly from the laser pulse itself. Hence, in this case, the theoretical study of
acceleration of electrons consists of the interaction of a single electron with the laser
field in a plasma channel where, in addition to the transverse laser electric field,

electron also interacts with the static fields of the plasma channel.

2.3.1. Plasma channel creation by laser:

There are very few analytical reports on DLA [70-73]. However, a detailed
study of the interaction of an electron with the laser and static electric and magnetic
field of the plasma channel has been reported by Tsakiris et al. [70].

When a long laser pulse (L>\,/L>>A,) propagates through an underdense
plasma, a plasma electron depletion or a plasma channel is formed by the radial
ponderomotive force of the laser. The plasma channel comprises of the self-generated
static electric and magnetic filed in addition to the transverse laser electric field,
which makes the electrons perform betatron oscillations in the channel. The transverse
static fields help to confine the radial bounce motion of the electrons developed due to
the interacting with the transverse electric field of the laser.

Considering Gaussian laser electric and magnetic field with polarization along

x-direction and propagating along z-direction given by,

E = A)eﬁrf’2 (coswx —k—)r(zsin w2) (2.30)

0
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B, = Ase"'? (cosyy —k—3r’zsin w?) (2.31)

0

where, w =kz—wt, k=(w/C)n, Ao denotes the peak laser electric field such

1/2
that a, :%, n :{l—Z—E(H%?)“Z} is the ratio of group velocity of the laser in
plasma to that in vacuum. As the long laser pulse propagated through the plasma, it
expels electrons by the ponderomotive force and develops an ion channel. As a result,
a radial quasi-static transverse electric field evolves in the channel. In the quasi-static

state, the static electric and magnetic field is given by [70]:

E X

E,=Vg =—3%——% (2.32)
dy 2 Iy
1+—>
(R
2
Where, E = me xal
2er,

Here ¢y is the ponderomotive potential, ro is the vacuum spot size of the focused laser.
X .
B, :_Bo¢_y (2.33)
r.0

gives the azimuthal magnetic field generated by the current due to energetic electrons

and B,, =5.44zn.er, where ny is the average density of the energetic electrons. This

shows that for motion of electron along either +Xor—xdirection, the electrons

experience a vx B force in the + z-direction.

The motion of electron in presence of only the azimuthal magnetic field is
periodic motion in Xwith no energy gain of the electron i.e. the electron energy

remains constant to the initial energy. However, in presence of both the static electric
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and magnetic field, the electrons gains energy and also gain periodic oscillation in the

laser channel.

The energy and parallel momentum equations in the presence of static electric

and magnetic field is given by,

me2 37 — —E v = —E—Ogi% (2.34)
dt 1+ N 2 r, dt

2

eB 2
ap. _ €5 dX (2.35)

dt  2r,c dt

which gives the x-motion of electron as
2 E VZ

X4 o =50 Yy 2.36
dz mr, c? (2:30)

where, @, = %o y Oy = © { E°§ +V—ZBO¢}
mr, (1+i)1/2 C
2

%

Hence, in the presence of both static electric and magnetic field, the electron in
the plasma channel perform an anharmonic periodic motion in Xdirection with a
bounce frequency of w,. The bounce frequency of the electron is solely dependent on
the static field strengths of the plasma channel formed under different laser and

plasma conditions and also on the electron energy gain.

Simulation studies have shown that, in case of a steady state channel, the
channel forms a coaxial structure with flow of energetic electrons along the channel

axis in the forward direction along the laser propagation and a flow of the return
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current at the outer periphery of the channel [73]. In such laser created channels,
where high current flows near the channel axis, pinching of the laser channel at the
later stage of propagation was observed [74, 75]. This could be attributed to the
observed electron acceleration in the channel and its subsequent pinching due to self-
generated quasi-static magnetic field which in turn affects the laser propagation. Such
an effect was reported experimentally during propagation of a 1 ps laser pulse
(intensity ~5 - 9x10™ W/cm?) in near critical density plasma (produced from a foil
target) with a density gradient in the laser propagation direction [74]. Mangles et al.
[76] have also observed this effect through simulation for plasma density of ~10*° cm’

¥ (ne=0.01 n¢) but at much higher laser intensity of >10%° W/cm®.

2.3.2. Theoretical energy estimation and electron trapping in DLA:

Now, in presence of both the laser electric field and the channel static field, the
electron gains energy both from the static electric field and the transverse laser field.
To estimate the electron energy gain in such as a condition, we consider plane uniform
laser propagating along z-direction, having electric field E,_ with polarization along x-
direction and magnetic field B, with polarization along y-direction given by [66]:

E, = A cos(at —kz)X (2.37)
B, =nA, cos(at —kz)y (2.38)

So, the energy gain equation is given by,

2
me2 37 = epy - —iE—";di —eA, cos(awt —kz) (2.39)
dt 2r, (1+i)ﬂ2 d
2

Since, in the presence of the laser, the electrons will perform betatron

oscillations in the transverse direction, the x-motion of the electron is defined as,
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X~ V—XAsin(J' w,dt)
o,

V, ~V, cos(jaxbdt)

where, oy, is the betatron oscillation frequency. Hence, Eq. (39) can be written as,

dy eAV s

—=——2X cog 2.40
dz  2mc?y, ¢ (2.40)
d¢ _o-a —kv, (2.41)
dz v

z

where, ¢ = ot —Ia)bdt —kz + ¢, is the phase of the electron with the laser field and ¢q is

the initial phase of the electron. Eq. (2.40) and (2.41) can be written as:

dy eAV,, COS @ (2.42)
dz Who

2me* (w——2 —kv,)
Jr

Integrating Eq. (2.42),

F(y)=—Psing+c, (2.43)

Wy

2 _ -1 1 _
where, F(7) =y —n3J(L—a, )% —1+1c0S P ) 2y > (2.44)

2
v v . : : . .
p=%ta 5 =% ang ¢, =F(y,) +Psing, is the integration constant and yo is the

2c 0 2c?
initial value of y. The expression F (y) in Eq. (2.44) is a function of y and n. In Fig. 2.2
we plot F(y) vs y for different values of ) i.e. for different densities for a fixed ap=1,

a0=0.3 and mye/®=0.2.
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Fig. 2.2: Plot of F () vs yfor different values of 7.

The F(y) vs y curve at first decreases, attains a minimum value at F = Fp, at y
= yopt and then increases which shows that for a single value of F (y), there will be two
values of y. The separatrix is defined by:

F(»)—-F,, =P@-sing) (2.45)

Fig. 2.3 shows the separatrix plot i.e. y vs ¢ plot for n=0.99 and ap=1.

— Untrapped i

—— Trapped 'I’]=0.99, a =1 |

Fig. 2.3: Separatrix (yvs ¢) plot

85| Page



Chapter 2

The largest value of the right hand side of Eq. (2.45) is equal to 2P. Therefore,
to estimate the maximum energy gain of electrons, a horizontal line is drawn in Fig.
2.2 at a height of 2P from Fy,n, Which cuts the F(y) curve at two points, R and S,
which corresponds to the bottom and top of the separatrix (Fig. 2.3) respectively. The
value at y = y(S) corresponding to the top of the separatrix gives the maximum energy
gain of electrons in the laser field. From Fig. 2.2, it is seen that, maximum electron
energy increases with increasing n, and it also widens the gap between y(R) and y(S),
so that a electrons in the wider range of y values can be trapped. However, the gap
between y(R) and y(S) depends also on 2P i.e., a function of ay. For a fixed n, the gap
increases with increasing ap as can be seen from the Fig. 2.4.

The trapping of electrons in the laser field and the subsequent energy gain
depends entirely on the phase space evolution of the electrons with respect to the laser
field. The cross points of the separatrix occur at y = yop. Fig. 2.3 shows that electrons
in the range between y =y (R) and y =y (S) are trapped, however, y =y electrons are
also trapped and interacts with the laser field for the maximum time period. The
probability of trapping or interaction with the laser pulse for y = you electrons is
maximum which gradually decreases and becomes minimum for y =y (R) and y =y
(S) electrons. Electrons with y>y (S) and y<y (R) are too fast and too slow respectively
to catch up with the laser pulse and are not trapped and just oscillate in the laser field.
Hence, for electrons to be trapped and gain energy from the laser field, a threshold
energy or pre-acceleration of the electron is required equal to y =y (R). However, in
some particular cases as shown in Fig. 2.5 (b), the experimental conditions are such

that, the separatrix on the lower energy side is not complete and y (R) cannot be
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defined, consequently, pre-acceleration of electrons for such cases would be

appropriate to define at higher energy towards y = yo instead of y = y (R).

2 I

'q=0.9d l

1.5l n_=4.2x10em’, SE=y(S )-y(R))=36.45 MeV_
"~ | a,=2, n_=5.9x10"em™, E=y(S,)-y(R,)=51.8 MeV
a,=3,n_=7.9x10"em”, SE=y(S,)-y(R,)=63.6 MeV

0 50 10'0Y 150 200

Fig. 2.4: Plot of F () vs yfor fixed values of 7 but varying a, and density.

In Fig. 2.4, we plot F(y) vs y for different values of ag keeping n constant to study the
effect of ap on the energy gain, which shows that electron energy gain increases with
laser intensity.

Another important parameter affecting the electron interaction with the laser
pulse is the laser wavelength (1) / frequency (). In Eq. 2.44, i.e., the F (y) curve, the
dependency of laser frequency on the electron energy gain comes from the ratio of
wpol®, given by op/o~y"4(1-kc/oV(1-1/v%-v,2/c?)) [70]. When the bounce frequency
matches with the Doppler shifted laser frequency, the amplitude of oscillation of
electrons would grow on successive bounce and hence the electron energy also. For
lower energy electrons (y~1), wwo/ow~y, and for higher energy electrons (y>>1),
wpolo~y*?(1-n). Hence, resonance is a dynamical phenomena varying with the
electron energy. In this regard, using chirped laser pulses would be helpful in
maintaining a better quasi-resonance with the drive laser pulse for energy gain
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through DLA. For the experimental investigations presented in this thesis, positive
chirp was found to be favourable for generation of relativistic electron beams.

The above theoretical estimation of the trapping of electrons in the laser field
and maximum energy gain has been applied to understand the interaction and
acceleration of electrons for the conditions of two experimental reports on DLA by
Gahn et al. [77] and Mangles et al. [76]. Gahn et al. [77] observed maximum electron
energy of ~12 MeV with quasi-thermal spectra from the interaction of long laser
pulse duration of ~200 fs with under dense plasma density of ~2.3x10%%cm?, with
normalized laser intensity of ap=1.42. Fig. 2.5 (a & b) shows the F (y) vs y curve and

the separatrix plot for this condition.

@ 2 T | | T
Max Energy : y (8)=27=13.23 MeV
1.5F y(opt)=11.01=5.1 MeV

Rt T S oS RO )

Fig. 2.5: (a) F () vs yand (b) separatrix plot, for experimental parameters of Gahn
etal. [77]

The maximum electron energy estimated from Fig. 2.5 (a), in this case y(S)
~13 MeV, which very well matches with the experimental observed value of ~12
MeV. However, the curve does not cut the F (y) curve at the lower energy side i.e., at
R, which suggests that although the electrons gain maximum energy, they are not
trapped in the lower energy side. This is also obvious from Fig. 2.5 (b), where it is

observed that the separatrix is not complete at the bottom suggesting that the electrons
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cannot catch up with the laser field at the lower energy side and moves out of phase
with the laser field. Hence, in this case, experimental conditions are not so favourable
for electrons to be completely trapped in the laser field. However, electrons interacts
with the laser field in a narrow region in phase, thereby generates small bumps and
hence quasi-thermal spectra.

In case of Mangles et al. [76], maximum electron energy of ~300 MeV was
observed with exponential/ quasi-thermal spectra on interaction of long laser pulse of
duration of ~650 fs, ap~15 interacting with under dense plasma of density of
~7.7x10"™ cm?. Fig. 2.6 (a & b) shows the energy gain curve and the separatrix for the

above conditions.

600

@ 2 ! T 7 o
Max Energy: y(S)=541=275.4 (MeVy
|| (opy=1532=76 Mev

E 400
I
E T 200
. L
0 200 400 600
Y

Fig. 2.6: (&) F () vs yand (b) separatrix plot; For experimental parameters of Mangles et al.
[76]

In this case also, the maximum energy gain of electrons estimated (~275 MeV)
matches very well with the experimental observed value, however, the conditions are
also not so favourable for electrons to be trapped completely in the laser field, they
move out of phase from the laser field at the lower energy side. However, compared to
the case of Gahn et al. [77], the electrons in this case, traverse almost the whole of the

phase space and remains trapped in the laser field for a longer time. yop in this case is
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estimated ~76 MeV and it may be pointed out here that the observed spectrum shows
a quasi-thermal feature with a prominent bump at ~76 MeV (c/f Fig.1 in Ref. 76).

The above theoretical analysis and its agreement with the reported
experimental results validates the theory very well in estimation of maximum electron
energy gain in case of DLA and in understanding the trapping dynamics of electrons
in the laser field. The two very important parameter governing the interaction is the
plasma density and the laser intensity i.e. in turn n. The analysis also shows the
importance of the threshold electron energy of yo for resonance with the laser field
and also remain trapped in phase. This shows that an optimization of the experimental
parameter is possible where the electrons will remain trapped in the laser field for the
complete phase space cycle to generate good quality electron beams.

Another important parameter apart from n, which plays crucial role gaining
transverse energy is the vacuum laser spot radius at focus (ro). For a Gaussian laser

beam, the transverse energy gain of electron is derived as [70]:

¥ =—— | ~Qn+(1+Q* -7 ] (2.46)

1-n

where,

2 % 2
Q=n| @+ 2e 4)”2—(17%)”2 “””( g —1)—%\/y§—1+yo (247)

In Fig. 2.7, we plot the transverse energy gain (yr) vs the normalized turning point

radius (Xt/ro), for different values of 1, ro and ap.
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Fig. 2.7: Plot of yrvs xt/rg

The plot shows that, for fixed n (=0.99) and ao (=1), increase spot radius of the
laser leads to sharp gain in electron energy from lower xr values i.e. closer to the
channel axis (blue, red and green curve). Although, for fixed n (=0.99) and fixed ro
(=10 um), increase in ag does not have any significant effect on the transverse energy
gain (green curve and yellow dashed curve), but the overall longitudinal energy gain
is very much affected by the variation of ag as is shown in Fig. 2.4.

Theoretical studies have also been reported on DLA studying the various other
aspects that affects the electron interaction with the laser pulse. It was found that the
presence of transverse static field in the laser channel helps in significant energy
enhancement by reducing the dephasing of electrons with the laser field [78] and
thereby longer interaction of electrons with the laser field takes place. Static electric
field in the channel can also have a longitudinal component, which also similarly
helps in reducing dephasing of electrons with the laser field and hence lead to electron
energy enhancement [71]. All the above studies were performed considering linear

polarization of the laser pulse along one particular direction, however when the laser
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polarization is arbitrary then non-linear modulations of the betatron frequency occurs
and it has been shown that parametric amplification of the oscillations of electrons can
lead to significant energy enhancement of electron compared to the vacuum [79].

From the theoretical discussion above it is clear that, as in the case of
wakefield acceleration, in case of DLA mechanism also, the process of electrons
remaining in phase with the laser field or dephasing is a very important factor for
efficient acceleration of electron in DLA and in turn generating good quality electron
beams.
2.3.3. Estimation of dephasing length and rate of dephasing of electrons in DLA:

Dephasing of electron in laser field relevant to DLA regime has not been
studied in detail neither theoretically nor experimentally. Theoretical study of
dephasing of electrons in laser field and the factors governing it are very crucial. This
would lead to control electron interaction with the laser field and in turn control the
electron beam properties. So, in this section an expression for estimating the
dephasing length of electrons in laser field, which is the length at which electron gains
maximum energy is derived. Subsequently rate of dephasing of electron in the laser
field is estimated theoretically and its variation with the plasma density is studied.

To proceed, the propagation distance is replaced by the normalized distance

given by:

Substituting this in Eqg. (2.40) and (2.41), the variation of electron energy gain y and

phase ¢ with the propagation distance & is given by:
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——= ——acos¢ (2.48)

Y —- (2.49)

Eq. (2.48) and (2.49) represent a set of coupled differential equations. Applying the

boundary conditions such that at £&=0, y,=1.6 and ¢=n/2+A where A=0.2, the coupled

differential equation is solved numerically and plot of y vs z is shown in Fig. 2.8 for

n=0.99 and ap=1.

300 I I I I
--- 1n=0.99, q;=1,,=71.76
250- n=0.99, a,=1,7,=67.76 -
— 7=0.99, q;=1,7,=~,,;=63.76
200f o .
--- 1n=0.99, a;=1,7,=61.76
=150+ n=0.99, ¢;=1,7,=59.76 .
100
50 vyt A l‘ \ AN WY Wy,
K v . i N v ‘1\:,'
O 1 1 1 1
0 200 400 600 800 1000

z(pm)

Fig. 2.8: Estimation of dephasing length: Plot of yvs z

It is clear from the above solution that, electron with y = yo (red curve), are

only trapped, and exchange energy with the laser pulse, whereas electrons with y > yoy

(blue and yellow dashed curve) and y < yop (green and purple dashed curve), the

electrons are untrapped and just oscillate with the laser field. Although electrons with

Y>Yopt gain almost similar energy as y=yqp: electrons, but these are untrapped electrons

therefore not constitute the group of DLA accelerated electrons which in practical
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conditions keep gaining energy in successive oscillations. In the figure, the trapped
electrons complete about one phase space rotation within ~500 pm of propagation.
However, the dephasing length corresponds to the length from where the energy gain
curve begins to decrease for the case of yox electrons. For the present case, it is
estimated to be ~175 um. Beyond this length, the electron looses energy and is said to
dephase. However, they do not outrun the laser field, instead they remain trapped in
the laser field as they gain and loose energy while oscillating with the positive and
negative cycles of the laser electric field.

Next, rate of dephasing (R) is defined as the rate of change of phase ¢ of the
electron with time. It has been shown that slower the rate of dephasing of electron
with the laser field, longer will be the interaction time and hence maximum energy

gain of the electrons will take place [71, 72]. Hence, expression for R can be derived

as:
Ro_1d¢__ldgat__ydp__ycdé__ dé
wdr o dt dr  dt w dz ydé
. d¢ :
From Eq. (2.49), substituting the value of E , We obtain,
Rop Ny (2.50)

(L—ap —1/y?)"?
where, 7 is the proper time defined as dz/dt =1/y .
The first term of Eq. (2.50) is a y-dependent term, whereas the second term is a
density dependent term for a fixed ap. So, rate of dephasing of electrons in the laser
field is the interplay between the energy gain y and density. This quantifies rate of

dephasing and shows the variation of R as a function of density.
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2.3.4. Electron injection and pre-acceleration mechanism in DLA:

Another important aspect in case of DLA is the electron injection mechanism,
which has been sparsely addressed. The acceleration process of the electrons in laser
created channel is affected by the different initial conditions of the injected electrons
[80]. An initial discussion has been made by Arefiev et al. [73], where they have also
pointed out the need for detailed theoretical modelling for electron injection in case of
DLA. In all the above theoretical analysis, electron interaction with the laser pulse
was studied considering the electron was initially present in the channel. However, it
has been shown that, in steady state plasma channel, apart from the transverse static
electric field, presence of longitudinal static electric field have also been observed
which persists mostly at the channel entrance [71]. This field arises because of the
boundary effect of the coaxial structure of channel with positively charged core and
negatively charged shell and does not provide significant acceleration of electron in
terms of direct energy gain such as is the case of wakefield acceleration. The
longitudinal electric field of the channel helps in continuous injection of electrons at

the channel opening [73].

Another probable mechanism of electron injection in DLA has been studied
and discussed through the generation of surface wave [81-84]. The cavitated channels
created by the steep gradient of the long laser pulse with P>P., gives rise to the
excitation of surface waves at the channel boundaries. Naseri et al. [81-84] have
shown that, in case of channels formed by laser pulses, the electrons are trapped by
the surface waves at the channel boundaries and pre-accelerate them to relativistic
energies. Formation of surface waves at the channel boundaries is associated with

formation of complicated current loop structures [84, 85]. As the laser pulse interacts
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with the electrons in the current loops, particularly at the regions where the laser
electric field is aligned with the direction of current loop, interacts with the electrons
and the radius of gyration of the current loop increases. This leads the current to get
pushed more into the channel towards the channel axis where the laser field intensity
is high. By this, electrons can be injected into the channel from the channel
boundaries and accelerated through DLA [85].

Recently, a detailed theoretical study has been performed on the injection
dynamics of the electrons in a laser created channel and has been verified by 3D PIC
simulations [86]. As laser pulse enters underdense plasma, it pushes the electrons in
the forward direction, leaving the ions back and this excites a longitudinal charge
separation. The electric field associated with the charge separation plays a crucial role
in the injection of electrons in the channel and modifies the local electric field such
that it can guide the electrons present at the channel edges to the channel centre where
it can accelerate efficiently through DLA. It was further shown that, the self-generated
magnetic field suppresses the injection of electrons into the channel.

DLA has also been considered recently in high Z or mixed gas targets along
with ionization induced mechanism [87]. In this case, electrons are ionized within the
laser pulse and are trapped within the laser channel itself. This mechanism does not
require any additional injection process to trap and accelerate electrons in the laser
field.

Once the electrons are injected into the laser channel, for efficient acceleration
through DLA, one of the pre-requisite is the pre-acceleration of the electrons to

relativistic energies (y = yop) @S has been discussed in the previous section. The pre-
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acceleration of electrons to gain energy up to y = yopt Can be achieved in the following
ways:
1. Electrons in laser created channel can be trapped and pre-accelerated by wakefield
formed in the channel only at the foot of the long laser pulse when it enters the plasma
[76, 77, 88, 89], and electrons are accelerated through DLA by the rear of the pulse
[89].
2. The surface waves traps electrons at the boundaries and pre-accelerates them to
relativistic energies to make them interact with the laser pulse [81-85, 90, 91].
Electrons trapped in the surface wave would gain energy given by

Yow =Y+ P (2.51)
where y.? = 1+(E,*")%2 and pw denotes the maximum normalized electron
momentum in the surface wave that corresponds to potential well A® = @ pax-Dpin ~
2E,WIksw, where ksw =2m/hsw. Here, E,°V and E,*" are the transverse and the
longitudinal field associated with the surface waves at the channel boundaries and Asw
is the wavelength of oscillations of the surface wave.
3. Another way of gaining pre-acceleration energy is through the mechanism of
ionization induced injection by using mixed gas targets [63, 92, 89]. In case of

ionization induced injection, the electrons ionized at the peak of the laser pulse gain

residual transverse momentum equal to

7, =yLruf =yl+al () (252)
It has been shown through simulations, the gain of electron energy in the transverse

direction further helps to be accelerated to the required threshold and get trapped.
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Chapter 3

CHAPTER 3

Experimental Equipments and Diagnostics

In this chapter, we will first discuss about the various experimental equipments
used during the experiment: laser system, gas-jet targets followed by various
diagnostics to detect the electron beams and optical diagnostics to study the laser
plasma interaction. All experimental investigations presented in this thesis were
performed using 150TW, 25fs, Ti:sapphire laser system at Raja Ramanna Centre for
Advanced Technology (RRCAT), Indore, India.

3.1. Ti:sapphire laser system:

It is a Chirped Pulse Amplification (CPA) [1] based 150 TW, 25 fs Ti:sapphire
laser system supplied by M/s Amplitude Technologies, France. The system provides
laser pulses at a central wavelength of ~800nm. The maximum laser pulse energy is
~3.5J and the minimum laser pulse duration of ~25fs could be achieved. Thus the
system provides a maximum peak power of ~140 TW. The system can operate in a
single shot mode or in a multiple burst mode with a repetition rate of 5 Hz at full
power. However, all experiments were performed in a single shot mode due to
limitations of compressor grating distortion, gas load on vacuum system due to firing
of the gas-jet and also data acquisition. It consists of a Ti:sapphire oscillator, booster
amplifier, a pulse stretcher, a regenerative amplifier, three successive multi-pass
amplifiers and a vacuum compressor.

The overall laser system can be divided into three parts, the front end, the high
energy multi-pass amplifiers and the vacuum compressor. The overall set up of the
laser system is shown in Fig. 3.1. The front end consists of the oscillator, booster,

pulse stretcher, regenerative amplifier and the pre-amplifier. The oscillator (‘Synergy’
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of M/s Femtolasers) generates a short pulse through ‘Kerr lens mode locking’ [2] with
single pulse energy of ~6 nJ (~500 mW average power with a repetition rate of 76
MHz). The pulse from the oscillator is sent to the booster (pumped by Nd:YAG laser
@532 nm: CRF-Ultra) which amplifies the pulse energy up to the pJ level. The pulse
is then cleaned by a saturable absorber that removes residual ASE background of the
oscillator pulses. Following the booster, the pulse enters stretcher which includes the
Offner stretcher [3] and the Dazzler [4]. The Dazzler is used as a phase modulator that
compensates for dispersion and phase distortions introduced throughout the laser
system. The pulse then enters the regenerative amplifier unit which is pumped by Nd:
YAG laser @ 532 nm (CFR Ultra). The pulse energy in this stage is increased to few
mJ levels where a gain of order of 10° is obtained. For achieving ultra-short pulse
duration (below 25 fs) an optional Acousto-Optic Programmable Gain Control Filter
(AOPGCF) or “Mazzler” by M/s Fastlite, USA [4] is added into the regenerative
amplifier cavity. The purpose of this device is to enlarge spectrum. The larger is the
output spectrum, the shorter the compressed pulse duration can be achieved after
amplification.The pulse then enters the pre-amplifier stage which is a multi-pass
amplifier pumped by Nd: YAG laser @ 532 nm (CFR 200). The laser energy at the
end of the front end is 30 mJ with laser pulse duration of 800 ps.

The high energy multi-pass amplifier stage consists of the amplifier-2 and
amplifier-3 stages. The amplifier-2 is pumped by Nd: YAG laser @ 532 nm (pro-
pulse laser) with 1.6 J. The laser energy after this stage is ~400 mJ. Following this, the
pulse enters the final amplifier stage (amplifier 3) which is pumped by four Nd: YAG
laser @ 532 nm (Titan lasers) where the laser pulse makes four passes through the

Ti:sapphire crystal. The laser pulse energy after the final amplification stage is ~5.5 J
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with laser pulse duration of 800 ps. Due to the high average power of the pump beams
the third amplifier is cryogenically cooled. The amplified beam is extracted out of the
amplifier and sent to the laser pulse compressor through the polarizer and half-wave

plate based attenuator (for energy variation) and beam expanders.

-r o o —
£ :
1‘_ [
Amplifier 3 10 fs, 6 nJ
+
Attenuator Amplifier 2
+
Beam expander = St hior

HIGH-ENERGY MULTI-PASS ggloz P% FRONT END

800 ps, 5Hz, 5.57 I AMPLIFIER 30mJ
e N For laser
parameter
compressor measurement

2515, 5Hz,3.5J For laser plasma
experiments

Fig. 3.1: Scheme of the 150 TW, 25 fs Ti:sapphire laser system
The third unit is the pulse compressor chamber where the stretched laser pulse
is compressed back to the short pulse duration. It consists of a geometry with 4
gratings having a grove density of 1480 lines/mm and retro mirrors. At optimum
conditions, minimum pulse duration of ~25fs is achieved, and by adjusting the grating

separation laser pulse duration could be increased as per requirement. However, as the
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grating separation is increased it introduces negative chirp to the pulse and when
decreased it introduces positive chirp.

A photograph of the Ti:sapphire laser system with different components is shown Fig.

3.2 (a & b) and the parameters of the laser are summarized in Table 3.1.

Fig. 3.2: Pictures of 150 TW, 25 fs Ti:sapphire laser system at RRCAT, Indore. (a) Shows
oscillator, booster, stretcher and amplifier-2 and (b) shows regenerative amplifier, pre-
amplifier, amplifier-3 pumped by Titans and the compressor chamber.

Table 3.1: 150 TW, 25 fs, Ti:sapphire laser parameters

150 TW Ti:sapphire laser pulse parameters
Maximum laser energy
(Compressed pulse) ek
Shortest pulse duration ~25fs
Peak Power ~150 TW
Central wavelength ~800 nm
Bandwidth ~70 nm
ASE ~107at 1 ns
Pre-pulse contrast ratio ~10-"at 11 ns
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3.2. Measurement of laser parameters:

Since the laser plasma interaction process largely depends on the laser
parameters, hence its measurement and characterization are very crucial. In the
following we describe various laser parameters measurements relevant to the
presented experimental investigations.

3.2.1 Laser Beam profile:

CPA based high power laser systems are prone to various distortions in the
laser beam spatial profile as it passes through various optics in different stages of its
propagation. Hence, the laser beam profile deviates from the ideal Gaussian or flat top
profile. Laser beam profile at various stages of the system is recorded using CCD
camera and also through burn pattern on photographic paper which was generally
used after final amplifier at full energy. A typical laser beam profile recorded on CCD

camera after pre-amplifier is shown in Fig. 3.3.

Fig. 3.3: Typical laser beam profile after amplifier-2

3.2.2. Laser energy:
Laser energy after the final amplifier was measured regularly using an energy
meter (pyroelectric sensor-Gentec Model: Maestro-224443). During the experiments,

typically maximum laser energy used after final amplifier was approximately 4.8 J.
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With 70% of the laser energy transmitted through the compressor unit the maximum
laser energy used at the target was approximately 3.36 J.
3.2.3. Laser pulse duration:

Laser pulse duration is an important parameter in high intensity laser plasma
interactions. The laser pulse duration in high power laser systems is governed by the
spectral width, the larger the bandwidth the shorter will be the laser pulse duration. In
CPA based laser systems where the pulse is stretched in time, and after several stages
of amplification it passes through various optical devices accumulatinghigher order
non-linearities corresponding to positive chirp. Hence, the phase content of the pulse
is modified which affects the laser pulse duration. Finally, in the compressor chamber,
where the laser pulse is compressed again to the shortest pulse duration, the phase
non-linearities is exactly compensated by the gratings of the compressor chamber by
introducing equal negative chirp to the laser pulse. Also, during the experiment, the
laser pulse duration variation studies were performed where longer laser pulse
duration were used. This was achieved by varying the grating separation
ofthecompressor, such that the phase non-linearities are not exactly compensated. So,
calibration between the grating separation and the laser pulse duration is an important
parameter.

The pulse duration was measured using a femtosecond single shot second
order auto correlator [5]. The auto-correlation set up was installed in a single compact
unit and named Bonzai [6] and was provided by the supplier with the laser system.
The laser light from the compressor chamber window was put into the Bonzai for the
laser pulse duration measurement and by changing the grating separation, the auto-

correlation signal is measured. To measure the dispersion introduced by the
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compressor chamber window, separate measurement were performed including the
glass window and also without the glass window. It was found that, with glass
window in path, an additional 200 um of grating separation was required to
compensate for the phase non-linearities. A typical signal recorded by the auto-
correlator is shown in Fig. 3.4 showing recording of the shortest laser pulse duration

of ~24 fs which corresponds to the optimum compressor gratings separation.

Estimated pulse width

Gl 23.6 0.7 fs
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Fig. 3.4: Second order auto-correlator trace for pulse duration measurement.

Further, measurements were performed by varying the grating separation both
in the positive and the negative directions from the compressor zero position to
obtains variation in laser pulse duration. In Fig. 3.5, we show a calibration of the laser
pulse duration with the grating separation. The offset of ~200 um is due to the
presence of compressor chamber glass window in the beam path during laser pulse

duration measurement.
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Fig. 3.5: Variation of laser pulse duration with grating separation

3.2.4. Measurement of laser pre-pulse contrast:

In high power laser systems, prior to the main laser pulse, some additional pre-
pulse arises which are generated from the leakage of the polarizer of the regenerative
amplifier or from the improper seeding of the pulse into the regenerative amplifier.
There are two main pre-pulses that occur at the ns time scale prior to the main laser
pulse: one is the Amplified Spontaneous Emission (ASE) which comes at 1 ns before
the main laser pulse and the other is the pre-pulse contrast ratio which comes at 11 ns
before the main laser pulse. The temporal purity of the laser pulse is defined by the
intensity ratio of the ASE and the pre-pulse with respect to the main laser pulse. The
measurement of these two parameters prior to experiments is very essential as it may
lead to formation of pre-plasma and affect the overall laser plasma interaction. The ns
pre-pulses were measured using a fast photodiode with 0.8 ns rise time on a 500 MHz
digital oscilloscope (Tektronix TDS 3054B). The intensity ratio of the pre-pulse at 11
ns was found to be 107 and the ASE contrast ratio at 1 ns was 10”°. This shows that in

our case, the pre-pulse and ASE contrast peak intensities are much below the main
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laser intensity and hence will not affect the laser plasma interaction. Further, a third
order auto-correlator ‘Sequoia” developed by M/s Amplitude Technologies, France
[7] was also used to measure the laser pulse contrast close to the peak of the main

laser pulse. A typical Sequoia trace is shown in Fig. 3.6.
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Fig. 3.6: Third order auto-correlator trace of measurement of contrast ratio close to
peak of main laser pulse.

3.2.5. Measurement of laser focal spot:

The laser pulse was focused using the off-axis parabolic mirror (OAP). Two
types of OAPs were used of same focal length (f) of 50cm: one with dielectric coated
and the other with gold coated. The laser beam size on the OAP was ~100 mm,
providing an imaging optics of f/5. The imaging system consists of a microscope
objective lens of magnification 10X or 40X and the magnified focal spot was recorded
on a 14 bit Pixelfly CCD camera mounted on a XYZ translational stage such that the
focal spot size can be scanned in the direction of laser beam propagation and also for

its alignment on the CCD centre. In order to protect the CCD camera from damage

117 |Page



Chapter 3

from the high intensity of the focused laser pulse, suitable neutral density (ND) filters
were used to attenuate the light intensity. Fig. 3.7 shows the schematic of the setup for

the laser focal spot measurement.

MICROSCOPE
ND FILTERS OBJECTIVE LENS

OAP

(

LASER PULSE TRANSLATIONAL STAGE

Fig. 3.7: Set up for laser focal spot measurement

Fig. 3.8 shows typical laser focal spot recorded with 10X magnification and
the corresponding lineouts of the focal spot in the horizontal and vertical directions
respectively. The focal spot in Fig. 3.8 (a), obtained with gold-coated OAP, was
estimated to be ~25x12 um along the horizontal and vertical directions respectively
(1/e’radius i.e. oo equals to ~21.2 x10.16 um?) and that in Fig. 3.8 (d), obtained with

dielectric-coated OAP is ~7.7x11pm (1/e’radius i.e. wo equals to 6.5%9.3pum?).
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Fig. 3.8: Typical laser focal spot recorded during the experiment (a)
25umx12um, (b & c) is the corresponding horizontal and vertical lineout, (d)
7. 7umxl 1um, (e &) is the corresponding horizontal and vertical lineout.

Along with the laser focal spot, the energy content inside the focal spot of 1/e?
(wp) radius was also estimated from the ratio of the integrated pixel counts under the
focal spot of diameter 2w, and the overall image area. It was estimated that ~50% and
~40% of total energy is contained in the 1/e® focal spot for the particular spot shown
in Fig. 3.8 (a) and (d) respectively. Improvement in the focal spot in the second case
(Fig. 3.8-d) could be attributed to use of better quality dielectric coated OAP and also
better laser alignment and optimization of grating alignment in the compressor.
3.3. Gas-jet system and characterization:

The plasma target used in laser driven electron acceleration experiments were
created using different gas medium of He and various high Z gases such as N, Ar and
mixed gas targets of He + varying percent of N,, and N + varying percent of He. The

whole gas jet system comprises of the supersonic gas jet nozzle for shock free high
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pressure gas flow and the gas line system using electronic regulators for precisely
control of the backing pressure.

The gas jet system used for the experiments is a shockwave free supersonic
gas jet system (M/s Smartshell Co. Ltd., Japan) comprises of three major components
viz. asupersonic slit nozzle, high-speed solenoid valve, and fast pulsed valve driver.
The systemuses a Laval type slit nozzle. Two different gas-jet nozzle were used
during the experiments: one with dimensions of 10mmx1.2mm and second with
dimensions of 4 mmx1.2 mm to produce highly localized high density gas jet with
uniform gas density. Laser was propagated along the 1.2 mm and 4 mm length of the
nozzle respectively. Fig. 3.9 (a) shows a view of the nozzle and Fig. 3.9 (b) shows the
gas-jet mounted in the experimental chamber along withsolenoid valve and the gas-
line connected to it. The gas jet operation can be precisely synchronized with laser
pulses or signals from other devices. Such synchronization was obtained through a
delay generator (M/s Stanford Research Systems, Model: DG535). The delay
generator can generate number of independent delay pulses using the laser trigger
pulse which arrives before the main laser pulse for triggering different diagnostics
units. The response time of the solenoid valve for full opening is ~4.5 ms and hence,
the trigger timing was set such that the gas-jet is opened ~5 ms before the main laser

pulse. The gas jet was operated in single shot mode synchronised with the laser pulse.
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gas line

Fig. 3.9: Pictures of gas-jet target system (a) Rectangular gas jet nozzle, (b) Mounted
gas-jet with solenoid valve and gas-line connection

For precise adjustment of the backing gas pressure, a high pressure gas line
was set up from 150TW laser control room to the radiation shielded experiment room.
The gas line includedgas cylinder, needle valves, exhausts valves, 2 electronic gas
regulators, 2 reservoir gas cylinders of volume 1litre each and 1 reservoir gas cylinder
of volume 250 ml, 3 digital pressure sensors with electronic displays. Digital pressure
sensors were used tomonitor the backing gas pressure of the line after the main
cylinder, after the two 1litre cylinders and third one just before the entry of the
experimental chamber. Scheme of the gas line set up is shown in Fig 3.10. The main
gas cylinders are fitted with manual regulators. Manual gas regulators were used to
control gas pressure which, has two analog displays of which one shows cylinder
pressure and another one shows gas release pressure. Electronic regulators have a
large range (0.1 bar to 70 bar) to control gas pressure with a resolution of 0.1 bar.
These regulators were operated by DC power supplies. Two electronic regulators were
used in the line: the first one to precisely fill in the two large 1 litre cylinders from the

main gas cylinder and the second one to precisely fill in the small 250 ml cylinder
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before the experimental chamber from the 1litre cylinders. By this process, mixing of
two gases were done very accurately in the initial two 1 liter cylinders and the mixed
gas was finally send to the final small 250 ml cylinder from where the backing gas
pressure into the experimental chambers were precisely controlled through electronic
regulator. The backing pressure of the gas jet was varied to change the density of the

gas jet.

Elec. Gauge Elec. Gauge 556 mi
m|

Exhaust cylinder

Exhaust

Needle
Valve

Electronic 1 Liter Cylinder

Regulator

Electronic

Regulator

DC Power Supply

DC Power Supply

Gas Cylinder

Fig. 3.10: Scheme of the gas-line set up

The gas jet was well characterized using interferometry [9]. The density data
was further confirmed from the forward Raman scattering measurements [10]. The
plasma density profile shows sharp boundary between vacuum and gas-jet forming a
ramp structure at the rising and falling edge and a plateau structure in the middle.
Also, characterization of the rectangular nozzle was also performed using offline

Mach Zehnder interferometry. The schematic of the set up used is shown in Fig.3.11.
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Fig. 3.11: Schematic of the interferometry set up used for gas-jet characterization

The experiment was performed using diode laser (M/s: Laserglow
Technologies, wavelength, 532 nm, Max. power output: <5mW). Fringes were
generated due to the interference from the two arms of the Mach Zehnder separated by
50%-50% beam splitter and when one of the arm was passed through the gas-jet,
fringe shift was observed due to the path difference of the laser in traversing the gas
medium. For recording the fringe shift, the gas-jet plane was imaged onto a CCD
camera with a magnification of ~1X. Two different gas-jets of dimension 10 mm x 1.2
mm and 4 mm x1.2 mm was characterized for different gas targets of He, N, and Ar
over a range of backing pressures varying from 0.5 bar to 55 bar. Separate fringe shift
data was recorded for laser pulse propagation along 1.2 mm and 4 mm length of the
nozzle. The phase shift generated due to the path difference of the laser beam was
retrieved by Fourier transform of the fringe shift, and finally the density values were
estimated through tomography, as the nozzles used were rectangular in shape

withasymmetric geometry. The data analysis was performed using the software
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"IDEA" [11]. Fig. 3.12 (a & b) shows typical fringe shift of the laser recorded while
traversing along 4 mm length of the nozzle for two different gas pressures of 10 bar
and 20 bar in case of N, gas target and Fig. 3.12 (¢ & d) shows the corresponding

phase space diagram.

Fig. 3.12: Interferrograms recorded for N, gas-jet target: Fringe shift at (a) 10 bar
pressure, (b) 20 bar pressure, and corresponding phase space diagram for (c) 10 bar and
(d) 20 bar respectively.

The calibration of gas density vs the backing pressure for N, gas target is
shown in Fig. 3.13 and the result was compared with the calibration provided by the
manufacturer and was found to be consistent. Plasma electron density was estimated
in a given experimental conditions by multiplying the neutral gas density by expected
charge state of the gas medium used. In LPA, in general threshold density is defined
as the plasma electron density at which generation of relativistic electrons is first

observed for given conditions. In the present studies also, electron beam generation
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was studied with varying gas-pressure (plasma density), and threshold density is
considered at the point where the probability of generation of electron beams in each
shot was significant and was found to be closer/slightly higher than the density at

which generation was first observed.
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Fig. 3.13: Calibration of gas density vs backing pressure for N, gas-jet target. Red dots
show the estimated data obtained from manufacture, blue dashed line shows the fitted
linear curve and the green square shows the data obtained from interferometry
measurements.

3.4. Electron beam diagnostics:

A schematic of the typical laser wakefield experimental set up is shown in Fig.
3.14. High intense ultra-short Ti:sapphire laser is generally focussed at the gas jet.
Interaction of laser pulses with underdense gas jet plasma generates relativistic
electrons in the forward propagation direction of the laser pulse propagation.
Detection and characterization of different properties of these electron beams such as

electron beam energy, electron beam charge, transverse profile etc. are required.
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Fig. 3.14: A typical scheme of LPA experiment.

3.4.1. Scintillation screens:

Generally, scintillation screens are used to detect the electron beam profile of
the accelerated electrons as these provide for a non-destructive method for recording
electron beam profile. Two types of scintillation screens are mostly used. They are the
imaging plates (IPs) [12] and the phosphor screens [13]. The typical layer structure of

IP and phosphors is shown in Table-3.2 below.

Table-3.2: Layer structure of IP and phosphor screen

Structure of IP Structure of phosphor screen
Protective layer Supporting layer
Phosphor layer Phosphor layer (Gd,0,S:Th)

Supporting layer

Magnetic layer Plastic layer
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Imaging plates (IPs) are made of scintillating material namely barium fluoro-
bromide (BaFBr) doped with Eu*?. When relativistic electron beams is incident on IP,
it excites the electrons of the scintillating material to a higher energy states. Generally,
the scintillating materials are chosen such that the decay time of de-excitation of
electrons is long and thus the IP is able to hold the information for a longer time. To
extract the information, the IP is illuminated by an external laser source such the
electrons are de-excited and emit florescence. This is known as photo-stimulated
luminescence (PSL) effect. The IPs are scanned by commercially available IP readers
CR 35 Bio of M/s Durr Medical, Australia [14], which is used for data extraction from
IPs. The main disadvantage of IP is its single shot usage due to large decay time.
Resolution achieved using IP is of the range of tens of microns. The response curve
for IP shows constant sensitivity to the incident electron energy beyond 1 MeV [15],
suggesting that the emission intensity is proportional to electron flux and independent
of their energy.

Nowadays, another type of scintillating screen is generally used called
phosphor screens to detect electron beam profiles. Various types of phosphor
materials are used, and among them the most effective is the P43 (Gadolinium
Oxysulfide with impurity of Terbium, Gd,O,S: Th) which is in the powder form. The
phosphor laser remains embedded within a supporting layer and a plastic layer. The
phosphor material emits green light with wavelength around 550 nm, with a decay
time of 2ms. The plastic layer faces the incident electron beams as the emitted visible
light would get absorbed in the plastic layer. Depending on the different thickness of
the phosphor material and the phosphor density, there are different types of phosphor

screen available commercially. Table-3.3 below shows the details of the different
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types of phosphor screen. The sensitivity of all the phosphor screens shows saturation

for incident electron energies beyond 1 MeV [16].

Table-3.3: Different type of phosphor screens, their corresponding thickness and density

Phosphor Screen Type Thickness (pum) Density (gm/cm?®)

Lanex Regular 380 4.25
Lanex Fine 377 3.80
DRZ-High 504 4.67

3.4.2. Magnetic spectrograph:

Magnetic spectrographs are used in LPA experiments for recording of electron
beam spectra (electron beam energy) by dispersing the electrons by a suitable magnet.
This is a standard method for measuring energy of any charged particle which makes
use of the magnetic field to deflect the charged particles. When electron enters in the
uniform magnetic field its path is deflected due to effect of the Lorenz force which is
given by:

F=—e (vxB)
Here e is the charge of the electron, v is the velocity of the electron and B is the
magnetic field. The spectrograph allows to measure the momentum (velocity) of the
electron beam by measuring angle of deflection in the magnetic field. This requires
the beam position both at entrance and at exit of the magnet and so the angle
introduced by the magnetic field can be estimated.
During the experiment, two types of magnetic spectrographs were used.
One is by using a circular magnet with peak magnetic field of ~0.45 T, diameter of 5

cm and pole gap of 9 mm (Fig. 3.15-a). The magnetic material consists of NdFeB.
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This magnetic spectrograph was used for detection of low energy electron in the range
of 10-60 MeV with resolution of ~34% at 30 MeV and ~67% at 60 MeV (for 10 mrad
beam). In order to define the entry angle of the electrons into the magnet a small
aperture of 10 mm diameter was placed in front of the magnet, which makes an
acceptance of angle of ~36 mrad at the entrance of the magnet as shown in Fig. 3.15
(b). In Fig. 3.15 (c) the magnetic field profile for the circular dipole magnet is shown.
Since the magnet dimension was small it was placed inside the plasma vacuum
chamber during the experiment. A metallic flag was placed at the centre of the

magnet, to mark the undeflected position of the electron beams on the phosphor.

¥

(a)

Metallic flag (b) ©) o5
Metallic flag

Peak field

-40 -20 0 20 40 60
Distance (mm)

Fig. 3.15: (a) A picture of circular dipole magnet (front surface) (b) Circular aperture
before magnet, (c) Field profile with peak magnetic field of 0.45T.

For higher energy electrons, another magnetic spectrograph was used. It
consists of a C-shaped rectangular magnet with peak magnetic field strength of ~0.9 T
(dimensions 10x10x20 cm: pole gap 15 mm) covering a broad energy rangeof ~15
MeV to 1 GeV, with a resolution of ~8% at 100 MeV and 25% at 300 MeV (for 10
mrad divergence beam) (Fig. 3.16-a). Fig. 3.16 (b) shows the rectangular magnet and

its field profile with peak magnetic field of ~0.9T
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Fig. 3.16: (a) A picture of rectangular permanent dipole magnet (b) Field profile
along 20cm length with peak magnetic field of 0.9 T.

The magnet dimension was comparatively larger than the circular magnet and
was also comparatively much bulky. So, the whole magnetic spectrograph was placed
outside of the plasma vacuum chamber during the experiment and electron beams
were taken out of the chamber through a 54 um thick Ti foil. In this case, no aperture
was used before the magnet to define its entry angle. However, to mark the
undeflected path, electron beam position was recorded by placing two phosphor
screens along the electron beam path at two different distances from the gas-jet target
without magnet in path. The correlation between the position of the electrons on the
first and second phosphor gives the information of direction of electron beam pointing
and hence mark as the zero position of the magnet from where deflection of electrons
was estimated. Fig. 3.17 shows the set up for detection of the undeflected path of the

magnet and the correlation of the electron beam position at the two phosphors.
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Fig. 3.17: (a) Schematic of estimation for undeflected electron position on phosphor-2,
(b) Electron beam pointing at phosphor-1, (c) Electron beam pointing at phosphor-2,
(d) Correlation between electron beam positions on phosphor-1 and phosphor-2.

For correlation of the electron energy with the deflection distance of electrons
from the undeflected position, the equation of motion of the electron beam trajectory
in a magnetic field was derived separately for the circular and the rectangular magnet.
In case of the circular magnet, the schematic of the electron beam trajectory is shown
in Fig. 3.18 (a). The electron enters the magnetic field of radius 'r' at the point A along
x-direction andexits the magnet at the point C. Due to the magnetic field, the
trajectory of the electron is deflected by an angle 6 and the arc AC shows the
trajectory of the deflected electron beam. The arc makes a radius ‘p’ with center of a

larger circle from P. The electron strikes the phosphor at a distance 'y' from the

131 | Page



Chapter 3

undeflected position. The phosphor is placed at a distance of ‘x’ from the exit of the
magnet such that the distance between the magnet entrance and the phosphor screen is

‘x+2r’. From the geometry, the deflection is given by,

tané?:l—>y:xtan<9
X

2rp

2

tan@ = 5
po—r

(3.1)

Experimentally, we can measure 'r',’x" and 'y' and calculate p. The radius p is

related to the energy of electron by,

p=BepE =[(pc) +(mc)' ] (32)
Resolution of a magnetic system is mainly limited by the divergence of the
electron beam and is given by,

Res = 5y
dx / dE

(3.3)

Where, dy is the beam size along the dispersive plane and dx/dE is the slope of
the dispersion curve.

Eq. (3.1) shows the dispersion relation for the circular dipole magnet and Fig.
3.18 (b) shows the dispersion curve for a typical case of magnet to phosphor distance
of 5 cm. The resolution of the magnetic spectrograph for the range of electron energy

for a typical electron beam divergence of 10 mrad is shown in the inset of Fig. 3.18

(b).
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Fig. 3.18: (a) Electron trajectory in circular dipole magnet, (b) Dispersion curve of
electron for magnet to phosphor distance of 5 cm (inset: resolution of measurement at
various energies)

In case of the C-shaped rectangular magnet, the trajectory for electrons was
derived for two different configurations: the front configuration in which the electrons
are deflected along the dispersive plane in the forward direction of laser propagation
and the side configuration in which the electrons are deflected in the perpendicular
direction to the laser propagation. In case of the front configuration, the electrons
traverse the whole length of the magnet. The schematic of the electron trajectory is
shown in Fig. 3.19 (a). Electron enters the magnet from the position A, and traverse
the whole length of the magnet (L), and exits out of the magnet at the point C. The
phosphor is placed at a distance of D, from the exit of the magnet. The undefected
position of the electron on the phosphor is B. Due to the magnetic field, the electron
trajectory is deflected by angle 6 and the electron trajectory represents an arc AC of a
circle of radius R with centre at O. The deflection ‘y’ on the phosphor is given by

y=(Lm+Dp)xtané (3.4)
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JR*=(R-Y, )’
R_ym

Where tan8 =

Ym IS the distance between the point of entry of the electron in the magnet and the
edge along the magnet width, and for electron with energy E, moving in magnetic
field B, R is given by;

_ E(MeV)
0.3x10°xB(T)

R(m) (3.5)
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Fig. 3.19: (a) Electron trajectory in C-shaped rectangular dipole magnet along the front
configuration, (b) Dispersion curve of electron for magnet to phosphor distance of 5 cm
(inset: resolution of measurement at various energies)

Eq. (3.4) gives the dispersion relation of the electron moving along the front
configuration and the dispersion curve for a typical value of magnet exit to phosphor
distance (Dp) of 5 cm is shown in Fig. 3.19 (b). The corresponding resolution of the
magnetic spectrograph is shown in the inset of Fig. 3.19 (b). In this configuration,
high energy electrons beyond 80 MeV were dispersed and detected on the phosphor

screen and the electron energy decreases with increase in deflection distance.
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However, electrons with low energy are deflected before covering the whole
length of the magnet and are dispersed along the side direction perpendicular to the
laser propagation direction. For the side configuration, the undeflected position of the
electron on phosphor (B) is considered the edge of the magnet and electrons deflected
less than 90° are deflected less and electrons with deflection greater than 90° are

deflected more. The schematic of the electron trajectory is shown in Fig. 3.20 (a).
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Fig. 3.20: (a) Electron trajectory in C-shaped rectangular dipole magnet along the side
configuration, (b) Dispersion curve of electron for magnet to phosphor distance of 8 cm
(inset: resolution of measurement at various energies)

The deflection ‘X’ on the phosphor is given by
x=D, xtand (3.6)

The dispersion curve for the side configuration is shown in Fig. 3.20 (b) for a typical
magnet edge to phosphor distance (Dy) of 8 cm. In this case, the electron energy
increases with the increase in deflection of the electron beam from the undeflected

position. Resolution of the spectrograph is shown in the inset of Fig. 3.20 (b).
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In order to cover the broad range of energy spectrum, detector screens are kept
placed both in the side direction which covers energy range from ~15-80 MeV and in
the front of the magnet which covers a energy range of ~80 MeV to 1GeV. Fig. 3.21
(a) shows the overall scheme broadband magnetic spectrograph and Fig. 3.21 (b)
shows a corresponding picture of the experimental set up. This provided the
simultaneous recording of the electron beam profile at the first phosphor (phosphor-1)

and the electron beam spectra at the second phosphor (phosphor-2).

PHOSPHOR-1
Ti~54pm MAGNET~1T PHOSPHOR-2

i 1 GeV R~80%

D=4.5cm

R~40%

~80 R~15%

PHOSPHOR3 M€V

MAGNET

° PHOSPHOR-2

Fig. 3.21: (a) Overall scheme of broad band magnetic spectrograph and
(b) A picture of the experimental set up of electron spectrograph used
outside vacuum chamber.

GEANT4 [17] simulations were performed to estimate the divergence
introduced by various phosphor screen for a range of incident electron energy [18,

19]. For simulation a monoenergetic parallel collimated electron beam i.e. zero initial
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divergence, and 10° number of particles was considered [19]. For electron energy in
the range of 1-700 MeV, the divergence introduced by various phosphor screens were
found to be in good agreement with the earlier report [20]. The results showed that,
compared to other, the divergence introduced by DRZ-high was higher. Therefore,
during the experiments, Lanex regular screen (phosphor-1) was kept before the
magnet for the detection of electron beam profile. Also, estimation of increase in the
electron beam divergence and energy depositions in the various components of the
electron beam path such as Ti foil, 36 um Al foil, phosphor-1 was made through
GEANT4 simulation for a 150 MeV electron beam and shown in Table-3.4. This
shows that electron undergo negligible modification in divergence due to Ti foil,
however, since Lanex (Phosphor-1) consists of a dense material the electron beam
divergence is increased by ~10 mrad. But the energy loss of the electron beam is
negligible while passing through the various components. Simulations were also
performed considering electron beam of 5 mrad divergence, and a quasi-
monoenergetic spectrum with peak energy of 150 MeV and standard deviation energy
of ~30 MeV, and observed divergences of electron beam profiles at positions of Lanex
(phosphor-1) and DRZ (phosphor-2) were found to be similar to that recorded
experimentally [19,20]. This study has been made prior to the experiment; hence,
during investigation spectrum was not checked with and without this screen as this
screen was required to simultaneously record electron beam profile, which was also

used to find out undeflected beam position on the DRZ screen.
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Table-3.4: Estimation of divergence and energy loss by different components in electron
beam path using GEANT4 simulations. Incident electron beam energy:150 MeV

Components in beam path | Introduced Divergence (mrad) | Energy (keV) Loss

Ti foil ~2 Few hundreds of
36 um Al foil ~1 keV
Lanex ~10

3.4.3. Measurement of electron beam charge:

In laser plasma accelerator, electron beam charge can be generally measured
by two ways. One of the ways, is by using Integrating Current Transformer (ICT) and
the other way is by calibration of the phosphor screen used for detection of electron
beam profile. The schematic of use of ICT and the electron beam diagnostic set up

using phosphor screens in the experiments carried out is shown in Fig. 3.22 ().
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Fig.3.22: (1) Electron beam diagnostics set up and (2) geometry of phosphor emission
collection

The ICT used in the present experiment was from M/s: Bergoz Model: ICT-
082-070-5: 1. It consists of a primary capacitive circuit coupled to a secondary circuit.
When an electron beam passes through the ICT, the charge gets stored in the capacitor
of the ICT. Through electromagnetic induction, the charge is dissipated in the
secondary coil. The voltage associated with the current in the secondary was measured
with a 500 MHz oscilloscope using 50 ohm termination resistance to match the
impedance of the BNC cable with the input impedance of the oscilloscope so that
maximum energy can be transferred. The area under the output pulse gives the total
charge of the electron bunch using sensitivity calibration of ICT provided by the
manufacturer. During the experiment, the ICT was placed after the gas-jet nozzle (Fig.

3.22-1). As a result, the output signal of the ICT corresponds to the all the electrons
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contained within the accelerated beam. It has been suggested that the ICT over
estimates the electron beam charge [21]. Also, there are serious problem of EMI noise
pick. Fig. 3.23 shows a typical signal recorded with ICT in interaction with He gas-jet
target (experiment described in Chapter-8), showing a maximum voltage of 140 mV

which corresponds to a beam charge of 560 pC.

Fig.3.23: A typical ICT signal recorded.

Another method of estimation of charge of electron beam is by the calibration
of phosphor screen used for detection of electron beam profile. When relativistic
electrons are incident on the phosphor screen, the phosphor emits light which is
collected and imaged onto the CCD camera by an appropriate zoom lens. The path of
the collection of phosphor emission is light guided using a plastic tube to avoid light
loss and collection of other stray lights of the chamber hall into the CCD. To avoid the
CCD in coming in direct path of the relativistic electrons, light from the phosphor-2 is
bent by a folding mirror. In the case of simultaneous measurement of electron beam

profile, another phosphor-1 was placed in the electron beam path making an angle
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45°, such that emission from phosphor is collected at 90° to the beam propagation
direction. A hole is made in the light guide tube to pass the electrons in the forward
direction and incident on the phosphor-2. The schematic of the set up is shown in Fig.
3.22 (1).

The incident photon on the CCD camera, ejects electrons from the CCD pixels
which gets reflected into the CCD counts which we measure experimentally. Hence,
estimation of charge of the electron beams includes the following steps:

1. Calibration of number of photons emitted from phosphor per incident electron. This
varies with different phosphors and the calibration for different phosphors has been
reported in the literature in units of photons per unit solid angle and per unit pC
[16,22,23]. For e.g. the calibration for Lanex regular is 3.1x10° ph/str/pC [22] and
7.82x10° ph/str/pC for DRZ high [16].

2. The photon emission takes place following Lambertian law [24], of which only the
photons emitted in a cone with solid angle dQ subtended by the point of emission on
the phosphor and the zoom lens aperture is collected by the CCD. The schematic of
the geometry for collection of the phosphor emission is shown in Fig. 3.22 (2). The

solid angle subtended is given by:

_ar?

dQ="0r (3.7)

where, r is the effective aperture radius of the CCD and the zoom lens system and D is
the distance of the CCD from the phosphor. The effective radius r depends on the
focal length of the zoom lens (f) and the effective f# given by,

AN S (3.8)

L
1+ 2)x f#
(+L1)
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where, f# of the particular zoom lens is 1.8 and L1 is the distance of zoom lens from
phosphor and L2 is the distance of CCD from lens i.e. the focal length of lens. For the
present experiment, in the configuration of simultaneous measurement of electron
beam profile and its spectra, where two screens phosphor-1 and phosphor-2 were
used, the zoom lens with focal length of 8 cm and 5 cm were kept at a distance of 58
cm and 102 cm respectively from the phosphor screen. Accordingly, the solid angle
estimated was 0.0023 str and 0.0004 str for phosphor-1 and phosphor-2 respectively.

The above formulation is made considering the electron beam is incident at the
centre of the phosphor screen and the complete emission subtending the solid angle is
collected by the CCD. However, another geometrical factor comes into play when the
electron beam is incident away from the centre of the phosphor and in that case,
emission of a part of the solid angle is collected by the CCD. In the experiments, the
electrons were found to be incident away from the centre of the phosphor and the
geometrical factor was estimated for the different configuration of phosphor-1 and
phosphor-2. Its effect was considered in estimation of charge. The offset of position of
electrons from the phosphor centre was estimated by taking the average beam pointing
on the phosphor of a number of shots and correspondingly the solid angle subtended
by the CCD was calculated.
3. As the photons are incident on the CCD, it liberates electrons. The quantum
efficiency (QE) of the CCD provides the calibration for the number of electrons
liberated per incident photon. For 14 bit pixelfly CCD camera used in the
experiments, the quantum efficiency is 62% @ peak 546 nm.

Phosphor emission consists of wavelengths other than 546 nm also. So the

spectral corrections corresponding to the ratio of peak at 546 nm to that at different

142 |Page



Chapter 3

wavelengths was also considered in estimating the conversion efficiency of the CCD
from photon to electrons. For the 14 bit pixelfly camera, the ratio was estimated to be
0.59.

4. Conversion efficiency of the electrons ejected into the CCD counts. This calibration
is given by A/D conversion factor. For the 14 bit pixelfly camera, the A/D conversion
efficiency factor is le’/count, which suggests that the count observed on CCD
corresponds to an equal number of electrons.

However, during the experiments to avoid saturation of CCD signal, suitable
neutral density filters were used in front of the zoom lens. This in turn reduced the
incoming photon flux and the CCD counts by the corresponding fraction. Hence, a
correction factor from the filter transmission was also taken into account while
considering the CCD counts. Another factor which affects the CCD counts is the lens
transmission factor which was also considered while estimating charge.

Hence, including all the factors discussed above, the final charge of the

electron beams were estimated by the following relation

(CCDcounts X A/Dconversion factor X spectral correstions)
(QE X lens transmission X filter transmission X
solid angle X geometric factor X phosphor calibration) (3.9)

Charge =

Following the above relation, charge was estimated from electron beam
profiles recorded on phosphor-1. The charge estimated from ICT was found to 10-
15% higher than that estimated from phosphor screen.

3.4.4. Estimation of electron beam spectrum and its characterization:

To understand the spectral characteristics of the electron beams, the absolute
electron spectrum is deduced from the raw images obtained from dispersed electron

beams by the magnetic spectrograph. The absolute spectrum is obtained by plotting
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the number of electrons within a energy interval between E and E + dE vs E. The area
under the curve represents the total number of electrons within the whole energy
range. The number of electrons per energy interval s given by [25]:

dN(E) counts(E) Xﬁ (3.10)
dE ss dE |

where, counts (E) is the number of counts of the CCD at energy E integrated along the
non-dispersive plane, 0s is the CCD pixel size projected along the phosphor screen
and ds/dE is the magnetic dispersion. A typical absolute spectra derived from the raw

dispersed electron beam is shown in Fig. 3.25

10 .
¢ Data

Gaussian fit |

1)
< 10 13 18 3248
% MeV
<
60 80 100

Fig. 3.24: Typical absolute spectra of dispersed electron beam recorded showing
quasi-monoenergetic feature. Inset shows the corresponding raw image of the
dispersed electron beam. The spectrum is fitted with higher order Gaussian function

(red curve).
The absolute spectrum shows quasi-monoenergetic feature. For analysis of the

spectrum, it is fitted with higher order Gaussian function. The peak value of the
Gaussian denotes the peak energy value of the electron beam and the FWHM width of

the Gaussian denotes the energy spread at the peak value. For the typical spectrum
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shown in Fig. 3.24 the peak energy is ~26 MeV and the energy spread is ~34% at the

peak value.
3.5. Optical diagnostics:

Different optical diagnostics were set up to study the laser interaction with
plasma such as the laser forward spectrum, 90° Thomson side scattering and the

shadowgraphy. A schematic of the different optical diagnostics is shown in Fig. 3.25.

(1) FORWARD SPECTRUM

FOLDING
=

(3) SHADOWGRAPHY

FOLDING
MIRROR LEN

Fig. 3.25: Schematic of experimental set up for different optical diagnostics: (1) Laser
forward spectrum, (2) Thomson side scattering and (3) Shadowgraphy
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3.5.1. Forward laser spectrum:

The modified transmitted laser spectrum after interaction with plasma could be
used to infer information on laser plasma interaction processes. The plasma waves
scatter the incident laser light at frequencies, which satisfies their energy and

momentum conservation laws such that:
Ws= o + p (3.11)

where, o is the scattered frequency, mo Is the central laser frequency. The laser light
can be back scattered (ws= mo + wp) or can be scattered in the forward along the laser
propagation direction (os= mo - wp). These incident and the scattered waves beat with
the frequency Ao=wo-ws=wp. The axial ponderomotive force of this beat wave excites
large amplitude plasma wave at resonance. As it grows, it scatters more incident light,
thereby increasing the intensity of the scattered light. Thus both the plasma wave and
the scattered wave grow in amplitude at the cost of the incident wave. Thus the
forward scattered laser light is associated with the formation of wakefield inside
plasma and the shift equals to w, that is dependent on the plasma density [26, 27].

This is more prominent in case of L>\,.

On the other hand, blue shift of the laser is associated with the ionization
induced shifts of the gas by the laser itself [28, 29]. During the propagation of intense
laser pulses inside plasma, instantaneous ionization of the gas atoms leads to increase
in the plasma density along the laser axis which decreases the refractive index of the
plasma. For further propagation of the laser pulse into plasma, the laser energy
depletes very rapidly and the transmitted laser spectrum contains blue-shifted

components. Generally, in case of low Z gas targets such as He, where the gas is
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ionized early at the foot of the laser pulse and the main laser interacts with fully
ionized plasma driving strong wakefield, redshift of the transmitted laser light is
observed. On the other hand, when high Z gases such as N2, Ar etc. are used as gas-jet
targets for the experiments, ionization induced defocusing of the laser pulse takes

place and the laser is said to blue-shifted.

In the present experiment, this diagnostic was set up to get information about
the interaction mechanism of the laser plasma interaction. A part of the transmitted
laser light after interaction with the plasma was collected along the laser propagation
direction by a glass wedge of 2° angle and imaged onto a spectrometer with the help
of an optical fibre. The spectrometer used was a high resolution spectrometer, Model:
AVASPEC 3648. The wavelength range of the spectrometer was between 200-1100
nm with a wavelength resolution in the range of 0.025-20 nm. A schematic of the set
up is shown in Fig. 3.25 (1). The spectrometer was synchronized with the main laser
through a trigger and the exposure time was set up to ~2 ms. The signal recorded was

further processed through the AVANTES software.

3.5.2. 90° Thomson scattering:

When an electron is subjected to an electromagnetic field, it oscillates with the
same frequency in the direction of polarization of the field. When the intensity of the
electromagnetic wave becomes very high, the interaction of the electron with the field
becomes highly non-linear and motion of the electron becomes relativistic. Therefore,
these electrons serve as a non-linear medium for interaction and hence the radiation
emitted from the oscillating electrons leadto higher harmonics of the incident
electromagnetic wave. The vxB term of the force gives rise to the non-linearity and

generates a longitudinal component. So, a highly relativistic electron is subjected to a
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transverse force due to the transverse electric component of the field and a
longitudinal force which arises due to the non-linearity. Therefore, the combined
effect of both the longitudinal and the transverse drifts give rise to helical orbits. This
motion of the electrons in the helical orbits is called the figure of eight motion [30, 31]

as shown in Fig. 3.26.

Emitted Radiation

Low Intensity

/ High Intensity

<L >
paga'h on Axis

Fig. 3.26: Figure of eight motion

When the intensity of the field is very high, then the longitudinal drift velocity of the
electron increases. This results in the radiation loop to be bend in the forward

direction. The angle the cone makes with the propagation axis is given by,

B

6, =1 (3.12)
&

The spectrum of the emitted radiation is then a superposition of all the harmonics

given by,
o = (3.13)
14+ % gz
2 2
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where, m is the harmonic number, w; is the incident radiation frequency, a; is

the incident field strength.The power radiated from the first harmonic is similar to the
radiation emitted from classical Thomson scattering cross-section and is given by:

=W, 23 (3.14)

where, W, is the scattered power per electron for a given laser frequency a,. Hence,

the total power of the first harmonic of the scattered radiation depends on the laser
intensity ap and the also on the number of electrons emitting the radiation. Hence,
when a high intense laser propagates through plasma the electrons oscillate non-
linearly in the laser field and leads to high harmonic content in the re-emitted
radiation. These radiation when collected through a lens and imaged on to a CCD
camera gives the information of the intensity of radiation and the density at a
particular position which in turn gives the information of self-focusing and
channelling of the laser pulse in plasma. The schematic of the side scattering set up is
shown in Fig. 3.25 (2). There are several reports on study of relativistic self-focusing
of the laser pulse inside plasma through the Thomson scattering signal [32-34]. A
typical laser created channel in under dense plasma observed through 90° Thomson
scattering of the laser pulse recorded during one of our experiments is shown in Fig.

3.27 below.
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Fig. 3.27: Typical side scattering image of laser created channels recorded in He
gas-jet target

3.5.3. Shadowgraphy:

Another diagnostic, which is commonly used to study the laser propagation
inside plasma, is the shadowgraphy. In this case, a probe beam is sent at 90° to the
propagation direction of the main laser pulse. The probe beam size is kept such that it
covers the whole nozzle length. When the probe beam is synchronized with the main
laser pulse, shadowgram of the laser interaction with the plasma can be recorded by
imaging the transmitted probe beam on to a CCD camera. In experiments performed
in this thesis, we have used the leakage of the main laser pulse (0.1%) through a
folding mirrorbefore sending it to the OAP. The leakage of the main beam is then
made to pass through a delay system consisting of three mirrors (coating of 800 nm),
set on a translational motor stage. The synchronization between the probe beam and
the main laser pulse is set such that the distance covered by the main laser pulse from
the folding mirror to the entrance of the gas-jet nozzle is equal to the length covered
by the probe beam from the folding mirror to the gas-jet nozzle. Accordingly, the
delay is set between the main laser pulse and the probe beam such that we can probe
the laser interaction from a time before the interaction of the main laser pulse with
plasma. This helps in studying the presence of any pre-pulse in the main laser pulse

and formation of any pre-plasma. The transmitted light from the plasma is then
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collected through a lens and imaged on to a 14 bit CCD camera. The schematic of the
set up is shown in Fig. 3.25 (3). During the experiments the delay was set to few ps
such that it can probe the whole length of propagation of the main laser pulse through

the plasma.

Fig. 3.28: Typical shadowgram of laser created channels recorded in N, gas-jet target
for (a) delay=0, (b) delay= 0.5 ps and (c) delay= 4.5 ps. The arrow on top of first
frame shows the direction of laser propagation.

Fig. 3.28 (a-c) shows the typical shadowgram of laser created channel in N,
gas-jet target for three different delays timings. The laser pulse propagates from left to
right as shown by the arrow sign. Fig. 3.28 (a) shows the conditions at delay=0 i.e.
when the laser pulse just enters the plasma. Fig. 3.28 (b) shows the condition at a
delay=0.5 ps, when the laser pulse has propagated some distance into the plasma.
There is no signature of pre-plasma formation. At a much later delay of 4.5 ps, the
laser pulse has completed the whole length of propagation into the plasma and Fig.
3.28 (c) shows the shadowgram of the complete laser created channel into the plasma
showing multiple filamentation of the laser channel. Hence in contrast to the Thomson

scattering images, where we get a time integrated information of the laser propagation
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inside plasma, in this case we can probe the propagation of the laser pulse inside

plasma with time.
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CHAPTER 4

Investigation of laser plasma acceleration using long laser pulse duration of 200

fs

4.1. Motivation:

Laser wakefield acceleration mechanism (LWFA) [1] in laser plasma
acceleration (LPA) has been explored in detail for several years and has proved to be
potential candidate, as it could demonstrate generation of sub-GeV to multi-GeV class
good quality quasi-monoenergetic electron beams [2-6]. This acceleration mechanism
has been identified over a wide range of laser and plasma parameters.

1. Short laser pulse regime of L<\, showing quasi-monoenergetic spectra (bubble
regime) [7-20].
2. Long laser pulse regime of L>\, showing quasi-monoenergetic spectra (SM-LWFA)
[21-27].
3. Very long laser pulse regime of L>>A, showing broad continuous spectra (SM-
LWFA) [28-31].
In the L>>, regime, initially (1995-1998) investigation of wakefield was performed
where wakefield was driven mostly by the Raman scattering instability [28-31].
However, later in 1999, it was reported that, in such long laser pulse duration regime,
another acceleration mechanism of DLA could be applicable [32] which, was also
experimentally demonstrated in few reports [34-36]. However, electron beams in this
L>>), regime accelerated through DLA was found to be with continuous/ quasi-
thermal spectra [34-36]. Subsequent to this, there has been no further experimental

investigation in this regime of L>>L, confirming the dominant acceleration
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mechanism of DLA or showing efforts to improve the electron beam properties. Such
study would be important because it has been shown that electrons accelerated from
DLA is capable of generating high energy betatron radiation compared to wakefield
[37-39]. Further, studies in the L>>A, regime would also be of importance considering
developments in the fiber lasers technology suggesting it as a compact and more
efficient suitable driver for future particle accelerators, although in the long laser pulse
duration regime (>100 fs) [40, 41]. Hence, in the present scenario, when LPA is being
considered for short wavelength radiation source [42] and various investigations are
still being undertaken to push the radiation energy more towards the hard X-ray
regime with high flux [37], a detailed experimental investigation addressing the above
mentioned issues would be of importance.

With this motivation, in the present study we performed an experimental
investigation in L>>), in underdense He plasma gas-jet target interacting with long
laser pulse duration of ~200 fs. In this study, we identified DLA as the dominant
applicable acceleration mechanism, which was further supported by 2D PIC
simulations using code EPOCH [43] and theoretical analysis. Maximum electron
energy observed was ~30 MeV mostly with quasi-thermal spectra. Interestingly,
generation of quasi-monoenergetic (AE/E~10% — 20%) electron beams with a peak
energy of ~17-22 MeV was also observed, even with such long laser pulses, although
with a low probability of occurrence and a plausible explanation of such an important
observation has been made through estimation of dephasing length of electrons in

DLA.
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4.2. Experimental set up and parameters:

Fig. 4.1 shows the schematic of the experimental set up. Ti:sapphire laser
pulse of duration of ~200 fs was used during the experiment, in which a slight positive
chirp was introduced in the pulse by stretching the pulse using compressor grating
system. Laser peak power was ~15 TW. Using /5 Off-Axis-Parabolic (OAP) mirror,
the laser was focused to a focal spot size of ~25x12 um® (radius at 1/e® of the peak
value), delivering a peak laser intensity of ~2.1x10" Wcm™ (normalized laser vector
potential ap~1). The Rayleigh length (Zr) was estimated to be ~180 um. He plasma
target of length of 1.2 mm using rectangular slit nozzle of dimension 1.2 mmx10 mm
was used with the plasma density varying in the range of ~3.6x10'° cm™ to ~1.1x10%
cm . For detection of electron beams DRZ phosphor screen was used and a magnetic
spectrograph (diameter: 50 mm, pole gap: 9 mm, peak magnetic field: 0.45 T), with a
resolution of ~10% at 10 MeV and ~20% at 20 MeV (for a beam divergence of 10
mrad), was used to record the electron beam spectra.

The side scattered images were recorded 90° to the laser propagation direction
using lens. The spatial resolution of the imaging system was limited by the pixel size
of the CCD camera, which was for the present case ~6.45 um and also by the
magnification of 5X used in recording the images. So, the overall spatial resolution of

the imaging system used was ~1.3 pm.
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Fig. 4.1: Schematic of the experimental set up

4.3. Experimental results:
4.3.1. Recording of electron beam profiles:

Spatial profile of electrons beams for the range of plasma densities used is
shown in Fig. 4.2. A 6 mm thick aluminium plate was placed in contact with the
phosphor screen, which helped in recording only the intense collimated core of the
electron beam cutting off the low energy diffused background component. For
densities of up to ~7x10* cm, electron beams with full angle divergence of ~40
mrad (FWHM) were observed (Fig. 4.2 a—e). At higher density of ~9x10* cm3, the
overall beam divergence increased (~120 mrad), however, an intense central spot was
still seen (Fig. 4.2 f). The total charge contained within the 1/e? area of the collimated
electron beam profile was estimated using the DRZ-high calibration data [44-46], and
was found to be in the range of 10-50 pC for density ~4x10* - 7x10™ cm™3, which

increased to >450 pC at a higher density of ~9x10° cm™2,
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Fig. 4.2: Typical electron beam profiles recorded for various densities, with 6mm Al
plate in front of phosphor screen, Energy cut off ~2.7 MeV. (a) 3.6x10" cm3, (b)
4x10" cm3, (c) 5%1019 cm 3, (d) 6x10™ cm 3, (e) 7x10% cm 3, and (f) 9x10™ cm>.

4.3.2. Recording of electron beam spectra:

The electron beam spectra were measured by dispersing the electron beams
through magnetic spectrograph. Since, the plate was kept in contact with the phosphor
screen, the effect of divergence introduced by the plate would have negligible effect
on the spectrum recorded on the phosphor. Generation of three kinds of electron beam
spectra were observed during the experiment. The different kinds of spectra observed
represent the statistical fluctuation of shots recorded in the same experimental
conditions for fixed laser and gas-jet target conditions.

1. Single group of electrons: Generation of electron beams with peak energies of 8-10
MeV with exponential spectra were observed as shown in Fig. 4.3 for different plasma
densities. An increase of electron energy with plasma densities was observed in this
case. Such electron beams were observed in ~45% of the total shots during the
experiment. The total charge contained within the dispersed electron beams showing
single electron spectra above 7 MeV, increases from ~0.7 pC at a density of ~4x10"

cm * to ~12 pC at a density of ~1x10%° cm™>.
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Fig. 4.3: Typical single electron beams with quasi-thermal spectra: (i) Dispersed
raw images and (ii) Corresponding lineouts of electron beams, for various densities
(a) 4x10™ cm 3, (b) 6x10™ cm ™3, (c) 7x10™ cm 3, (d) 1.1x10% cm 3

2. Two groups of electrons: In addition to single group of electrons described above,
sometimes two groups of electrons were also observed with a quasi-thermal spectra as
shown in a series of 10 shots in Fig. 4.4. The lower energy peak correspond to ~8-10
MeV and an enhancement of electron energy was observed with the higher energy
peak corresponding to ~15-25 MeV. The maximum electron energy observed was ~30
MeV (at 10% of the peak value). In this case also, increase in the maximum electron
energy was observed with increase in plasma density. Such electron beams were
observed in ~45% of the shots during the experiment i.e. with equal probability as that
of the single electron beams. The total charge above 7 MeV varied in the range of ~2—

8.5 pC.
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Fig. 4.4: Two groups of electrons with quasi-thermal spectra: (i) Raw image of
dispersed electron and (ii) corresponding lineouts of electron beams, for densities
range of the present experimental condition.

3. Quasi-monoenergetic spectra: Interestingly, in almost ~10% of the shots, quasi-
monoenergetic electron beams with comparatively lower beam divergence of ~5-10
mrad, and electron peak energy of ~17-22 MeV, energy spread ~20% was observed
as shown in Fig. 4.5. Generation of such quasi-monoenergetic electron beams in long

laser pulse duration regime of L>>, was observed for the first time.
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Fig. 4.5: (i) Raw images of quasi-monoenergetic electron beams at different densities.
(@)—(c) 5x10" cm3 (d) 6x10"° cm3 (e) 8x10™ cm™. (ii) Lineouts of the
corresponding electron beams.

4.3.3. Observation of laser channeling inside plasma through 90° side scattering:

Fig. 4.6 shows the typical laser channels recorded during the experiment for
the range of plasma density used at a fixed laser power of 7.5 TW showing relativistic
self-focusing and guiding of the laser pulse inside plasma. In the present case, P/P.
was in the range of 9-28.

The laser propagation length increased from ~255 um (~1.4 Zg) for plasma
density of ~3.6-4x10"° cm (Fig. 4.6 a), to a maximum propagation length in the
range of ~450-550 um (~2.5-3 Zg) (Fig. 4.6 b-e) for higher plasma density. Two
stages of laser focusing and channelling were observed: initial self-focusing with a
laser spot size of ~4-5 um, followed by slight defocusing in the middle (bulging of the
channel) for a small distance where laser spot size increases to ~6-10 um, and a
second stage of self-focusing at a later time where the laser pulse was found to

converge to a spot size of ~4 pm.
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Fig. 4.6: Typical laser channels recorded for various plasma densities: (a) 4x10*
cm 3, (b) 5%10"° cm™3, (c) 6x10" cm~3, (d) 7x10'° cm™3, and (e) 1x10%° cm>.
Laser propagation direction is from right to left. For guidance purposes, the extent
of the second stage of channelling is marked by black line segment in each frame.

The two groups of accelerated electrons could be associated with the observed
two stages of laser self-focusing and channeling. The first group of lower energy
electrons of 8-10 MeV s accelerated from the initial stage of laser chanelling which

further accelerated to a higher energy bunch of 15-25 MeV in the second stage of laser
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acceleration. Since, the extents of the second stage of channelling varied from shot to
shot, as have been marked in the images of Figure.4.6, the energy of the second group
of electrons with higher energy also was found to be fluctuating as seen in Fig. 4.4.

Further, towards the higher density e.g. at the maximum density used (1x10%°
cm ®) the central region of the channel became comparatively narrower and intense
(Fig.4.6e), and which manifested in sudden transition in the beam profile (Fig 4.2f)
and beam charge (x10). This is again manifested in the electron beam spectra with
increase in energy towards the higher density side (Fig. 4.3-d) and even a third bunch
of electron comprising of the highest energy electrons at a density of 1.1x10%* cm™
(Fig. 4.4).

At the same time, during the experiment, in a few percent of the shots a slight
bending in the later part of the laser channel was observed and, associated with it, two
electron beams were observed on the phosphor screen (without a magnet in the path)

as shown in Fig. 4.7.

Fig. 4.7: Observation of two electron beams due to bending of the laser channel in
the later part of the propagation. Plasma density: 6x10*° cm ™3,
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4.4, Discussion:
4.4.1: ldentification of the dominant acceleration mechanism of DLA:

In the regime of L>>X,, one of the applicable acceleration mechanism reported
was the SM-LWFA [28-31]. However, in the following Table-4.1, we provide a
comparative explanation between the electron beams properties, predicted from SM-
LWFA and that we observed, which shows that in the present case, SM-LWFA could
not be a dominant acceleration mechanism.

Table-4.1: Comparison of expected feature from SM-LWFA with experimental
observations

Considering SM-LWFA Mechanism of Acceleration

Expected Feature Experimental Observation

Dephasing limited energy gain ~5 MeV ]
) ) Maximum energy observed ~30 MeV
(for highest density)

Decrease in energy with density Increase in energy with density

] Quasi-thermal/quasi-monoenergetic
Broad continuous energy spectrum
spectra

Further, results of earlier PIC simulation reports in similar experimental
conditions of L>>A,, have shown that wakefields are effective only at the foot of the
laser pulse, and in the remaining unmodulated region no regular wakefield was
observed [32-34]. In particular recently, Lemos et al. [39] found that for long laser
pulses of 700 fs duration and a plasma density of ~1x10' c¢cm™3, nonlinear plasma
waves are driven only at the front of the laser pulse, and electron acceleration was
attributed to the DLA. In the present case, electron acceleration has been observed for

the values of P/P. in the range of 9 - 28, which is in agreement with earlier

167 |Page




Chapter 4

observation where it is demonstrated that for betatron resonance acceleration P/P.
should be greater than 6 [32], and therefore support the applicability of DLA.

In the present experiment both laser pulse duration and plasma density was
varied to obtain optimum regime for relativistic electron beam generation. One regime
was obtained for laser pulse duration in the range of ~200 fs, and plasma density in
the range of 3.6-4x10" -1.1x10%° cm™ as described above. Another regime of electron
acceleration was observed at comparatively lower laser pulse duration of ~55 fs,
where generation of QM electron beams of peak energy ~30 MeV with high
reproducibility was observed, and this could be attributed to the SM-LWFA
mechanism (discussed in the next chapter #5). The observed distinct change in the
electron beam energy and spectrum at lower pulse duration of ~55 fs compared to the
longer laser pulse duration of 200 fs during the same experimental campaign also

suggests applicability of different electron acceleration mechanisms in the two cases.

4.4.2: Theoretical analysis on energy gain and dynamics of electrons in laser
field:

Theoretical analysis has been performed for estimation of energy gain through
DLA as described in Section 2.3.2 of Chapter-2 of this thesis. For the present

experimental parameters, the plot of F (y) vs vy, for » = 0.983 (corresponding to

average value of the density used in the experiment i.e. n, ~6x10*® cm™) and ap=1, is

shown in Fig. 4.8, following Eq. (2.44).
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Max energy:y(S)=67.57~34 MeV
1.5{Min energy:y(R)=17.02~8.1MeV -

0 50 100

Fig. 4.8: Estimation of maximum energy of electron: Plot of F () vs y for
n = 0.983 (corresponding to average value of the density used in the experiment

i.e. ne ~6x10™ cm™®) and ap=1.

The maximum energy estimated theoretically is y(s) ~ 34 MeV, which very
well matches with the observed maximum energy of ~30 MeV.

Further, separatrix was also plotted following Eq. (2.45) of Chapter-2, to study
the trapping dynamics of electrons in the laser field for the present experimental
conditions as shown in Fig. 4.9. In the present case, since estimated yop lies in the
experimental observed energy range, electrons are observed to be trapped in the laser
field and complete the whole phase space rotation unlike to that observed in case of
Gahn et al. [34] and Mangles et al. [36] as shown in Fig. 2.4 and Fig. 2.5 respectively.
Electrons with y > y(S) and y < y(R) (blue curve) are untrapped electrons whereas
electrons with y=y (R) to y (S) (red curve) are trapped electrons. Hence, such trapping

of electrons in the laser field with maximum energy gain which is in good agreement
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with the experimental observed value also supports that in the present case DLA is the

dominant acceleration mechanism.

100 I I
— Trapped — Untrapped
80 -
1)

60

o~
40 o A Yopt
20

1Ym®)

0
-5 0 ¢(rad) 5

Fig. 4.9: Separatrix plot: Plot of yvs ¢ for n = 0.983 (corresponding to average
value of the density used in the experiment n, ~6x10"® cm™) and a,=1.

Further, the transverse energy gain of electrons (yr) vs normalized turning
point radius (xt/rp) was also plotted following Eqg. (2.46) and Eq. (2.47) of Chapter-2,
for the present experimental conditions and also compared with the other reports on
DLA by Gahn et al. [34] and Mangles et al. [36], and is shown in Fig. 4.10. The plot
shows that, compared to other reports, in our case, significant transverse energy gain
was possible from lower oscillation amplitude of electrons in the laser field, where the
laser intensity remains uniform to its peak value. This explains the observation of
much more collimated electron beams in our case compared to that of Gahn et al.
(div~15° at FWHM) [34] and Mangles et al (div~2.8° at FWHM) [36]. Hence, present
experimental conditions are found to be more favourable for DLA with respect to
trapping of electrons in the laser field and also in generating comparatively more

collimated electrons beams.
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Fig. 4.10: Plot of yr vs x1/rg

4.4.3: Verification of DLA through 2D PIC simulations using code EPOCH:

To establish the dominant acceleration of DLA further in the present
experimental conditions 2D PIC simulations were performed using code EPOCH [44].
The simulation was performed with laser pulses of 200 fs with a;=1 propagating along
z-axis, which interacts with underdense plasma of density 7x10'° cm™. The simulation
was performed with box size of 450 um x 60 um and resolution of A/20 in both
directions. Snapshots of laser channeling inside plasma for three different time steps
of 760 fs, 1040 fs and 1600 fs are shown in Fig. 4.11 (i-iii). In this case also, two
stages of laser channeling was observed with length of each stage of self-focusing
~150 pm (spot radius ~4-5 pm), and slight defocusing in the middle (spot radius ~8-

10 um). This observation is consistent with the two stages laser self-focusing observed
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experimentally.

(i) 760 fs [ 26-6

E_ 26.4

et 1(ii) 1040 f:

S (W) 104015 6.2

% — (iii) 1600 fs|{2¢
300 340 pm 25.8

Z

Fig. 4.11: Simulation results: Electron density profiles along z at different time steps
(i) 760 fs, (ii) 1040 fs, (iii)1600 fs.

Such a effect of constriction of the laser channel at the later stage of
propagation observed both in experiment (Fig. 4.6) and simulation (Fig. 4.11) could
be attributed to the observed electron acceleration in the channel and its subsequent
pinching due to self-generated quasi-static magnetic field [47, 48]. Such an effect was
reported experimentally during propagation of a 1 ps laser pulse (intensity ~5 - 9x10'®
W/cm?) in near critical density plasma (produced from a foil target) with a density
gradient in the laser propagation direction [36]. Mangles et al. [29] have also observed
this effect through simulation for plasma density of ~10*° cm® (ne=0.01 n) but at
much higher laser intensity of >10?° W/cm?. Generation of high energy electrons by
betatron resonance acceleration was attributed to this process. In the present case,
such an effect has been observed experimentally at lower plasma densities (ne ~ 0.02 -
0.06 n¢) in a uniform gas-jet plasma at a lower laser intensity of ~2.1x10"® W/cm?.

Next, Px (momentum) versus X (propagation distance) at different time steps
corresponding to channels shown in Fig. 4.12 (i-iii) has been shown. Associated with
the two stages of laser self-focusing, two stages of electron acceleration was observed.

In the first stage of channelling acceleration of electrons up to ~11-15 MeV is
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observed (Fig. 4.12-1), with further propagation, the formation of multiple bunches
was observed along with a slight increase in electron energy (Fig. 4.12-ii). Finally,
associated with the second stage of laser focusing and channelling of ~150 um (Fig.
4.12-iii), enhancement of electron energy up to ~30-37 MeV occurred, along with
retaining the feature of formation of multiple electron bunches. The increase in
electron energy associated with the second stage of laser self-focusing whose extent
fluctuates with shot-to shot gives rise to sometimes a peak or otherwise a slight
bulging in the electron spectra as is observed experimentally (Fig. 4.6). Mangles et al.
[36] have also reported through simulation two stages of electron acceleration in the
case of DLA, where enhancement in the electron energy was attributed to the
acceleration in the magnetically constricted part of the laser channel in the later stage
of the propagation. In the present experiment, observation of two electron beams
associated with the bending of the laser channel in the later part of laser propagation,

as shown in Fig. 4.7, also supports the two-stage acceleration scenario.

(i) 760 fs (ii) 1040 fs

(iii) 1600 fs
S

(%)
=
T
Px/mc
W
\l T
|

Px/mc¢
(\®]
N

(=

0100 200 pm 100 200 300 pm 300 400 pm
Z 7z 7z

Fig. 4.12: Simulation results: Normalized Pz versus z at different time steps, (i) 760 fs,
(if) 1040 fs, (iii) 1600 fs.
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Further, normalized laser amplitude and wakefield is plotted for the time step of 1040
fs and is shown in Fig. 4.13 (a & b) respectively, which also shows that wakefields
were generated only at the foot of the laser pulse and did not sustain longer. This is
also consistent with the earlier PIC simulation reports suggesting dominant

acceleration mechanism as DLA [32-34, 39].

(a) i 1{040 f? | (b) [ — 1.040 f§
S 05|
E of
AL S I X
180 220 260 300 pm 180 220 260 300 pm
zZ zZ

Fig. 4.13: Simulation results: (a) Normalized laser electric field along z at 1040 fs. (b)
Normalized longitudinal wakefield along z at 1040 fs.

To further support the DLA mechanism, we also estimate the separate
contribution of the transverse energy gain of electron in the laser to the total energy
gain of electrons from simulations. Transverse and longitudinal energy gain is

estimated from the relation given below [34, 36]:

o t2epyEy
7=l e (4.0
t2epX xg
j ey dt (4.2)

The total energy gain is given by:

=14y, +7, (4.3)
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The plot of transverse energy gain (\/yy) vs total energy gain (y) is shown in
Fig. 4.14, which shows that the transverse energy gain curve makes ~45° with the

total energy suggesting dominant contribution of DLA in the energy gain of electrons

100

80

1/2

60—
=
40—

20—

I 1 I 1 I 1 I 1
0 20 40 60 80 100
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Fig. 4.14: Simulation results: Estimation of contribution of energy gain from DLA in
the total energy gain
4.4.4: Plausible explanation of generation of quasi-thermal / quasi-monoenergetic
electron beams:

In the present experiment, we observed mostly quasi-thermal electron beams
(Fig. 4.3 & Fig. 4.4) along with observation of quasi-monoenergetic electron spectra
although in a few number of shots (Fig. 4.5). To explain such observation, we
estimate the dephasing length (Lg) for the betatron resonance acceleration mechanism
following the coupled differential equation (Eq. (48) and Eq. (49)) derived in Chapter-
2. For the range of plasma density used, Lq was in the range of ~100-150 pm as shown
in Fig. 4.15 for n=0.983 (average of the present density regime) and the corresponding

maximum energy gain is ~40 MeV.
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Fig. 4.15: Estimation of dephasing length of electrons in DLA: Plot of yvs Z

In the present experiment, we observed a maximum channel length of ~500
um with two stages of relativistic self-focusing of length ~100-150 pum which, is
comparable to Lg. The electrons which are trapped, remain in phase and rotate from
the accelerating to the decelerating phase and regain energy to catch up with the
accelerating phase of the laser electric field. This is known as the phase space rotation
of the electrons [8, 49] and more the number of cycles of rotation, more electrons
participate in the phase space rotation. This could probably lead bunching of electrons
in the laser field and the appearance of quasi-thermal / quasi-monoenergetic feature in
the electron beam spectra. It may be pointed out here that, in a recent 2D PIC
simulations [50, 51] it has been observed that even with DLA as the dominant
acceleration mechanism along with wakefield acceleration, the energy spread of the
electrons could be retained (even reduced), and in fact the energy distribution of the
DLA electrons were found to be considerably lower than that of the non-DLA

electrons.
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Fig. 4.16: Variation of maximum electron energy (»(s)) and dephasing length vs
density

In Fig. 4.16, we plot the variation of maximum electron energy gain y(s) (a)
and dephasing length (b) vs density estimated from the analytical model over the
present density range. The model predicts decrease of electron energy with increase in
density and is also consistent with the decreasing trend of dephasing length with
density. However, the observed increasing energy with increase in density and also
increase in the channel lengths observed in experiment could be attributed to the
subsequent pinching due to self-generated quasi-static magnetic field. In this regime,

additional electron energy gain could be possible even though the dephasing length

decreases with density.
4.4.5: Conclusion:

An experimental demonstration of direct laser acceleration of electrons (DLA)
was-presented in the L>>), regime, using Ti:sapphire long laser pulses of ~200 fs
duration interacting with underdense He gas-jet target with plasma density in the
range of ~3.6x10"° cm™ to ~1.1x10®° cm™®. Two stages of laser channelling

associated with acceleration of two groups of electrons were observed with lower
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peak energy of ~8-10 MeV and another with higher peak energy of ~15-25 MeV with
maximum electron energy of ~30 MeV. Results were supported by 2D PIC
simulations and detailed theoretical analysis. Interestingly, generation of quasi-
monoenergetic electron beams with peak energies of ~17-22 MeV and energy spread
of ~10-20 %, have been observed in such a long laser pulse duration regime for the

first time.
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CHAPTER 5

Investigation of laser plasma acceleration using short laser pulse duration of 55

fs

5.1. Motivation:

Realizing the importance of Direct Laser Acceleration (DLA) mechanism of
electrons in generating high energy betatron radiation due to its larger oscillation
amplitude in the laser created plasma channel [1-4], recently, DLA has gained
renewed interest. Contribution of DLA has been identified in a bubble acceleration
regime along with wakefield acceleration driven by short laser pulse of few tens of fs
such that L>A, in a mixed gas-jet target of He+N, [5, 6]. Role of DLA was further
verified by extensive PIC simulation studies [7-10]. It is suggested that in the case of
complete overlap of the laser field with the injected electron, role of DLA cannot be
ignored, and a hybrid regime of acceleration (DLA + wakefield) would take place. It
was found that, the advantage of such a regime of acceleration is that electrons gain
additional energy from DLA apart from wakefield and that the electron energy gain is
doubled. Moreover, it was also shown that in mixed gas-targets, where ionization
induced injection of electron takes place [11-13], DLA would be favored as these
electrons can gain some transverse momentum from the laser field after ionization
within the laser pulse [9-11]. Earlier some contribution of DLA was considered along
with wakefield in a L>A, regime in a He gas-jet target where injection of electrons
take place by the wave breaking process [14, 15], otherwise, a pure DLA regime was

identified in very long laser pulsed regime of L>>\, [16, 17]. However, following the
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recent report by Shaw et al. [5, 6], no further investigations have been reported in this
direction.

LPA experiments have also been performed with pure N, gas-jet target, apart
from He and mixed gas-jet targets [18-22]. This also has the advantage of supporting
ionization induced injection mechanism and can provide high charge beams.
However, most of the studies were performed in the L>A, regime, where wakefield
was found to be the dominant acceleration mechanism [18-21]. There is only one
report in N, gas-jet target suggesting DLA as the acceleration mechanism but that too
in the L>>A, regime [22]. Hence, exploring the role of DLA acceleration mechanism
in N2 gas-jet in L>X, regime would be also of interest.

With this motivation, in the present study we performed an experimental
investigation in L>X, in three different gas-jet target of He, mixed (He+N,) and pure
Ny, using short laser pulse duration of ~55 fs in the same experimental set up. In this
study, we have identified different acceleration regimes, viz. hybrid: Direct Laser
Acceleration (DLA) + Wakefield, and DLA. At threshold plasma density of
~2x10"cm™ in both mixed and N, gas-target, a pure DLA regime was identified with
ionization induced injection. With increase in density, increasing role of wakefield
was observed leading to hybrid regime with mixed gas-jet target. Self-injection
threshold was observed at a higher density of ~5.8x10'°cm™ in the case of pure He
gas-jet target. Results were supported by 2D PIC simulations using code EPOCH [23],
interestingly, which also showed generation of surface waves, considered as a
potential mechanism of pre-acceleration to DLA. Further effect of the different

acceleration mechanism on electron beam properties is also discussed.
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5.2. Experimental set up and parameters:

Fig. 5.1 shows the schematic of the experimental set up. The experiment was
performed using a 150 TW, 25 fs Ti:sapphire laser system of RRCAT, Indore, India.
Using compressor grating, the laser pulse duration was stretched to ~55 fs. Laser peak
power was ~18 TW. Using /5 Off-Axis-Parabolic (OAP) mirror, the laser was
focused to a focal spot size of ~25x12 um?® (radius at 1/e’ of the peak value),
delivering a peak laser intensity of ~5.1x10'® Wem™ (normalized laser vector
potential ap~1.5). The ASE (Amplified Spontaneous Emission) and pre-pulse contrast
of the laser pulse was better than 10 (at ~1 ns) and 107 (at 11 ns) respectively.
Plasma length of 1.2 mm using well characterized rectangular slit nozzle of dimension
1.2 mmx10 mm [24, 25] was used with the plasma density varying in the range of ~2-
7.1x10" cm3. For detection of electron beams DRZ phosphor screen was used and a
magnetic spectrograph (diameter: 50 mm, pole gap: 9 mm, peak magnetic field: 0.45
T), with a resolution of ~34% at 30 MeV and ~67% at 60 MeV (for 10 mrad beam),
was used to record the electron beam spectra. The spectrograph has a lower energy
cut-off of ~7.8 MeV. The charge in the electron beam profile was estimated using the

standard calibration data of the phosphor used [26-28].
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Fig. 5.1: Schematic of the experimental set up

5.3. Experimental results:
5.3.1. Recording of electron beam spectra for three different gas targets of He,
mixed (He+N,) and Nj:

Electron beam spectra were recorded after dispersing electron beam through
the magnetic spectrograph. The present experimental conditions were found to be
suitable for highly reproducible and stable generation of electron beams for all the
three gas-jet targets used. Fig. 5.2 shows the typical raw images of the dispersed
electron beams and the corresponding spectra from three different gas targets of He,

mixed and N, at for different electron plasma densities.
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Fig. 5.2: Typical raw image of dispersed electron beam spectra obtained for various
gas targets, lower energy cut-off of spectrograph is 7.5 MeV (a) for He gas-jet target
at a threshold density of 5.8x10™ cm™ (b) corresponding lineout; (c) for mixed
(He+N,) gas target at various densities ~2.1x10™ cm™ (~7.5% N,) to ~7.1 (~2.5%
N2)*10* cm™ (d) corresponding lineouts; (e) for N, at a density of ~2x10™ cm™ (f)
corresponding lineout. The raw images have been grouped and marked according to
the regime of acceleration within the density regime in different gas-jet targets.

1. Electron beams recorded from He gas-jet target: Electron beams were generated
from He gas target at a threshold density of ~5.8x10'° cm™ (Fig. 5.2 a-b). The peak
energy (E) is ~28 = 4 MeV with maximum energy extending upto ~46 MeV (energy
corresponding to 10% of the peak flux in the spectrum) with a shot to shot jitter of + 6
MeV (i.e. ~26 %). In this case, the spectra are mostly quasi-monoenergetic with a
mean energy spread (AE/E) of ~64% + 26% containing ~5 pC charge above 7 MeV.
Detailed statistics of electron beam spectra obtained from He gas-jet target is shown in

Fig. 5.3.
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Fig. 5.3: (i) Raw images of series of dispersed electron beams from He at a density
of 5.8x10™ cm™. (ii) Spectra of the corresponding raw images.

2. Electron beams recorded from mixed gas-jet target of He + Ny: In case of mixed gas
target, effect of ionization induced injection was observed and generation of
relativistic electron beams were observed at a lower threshold density of ~2.1x10%
cm™ at gas mixture compositions of He + 7.5% N, compared to the self-injection
threshold of ~5.8x10™ cm™ observed with He. By gradually increasing the backing
pressure of He, keeping N, pressure fixed, plasma density could be varied up to
~7.1x10" cm™ (He + 2.5% N,), thereby achieving density both below and above the
self-injection threshold. The spectra are recorded consecutively, and effect of change
in plasma density is clearly visible (Fig. 5.2 c-d), and in fact at the end of the series
similar feature was reproduced when density was brought back to lower density

regime of ~2.1x10" cm™ (Fig. 5.2 ¢ xiii), which indicates a signature of very good
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stability of the accelerator. The maximum energy of the electrons varied from ~55
MeV at lower density of ~2.1x10"° cm™ to a maximum of ~90 MeV at ~4.2x10"° cm
[Fig. 5.2 c (iv) - (vi)], and decreased to ~45 MeV with further increase in the density
[Fig. 5.2 ¢ (ix) - (X)]. The spectra observed were mostly quasi-thermal. Maximum
energy observed was similar to that of He in similar density regime however QM
feature was absent. Total charge is ~20-22 pC above 7 MeV, and with change in
density, flux in the different energy regime varied.

3. Electron beams recorded from N, gas-jet target: At a threshold density of ~2x10*°
cm’®, generation of relativistic electron beams were observed with average maximum
energy was ~40 MeV with a shot to shot jitter of £ 10 MeV and the spectra observed
was quasi-thermal (Fig. 5.2 e-f). Electron beam charge above 7 MeV was ~22 pC.
Detailed statistics of electron beam spectra obtained from pure N2 gas-jet target is

shown in Fig. 5.4.
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Fig. 5.4: (i) Raw images of series of dispersed electron beams from N, at a density
of 2x10™ cm. (ii) Spectra of the corresponding raw images.
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5.4. Discussion:
5.4.1. Identification of different acceleration mechanisms:

The experimental study was performed using fixed laser pulse duration of ~55
fs, with plasma density in the range of ~2-7.1x10' cm?®. This corresponds to

L/\,~2.2-4.1, i.e. a regime of L>A, and P/P.~12-43.

15 '
(a) ' MXJ:d ) (b) =®- observed -WF =0~DLA ~=-DLA+WF
E 0 150} DLA+III _Hybrid+III Hybrid+SI
i, (021 Regime—l}: (Regime—%) (Regime-1)
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Fig. 5.5: (a) Variation of F(y) as a function of yfor ayo/ @=0.2, a=0.03 and 7=0.975
(for He) for density 5.8x10"cm™, #=0.983 (for mixed) for density 4x10*cm™ and
n=0.991 (for N,) for density 2x10'°cm™. %S) shows the maximum energy of the
electrons. (b) ldentification of different acceleration regime by theoretically
estimating energy contributions from DLA (magenta) and wakefield (red) at various
densities. Experimentally observed maximum electron energies are also shown
(green) and compared to DLA + wakefield (blue). Error bars corresponds to
spectrograph resolution/shot-to-shot jitter.

In Fig. 5.5 (a) we have shown the theoretical estimation of the maximum
energy gain of electrons through DLA following using Eq. (2.44) discussed in section-
2.3.2 of Chapter-2, for three different gas targets of He, mixed and N, at respective
densities of ~5.8x10"° cm?, ~4.1x10" cm™ and ~2x10" cm™. In Fig. 5.5 (b), we have
shown a comparison of the observed maximum electron energies (green dashed curve)
with theoretically estimated maximum electron energies from wakefield using Eq.

(2.11) discussed in section-2.2.1 of Chapter-2 (red curve), from DLA (magenta curve)
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and the total energy gain from wakefield and DLA (blue curve) for the present range
of density used in the experiment. Error bars corresponds to the spectrograph
resolutions at respective electron energies, except for a data point shown for density of
2x10" cm™. This corresponds to measurements with N, gas target where shot-to-shot
jitter associated with the mean maximum energy was ~50%, and the spectrograph
resolution at that energy was ~35%. Therefore, error bar here corresponds to observed
shot-to-shot jitter.

1. He gas-jet target: Threshold density of ~5.8x10"° cm™ observed for generation of
relativistic electron beams in this case was considered as the self-injection threshold in
the present experimental conditions. Observation of quasi-monoenergetic electron
beams in this case suggests the formation of bubble and hence presence of strong
wakefield. This is consistent with several other reports on quasi-monoenergetic
electron beam generation via wakefield acceleration using similar parameters [29-33].
However, since L>\,, one would expect an overlap and interaction of laser field with
the injected electrons in the bubble leading to gain in energy from DLA also [5-10].
Results of the theoretical analysis shows that maximum energy gained by electron
from DLA is ~25 MeV (y=51) and contribution from wakefield is estimated to be ~21
MeV. So the total energy from wakefield and DLA (21+25= 46 MeV) matches very
well with the observed maximum energy of ~48 MeV, suggesting a hybrid regime of
acceleration with almost equal contributions from both wakefield and DLA. This
analysis was also applied for the conditions of Shaw et al. [5], and was found to
explain the observed electron energy with comparable contributions from DLA (66
MeV) and wakefield (66 MeV). Resulting total energy gain of ~132 MeV is almost

equal to that observed in the experiment (i.e. >120 MeV). We define this hybrid
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regime of acceleration with self-injection (Hybrid + self-injection) observed in case
of He as ‘Regime-1.
2. Mixed gas-jet target: With the motivation to study the behavior of the accelerator
below the self-injection threshold, we performed the experiment with mixed gas-jet
targets where threshold density for generation of relativistic electron beams was found
to reduce to ~2.1x10" cm™, compared to the self-injection threshold. At lower plasma
density, strength of wakefield is expected to reduce. On reduction of the plasma
density, A, increases and this leads to deviation from the bubble matching conditions
[34] when all other experimental parameters are kept constant and would not support
formation of bubble and generation of strong wakefields. Hence, this suggests
acceleration of electrons have taken place through DLA. Moreover theoretical energy
estimations from DLA at this density of ~2.1x10™ cm™, also shows a good agreement
with observed maximum energy. We define this DLA regime of acceleration with
ionization induced injection mechanism (DLA + ionization induced injection)
observed in case of mixed gas target as ‘Regime-2’. Pure DLA regime of acceleration
in mixed gas-jet targets has been identified for the first time. Here role of ionization
induced injection may be emphasized which allowed to achieve acceleration at lower
density through DLA using such a short laser pulse which otherwise could not be
effective. Recent simulation study has also shown favourable role of ionization
induced injection for DLA [9,10].

However, on increasing the density in mixed gas-target, effect of increase in
the strength of wakefield was observed as at a higher density of ~4.1-4.3x10"° cm?
[Fig. 5.2 ¢ (iv)-(vi)], we observed increase in the maximum energy to ~90 MeV,

having almost equal contributions from DLA and wakefield. However, injection of
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electrons in this case takes place through ionization induced injection mechanism as
this density is below self-injection threshold. We define this hybrid regime of
acceleration with ionization induced injection mechanism (hybrid + ionization
induced injection) observed in case of mixed gas target as ‘Regime-3’. This regime
of acceleration is similar to that observed by Shaw et al. [5] in mixed gas-jet targets.
With further increase in the plasma density, maximum electron energy
reduced: initially slightly lower (similar) to that observed towards threshold density
end, however comparatively broad beam with longer lower energy tail were observed
close to Sl threshold density, as seen in Fig. 5.2 ¢ (viii)-(x). At density higher than SI
threshold density, at ~7.1x10™ cm?®, Fig. 5.2 ¢ (xi)-(xii), significant decrease in
electron energy was observed. With increase in density, maximum energy of electrons
reduced as shown in Fig. 5.2 ¢ (viii-xii), which is in accordance with that predicted

theoretically from both wakefield and DLA mechanism of acceleration.

Table. 5.1: Summary of different acceleration and injection mechanism for different
gas-jet targets at different plasma densities

Gas Target Plasma Densit Maximum Acceleration Injection
g y Energy (MeV) mechanism Mechanism
He 5.8x10%%cm’® 46+10 Hybrid Self-Injection
Mixed 19....-3 lonization Induced
(He+N,) 2.1x10"%cm 55+13 DLA Injection
Mixed 9.3 . lonization Induced
(He+Ny) 4.2x10%cm 90+35 Hybrid Injection
Mixed 9.3 . lonization Induced
(He+Ny) 5.1x10~cm 60+15 Hybrid Injection
Mixed Self-Injection assisted
(He+N) 6.1x10%%cm’ 50+10 Hybrid with lonization Induced
2 Injection
Mixed Self-Injection assisted
(He+Ny) 7.1x10%cm™ 45+9 Hybrid with lonization Induced
2 Injection
N, 2x10%%cm3 40+10 DLA Ionlzatl_on _Induced
Injection
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3. N, gas-jet target: To further confirm the role of ionization induced injection in
DLA, experiment was also performed using N, gas target, where lower threshold
density of ~2x10" cm™ was observed (Fig. 5.2 e-f) suggesting a pure DLA regime as
observed in mixed gas targets on the same token.

A summary of the different gas-jet targets, maximum electron energy gained
at different plasma densities and the applicable acceleration and injection mechanism
is given in Table-5.1.

5.4.2. 2D-PIC simulation using code EPOCH to verify different regimes of
acceleration:

The simulation was performed in a moving window frame with box size of
60x80 um and resolution of A/30 in longitudinal and transverse directions
respectively. Laser pulse of 55 fs (L=16.5 pm) duration and intensity of 5x10'®
W/cm?, propagating along Z with polarization along Y direction, enters the simulation
box from left and interacts with the plasma of 500 um of uniform density. Fig. 5.6
shows the snapshots of the density profiles and corresponding normalized laser and
wakefields obtained from He at a density of 5.8x10'° cm™ at a time step of 1040 fs
(Fig. 5.6 a), mixed gas target at a density of 4x10*° cm™ at a time step of 1740 fs (Fig.
5.6 ¢), mixed gas target at a density of 2.1x10™ cm™ at a time step of 1040 fs (Fig. 5.6
e) and N, gas target at a density of 2x10™ cm™ at a time step of 1040 fs (Fig. 5.6 g).

It can be seen that, in case of He at a plasma density of 5.8x10"° cm™ (Fig. 5.6
a & b), laser pulse modulation and pulse compression up to L~8 um with bubble
formation and strong wakefield generation with amplitude >1, has been observed.
Hence, self-injection of electrons through wave breaking is observed and the injected

electrons are also observed to oscillate in the bubble suggesting the contribution of
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DLA. This defines a hybrid regime of acceleration. In case of mixed gas target, at a
plasma density of 4x10"° cm™ (Fig. 5.6 ¢ & d), during initial propagation although a
channel like structure tending towards bubble formation was observed with very mild
laser pulse modulation, however with further propagation laser, increased pulse
modulation was observed leading to initiation of bubble formation and strengthening
of wakefield suggesting a hybrid regime acceleration. Since, amplitude is still <1,
injection could be only due to ionization induced injection mechanism. However, at
the observed threshold plasma density of 2.1x10™ cm™ in case of mixed gas targets
(Fig. 5.6 e & f), proper channel formation is observed with negligible pulse
modulation and further reduction in the strength of wakefield suggesting a pure DLA
regime. Simulations performed with N, gas target at a density of 2x10™ c¢m?, also
shows clear channel formation with betatron oscillation of electrons inside it with
negligible strength of wakefield. This also suggests a pure DLA regime of
acceleration. The gradual decrease in wakefield amplitude with decrease in density
leads to transformation from a hybrid regime to DLA dominated regime, as discussed
above in the context of experimental observations. It may be noted that, hybrid regime
of acceleration observed here with betatron oscillations inside bubble is similar to that
also reported by Shaw et al (c/f from Fig. 9 in Ref. 5) and by Feng et al. (c/f from

Fig.1la and b in Ref. 35).
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Fig. 5.6: Electron density profiles and corresponding lineouts of normalized laser field
Ey (blue dot) and wakefield E, (red solid). (a)-(b) for He at 1040fs for a density of
5.8x10% cm?, (c)-(d) for mixed (He+N,) target at 1740fs for a density of 4x10'° cm?,
and (e)-(f) for mixed (He+N,) target at 1040fs for a density of 2.1x10'° cm™ and (g)-

(h) for N, at 1040fs for a density of 2x10*° cm™,

Further separate contribution from wakefield and DLA has been quantified for
the present cases using Eq. (4.1) and (4.2) discussed in Chapter-4 and is shown in Fig.

5.7 (i, ii & iii) respectively for He, mixed gas and N gas targets.
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Fig. 5.7: Estimation of energy contributions from DLA and wakefield derived from
simulations for (a) He at density of 5.8x10cm™, (b) mixed (He+N,) at a density of
4x10"cm™ and (c) N; at a density of 2x10"cm™,

For deducing the contribution of DLA and wakefield the maximum value of
E., Ey, P, and Py were taken at each time step of 20 fs, in which case all the macro
electrons present in the simulation box was considered and no sampling was done to
reduce the number of electrons. In case of He, both wakefield and DLA has equal
contributions of ~60% and ~40% respectively suggesting a hybrid regime with self-
injection (Regime-1). In case of mixed gas target, at comparatively lower density,
wakefield contribution reduces to ~20-25%, but still defines a hybrid regime but with
ionization induced injection (Regime-3). In case of N, at further lower density,
wakefield contribution is very negligible, ~5-10% only, and therefore describes a pure

DLA in channel with ionization induced injection (Regime-2).
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Fig. 5.8: Plot of normalized (i) P, vs Z after the propagation of 500um for (a) He at
density of 5.8x10"%cm™, (b) mixed (He+N,) at a density of 4x10cm™ and (c) N, at
a density of 2x10"%cm™.

Further, in Fig. 5.8 (a-c) we plot normalized longitudinal momentum P, vs Z
for He, mixed gas and N. In the case of He at a density of 5.8x10'° cm™, acceleration
of electrons upto ~36-73 MeV, in case of mixed gas target at a density of 4x10*° cm™
energy gain of electron upto ~73-110 MeV and in case of N, at a density of 2x10"°
cm®, acceleration of electrons upto ~36-55 MeV are observed which is found to be
consistent with the experimental observed values. The maximum value of energy gain
is considered not at the tail of the distribution but at an intermediate point where
significant number of electrons are present. It may be noted that as the contribution of
DLA increases towards lower density in case of mixed and N, targets, bunching of
electrons is also seen to be prominent in the P, vs Z plot which is a signature of
dominant DLA mechanism [36-38].

5.4.3. Observation of surface wave generation in 2D PIC simulations:

Interestingly, electron density modulations (surface waves) at the channel
boundaries with periodicity of ~1 um was identified in case of mixed and N, gas
targets at lower densities (Fig. 5.9 b & c). Generation of surface waves in laser created

channels were reported in earlier studies using longer laser pulses of few hundred of fs
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[4, 39-41]. Wavelength of density modulations for densities approaching at channels
>0.1n; is estimated to be ~2-3 pm. Generation of surface waves at the channel
boundaries in case of mixed and N, gas-jet target, suggests dominant acceleration
mechanism of DLA [4], as it has been considered as a pre-acceleration mechanism for
DLA [4,39,40]. It may be noted that, in case of He (Fig. 5.9 a), where presence of
strong wakefield has been identified, very faint surface wave modulations were
generated only at the channel boundaries and not at the bubble boundaries. Generation
of surface waves using shorter laser pulse duration of ~55 fs in a gas jet target has

been shown for first time.

(a) He (b) Mixed (¢) N2

10" em*

Y (nm)
L&Y b o mmp

Fig. 5.9: Expanded view of electron density profiles simulated at 1040fs (a) He, (b)
mixed (He+N,;) and (c) N, targets, showing electron density modulation (SW
generation) at channel boundaries in case of mixed and No.
5.4.4. Effect of different regimes of acceleration on electron beam parameters:
Next, we discuss the effect of three distinct regimes (Regime: 1, 2, 3) on
electron beam properties viz. spectrum, charge, beam profile and pointing stability.
1. Spectrum: In case of Regime-1, observed in He target, generation of quasi-

monoenergetic electron beams is typical for bubble regime of acceleration as reported

by various groups [29-32] and also observed in our earlier report [33]. Whereas, for
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Regime-2 & 3, observed with mixed and N; gas target, the spectra are quasi-thermal
with almost 100% energy spread, suggesting role of ionization induced injection.

2. Charge: Another manifestation of ionization induced injection over self-injection is
the observed increase in the beam charge above 7 MeV from ~5 pC in case of He to

~22 pC in case of mixed gas and N, target [12, 13].
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Fig. 5.10: Pointing stability and typical electron beam profiles (white curves show
lineouts) for (a) He gas-jet target at a density of 5.8x10cm™ and (b)N, gas-jet
target at a density of 2x10%° cm™,

3. Ellipiticity: Without magnet in path, collimated electron beams were recorded on
the phosphor screen for He gas-jet target having FWHM divergence in the range of
~14-21 mrad (average: ~16 mrad) and ~9-18 mrad (average: ~13 mrad) in the
horizontal and vertical directions respectively. A typical electron beam profile, having
a FWHM beam size of ~5 mm (~14 mrad) and ~3.3 mm (~10 mrad) respectively in
the horizontal and vertical directions, is shown in the inset of Fig. 5.10 (a). As
observed, electron beams generated have an elliptical profile with an average
ellipticity of ~1.3 (Hybrid: Regime-1). With N, gas target also collimated electron
beams were recorded on the phosphor screen however with a comparatively larger

divergence in the horizontal direction i.e. laser polarization direction. FWHM
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divergence was in the range of ~16-29 mrad (average: ~20 mrad) and 11-20 mrad
(average: ~14 mrad) in the horizontal and vertical directions respectively. A typical
electron beam profile is shown in the inset of Fig. 5.10 (b), having a FWHM beam
size of ~6.5 mm (~19 mrad) and ~4 mm (~11 mrad) respectively in the horizontal and
vertical directions. Average ellipticity of the electron beam was slightly higher to ~1.5
(DLA: Regime-2). The asymmetry of the electron beam profiles along laser
polarization directions cannot be associated with the ellipticity in laser focal spot
itself, as substantial modification of the laser spot size occurs due to evolution of the
laser in plasma by various non-linear processes. Various earlier studies also reported
observation of elliptical electron beam profile and showed that it had no correlation
with the elliptical laser focal spot [43,44].

Further, while making comparative study of electron beam ellipticity
generated due to two different acceleration mechanism, it would also be necessary to
consider the Twiss parameters i.e. emittance and its effect on propagation and
measurement. Beam emittance has been observed to increase due to interaction of
electrons with the laser field [37, 43]. Hence, in the present case also, significant
interaction of the electron beams with the accelerating electrons would lead to
increase in emittance in the laser polarization direction compared to that in the
perpendicular direction, leading to elliptical profile of the electron beams. Similar
elliptical beam profile has also been observed earlier where there is significant
contribution of laser electric field on electron energy gain [5, 6, 43]. This is also
evident in our simulation performed (Fig.5.6 g) which shows transverse oscillation
and momentum gain of electrons and the effect is more pronounced in case of Ny.

However, the measurement of electron beam emittance is a complex problem and is
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beyond the scope of the present thesis. Also in the present case, stable propagation of
laser inside plasma even for high Z gas-jet targets of N, was observed as any laser
pulse filamentation would have led to multiple electron beam formation [46]. In many
previous studies also stable focusing and propagation of laser has been observed in
high-Z gases [18, 19, 47].
4. Beam pointing stability: Electron beam pointing stability was found to be better
(~3x4 mrad) in case of N, (Regime-2: DLA + ionization induced injection), compared
to that observed in case of He (~24x9 mrad) (Regime-1: Hybrid + self-injection) (Fig.
5.10). This could be attributed to the fact that uncontrolled injection in a larger bubble
volume in case of self-injection (He) with further interaction with laser field will lead
to larger pointing variation, compared to ionization induced injection (N, target)
where injection primarily occurs along the laser axis.
5.5: Conclusion:

An experimental demonstration of direct laser acceleration (DLA) and hybrid
(DLA + wakefield) regime of acceleration of electrons was presented in the L>,
regime. Ti:sapphire short laser pulses of ~55 fs duration interacted with three different
gas targets of He, mixed gas (He + few%N,) and N, in the density range of 2-
7.1x10*cm™, in a single experimental set up. Three different regimes of acceleration
are identified: hybrid + self-injection (Regime-1) in case of He, DLA + ionization
induced injection (Regime-2) in case of mixed and N, at lower density, and
transforming to hybrid + ionization induced injection (Regime-3) at comparatively
higher density in case of mixed gas target. Results were supported by 2D PIC
simulations. Interestingly, generation of surface waves were observed in the

simulations in case of mixed and N, gas targets, which could be a pre-acceleration
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mechanism to DLA. Observation of pure DLA with ionization induced injection using
short laser pulse of few tens of fs duration in mixed and N, gas targets have not been

reported till date.
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CHAPTER 6

Investigation of laser plasma acceleration in high-Z N, gas-jet target and
optimization of threshold plasma density by mixing He and its effect on electron

beam parameters

6.1. Motivation:

Direct laser acceleration (DLA) has been considered recently as an important
acceleration mechanism governing laser plasma interactions, as it has shown the
potential to generate high energy betatron radiation compared to wakefield [1-4] and
has been identified along with wakefield in a L>A, regime in a mixed gas-target of He
+ Nz [5, 6]. This regime of acceleration i.e. hybrid acceleration mechanism have the
advantage of doubling the energy gain of electrons in a wakefield from DLA [5-10].
We have also identified hybrid regime of acceleration of electrons in mixed and He
gas target in a short laser pulse regime of L>\,, and observed such enhancement of
electron energy as discussed in Chapter-5. Experimental investigations in mixed gas-
targets have been mostly performed in the bubble regime of acceleration where
wakefield was found as the dominant acceleration mechanism with broad electron
spectra [11-13]. Several attempts in reducing the energy spread of electrons in mixed
gas targets have been proposed and recently generation of quasi-monoenergetic
electrons have been demonstrated with energy spread of few percent [14-20]. In case
of N, also, wakefield was suggested as the dominant acceleration mechanism in
studies in the regime of L>X, where there is complete overlap of the laser field with
the injected electrons [21-26]. There is no experimental report on pure DLA

acceleration mechanism in high Z or mixed gas-jet target in such as short pulse regime
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of L>),. However, in Chapter-5, we have also identified a pure DLA regime in such a
short laser pulse duration regime of L>X;, in high Z N, and mixed gas-jet target of He
+ N2. This regime of pure DLA in high Z targets is interesting as it has the potential of
generating high charge electron beams oscillating in the plasma channel thereby can
generate high flux betatron radiation. However, the electron beams generated was
mostly quasi-thermal. In this context, further detailed experimental investigation of
DLA in high Z gas-targets in a short laser pulse regime of L>\, and optimizing the
parameters for generating good quality electron beams would be of interest.

With this motivation, an experimental study of laser plasma acceleration in N,
and N»-He mixed gas-jet target in a L~A, regime, using laser pulses of duration ~60-
70 fs with laser intensity in the range of ap~3.5-4.2 was performed. In this study, at
first experiments were performed with pure N, gas-jet target where generation of
relativistic electron beams were observed at a threshold density of ~1.6x10% cm?.
Further, we have varied the threshold density by gradually varying the doping
concentration of He in N, and studied the effect of variation of threshold density on
the properties of electron beams. The doping concentration of He in N, was varied
from N, + 50% He to N, + 98% He and correspondingly the threshold density varied
from ~2-4.3x 10" cm®. At an optimum fraction of 50% of He in N, generation of
quasi-monoenergetic electron beams with average energy spread of ~21%, were
observed at threshold density of ~2x10" cm™, with higher average peak energy of
~168 MeV and average total beam charge of ~220 pC. Electron acceleration could be
attributed to the direct laser acceleration as well as hybrid mechanism with increase in
strength of wakefield with increase in density. Observation of an optimum fraction of

He in N (in turn threshold plasma density) for comparatively better quality electron
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beam generation was further understood in terms of variation of dephasing rate of
electrons in laser field with plasma density. Results are also supported by the 2D PIC
simulations performed using code EPOCH [27]. It may be emphasised here that in this
investigation we could observe generation of relativistic electron beams at
comparatively much lower plasma densities than that presented in chapter-5, owing to
the improved and smaller laser focal spot and associated higher laser intensity used.
Further, the threshold densities in case of different mixed gas targets were found to be
below the self-injection threshold of 5.8x10™ cm™ observed for pure He target in
similar set up (described in chapter-7), the electron injection could be attributed to
ionization induced injection mostly through ionization of inner k-shell electrons of Ns.
However, contribution from other background could be present as this is acceleration
in a channel, and bubble formation has not taken place. In such scenario, background
electron injection from the channel boundary could also take place.

In the present experimental conditions using N, gas-jet targets, effect of cluster
formation in the laser plasma interaction was not considered as the experiments were
performed as very low backing pressures of 0.5-1 bar. For the similar kind of nozzle
used in the experiments cluster formation was not considered even for Ar gas-jet
targets at higher gas pressures in which case probability of cluster formation is higher
compared to N, gas-jet targets [28, 29]. In various reported investigations using N,
gas target with similar experimental conditions also cluster formation has not been
considered [21-26].

6.2. Experimental set up and parameters:
Fig.1 shows the schematic of the experimental set up. Ti:sapphire laser pulse

of duration ~60 - 70 fs was focused to a spot of ~6.5x6.5 pm? (radius at 1/e?) using /5
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optics on a gas-jet target, providing a total power (P) of ~17.4 - 20.3 TW and intensity
of ~3.7 - 4.3x10"° W/cm? (ag~4.2 - 4.5). A well characterized slit nozzle of dimension
1.2 mm x 4 mm was used, and laser was propagated along 4 mm length [30]. High-Z
gas target of pure N, and mixed gas target of N, + varying % of He was used and
plasma density was varied in the range of ~1.6 - 4.3x10™ cm™. Electron beam
spectrum was recorded using a magnetic spectrograph consisting of C-shaped
rectangular magnet with peak magnetic field strength of ~0.9 T (dimensions
10x%10%20 cm: pole gap 15 mm) covering a broad energy range of ~15 MeV to 1 GeV,
with a resolution of ~8% at 100 MeV and 25% at 300 MeV (for 10 mrad divergence
beam). The magnetic spectrograph was set up with provisions for simultaneous
recoding of the electron beam profile and the electron beam spectra using three
phosphor screens. The magnet was placed ~46 cm from the source, which provides an
acceptance angle of ~36 mrad at the entrance of the magnet. Phosphor-1 (Lanex-
regular) was placed before the magnet at a distance of 39 cm from the gas-jet for
recording of electron beam profile. Phosphor-2 (DRZ-High) was placed at a distance
of 70 cm from the source in the laser beam direction for recording electron beam
profile as well as spectrum. To estimate energy of the electron beam, undeflected
electron beam position on Phosphor-2 was obtained from the correlation between the
electron beam positions on Phosphor-1 and Phosphor-2 recorded without magnet in
between them. When magnet was inserted in between, dispersed electron could be
recorded on Phosphor-2, which covered energy of >80 MeV. Further, Phosphor-3
(DRZ-high) was placed perpendicular to the laser propagation direction in the open
side of C-shaped magnet to record the lower energy electrons spectrum from ~15 - 80

MeV. To study the laser plasma interaction and laser channeling inside plasma,
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shadowgraphy was performed by using the leakage of the main laser beam (A= 800
nm) as the probe beam with variable delay in the few ps regime and imaged on to a 14
bit CCD camera with a magnification of 2X. The electron beam charge was estimated

using standard calibration data available for various phosphor screens used [31-34].
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Fig.6.1: Schematic of experimental set up

6.3. Experimental results:

At first, experiments were performed with high Z gas target of pure No.
Following this, gradually concentration of He in N, was increased. Threshold
densities for electron beam generation were found to be different for different fraction
of He in N, which in turn affected the electron beam properties. Various threshold
densities observed were: ~1.6x10™ cm® (pure N,), ~2x10"® cm™ (N, + 50% He),
~2.3x10" cm® (N, + 58% He), ~3.1x10" cm™ (N, + 75% He) and ~4.3x10® cm™ (N,
+ 98% He) respectively. Generation of electron beams in almost every shot was

observed during the experiment.
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6.3.1. Recording of electron beams generated from pure N gas-jet target:

With pure N, gas-jet target, a threshold density was found to be ~1.6x10" cm’
3 In Fig. 6.2 (i a-c) we show a series of electron beam profiles with divergence in the
range of 5.8 - 6.7 mrad (Avg.: 6.2 mrad). In addition to the narrow directional
component, the electron beam profiles were also associated with a large shot-to-shot
fluctuating background. Total charge in the narrow beam varied in the range of 65 -
174 pC. Fig. 6.2 (ii a-c) and Fig. 6.2 (iii a-c) shows the corresponding raw image of
the dispersed electron beam and spectra respectively. The spectra showed a lower
energy cut-off with an average peak of ~100 - 125 MeV, and an exponential broad
distribution towards higher energy side. Maximum energy corresponding to 10% of
the peak signal was in the range of 136 - 161 MeV (Avg.: 151 MeV). With further

increase in the density to ~3.5x10"® cm?

, similar electron beam profiles with
divergence of the narrow directional part is in the range of 7-10 mrad (Avg.: 8.3 mrad)
were observed. (Fig. 6.3 i a-e). Fig.6.3 (ii a-e) and Fig.6.3 (iii a-e) shows the
corresponding dispersed electron beams and the spectra with peak energies in the
range of 138 - 173 MeV (Avg.: 148 MeV) and maximum energy in the range of 167 -
248 MeV (Avg.: 209 MeV). The spectra observed are mostly quasi-thermal. The total

charge in the narrow electron beam was comparatively higher and found to be ~180 —

250 pC.
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Fig.6.2: Experimental results: N, gas-jet target: Threshold density: ~1.6x10"%cm™: (i)
(a-c) Electron beam profiles showing narrow intense electron beam with diffused
background, (ii) (a-c) Corresponding dispersed raw spectra of narrow e-beam (iii) (a-
c) Lineouts of corresponding spectra.
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Fig.6.3: Experimental results: N, gas-jet target: Density: ~3.5x10"cm™: (i) (a-e)
Electron beam profiles showing narrow intense electron beam with diffused
background, (ii) (a-e) Corresponding dispersed raw spectra of narrow e-beam (iii) (a-
e) Lineouts of corresponding spectra.
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6.3.2. Recording of electron beams generated from mixed gas-jet target of N, +
50% He:

Electron beams were generated from mixed gas-jet target of N, + 50% He at a
threshold density of ~2x10' cm™. Fig.6.4 (i a-j) and Fig.6.4 (ii a-j) show the raw
images of dispersed electron beam spectra and its corresponding lineout. Interestingly,
generation of quasi-monoenergetic electron beams was observed with peak energies in
the range of 144 - 205 MeV (Avg.: 168 MeV) and energy spread in the range of ~17%
- 26% (Avg.: ~21%). Maximum energy was in the range of 171 - 265 MeV (Avg.: 206
MeV). Probability of generation of quasi-monoenergetic electron beams was found to
be 65 - 70 % in a series of consecutive shots during the experiment. Fig.6.4 (iii a-d)
shows typical electron beam profiles with narrow electron beam with divergence
varying in the range of 7 - 9 mrad (Avg.: 7.5 mrad) and an associated diffused
background, however the diffused background is comparatively less than that
observed in case of pure N, gas-jet target. The charge contained in the narrow electron

beams was 140 - 300 pC.
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Fig.6.4: Experimental results: N, + 50% He gas-jet target: Threshold density:
~2x10"cm’; (i) (a-j) Dispersed raw spectra of narrow e-beam generated (ii) (a, d, g,
h, i, J) Lineouts of corresponding spectra shown in one frame and (ii) (b, c, e, f)
Lineouts of corresponding spectra shown in separate frame for clarity. (iii) Electron
beam profiles showing narrow intense electron beam with diffused background.

6.3.3. Recording of electron beams generated from mixed gas-jet target of N, +
58% He, N2+ 75% He and N, + 98% He:

Generation of relativistic electron beams for mixed gas-jet targets of N, + 58%
He, N2 + 75% He and N, + 98% at threshold densities of ~2.3x10*® cm®, ~3.1x10"
cm™ and ~4.3x10% cm™ respectively. Fig.6.5, Fig. 6.6 & Fig. 6.7 show typical raw
images of the dispersed electron beams and corresponding lineout of consecutive
shots obtained from mixed gas-jet targets of N, + 58% He, N, + 75% He and N, +
98% He respectively. For N, + 58% He, at a threshold density of ~2.3x10"® cm?
electrons with peak energies in the range of 117 - 177 MeV (Avg.: 153 MeV) and
maximum energy in the range of 147 - 213 MeV (Avg.: 184 MeV) were generated

(Fig.6.5). Probability of generation of quasi-monoenergetic energy spectra was
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reduced to 30 - 40% of the total consecutive shots. The probability of quasi-
monoenergetic electron beam generation was found to be almost absent for further
higher percentage of He used. For N; + 75% He (Fig.6.6), at a higher threshold
density of ~3.1x10% cm™, electron beam peak energy were observed in the range of
109 - 130 MeV (Avg.: 118 MeV) with maximum energy in the range of 140 - 155
MeV (Avg.: 147 MeV). At still higher fraction of He, i.e. N2 + 98% He (Fig.6.7), at a
threshold density of ~4.3x10'® cm®, quasi-thermal electron spectrum with formation
of multiple bunches of electrons were observed and maximum energy varied in the
range of ~213 - 250 MeV (Avg.: 235 MeV).

(l) —- (J) (ll) ne= 2.3x108cm3 N2 +58% He

10°

dN/dE (arb. units)

103 ks

EECEET

100 120 153 222 438
Energy(MeV) Energy (MeV)

Fig.6.5: Experimental results: (i) Typical dispersed raw spectra of narrow e-beam
generated and (ii) corresponding spectra for N, + 58% He gas-jet target: Threshold
density: ~ne= 2.3x10'cm™
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Fig.6.6: Experimental results: (i) Typical dispersed raw spectra of narrow e-beam
generated and (ii) corresponding spectra for N, + 75% He gas-jet target: Threshold
density: ~3.1x10"%cm™,

N: +98% He
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Fig.6.7: Experimental results: (i) Typical dispersed raw spectra of narrow e-beam

generated and (ii) corresponding spectra for N, + 98% He gas-jet target: Threshold
density: ~4.3x10%cm™.
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6.3.4. Recording of shadowgrams of laser created channels in plasma:

In Fig.6.8 (i-v) shadowgrams of laser created channels inside plasma and the
corresponding electron beam profiles for various gas targets used at corresponding
threshold density are shown. Laser channeling associated with relativistic self-
focusing and filamentation was observed in various targets used. This is also
consistent with the corresponding electron beam profiles showing generation of a
narrow electron beam from the main channel and a large diffused beam from the laser
filamentation part. Laser channelling in case of high-Z gas-jet targets is associated
with ionization induced defocusing and unstable laser propagation, which is observed
in the present case also. Stable laser propagation is expected in low Z gas- targets, as
also observed in case of N, + 98% He (Fig.6.8-v), which is a combination also used in
various other investigations on electron acceleration with ionization induced injection.
However, interestingly, even for a combination of N, + 50% He target (Fig.6.8-ii),

comparatively stable and longer channels were observed.
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Fig.6.8: Experimental results: Shadowgrams of laser created channel and
corresponding electron beam profiles for different gas targets (threshold densities) of
(i) pure N, (~1.6x10™ cm™), (ii) N, + 50% He (~2x10"® cm™), (iii) N, + 58% He
(~2.3x10" cm®), (iv) N, + 75% He (~3.1x10™ cm?®), and (v) N, + 98% He
(~4.3x10" cm™®).
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Fig. 6.9: Variation of laser channel length vs density. The length represents the
average of channel lengths of 6-10 consecutive shots. Respective error bars at
each density show the fluctuation in the channel lengths.

In Fig. 6.10, we plot the variation of laser channel length vs the density
obtained from the typical shadowgrams shown in Fig. 6.8. The channel length of ~3.6
mm was found to be maximum at a density of ~2x10'® cm™ (N,+50% He), beyond
which the length decreases with density and again increases to ~3.5 mm at a density of
4.3x10" cm™® (N, +98%He).

6.4. Discussion:
6.4.1. Identification of acceleration mechanisms:

The present experiment was carried out with laser pulse of ~60 - 70 fs (ap=4.2
- 4.5) at a fixed laser energy and plasma density varying in the range of ~1.6 -
4.3x10" cm’. For input laser power varying from ~17.4 - 20.3 TW, P/P. [35] varied
in the range of ~1 - 2.7. For used laser and plasma parameters, L/A, varied from 0.8 -
1.12 i.e. L~Ap, with laser pulse length (L) of ~18 - 21 pum, and A, of ~16 -26 pm. In

such a scenario, there could be significant overlap of the laser pulse with accelerated
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electrons and therefore contribution of DLA mechanism of acceleration has also to be
considered [5-10, 36-39]. Further, in the same experimental set up, self-injection
threshold density was estimated using He gas target and was found to be of ~5.8x10
cm’®, for laser pulse duration of 60 fs. In this case, wakefield was found to be the
dominant acceleration mechanism. The observed threshold densities for various other
gas targets used in this study were below the self-injection threshold density, which
also suggests applicability of acceleration mechanism other than wakefield as the
strong wakefield at these densities will not be generated. This also manifested in the
observed energy of the electrons.

The maximum energy gained by electrons observed in the present experiment,
was compared with the theoretically estimated maximum energy gain from wakefield
and DLA for the range of plasma densities used in the experiment. This is shown in
Fig. 6.10. The maximum energy of electrons estimated theoretically for linear [40]
/non-linear [41] wakefield mechanism are 1026 / 1593 MeV (density~1.6x10'® cm™®),
850 / 1275 MeV (density~2x10'® cm™), 739 / 1108 MeV (density~2.3x10'® cm™), 548
/ 822 MeV (density~3.1x10" cm™) and 395 / 593 MeV (density~4.3x10*® cm?®). As
can be seen, these values are much higher than the observed values at corresponding
densities using variety of targets. Using the formalism of maximum energy gain of
electrons in case of DLA as discussed earlier in Chapter-2, for similar conditions
energy estimated are 147 MeV (density ~1.6x10™ cm™), 151 MeV (density ~2x10'®
cm®), 150 MeV (density ~2.3x10" cm™), 138 MeV (density ~3.1x10™® cm™®) and 130
MeV (density ~4.3x10*® cm™®) and are found to be close to the experimentally

observed values.
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Fig.6.10: Comparison of experimentally observed maximum energy (red curve) of
electrons with theoretical calculated maximum energy gain from wakefield (non-
linear): magenta curve, wakefield (linear): green curve and DLA: blue curve, for the
range of plasma density used. Inset shows the enlarged view of comparison of
observed energy gain (red curve) with only DLA (blue curve). Error bars in
maximum electron energy at a given density corresponds to observed shot-to-shot
energy fluctuation.

This suggests applicability of DLA in our experimental conditions as shown in
the Fig.6.10. From Fig.6.2 & 6.3, it can be observed that stable generation of
relativistic electron beams in case of N, gas-jet target were observed at a threshold
density of ~1.6x10'® cm™ with average peak energies of ~117 MeV (Fig.6.2), having
exponential spectra. However, with increase in density to ~3.5x10" cm?, average

peak electron energy was found to increase to ~148 MeV with quasi-thermal spectrum

(Fig.6.3). The observation of exponential / quasi-thermal spectrum is a signature of
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DLA acceleration mechanism [38]. For mixed gas-target also, electron acceleration
was observed at density of ~2 — 4.3x10"® ¢cm™, and could be attributed to pure DLA
on the lower density side with increasing role of wakefield on the higher density side.
Moreover, the variation in the observed electron energy gain (inset of Fig. 6.10 red
curve) is in agreement with the channel length (Fig. 6.9) as we observed maximum
channel length of ~3.6 mm at the optimum density of ~2x10'® cm™ for mixed gas
target of N,+50% He. The increase in the maximum electron energy at higher
threshold density of ~4.3x10"® cm™ could also be correlated with the increase in the
channel length to ~3.5 mm.

6.4.2. Verification of DLA mechanism of acceleration using 2D PIC simulations
using code EPOCH:

2D PIC simulations were performed to verify the applicable acceleration
mechanism of DLA for present range of plasma density used in the experiment. The
simulation was performed with a simulation box size (resolution): 100 um (A/30)
x150 um (A/10) in longitudinal and transverse direction respectively. Laser pulse of
duration of 60 fs, ap=4.5 was propagated along X-direction, into a plasma length of
~2.7 mm.

Simulations were performed with three different gas targets of of pure N at a
density of 1.2x10" cm™, mixed gas target of N, + 50 % He at a density of 2.6 x10®
cm® and N, + 75% He at a density of 3.7x10"® c¢cm™. The normalized laser and
wakefield strengths have been plotted after a propagation of ~2.6 mm inside plasma
for the above conditions as shown in Fig.6.11 a-d. In case of N, and mixed gas target
of N, + 50% He, laser pulse modulation was almost negligible (Fig.6.11 a-b) and

strength of wakefield was also low <<1 (Fig.6.11 d) suggesting dominant DLA regime
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composition of N2 + 75% He with higher

threshold density, some modulation of the laser pulse and increase in the wakefield

strengths were observed (Fig.6.11 ¢ & d).

This suggests increasing role of wakefield

towards higher density leading to a hybrid acceleration regime [5-10]. The above

observation was also consistent with the fact that for the present experimental

condition of L~A, and P~P¢, strong self-modulation of the laser pulse hence generation

of strong wakefield would not be possible.
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Fig.6.11: Lineouts of normalized laser field (Ey) after propagation of ~2.6 mm inside
plasma for (a) N, gas-jet target, Threshold density: 1.2x10" cm™, (b) N, + 50% He gas-
jet target, Threshold density: 2.6x10" cm™ and (c) N, + 75% He gas-jet target,
Threshold density: 3.7x10" cm™ (d) Comparison of normalized wakefield (E,) for the
three gas-jet targets after propagation of ~2.6 mm inside plasma.

Snapshots of the electron density profiles for three different gas targets at

propagation distances of ~0.5 mm, ~1.4 mm and ~2.6 mm are shown in Fig.6.12 (i-iii)
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respectively. In all the three cases betatron oscillation of electrons is clearly seen in
the laser created channel, also suggesting acceleration by pure DLA mechanism [7, 8,
9, 10]. Such an oscillation of electrons in laser created channel is also observed in our

earlier simulation results showing hybrid acceleration discussed in Chapter-5.
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Fig.6.12: Simulation results: Electron density profiles for (a) N, gas-jet target,
Threshold density : 1.2x10™ cm™, (b) N, + 50% He gas-jet target, Threshold density:
2.6x10" cm™ and N, + 75% He gas-jet target, Threshold density: 3.7x10® cm™ for
propagation length of (i) ~0.5 mm, (ii) ~1.4 mm and (iii) ~2.6 mm respectively.

6.4.3. Optimization of threshold plasma density through gas target composition
for DLA:

As shown in inset of Fig.6.10, for the pure DLA regime in the density range of
~1.6 — 3.1x10" cm™ the maximum energy gained by electrons was observed at an
optimum density of ~ 2x10'® cm™ for mixed gas target of N, + 50% He. Electron
beams at threshold densities below and above this optimum value corresponding to
different mixed gas targets were observed with comparatively lower energies.
However, maximum electron energy was again found to increase at a higher threshold
density of ~4.3x10"® cm™ for mixed gas target of N, + 98% He, in which case the

increase in energy is attributed to the enhanced contribution of wakefield leading to
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the hybrid acceleration mechanism. The optimization of electron beam properties for

the present range of density used is summarized in Table-6.1 below.

Table-6.1: Summary of the optimization of electron beam parameters for the range of
threshold density used in the experiment.

Gas-jet Av Avg. Avg.
target | Threshold Bea%ﬁ Peak Max. Energy Charge
(Number | density divergence energy | energy spread (pC)
of shots) (MeV) | (MeV)
6.2 mrad
18 | with broad .
Ne | 1607 Phittused | 10 | 151 Quask- | g5 174
cm backgroun (5 shots) thermal
d
Quasi-
N, + 9510 e %gg m(_)noenerget
50% He 3 7.5 mrad shots) 206 ic (21%) 140-300
Probability ~
70-80%
Quasi-
7.8 mrad monoenergeti
N, + " with 153 C
seooHe | 230 | giffused | (10 | 1sa | PN | 170200
backgroun shots) -
q Otherwise:
broad
spectrum
8.3 mrad
N, + 3.1x10® with 118
75% He 'cm'3 diffused (7 shots) 147 broad 180-250
backgroun
d
N+ 18
98% He | 4.3x10 183 Multiple
o 8.3 mrad (7 shots) 235 peaks ~400
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This optimization is also observed in 2D PIC simulation (Fig.6.12). For an
initial propagation of ~0.5 mm inside plasma (Fig.6.12 i a-c), in all the three cases of
different gas targets, betatron oscillation of a bunch of electrons in the laser created
plasma channel is observed. On further propagation of laser inside plasma up to a
distance of ~1.4 mm in case of N, (Fig.6.12 ii-a), electrons were found to execute
enhanced oscillation amplitude. Some fraction of electrons were found to move out of
phase with the laser pulse with loss of synchronicity in the period of oscillation.
Whereas, in case of N, + 50% He (Fig.6.12 ii-b), although amplitude of oscillation of
electrons increased but the synchronicity of the electrons in the bunch is maintained
i.e. the electrons are still in phase with the laser pulse forming a bunch. However, in
case of N, + 75% He (Fig.6.12 ii-c), a fraction of the electrons were found to oscillate
in the laser field with larger oscillation amplitude and a fraction of the electrons were
found to dephase out of the laser field and oscillate with smaller oscillation amplitude.
This suggests the presence of wakefield and a hybrid regime of acceleration. On still
further propagation of ~2.6 mm inside plasma, electrons were found to be more
dephasing out of the laser field in case of N, completely loosing the bunch structure
(Fig.6.12 iii-a), whereas, in case of N, + 50% He, the electrons still maintain a bunch
structure and remain in phase with the laser pulse (Fig.6.12 iii-b). This suggests a pure
DLA regime as all the electrons are trapped and accelerated in the laser field only.
However, in case of N, + 75% He, the electrons with lower oscillation amplitude
interacting with wakefield now forms a distinct bunch structure and clearly separates
from DLA bunch with higher oscillation amplitude. This suggests energy gain from
both DLA and wakefield (Fig.6.12 iii-c). Similar kind of oscillation of electrons

showing difference in the oscillation amplitude of the DLA and non-DLA accelerated

234 | Page



Chapter 6

electrons in a plasma channel has also been observed (c/f from Fig. 3c of ref. 9 and c/f
from Fig. 4a of ref. 10), earlier in 2D PIC simulations [9, 10].

6.4.4. Theoretical explanation of optimum threshold plasma density through
estimation of dephasing rate in DLA:

A theoretical analysis was also performed to support the above observed
optimum value of plasma density for generation of comparatively higher energy
electron beams through DLA mechanism in given experimental conditions. In earlier
reports, importance of rate of dephasing of electrons in the laser field in gaining
maximum energy has been discussed [42, 43]. In Chapter-2, the rate of dephasing of
electrons interacting with the laser field is derived. Eq. (2.50) shows variation of rate
of dephasing with plasma density.

In Fig.6.13-a, we plot the variation of R with density for y = yeu (Optimum
energy for electrons to be trapped and in phase with the laser field at corresponding
density). It shows that R is minimum towards lower density values of 1.6 - 2x10" cm’
® which, suggests that electrons interact maximum with the laser field and will gain
maximum energy. This is consistent both with the experimental observations and

simulation results showing optimum density of ~2x10*® cm™®,
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Fig.6.13: Theoretical results: (a) Plot of dephasing rate (R) vs density and (b) Plot of
energy gain of electrons () with propagation distance (z) for different densities of the
present experimental conditions.

In Fig.6.13-b, we plot the variation of energy gain y with propagation distance
z for the range of densities used in the present experiment following Eq. (6.48)
discussed in Chapter-2. It is observed that for the present density range although all
electrons are trapped in the laser field, however, particularly at a density of 2 x10'%cm’
® (red curve) the dephasing rate of electron is slower compared to the other densities.
Within the 4 mm length of laser propagation, electrons at density of 2x10'® cm?
covers ~7 complete phase space rotation whereas at other densities it covers ~8
complete phase space rotations. This suggests that compared to other densities,
electrons remains in phase with the laser field for a longer period of time at density of
2x10"%cm™ leading to maximum energy gain.
6.4.5. Plausible explanation of generation of quasi-monoenergetic electron
beams:

It has been shown in Table-6.1 that, at the optimum composition of N, + 50%

He (~2x10"cm?) for higher energy electron beams, generation of quasi-
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monoenergetic electron beams were also observed (Fig.6.4) in almost 70% of the
shots. Earlier it has been shown that, quasi-monoenergetic electron beams could be
generated in a hybrid regime of acceleration and was also suggested that DLA
accelerated electrons can have lower energy spread compared to wakefield electrons
[9, 10]. The theoretical analysis above also showed that for an optimum density of
2x10" cm?, electrons interact longer with the laser field which is not only favorable
for higher energy gain, but also favour in bunching of electrons. This could explain
the appearance of quasi-monoenergetic feature. Such bunching of electrons were also
seen in the simulations, and found to be more pronounced for a density close to the
case of N, + 50% He (Fig.6.12 b i-iii).

Further, electron spectra generated through 2D PIC simulations also showed
quasi-monoenergetic feature. For the present experimental conditions, energy
spectrum of electrons after a propagation distance of ~2.6 mm are shown in Fig.6.14
(a-c) for the three different gas targets respectively. At the optimum mixed gas target
of N, + 50% He at a threshold density of ~2.6x10'® cm?, the spectra shows quasi-
monoenergetic feature with peak energy of ~160 MeV and maximum energy of ~220
MeV (Fig.6.14-b). The increase in energy and the quasi-monoenergetic feature
observed in this case suggests the effect of lower dephasing rate and hence longer
interaction with the laser pulse as shown in Fig.6.12 b (i-iii). Whereas, away from the
optimum, the quasi-monoenergetic feature is no longer observed in the electron
energy spectrum. In case of Ny, at a lower threshold density of 1.2x10"® cm™, electron
energy spectra is found to be quasi-thermal with maximum energy of ~180 MeV
(Fig.6.14 a), which is due to early dephasing of electrons with the laser field as

observed in Fig.6.12 a (i-iii). On the other hand, in case of mixed gas target of N, +
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50% He, at a higher threshold density of 3.7x10'® cm?, the spectra is again quasi-
thermal with multiple peak formation and maximum electron energy observed is ~310
MeV (Fig.6.14 c). Formation of multiple peaks in the energy spectrum is the
manifestation of the two different electron bunch formations with different oscillation

amplitude accelerated by DLA and wakefield (Fig.6.12 c i-iii).
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Fig.6.14. Simulation results: Electron energy spectrum (a) N, gas-jet target, Threshold
density: 1.2x10™ cm?, (b) N, + 50% He gas-jet target, Threshold density: 2.6x10
cm™ and (c) N, + 75% He gas-jet target, Threshold density: 3.7x10'® cm? after
propagation of ~2.6 mm inside plasma.

6.5: Conclusion:

An experimental investigation on electron acceleration in N, and N, + He
mixed gas targets using Ti:sapphire short laser pulses of 60-70 fs duration such that
L~A, was performed to study role of DLA. It was found that varying doping
concentrations of He in N, gas target lead to change in the threshold density for
generation of relativistic electron beams which further effect the electron beam
properties. Threshold density was found to increase from ~1.6 (pure N,) to 4.3x10®
cm™ for 98% He fraction in N,. An optimum was achieved at a composition of N; +
50% He (threshold density of ~2x10' cm?®), where generation of quasi-
monoenergetic electron beams with average peak energy of ~168 MeV and average

energy spread of ~21% were observed. Electron acceleration was attributed to pure
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DLA mechanism towards the lower density side and with increasing role of wakefield
on the higher density side leading to hybrid regime of acceleration. The optimization
of electron beams was further explained through variation of rate of dephasing of
electrons in the laser field with plasma density and 2D PIC simulations were also
performed using code EPOCH to support the experimental observations. To our
knowledge, such a study of optimization of electron beam properties by varying He
gas mixture compositions in a high-Z N, gas target in a DLA dominated regime has
not been reported earlier. Such a regime of electron acceleration with generation of
high-energy, high-charge electron beams through DLA would be useful for

development of high flux betatron radiation source for various practical applications.
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CHAPTER 7

Investigation of hybrid regime of laser plasma acceleration in He gas jet

7.1. Motivation:

Role of direct laser acceleration (DLA) and hybrid regime of acceleration of
electrons with few tens of fs laser pulse in high Z (N,) and mixed gas (He + few % Np,
and N, + few tens of %He) targets with ionization induced injection mechanism was
identified and discussed in Chapter 5 & 6. In all these studies, the transformation from
a pure DLA regime to a hybrid regime of acceleration was observed by increasing the
plasma density in the same experimental set up keeping the laser pulse duration fixed.
Self injection plasma density thresholds in these experiments were obtained by using
He gas in same set up. Electron beam generation from He target and its comparison
with other gas targets used was described in Chapter-5 itself. Here we present
investigation performed with He gas-jet target for experimental conditions used in

Chapter-6.

Generally, LPA experiments performed with He gas-jet target in the bubble
regime of acceleration (L<Aip) where generation of good quality sub-GeV [1-3] to
multi-GeV [4-9] class quasi-monoenergetic electron beams has been observed. GeV-
class electrons have also been demonstrated in mixed gas-jet targets with ionization
induced injection mechanism however initially with quasi-thermal electron beam
spectrum [9] and later with quasi-monoenergetic electron spectra (energy spread ~7-
8%) through self-truncated ionization injection mechanism [10]. Electron acceleration

in the SM-LWFA regime (L>A\,) was also performed where wakefield was the
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dominant acceleration mechanism and quasi-monoenergetic electron beams up to
several tens of MeV were demonstrated [11-15]. However, in few reports
contribution of DLA along with wakefield was also considered in the experiments
with He gas-jet target in the L>), regime with electron energy of several tens of MeV
[16, 17]. There are not many investigations on role of DLA with He gas-jet target
particularly showing generation of sub-GeV class quasi-monoenergetic electron
beams in the L>A, regime. Recently, role of DLA in bubble regime of acceleration i.e.

hybrid regime, was investigated using mixed gas-jet target of He + few % N [18].

In this context, investigation on generation of electron beams using He gas-jet
target were performed with a 4 mm length of plasma in the L>A, regime and
generation of few hundreds to sub-GeV electrons were observed. Same experimental
set up described in Chapter-6 was used. The laser pulse duration was varied from
shorter laser pulse duration of 60 fs to a longer laser pulse duration of 100 fs,
providing a total power (P) of ~12-20 TW and intensity of ~2.6 - 4.3x10" W/cm?
(a~3.5 - 4.5). The plasma density was varied in the range of ~5.8 - 6.8 x10™ cm?.
Hybrid regime of acceleration was found to be the dominant acceleration mechanism.
At shorter laser pulse duration of 60 fs contribution of wakefield was found to be
higher and maximum peak electron energy of ~180 MeV has been observed.
However, on increasing the laser pulse duration to 100 fs, contribution of DLA
increases and peak electron energy in the range of 400-520 MeV and maximum
electron energy in the range of 620-750 MeV were observed. The results were
supported by 2D PIC simulations using code OSIRIS [19, 20]. Also, the electron
beam charge was found to increase from 50-250 pC in the case of 60 fs, to 300-400

pC in the case of 100 fs.
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7.2. Experimental results:
7.2.1. Recording of electron beam profiles:

With laser pulse duration of 60 fs, generation of relativistic electron beams
were observed at a threshold density of ~5.8x10™ cm™. Electron acceleration was also
studied at higher densities up to ~6.8x10™ cm™, Fig.7.1 (a-c) below shows the typical
electron beam profiles obtained from interaction of shorter laser pulse duration of 60
fs for three different densities of (a) 5.8x10'® cm?, (b) 6x10* cm™ and (c) 6.8x10™
cm. Fig. 7.1 (d) shows the electron beam profiles obtained with longer laser pulse
duration of 100 fs at a threshold plasma density of ~6.8x10'™ cm™. Collimated
electron beams were observed with average divergence of ~6.7 mrad. On the other
hand, for the longer laser pulse duration of 100 fs, collimated electron beam profile
with larger average divergence of ~11.5 mrad is observed at a plasma density of
~6.8x10™ cm®. However, along with the main electron beam discussed above, there
were also formation of some hallow and diffused electron beam similar to our
previous experiment (Chapter 6 Fig.6.8-v), which is clearly separated from the main
beam part, which could be associated to the laser channel filamentation observed
(discussed in Section 7.2.2., Fig.7.2). The electron beam charge contained in the
collimated intense part of the main electron beam was in the range of 50-250 pC for

the case of 60 fs and in the range of 300-400 pC for the case of 100 fs.
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Fig. 7.1: Typical electron beam profiles in case of 60 fs at density of (a) 5.8x10'® cm™,
(b) 6x10" ¥ cm, (c) 6.8x10" cm™ and (d) in case of 100 fs at density of 6.8x10" cm™

7.2.2. Recording of shadowgram of laser created channel:

To study the laser interaction with the underdense plasma and laser
channelling inside plasma, shadowgrams of the laser created channels were recorded
as shown in Fig.7.2. In case of short laser pulse duration of 60 fs, stable and straight
channel formation was observed with maximum length of ~3.5-4 mm at a threshold
density of 5.8x10™ cm® and 6x10*® cm™® (Fig.7.2 a & b). With further increase in
density to ~6.8x10" cm™®, the channel was not so stable and required an initial length
of 1-1.5 mm for evolution of the laser pulse (Fig.7.2 c¢) through relativistic self-
focusing and pulse compression [21,22]. At the later stage of propagation, the channel
shows slight bending. In the case of longer laser pulse duration of 100 fs, the channel
becomes comparatively much more unstable with an increased bending and channel
filamentation at the laser stage of propagation at the threshold density of ~6.8x10%
cm? (Fig.7.2 d). Also, the laser pulse requires a much longer length to evolve initially

compared to the case of 60 fs case at the threshold density of ~5.8x10" cm™ (Fig.7.2

a).
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Fig. 7.2: Typical shadowgrams of the laser created channels in case of 60 fs at a
density of (a) 5.8x10" cm?, (b) 610" cm™, (c) 6.8x10" cm™ and in case of
100 fs at a density of (d) 6.8x10"® cm™

7.2.3. Recording of electron beam spectra:

(i) For the case of 60 fs: Stable generation of electron beams were observed during the
experiment. Fig.7.3 (i & ii) shows the typical electron beam spectra and the
corresponding lineouts at density of 5.8x10'® cm™ and 6.8x10'® cm™ respectively.
Quasi-monoenergetic electron beams with peak energy in the range of ~160-200 MeV
(Avg.: 180 MeV), maximum energy in the range of ~180-250 MeV (Avg.: 215 MeV)
and average energy spread of ~35% were observed at a threshold density of ~5.8x10®
cm? (Fig.7.3-i). On increasing the density to ~6.8x10* cm™, quasi-monoenergetic
electron beams were observed with average energy spread of ~32%. However, the

peak electron energy decreased and is in the range of ~132-146 MeV (Avg.: 140
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MeV) and the maximum energy in the rage of ~150-200 MeV (Avg. 175 MeV)

(Fig.7.3-ii)
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Fig. 7.3: Raw images of the dispersed electron beams and corresponding lineout in
the case of laser pulse duration of 60 fs at density of (i) 5.8x10'® cm™ and (ii)

6.8%10'® cm'3.

(i) For the case of 100 fs: In case of longer laser pulse duration of 100 fs, the

threshold density for generation of relativistic electron beams observed was ~6.8x10*

cm?. Fig. 7.4 shows series of electron beam spectrum recorded in consecutive shots.

Among these, probability of generation of quasi-monoenergetic electron beams was

observed in ~15% of the shots, (Fig.7.5). Peak energy was in the range of ~133-147

MeV (Avg.: 140 MeV) with energy spread of ~18%. The maximum energy varied in

the range of ~145-168 MeV (Avg.: ~158 MeV) (Fig.7.5).
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Fig. 7.4: Raw images of the dispersed electron beams in consecutive shots recorded
in two separate runs first 39 shots in one frame (#114-153) and later 37 shots in
second frame (Shots# 1-37) for the case of laser pulse duration of 100 fs at density
of 6.8x10" cm™.
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Fig. 7.5: Raw images of the dispersed electron beams and corresponding lineout for the
case of laser pulse duration of 100 fs at a threshold density of 6.8x10* cm™.

However, in most of the shots (~75% of the total shots), generation of two groups of
electrons were observed with quasi-thermal energy spectra (Fig.7.6i). The lower
energy peak varied from ~140-160 MeV (Avg.: 150 MeV) and the higher energy peak
varied from 190-335 MeV (Avg.: 233 MeV) with maximum energy varying in the
range of ~210-365 (Avg.: 275 MeV). Interestingly, in few shots peak energy of the
higher energy component was found to increase in the range of ~400-520 MeV with

maximum energy reaching upto ~620-750 MeV (Fig. 7.6-ii).
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Fig. 7.6: Raw images of the dispersed electron beams and corresponding lineout for
the case of laser pulse duration of 100 fs at density of 6.8x10* cm™(i) showing two
groups of electron beams and (ii) showing higher energy second group well
separated from the first group.

7.3. Discussion:

The present experiment was performed with two different laser pulse duration
of 60 fs and 100 fs with corresponding peak laser intensity of ~2.6 - 4.3x10"° W/cm?
(ap~3.5 - 4.5). The threshold plasma density for generation of relativistic electron
beams was found to be ~5.8x10"® cm® and ~6.8x10% cm?® respectively. This
corresponds to a regime of L/Ap,~ 2.17 and P/P; ~3.9 for the case of 60 fs, and L/A,~
2.34 and P/P; ~2.75 for the case of 100 fs. This suggests that the regime lies in the
SM-LWFA where wakefield mechanism could be a dominant acceleration mechanism

[11-15]. Also, since the laser pulse completely overlaps the injected electrons
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contribution of DLA cannot be ignored [23-30] and hence a hybrid regime of

acceleration could also be applicable.

For the case of shorter laser pulse duration of 60 fs, electron acceleration was
observed at a threshold density of ~5.8x10"® cm™ and also at a higher plasma density
of ~6.8x10'® cm™. Generation of quasi-monoenergetic electron beams were observed
as shown in Fig.7.3. However, decrease in peak energy of electron beam was observed
with increase in plasma density. This suggests that contribution of wakefield is strong
in this case. Generation of quasi-monoenergetic electrons in SM-LWFA regime where
wakefield is the dominant acceleration mechanism has also reported earlier [11-15]
where it was suggested that the long laser pulse modulates to number of short laser
pulses of the order of A, after it interacts with plasma. Also, the theoretically
estimated maximum energy gain of electrons in the linear regime [31] is 220 MeV
which matches very well with the observed maximum energy of 215 MeV
experimentally (Fig. 7.3). Also, for the range of plasma density 5.8-6.8x10'® cm™
used, the dephasing length (~y,°A;) is calculated to be in between ~4.1 mm and 3.2
mm, which is comparable to the length of the laser channel inside plasma, suggesting
the maximum energy gain is the dephasing limited energy gain through wakefield.
Further, since P>P, relativistic self-focusing and stable channelling of the laser pulse
inside plasma [32] has been observed in case of 60 fs with propagation length of ~3.5-
4 mm (Fig.7.2 a & b). With increase in the plasma density to ~6.8x10'® cm™, A,
decreases and hence the laser pulse effectively gets longer compared to the plasma
wavelength. In this case not very stable propagation of laser inside plasma in the
initial stage was observed, (Fig.7.2 ¢), and consequently, the electron energy gain also

decreases as shown in Fig. 7.3 (ii).
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However, when the laser pulse duration was increased to 100 fs, the threshold
density for generation of relativistic electron beams were observed to increase slightly
to ~6.8x10™ cm™. In this case, laser pulse is longer and injected electrons interacts
more with the high intense part of the laser pulse. This leads to an additional energy
gain from the laser pulse also, i.e. DLA mechanism, apart from the wakefield. This
justifies the observed increase in the maximum electron energy gain as shown in Fig.
7.6 (i & ii). In this case, the theoretically estimated maximum energy gain from
wakefield is 280 MeV and 300 MeV respectively considering linear and nonlinear
regime. Using the formulation of maximum energy gain of electrons in case of DLA
(described in Chapter-2), the maximum energy gain estimated from DLA is ~104
MeV. The maximum electron energy observed in the present case, varied in a wide
range from ~235 to ~650 MeV (Fig.7.6 i & ii), which is higher than the estimated
maximum energy gain from DLA. Hence, energy gain of electrons have taken place
both from wakefield and DLA. However, when we add the energy contributions from
wakefield and DLA the maximum energy gain comes in the range of ~384 MeV
(linear)-404 MeV (non-linear), which is in the range of energy observed
experimentally. This suggests in the present case, with increase in the laser pulse
duration, increase in contribution of DLA is observed which leads to the hybrid
regime of acceleration. This is also consistent with the observation of electron beam
profile with larger beam divergence compared to that observed in the case of shorter
laser pulse duration of 60 fs (Fig. 7.1-d). The shot-to-shot fluctuation of generation of
electron beams could be attributed to the laser channelling inside plasma. Quasi-
monoenergetic electrons beams with peak energies of ~158 MeV were observed only

in 15% of the shots and generation of these beams could be attributed to the wakefield
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mechanism. When both DLA and wakefield contributes, higher energy component
could only be seen as is observed in case of two groups/multiple electron beams.

These electron beams were observed for 75% of the shots.

To support the above inferences drawn transmitted laser spectrum was
recorded (shown in Fig. 7.7) by collecting the scattered laser signal in the forward
direction for the two different laser pulse duration of 60 fs and 100 fs. The spectrum
shows significant red shift from the central laser wavelength of ~800 nm for the case
of 60 fs. This also suggests strong wakefield formation and supports our claim of
dominant wakefield acceleration mechanism applicable in the short laser pulse
duration case of 60 fs. However, in case of 100 fs, the transmitted laser spectrum
shows blue shift which suggests that in this case, strong wakefield are not generated
and acceleration of electrons have taken place from both wakefield and laser electric
field. This is also consistent with the hybrid regime of acceleration of electrons

discussed earlier.
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Fig. 7.7: Forward laser spectrum recorded for the case of 60 fs and 100 fs laser pulse
duration.
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7.4. 2D PIC simulation results using code OSIRIS:

To further understand the dynamics of effect of laser pulse duration on the
acceleration of electrons 2D PIC simulations using code OSIRIS [19, 20] were
performed. Simulations were performed with laser pulses of wavelength 800 nm and
laser pulse duration of 60 fs, 80 fs and 100 fs. The normalized laser intensities used
were a,=4.5, 3.7 and 3.5 respectively corresponding to the three different laser pulse
durations. The laser pulse propagates along x-direction and is polarized along y-
direction. The plasma density profile was set such that it consists of an initial upward
ramp of 100 um and a flat top profile of 3.8 mm and a downward ramp of 100 um.
The plasma density used were 6x10*® cm™ for laser pulse duration of 60 fs and 80 fs
and a slightly higher plasma density of 6.8x10'® cm™ for the laser pulse duration of
100 fs. Simulations were performed using a moving window frame with simulation
box size of ~90 um x 46 um and resolution of /40 and A/4 in the longitudinal and
transverse direction respectively. The number of macro particle per cell was 16 with
total number of 1094400 cells in the simulation box. The simulation data was dumped

after every 133 fs.

Fig.7.8 (a, c, e) and Fig.7.8 (b, d, f) show the density snapshots and the
normalized laser and wakefield profiles for the case of 60 fs, 80 fs and 100 fs
respectively. Frames (i)-(iv) in Fig.7.8 show the evolution of the plasma density and
the laser and wakefields for propagation distances of 2 mm, 2.7 mm, 3 mm and 3.5
mm respectively. The density profile shows clear formation of bubble structure with
self-injection of electrons for the laser pulse duration which suggests presence of

wakefield. For shorter laser pulse duration of 60 fs, after a propagation distance of 2
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mm, the laser pulse was seen to undergo strong self-modulation (Fig. 7.8 b-i) and
electron injected at the back of the bubble was observed to interact with the strong
wakefield generated (Fig. 7.8 a-i). With further propagation of the laser pulse into the
plasma up to 3 mm, further self-modulation of the laser pulse takes place (Fig. 7.8 b-ii
& iii) and the bubble structure gets distorted (Fig. 7.8 a-ii & iii). At the end of
propagation of 3.5 mm, the injected electrons were observed to interact with the
modulated part of the laser along with strong wakefield (Fig. 7.8 b-iv) and perform
small amplitude betatron oscillation within the bubble (Fig. 7.8 a-iv). This shows that
although the electrons initially dominantly gain energy from wakefield, later it
interacts with the laser pulse and gains energy through hybrid acceleration

mechanism.

On slightly increasing the laser pulse duration to 80 fs, comparatively less
laser pulse self-modulation was observed initially (Fig. 7.8 d-i) and hence no self-
injection of electrons into the bubble was observed (Fig. 7.8 c-i). However, with
further propagation up to 2.7 mm, self-modulation of the laser pulse was observed
with increase in the wakefield strength (Fig. 7.8 d-ii), and electron injection into
bubble is observed (Fig. 7.8 c-ii). With further propagation of the laser pulse into the
plasma up to 3.5 mm, the trailing part of the modulated laser pulse was strong enough
(Fig. 7.8 d-iv) with which the electrons interact and gain energy (Fig. 7.8 c-iv). In this
case, the overlap of the injected electrons with the laser pulse occurs for a
comparatively longer period of time suggesting higher contribution of the laser field

in the electron energy gain.

On increasing the laser pulse further to 100 fs, as expected it takes a longer

evolution time and hence at the initial time up to a propagation distance of 2 mm, only
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slight self-modulation of the laser pulse is observed associated with comparatively
reduced strength of wakefield (Fig. 7.8 f-i). Injection of electrons into the bubble was
also not observed in this case (Fig. 7.8 e-i). With further propagation of the laser pulse
into the plasma, increase in self-modulation of the laser pulse was observed (Fig. 7.8 f
ii-iv), and electron injection is observed at comparatively later stage of propagation of
~3 mm (Fig. 7.8 e-iii). However, since initially the laser pulse duration was longer
compared to the other two cases, even after self-modulation of the laser pulse, a
comparatively higher intense part of the modulated laser pulse overlaps with the
injected electrons at the rear of the bubble at 3.5 mm of propagation (Fig. 7.8 e-iv).
This suggests that electrons gain substantial energy from the laser field also, as

consistent with the larger amplitude of oscillation of the electrons in the bubble.
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Fig. 7.8: Simulation results: Density snapshots for laser pulse duration of (a) 60 fs at a
density of 5.8x10% cm?, (c) 80 fs at a density of 6x10* cm™ and (e) 100 fs at a density of
6.8x10"® cm™. Normalized laser electric field by mwc/e (black curve) and wakefield by
mapCle (red curve) for laser pulse duration of (b) 60 fs, (d) 80 fs and (f) 100 fs. Frame (i-
iv) shows the evolution of the laser field, wakefield and the plasma density at (i) 2mm, (ii)
2.7mm, (iii) 3 mm and (iv) 3.5 mm of propagation distance into the plasma.
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Fig. 7.9: Simulation results: Separate contribution for DLA (blue circles) and
wakefield (red circles) to the total energy gain of electrons for the case of (a) 60 fs

Further, separate contributions from DLA and wakefield were calculated from
the simulation results for the cases of shorter laser pulse duration of 60 fs and longer
laser pulse duration of 100 fs as shown in Fig. 7.9. This clearly shows that with
increase in the laser pulse duration there is increase in the contribution of DLA over

wakefield.

Hence, with gradually increase of the laser pulse duration, late evolution of the
laser pulse is observed which led to the increase in the overlap region of the laser
pulse with the injected electrons. As a result, electrons begin to get additional energy
from the laser pulse and contribution of DLA increases. This phenomenon is

consistent with the experimental observations.

7.5. Conclusion:

Investigation of laser plasma acceleration using Ti:sapphire laser pulses
interacting with He gas-jet plasma of 4 mm length. The study was performed with two
different laser pulse duration: shorter laser pulse duration of 60 fs at a threshold

plasma density of 5.8x10™ cm™ and longer laser pulse duration of 100 fs at a higher
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threshold plasma density of 6.8x10'® cm™. In the case of shorter laser pulse duration
of 60 fs the electron acceleration is attributed mainly to the wakefield mechanism with
slight contribution of DLA, whereas in the longer laser pulse duration case of 100 fs,
the acceleration mechanism is attributed to the hybrid regime of acceleration where
the contribution of DLA was found to increase. Effect of increase of laser pulse
duration was also manifested in the increase of maximum electron energy and also in
the electron beam charge. Results were supported by 2D PIC simulations using code

OSIRIS.
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CHAPTER 8

Electron beam radiography application of LPA

8.1. Motivation:

LPA has been investigated over years and various applicable acceleration
mechanisms governing the laser plasma interactions has been studied in detail [1-5].
Hence, LPA can now routinely generate stable electron beams with energy ranging
from few tens to few hundreds of MeV and have become matured enough to be
considered for various potential applications such as injector for conventional
accelerator, generation of synchrotron radiation, and bremsstrahlung radiation (x-

rays/g-rays) etc. which can be further used for nuclear and medical studies [6-8].

Another potential applications of relativistic electrons is for radiography [9].
Particle radiography started early in 1896 by Roentgen through the discovery of x-
rays where he showed that high energy photons could penetrate opague objects and
reveal their internal structures [10]. Following this, a number of studies were also
performed showing potential of proton radiography for biological and other non-
destructive applications [11-14]. However, although proton radiography could show

remarkable achievements yet these systems are very much costly.

In this context, as a potential alternative, electrons were suggested as a probe
for radiography studies [9, 15, 16]. Electrons have the advantage that they do not
undergo strong interactions with nucleus and hence nuclear cross-sections are small
compared to protons. Electron radiography was first demonstrated by Merrill et al.

[15, 16] using the 30MeV electron beams of linac Los Alamos National laboratory
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(LANL), USA by which they have generated radiographs of thin static objects with a
spatial resolution of ~100um. The first picosecond dynamic electron radiography
experiment was performed recently by Zhao et al [17], using the 50MeV electron
beam of LINAC of Tsinghua University (THU) showing a spatial resolution of 100um
and further simulations studies were performed to build a dedicated electron beam line
for radiography [18]. Recently, Merrill et al have demonstrated electron radiography
of thick samples with 14 GeV electrons of Linac Coherent Light Source (LCLS) of
Stanford Linear Accelerator Centre (SLAC), with better than 10 um resolution, and
also have shown theoretically that even 1 um resolution could be achievable [19].
Application of relativistic electron beams generated from laser driven plasma
accelerators to radiography studies have also been demonstrated [20-25]. Initially
Mangles et al. showed the suitability of 20 MeV electron beams with broad energy
spectrum for radiography of metal object, although with a poor resolution and
therefore use of quasi-monoenergetic electron beam was recommended [20]. In
another study, by Ramanathan et al., QM electron beams with energy >100 MeV was
used for radiographic study of flaws embedded in the thick solid objects placed at a
distance of 2 m from the source, and submillimeter resolution was demonstrated [22].
Recently, radiography of the thin inorganic dense objects and biological samples with
a spatial resolution of ~ 60 um and placed at a distance of ~ 10 cm from the source
has been reported by Bussolino et al. using electron beam of energy ~ 2 MeV with a
broad spectrum [23, 24]. Further, ultrafast electron radiography study of temporal
evolution of the magnetic fields in high intensity laser solid interaction has also been
reported recently [25]. The advantage of laser driven electron beams over

conventional accelerators is the generation of very short duration electron bunches of
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the order of femtosecond (fs), which in addition to deliver high dose, also enable the
possibility of performing time-resolved studies from compact table top systems. It
may be pointed out here that in addition to the thin as well as thick metallic samples,
radiographies of biological samples have also been performed [16,21,23], and through
which sensitivity of electron imaging for thin areal density objects and to different
chemical and structural differences of the samples, similar to the x-rays, have been
demonstrated [16,23]. Availability of compact and low cost laser plasma electron
accelerators compared to the advanced x-ray sources like Synchrotron Radiotion
sources and Free Eletron Lasers, could be found encouraging for further exploration

of such applications also of electron beam radiography.

Another important potential application of relativistic electron beams is for
radiotherapy purpose [26]. Mostly linacs providing lower energy (~ 4 - 25 MeV)
electron beams are currently being used for treatment of superficial cancer cells in
numerous sites such as head, neck, breast, skin [27]. It has been suggested that for
tumors at larger depths inside the body such as lungs, prostrate, very high energy
electron beams (VHEE) of ~ 150 - 250 MeV would be appropriate [28-31]. Studies
using Monte Carlo simulations [28] showed that the penumbra and depth dose rates
was comparable to even proton beams at depths less than 10 cm with penetration
depth of ~40 cm in human tissue. Recently, treatment planning of VHEE in

radiotherapy was studied [31].

Radiotherapy applications using electron beams generated from LPA has also
been explored through simulations [32-35]. Various studies of radiotherapy using
LWFA electron beams have been performed through Monte Carlo simulations [34-

39]. In contrast to linac, it has the advantage of generating pulsed electron bunches of
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the order of fs duration and small divergence, which could deliver higher
instantaneous dose rate [33, 35]. Simulation studies were performed using the electron
beam parameters of UCLA laser plasma wakefield accelerator for treatment of
prostrate cancer and found that VHEE beams in the range of 150-250 MeV have
potential advantages compared to protons and photons [37, 38]. Further, they reported
that the main advantage of LPA lie in the ease of delivery and manipulation of dose

i.e. the tunability of electron beam energy.

With this motivation, we performed an experimental investigation on
radiography of different metallic and biological plant samples using relativistic
electron beams generated from LPA. Electron beams with two different properties
were generated with underdense plasma of Ar and He gas targets. Radiographs were
recorded at a distance of 70 cm from the source, and a minimum resolution of ~ 75
pum was achieved. Further, GEANT4 Monte Carlo simulations [40] were performed
for reconstruction of the radiographs and were found to be good agreement with the
experiments. Effect of different electron beam parameters on the quality of
radiographs is discussed. Suitability of LPA in radiotherapy was also discussed
through study of penetration depths of electrons in adipose tissue. Our study
demonstrates use of a compact, table top, and stable LPA, with variable electron beam
parameters for both industrial and medical applications. Such a detailed comparative

study on electron radiography using LPA has not been reported earlier.
8.2. Experimental set up and parameters:

Fig. 8.1 shows the schematic of the experimental set up. Ti: Sapphire laser

pulse of ~ 120 fs duration was focused to a spot of ~ 6.5x6.5 um?® (radius at 1/e?)
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using /5 off axis parabolic (OAP) mirror along 4 mm length of a well-characterized
slit nozzle (1.2 mmx4 mm) [41]. Laser power (P) of ~10 TW and intensity (I) of ~
2.2x10" W/cm? was achieved in the laser focus which corresponds to laser strength
parameter a,=3.2. Experiments were performed with two different gas targets of He
and Ar with plasma density in the range of ~ 2- 30x10'® cm?®. Electron beam

generated was transported out of the vacuum chamber through a 54 pm thick Ti foil.
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Fig. 8.1: Schematic of the experimental set up.

() Recording of electron beam profile: Two phosphor screens viz. Phosphor-1
(Lanex-regular) and Phoshhor-2 (DRZ-High), were placed at a distance of 39 cm and

70 cm respectively to record electron beam profile and its size at different locations.

(ii) Recording of electron beam spectra: Electron energy was estimated by dispersing

the electron beams through a C-shaped rectangular magnetic spectrograph of
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dimensions: 20x10x10 cm?, pole gap 15 mm with peak magnetic field strength of ~
0.9 T. The magnet was inserted in between the two phosphor screens and
simultaneously electron beam profile were recorded on Phosphor-1 and its
corresponding spectra on Phosphor-2, which covered energy range beyond ~80 MeV.
To record electrons with lower energy values in the range of ~15-80 MeV, another
Phosphor-3 (DRZ-high) was also placed in the side direction of the magnet.
Resolution of the spectrograph was ~ 8% at 100 MeV and ~ 25% at 300 MeV (for 10
mrad divergence). For the side phosphor resolution was ~ 4.5% at energy of 25 MeV.
The electron beam charge was estimated using standard calibration data available for

various phosphor screens used [42-44].

(iii) Set up for electron radiography: Samples were kept at a distance of ~70 cm (i.e. at
the location of Phosphor-2) from the source, and radiographs were recorded on
another detector i.e. imaging plate (IP). Samples were kept in contact with the IP to
record one to one image. The IP was scanned using a scanner (Make: Dirr Medical,
Germany, Model-CR-35 bio 2136-00064), having a 635 nm He-Ne laser. The system
provides a true optical resolution of 840 dpi, corresponding to ~ 30 um. The optical

density range for the scanner and IP used was estimated to be 3.05.

8.3. Experimental results and discussion:
8.3.1: Generation of relativistic electron beams:

Electron beams with two different properties were generated from two
different gas target of He and Ar at threshold densities of ~ 6x10'® cm™ and ~
2.4x10% cm™ respectively. The corresponding plasma density was estimated from the

neutral gas densities produced by the nozzle and considering ionization state of 2" and
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16" achieved for the present laser intensities for He and Ar respectively. In the case of
Ar, contribution of cluster formation on the acceleration of electrons would have very
negligible effect as we have performed the experiments at very low gas pressures of
~4 bar and also at very high laser intensities of a,=3.2. Cluster formation has also not
been considered in earlier reports where experiments were performed at low gas
pressures [45], however, even with comparatively higher pressures of 40-60 bar
cluster formation has not been considered where very high laser intensities were used
[23, 46]. lonization states upto 16 were considered and also achieved in Ar gas-jet
targets with similar laser intensities in earlier reports [24,47]. Hence, inner shell
ionization taking place in case of Ar gas-jet target would facilitate ionization induced
injection mechanism [48, 49]. The generation of electron beams, both from He and
Ar, in the present experiment was found to be stable and highly reproducible and
electron beam characterization has been made from 10-12 consecutive shots during

the experiment.

In case of Ar, broad electron beams with divergence of ~ 60 - 70 mrad were
observed with beam size on Phosphor-1 and Phosphor-2 is ~ 50 - 60 mm and ~ 80 - 90
mm (FWHM) respectively (shown in Fig. 8.2 insets i and ii). The typical laser created
channel is shown in Fig. 8.2 (iii) showing unstable laser propagation with
filamentation. Electron beam spectrum is broad with maximum energy of ~50 MeV
(Fig. 8.2 iii & iv) recorded on Phosphor-3. The contained in the beam was in the range
of 400 - 550 pC. Pointing variation of electron beams on phosphor-2 in this case was

10x20 mrad.
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(i) Beam profile (ii) Beam profile (iii)
at phosphor-1 at phosphor-2

Q

(mm)

dN/dE (arb. units)
=

10 20 30 40 S0
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Fig. 8.2: Results with Ar gas-jet target: (i) Electron beam profile on phosphor-1, (ii)
electron beam profile at phosphor-2, (iii) Typical shadowgram of the laser created
channel, (iv) Raw images of typical dispersed electron beams, (v) Typical lineout of
the electron spectra.

From He gas-jet target, comparatively more collimated electron beams with
divergence of ~ 5 - 7 mrad were observed showing electron beam size of ~4 - 5 mm
on Phosphor-1 and ~10 - 15 mm (FWHM) on Phosphor-2 (shown in Fig. 8.3 insets i
and ii). The electron beam spectrum shows a peak energy of ~ 150-170 MeV and
comparatively narrow energy spread (QM feature) were observed, however some
fraction of higher energy component was also present (Fig. 8.3 and inset-iii shows the
raw image of the dispersed electron beam). Electron beam total charge and pointing
variation on phosphor-2 in case of He was comparatively lower in the range of 100 -
200 pC and ~8x4 mrad respectively. In Chapter-7, electron beam generation from He

gas-jet target was described in detail.
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Fig. 8.3: Results with He gas-jet target: Generation of quasi-monoenergetic electron
spectra (i) Electron beam profile on phosphor-1, (ii) electron beam profile at
phosphor-2, (iii) Raw images of typical dispersed electron beams.

Hence, acceleration of electrons through wakefield excitation is a probable case [50-
55] where generally generation of high energy quasi-monoenergetic electron is
observed [54, 55]. This is similar to that we have observed in the case of He in the
present experiment, suggesting the dominant mechanism of wakefield. However, in
case complete overlap of the laser pulse, contribution from DLA cannot be ignored
[56, 57], where generally electron beams with large divergence and broad spectrum
are generated [56, 57], similar to that observed in case of Ar in the present case.
Theoretical energy estimations made for the respective cases of He and Ar also
suggests the dominant contribution of wakefield and DLA respectively. In earlier
reports using Ar gas-jet targets electron acceleration has also been attributed to DLA
[23, 58]. In case of Ar gas-jet target, ionization induced injection mechanism also
helps to support DLA [59, 60]. The electron beam parameters and the corresponding
acceleration mechanism in case of Ar and He gas-jet targets are summarized in below

in Table-8.1.
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Table 8.1: Summary of the electron beam properties generated from Ar and He gas-jet
target.

Beam Size (mm)
Energy Acceleration
Gas Phosphor-1 | Phosphor-2 (MeV) Spectrum mechanism
(39 cm) (70 cm)
Ar 50-60 80-90 Max: 50 broad DLA
. . Hybrid:
He 45 10-15 | Peaki1so- Quasi- | \yaefield +
170 monoenergetic DLA

8.3.2: Radiography using LPA electron beams:

Various thin metallic and biological plant samples were kept at a distance of
70 cm from the gas-jet target and were radiographed on IP using two different
electron beams generated from He and Ar gas-jet targets. Fig. 8.4 shows the various
samples used for radiography. i) Cu mesh with wire thickness 200 um and separation
of 500 um, 1ii) Ti strip of gap: 2.5 mm, strip width: 2 mm and 1 mm thickness, iii) IC
chip with leg material of Cu alloy with tin plating and thickness 300 um, iv) Cu wire
of ~ 250 um thickness, v) cross section of Aloe-vera of 1.1 cm thickness, vi) Al disc
of 3 mm thickness with holes of diameter 1.3 cm at center and of diameter 4 mm at
the outer periphery, vii) a cross-section of a thick leaf sample, viii) & ix) different

cross sections of Aloe-vera of thickness 0.5 cm and 1.75 cm respectively.
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Fig. 8.4: Image of different samples (i) Cu mesh, (ii) Ti circular strip, (iii) 1C chip,
(iv) Cu wire, (v) Aloe-vera cross-section, (vi) Al disc, (vii) thick leaf, (viii) Aloe-vera
cross-section and (ix) Aloe-vera cross-section.

Fig. 8.5 (a & b) shows the radiograph of the above samples recorded using
electron beams generated from Ar and He respectively. It is observed that, compared
to the radiographs using He electron beams, radiographs using Ar electron beams are
comparatively clear and covers a laser sample area. This is due to the large beam size

and uniformity of the beam profile of the Ar electron beams.
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(b)

Fig. 8.5: (a) Radiograph of samples recorded using Ar electron beam. (b) Radiograph of
samples recorded using He electron beam.

Further, resolution of the radiograph recorded using Ar electron beam was
determined by taking lineouts across the edges of the chip legs (Fig.8.6-a) and the Ti
strip (Fig.8.6-b) shown by white lines in Fig.8.5-a. The lineouts have been fitted by a
higher order Gaussian function and the resolutions have been determined from the
FWHM width of the derivative of the Gaussian (inset of Fig. 8.6-a and 8.6-b) and are
estimated to be ~360 pm and 150 um respectively. The composition of the IC chip
legs is Cu alloy with tin plating having density of 8.2 g/cc, whereas density of Ti is
4.5 g/cc. In this case, although, Ti has lower density, resolution with Ti sample is
observed comparatively better than that with chip legs. This could be attributed to the
difference in the thicknesses of the two samples (Ti strip of 1 mm thickness vs chip
legs of 0.3 mm thickness), and also slight difference in the energy of electrons
incident on them because of their different positions with respect to the beam centre.
This is because, in general, in case of laser wakefield accelerator, the higher energy

part of the electron beam has lower divergence compared to the low energy
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component as the high energy component experiences lower space charge effect after

exiting the plasma [61, 62].

(a) Lineout and resolution of chip legs (b)  Lineout and resolution of strip
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Fig. 8.6: Lineout of radiograph using Ar electron beams taken across the white line of (a)
chip legs (iv) (b) Ti circular strip (iii). Corresponding derivatives are shown in the insets.

Further, enlarged radiographs of IC chip and Cu mesh recorded using Ar and
He electron beams are shown in Fig. 8.7 (a-i & ii) & (b-i & ii) respectively. Inner
electronic circuit structure and legs of the IC chip are clearly visible and Cu mesh
structure of wire thickness 200 um and separation of 500 um is resolved.

(@) (b) He

Ar
(i) - (i) -
| . | .

Fig. 8.7: Enlarged image of (i) IC chip of length 18 mm, and (ii) Cu mesh disc of
diameter 30 mm, radiographed with electron beams generated from (a) Ar and (b) He
gas-jet targets.

280 | Page



Chapter 8

Next, a much thicker sample made of brass i.e. a 5 cm thick block dimension
(60 mm x 20 mm) with 4 grooves (2 mm x 12 mm) (Fig. 8.8 a-i) and another block of
dimension (50 mm x 20 mm) with 5 grooves (2 mm x 12 mm) (Fig. 8.8 a-ii) were
used. Fig. 8.8 b-(i) and (ii) show the radiographs recorded correspondingly using
electron beams generated from Ar and He respectively. Radiograph of grooves is
observed to be much sharper in the case of He compared to the case of Ar. Electron
beams generated from Ar having comparatively lower energy with broader spectrum
(~ 20-50 MeV) compared to He, leads to significant scattering of electrons that causes
blurring of the sample edges. However, enhanced blurring effect of the radiographs,
due to the larger beam divergence in case of Ar compared to He can be discarded as
the detector was placed in contact with the samples [63, 64]. The resolution of the
radiograph of grooves recorded using Ar electron beams (as shown in Fig.8.8-c) was
estimated and was found to be ~ 75 um. In case of He, the signal was found to be
saturated in the region where the most intense part of the beam passed through the
central groove (Fig. 8.8-d). However, resolution was estimated from the lineout of the
neighboring groove and was estimated to be ~60 um which is comparatively better
than the above estimated value for Ar. This is due to comparatively higher energy
electron beams with lower energy spread in case of electron beams obtained from He
gas target. As described above it may be noted that the detector limited resolution is ~

30 um.
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Fig. 8.8: (a) Image of brass blocks (60mmx>20mm) with grooves (2mmx=12mm) with
(1) 4 and (ii) 5 slits. (b) Experimental radiographs of the blocks using (i) Ar electron
beam (ii) He electron beam. Lineout of radiograph of groove taken horizontally and
Gaussian fitting of the data points for radiograph (c) using Ar electron beams, (d)
using He electron beams. Inset shows the derivative of the Gaussian fitting.

Further thick samples were also radiographed using He electron beam.
Radiography of a 3 mm thick stainless steel key kept behind a 6 cm thick Al block
(Fig. 8.9-a) was recorded. In the radiograph (Fig. 8.9-b), the radiograph of the key is
clearly visible. Also the intense part of the electron beam is also visible as energy of ~
150 MeV is sufficient to transmit through the 6 cm thick Al block. Generation of
Bremsstrahlung radiation in the sample has created a background and hence reduces
the contrast of the image. Earlier also, radiography of a key sample was demonstrated
using lower energy electrons of 20 MeV by Mangles et al. [20]. Radiography study of
voids and cracks embedded in thick dense steel block using >100 MeV QM electron
beam with sub-millimeter resolution has also been demonstrated [22]. This shows that
high energy electron beams can be used for the interrogation of interior of thick
metallic structures used in various industrial applications and also for security

purposes.
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(b)

Fig. 8.9: (a) Image of Al block+key. (b) Radiograph of key using He electron beam.

Next, we have also performed electron radiography of biological samples e.g.,
plant tissue of thick leaf (central vein thickness of 0.5 cm) and various cross sections
of aloe-vera (thickness of 1.75 cm) (see Fig. 3) with electron beams from Ar and He
gas-jet target. In Fig. 8.10 (a, b & c), enlarged view of the radiographic image of a
thick leaf and cross-section of aloe vera is shown. The radiograph of the thick leak
using low energy Ar electron beams shows clear finer veins (Fig. 8.10-a). Fig. 8.10 (b)
and Fig. 8.10 (c) show enlarged images of the radiographs of cross section of the aloe-
vera leaf recorded using lower energy (Ar) and higher energy (He) electron beams
respectively. For lower energy electron beams outer thick chlorophyll rich cover layer
of the cross section of aloe-vera appears darker compared to the inner jelly component
(Fig.8.10-b). However, contrast of radiograph generated by higher energy electrons

using He gas target is comparatively poor (Fig.8.10-c).
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Fig. 8.10: Magnified radiograph recorded using lower energy Ar electron beam of (a)
thick leaf showing inner veins. (b) Aloe vera cross-section of 1.75 cm thickness showing
contrast in outer thick and inner jelly layer. (c) Radiograph of Aloe-vera cross section
using higher energy He electron beam.

8.3.3: Reconstruction of images of radiographs using GEANT4 simulations:

(i) Simulation set up: GEANT4 [40] Monte Carlo simulations were performed to
reconstruct the images of the radiographs of various samples. GEANT4 is a toolkit
where interaction of charged particles such as electrons, protons, photons etc. with
various objects can be studied and is able to facilitate handling of experimental
conditions and tracking of various particles inside matter. Fig. 8.11 shows the set up
used for simulating the experimental set up (Fig. 8.1) of laser plasma interaction for
electron beam generation and transport through 54 um thick Ti foil, phosphor-1
(thickness: 500 pm) and 36 um Al foil placed in the electron beam path. In the
simulation set up a plasma chamber of dimension 60x15x15 cm® was considered
where vacuum was set as the environment. The electron beam source i.e. gas-jet was
positioned at the center of the plasma chamber and electrons were allowed to
propagate 30 cm along z-axis before exiting the vacuum chamber through a 54 um Ti
foil. Following this, the electron beam was allowed to propagate approximately 40 cm

in air and was interacted with the target samples. In between, Phosphor-1 was placed
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at a distance of 9 cm from the Ti foil with 36 um of Al foil kept in touch with it. A
virtual screen (detector) was placed just behind the samples at a distance of 31 cm
from Phosphor-1 and 70 cm from the source. Divergences and energy losses by the all
above components introduced in the electron beam of given parameters for both He
and Ar cases were estimated and was found to be negligible. To reconstruct various
samples, standard modules adopted in GEANT4 for variety of materials were used
and the final exit co-ordinate positions (at the detector) of transmitted primary

electrons only were considered, neglecting all other secondary particles.

Phosphor 2

Fig. 8.11: Set up used for GEANT4 simulations

(ii) Reconstruction of spectra of electron beam of Ar and He gas-jet targets: Electron
beams were constructed considering 10° number of particles and was defined in a
cone shape (with flat profile) having divergences equal to that observed in
experiments. For the case of Ar gas-jet electron beam, the cone angle was defined
such that it makes a beam size of ~ 10 cm at the samples kept at 70 cm from the
source similar to that observed in the experiment. Input electron beam spectra

generated in this case was exponential with maximum energy of ~ 50 MeV and
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minimum energy of ~1 MeV and the ratio of the number of electrons at maximum to
minimum energy was kept of the order of 10? (Fig. 8.12 (i)). It may be noticed that,
towards the lower energy side, there is slight difference in the energy than that
observed in the experiment. This is because in the experiment due to the limitation of
our magnetic spectrometer we could not detect electrons below ~12 MeV but direct
electron beams from Ar, contained energy below 12 MeV. For reconstruction of
images recorded using He gas-jet beams, the divergence of the beam was kept such
that electron beam size of ~ 1.5 cm is achieved at the samples. For the case of He, the
electron spectra was generated (Fig. 8.12 (ii)) similar to that observed in the
experiment. It has peak energy of ~ 150 MeV, beyond which the spectrum decreases
exponentially to a maximum energy of ~ 250 MeV and towards the minimum energy

side it drastically decreases to ~120 MeV.

(ii) |

Counts (10%)

10 20 30 40 50 60 120 160 200 240 28
Energy (MeV) Energy (MeV)

Fig. 8.12: Electron energy input spectra considered for GEANT4 simulations
corresponding to electron beam generated from (i) Ar and (ii) He gas-jet targets

(iii) Reconstruction of images: The images were reconstructed by plotting the final
exit point of the electrons just after the sample; hence one electron count represents
one count. This process is independent of the energy of the electrons exiting the

sample. Fig.8.13 (a) shows the reconstructed Al disc image using Ar electron beam
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which is in good agreement that with observed experimentally (Fig.8.5-vi). However,
reconstruction of images using He electron beams, was not possible due to the larger
penetration depth of high energy electrons compared to the sample thickness. Fig.
8.13 b-i & ii show the reconstructed image of the brass block with 4 grooves for Ar
and He electron beams respectively. The reconstructed images using He electron
beams with higher energy quasi-monoenergetic electron beams also shows sharper
image compared to the lower energy electrons with broad spectrum (Ar) similar to
that observed in experiments. This is due to the fact that, the lower the energy of
incident electron beams, the more will be the diffraction at the sample edges [63],
leading to erroneous measurement of the object dimensions. The reconstruction of
radiograph of key (Fig. 8.13 c), using He electron beams was done with a 1 cm thick

Al block only as larger thickness introduced very large scattering.

Fig. 8.13: (a) Reconstruction of image of Al disc for electron beam parameters of Ar. (b)
Reconstruction of image of brass groove for parameters of (i) Ar electron beams and (ii)
He electron beams (c) Reconstruction of image of key with 1 c¢cm thick Al block for
electron beam parameters of He electron beams.

Further, to compare the reconstructed image using GEANT4 with the
experimental radiographs recorded quantitatively, lineout of the reconstructed image
of brass block with 4 grooves using both Ar and He electron beams both along

horizontal and wvertical directions respectively is shown in Fig. 8.14 (i & ii)
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respectively. The lineouts are then fitted with higher order Gaussian function and
length and breadth of the brass sample has been estimated from the FWHM width of
the Gaussian. It is found that, the groove dimensions could closely match the original
dimensions considering He compared to that of Ar electron beams. Thus lower energy
electron radiography not only produces poor contrast images but also loses the
original identity of the sample compared to higher energy. Further resolutions of the
reconstructed image were also calculated from the FWHM width of the derivative of
fitted Gaussian function. The resolution obtained using 20 MeV and 150 MeV
monoenergetic electrons is ~150 pum and ~90 pm respectively as shown in the inset of
Fig.8.14 (i & ii). The observed difference in the resolution values for experiment and
simulation could be attributed to the different detection techniques used in both cases,

however, for 150MeV both values are comparatively comparable.
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Fig. 8.14: (i) Reconstruction of brass groove using 20 MeV monoenergetic electron
beams and corresponding longitudinal and transverse lineouts. Inset shows the
resolution. (ii) Reconstruction of brass groove using 150 MeV monoenergetic
electron beams and corresponding longitudinal and transverse lineouts. Inset

shows the resolution.
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Finally, we analyse the contribution of x-rays in the radiography. First of all,
laser plasma accelerators are also a good source of betatron x-rays. In present
experimental conditions, corresponding to the maximum electron energy of ~250
MeV observed in case of He at a density of ~6x10'®cm™, the calculated critical energy
of x-rays generated would be of ~15 keV [66]. Generation of betatron x-rays of
similar energy range have been observed in the earlier experiments from similar
experimental conditions [67, 68]. In case of Ar, x-rays generated would be of even
much lower energy as the generated electron beam has much lower energy. As
discussed in our experimental set up, we have used a 54 um thick Ti foil, followed by
a Lanex regular (Phosphor-1) i.e. 180 um of phosphor layer of Gadox (having Gd
high Z material) in the electron beam path after which the samples were placed in
contact with the IP. Betatron x-rays of above energy would be almost completely
blocked by above elements in the path. Therefore, flux of x-rays on the IP will be
almost nil. No traces of betatron x-rays in the laser direction was recorded on the
detector when spectrum of the electron beam generated was recorded using magnet in
the path which dispersed all the electrons from the laser beam path. Samples used
were also quite thick considering the expected energy of the betatron x-rays.

Another source of x-rays is the bremsstrahlung generated from interaction of
relativistic electrons with Ti foil and the dense samples materials. Since the
radiographs were recorded keeping the samples kept in contact with the IP, magnet
could not be placed in between them to deflect the electrons. It was found from
GEANT4 simulations that, for electron beam of 150 MeV, bremsstrahlung generated
from 54 pm thick Ti foil which reaches the detector varies in the range of 5-30 MeV,

with a few present conversion. However, the imaging plates used in the experiment
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have x-ray sensitivity less than 10° PSL/photon for energy greater than 1.25MeV,
whereas electron sensitivity is 0.01 PSL/electron. So flux of electrons relative to x-
rays detected on IP would be 10° times higher. Moreso, Bremsstrahlung generated in
case of radiography of key kept behind 6mm thick Al plate would be high in energy
and very penetrating to produce good contrast radiograph of the 5 mm thick key.
Bremsstrahlung radiation in the sample shall created a background and hence reduce
the contrast of the image only. Image reconstruction with secondary x-ray produced
by the interaction with Ti foil and from the samples itself was also simulated in the
GEANT4, in which case, the images generated were not sharp and generate only
uniform background. Merrill et al. [19] has also reported observation of
bremsstrahlung background even in case of radiography of thick samples with high-
energy electron beams. Further, earlier reported experimental studies on radiography
using electron beams generated from LPA with similar experimental technique also
did not consider role of betatron or bremsstrahlung x-rays [22,23]. The above

discussion supports that the radiographs recorded are from electrons only.
8.3.4. GEANT4 simulation on energy deposition in adipose tissue:

Further, we have also extended our studies by simulating the dose deposition
rate in adipose tissue using GEANT4 simulations. The simulations were performed
for the experimentally used electron beams parameters i.e. one with lower energy (~20
MeV) and the other with higher energy (~150 MeV) both with monoenergetic
spectrum. Fig. 8.15 shows the dose deposition vs depth of the electrons in adipose
tissue. For the case of 20 MeV electrons, the depth of maximum dose deposition was
found to be ~ 5 - 6 cm, beyond which the dose deposition decreases rapidly within 10

cm of length. Similar dose distribution curve for 20 MeV electrons have also been
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reported earlier [23]. But for the 150 MeV electron beams, the depth of maximum
dose deposition increases to about 20 -30 cm, beyond which the dose decreases to ~
50% within 40 cm. Similar observation has also been reported earlier [27]. It is to be
noted that compared to photons of similar energy, in case of electrons, beyond the
maximum dose deposition, the dose deposition rate decreases rapidly. Whereas, the
dose deposition rate curve was found at first to increase to a maximum and falls
slowly with further depths in case of photons [69]. This suggests that photons would
deposit substantial dose to the inner healthier tissues compared to electrons and hence,
in this regard, electron beam radiotherapy becomes a better alternative for treatment of

tissues at a particular depth.

——20MeV in Adipose
——150MeV in Adipose

(MeV/ecm)

Dose deposition in Adipose Tissue

0 10 20 30 40 50 60 70 80
Depth(cm)

Fig. 8.15: GEANT4 simulation generated penetration depth of monoenergetic
electron beams in adipose tissue. Red Curve: 20 MeV energy, and Blue Curve: 150
MeV energy.

Hence, it is clear that lower energy electron beams of few tens of MeV can be
applicable for treatment of superficial tissues such as skin, brain etc., as it can
penetrate up to certain length within biological samples of thickness of few cm. On

the other hand, higher energy electron beams (~ 150 - 200 MeV) can penetrate deeper
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into the tissues and would be of use for inner deep seated tissues such as prostrate,

lungs etc.

8.4: Conclusion:

An experimental investigation on electron radiography of various metallic and
biological plant samples using LPA was performed. Ti:sapphire laser of 120 fs
duration was allowed to interact with underdense gas-jet plasma targets of He and Ar.
Electron beams were generated with two different parameters viz. maximum energy ~
50 MeV with broad continuous spectrum, divergence of ~ 60 - 70 mrad (in case of
Ar), and of peak energy ~ 150 MeV with QM spectra, divergence of ~5 - 7 mrad (in
case of He). Radiographs were recorded at a distance of 70 cm from the source, and a
minimum resolution of ~ 75 um in case of Ar was demonstrated. Further, to support
the experimental reults, GEANT4 Monte Carlo simulations were performed to
reconstruct the radiographs. Role of electron beam parameters for radiography
application was discussed through a comparative study of the quality of radiographs.
Further, penetration depths of electron beams in human adipose tissue were studied,
and its suitability for radiotherapy applications was discussed. Thus our study
suggests a stable, tunable electron source based on LPA, generating electron beams in
the range of ~ 50 MeV to ~ 200 MeV, suitable for both industrial applications and

medical radiography.
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CHAPTER 9

Conclusion and future perspective

This chapter summarizes the present thesis work and discusses prospects of future
investigations in light of it.
9.1. Conclusions:

Laser wakefield acceleration mechanism (LWFA) has been investigated in
detail over years in various experimental conditions and has shown its potential for
generation of high-quality GeV-class electron beams [1-5]. Developments during last
two decades or so has led LPA to be recognized as a potential candidate for future
generation compact table top accelerators suitable for various possible applications
[6-9]. Today when LPA is considered as a source of high energy short wavelength
radiation, the other dominant acceleration mechanism governing laser plasma
interaction i.e. DLA is being considered again along with wakefield in a hybrid
regime acceleration [10-15]. This regime of acceleration has two fold advantages: one
is the enhancement of electron energy gain in LWFA as the electrons new gains
additional energy from the DLA over wakefield [10-15], and the other very important
advantage is the potential to generate high-energy betatron radiation compared to only
wakefield mechanism as in this case oscillation amplitude of electrons could be
comparatively larger [16-20]. Thus, DLA shows a promising path to enhance the
betatron radiation generated from LWFAs. Realizing the importance of DLA, Shaw et
al. [21] have proposed for optimization of the DLA in LWFA either by optimizing the
laser pulse duration or by experimentally verifying the two laser pulse scheme of

Zhang et al. [10,11].
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The present thesis work focuses on the experimental investigation of LPA and
identification of the role of direct laser acceleration (DLA) of electrons in a wide
range of laser and plasma parameters. All the experiments were performed with the
CPA based 150 TW, 25 fs, Ti:sapphire laser system of RRCAT, Indore, India. The
laser and plasma parameters were varied such that it covers a long laser pulse duration
regime of L>>), to shorter laser pulse duration regime of L>\,, and the laser pulse
completely overlaps the injected electrons. Various gas-jet targets were used such He,
N2, Ar and mixed gas targets of He doped with few % of N, and N, doped with few
tens of % of He with varying concentrations of dopant.

9.1.1: Identification of role of DLA in different experimental regime:

In L>>, regime, where laser plasma interaction of long laser pulse duration of
200 fs with underdense He plasma was studied, a pure DLA regime was identified as
discussed in Chapter-4, as is also observed in earlier reports by Gahn et al. [22] and
Mangles et al. [23].

On reducing the laser pulse duration to ~55-60 fs such that L>A,, contribution
of DLA along with wakefield in the total energy of electrons was observed and
thereby a hybrid regime of acceleration (DLA + wakefield) was identified in He gas-
jet plasma with equal contribution from both wakefield and DLA. The identification
of a hybrid regime of acceleration in L>\, regime at the self-injection threshold
density of He gas target has been discussed in Chapter-5 and was also verified later in
another experiment using He gas-jet target and is discussed in Chapter-7.

The acceleration regime of short laser pulse duration of L>\, was further
explored in detail in similar conditions using ~55-60 fs duration laser pulses and

mixed gas-jet targets of He + N, and high Z target of pure N,. Due to the effect of

303|Page



Chapter 9

ionization induced injection mechanism associated with mixed gas and high Z targets,
the threshold density for generation of relativistic electron beams was reduced
compared to the self-injection threshold density observed for He gas-jet target.
However, the laser and plasma parameters still lies in the L>A, regime and complete
overlap of the laser pulse with the injected electrons takes place. On decrease of
density, strength of wakefield was observed to reduce, and interestingly a pure DLA
regime of acceleration was identified. To the best of our knowledge, such an
observation of pure DLA mechanism with short laser pulse duration of few tens of fs
regime using mixed and high Z gas targets has not been investigated earlier. The
investigations have been discussed in Chapter-5 and Chapter-6.

Further, in the similar conditions, threshold density for generation of
relativistic electron beams was varied in mixed gas-jet target by varying the doping
concentration of He and N, in the gas mixture and its effect on acceleration
mechanism was studied. With increase in density, role of wakefield was observed to
increase and hybrid mechanism was identified as the dominant applicable acceleration
mechanism. In this case, a regime of onset of wakefield was observed where strength
of wakefield slowly increases and hence the contribution of energy gain from
wakefield gradually increases. Thus the hybrid acceleration mechanism observed in
case of mixed gas-jet target is associated with ionization injection mechanism and is
different from that observed in case of He gas-jet target at the self-injection threshold
density where equal contribution of wakefield and DLA was observed. The
observations have been discussed in Chapter-5 and Chapter-6. Further, for comparison

experiments were also performed with Ar gas-jet targets in the L>X, regime using

304 | Page



Chapter 9

longer laser pulse duration of 120 fs. In this case also, a pure DLA regime was
identified and the results are discussed in Chapter-6 and Chapter-8.

Hence, the present thesis focuses on the identification of DLA mechanism and
the suitable laser and plasma conditions were identified in different gas-jet targets of
He, N2, Ar and mixed gas of He + N, either by varying the laser pulse duration or by
varying the plasma density. The identification of the acceleration mechanism of DLA
has been based on the theoretical analysis on DLA performed in the different laser and
plasma conditions supported by various experimental observations and 2D PIC
simulations performed using code EPOCH [24] and OSIRIS [25,26].

9.1.2: Generation of relativistic electron beams and its characteristics:

Stable and reproducible generation of electron beams were observed during
the experiment for the wide range of laser and plasma parameters. However, the
electron beam properties were observed to vary depending on the acceleration
mechanism i.e. either a pure DLA or hybrid regime. Electron beam properties were
also observed to be affected by the injection mechanism i.e. either self-injection in
case of He gas-jet target or ionization induced injection mechanism in case of pure Ny,
mixed (He + N) and Ar gas-jet target.

For 1.2 mm length of plasma, in pure He gas-jet target where a pure DLA
regime of acceleration was identified with 200fs duration laser pulse, collimated
electron beams with typical divergence of ~30-40 mrad were observed with mostly
quasi-thermal electron spectra with maximum energy of ~30 MeV (Chapter-4). In few
shots, quasi-monoenergetic electron beams with peak energy of ~17-22 MeV and
energy spread of ~10-20% were also observed from the similar experimental

conditions. With 55fs laser pulse and N, gas-jet target, collimated electron beams with
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divergence of ~15-30 mrad and quasi-thermal electron beams with maximum energy
of ~ 60 MeV were observed in a pure DLA regime (Chapter-5). Electron beams with
similar energy and with quasi-thermal spectra were also observed from mixed gas-jet
target of He + N, in a pure DLA dominated regime (Chapter-5). However,
enhancement of electron energy was observed up to ~90 MeV in mixed gas-jet target
when electrons were accelerated from a hybrid regime of acceleration (Chapter-5).
The electron beam spectra were quasi-thermal. With He gas-jet target, quasi-
monoenergetic electron beams with peak energy of ~28 MeV and energy spread of
~64% were observed accelerated through hybrid mechanism (Chapter-5).

For 4 mm length of plasma, in mixed gas-jet target of N, + He, where a pure
DLA regime was identified, collimated electron beams with divergence of ~7-8 mrad
were observed. Electron beam spectra were quasi-monoenergetic with energy spread
of ~21 % and peak energy of ~168 MeV (maximum energy ~206 MeV) were
observed (Chapter-6). On increasing density, hybrid regime of acceleration was
identified and enhancement of electron energy upto ~235 MeV was observed with
quasi-thermal electron spectra (Chapter-6). Hybrid regime of acceleration was also
identified in He gas-jet target where quasi-monoenergetic electron beam with peak
energy of ~140 MeV and energy spread of ~18% were observed (Chapter-7). In few
shots, the peak electron energy was observed to increase up to ~400-520 MeV with
maximum energy in the range of ~620-750 MeV.
9.1.3: Radiography applications:

The present thesis also focuses on the study of radiography applications of
various metallic and biological plant samples using the relativistic electron beams

generated from LPA using He and Ar gas-jet targets (Chapter-8). The radiographs
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were generated with a minimum resolution of ~75 um. Further, reconstruction of the
radiographs of various samples was performed using GEANT4 simulations [27].
Penetration depth of electrons generated through LPA was studied through
simulations and in this regard suitability of LPA in radiotherapy was also discussed.
9.2. Future outlook:

In the present thesis, experimental investigations in different parametric
conditions were performed and role of DLA was identified. The complexity
associated with this aspect of laser plasma accelerators suggests further investigations
(experimental and simulations) which is not possible to address through a single thesis
work. The thesis work thus brings out vast scope for possible future investigations,
and several points could be considered as dedicated research problems for further
investigations in this field.

Through experimental observations, various regimes of acceleration were
identified viz. pure DLA, and hybrid (WF+DLA). DLA signatures were established
through its manifestation in observed maximum electron energy, spectrum
characteristics (quasi-monoenergetic, broad continuous spectrum and appearance of
multiple groups of electrons), and also through electron beam profile (ellipticity and
larger divergence) and transmitted laser spectrum wherever available and applicable.
Dedicated experiments towards establishing the signature of DLA could be useful in
establishing and improving the understanding, e.g. appearance of fork structures in
energy spectrum when dispersed perpendicular to the laser polarization as observed by
Shaw et al., [12], and also other parameters as stated above. Simultaneous use of
many diagnostics such as recording of laser forward spectrum, laser channeling and

propagation inside plasma through Thomason scattering, Shadowgraphy,
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interferrogram would lead to more detailed information about the interaction of the
high intense laser pulse with plasma. Although positive chirp was found favorable for
present experimental conditions, further detailed study in this direction on effect of
laser chirp on DLA would be of interest. Effect of other laser parameters e.g. focal
spot size, pulse front tilt etc. could also be considered. Finally, as high-power laser
systems are mostly operated in single shot mode, and therefore in general there has
been limitation on statistics of data on LPA, investigations with detailed statistics
could be targeted.

Another signature of DLA mechanism would be manifested from the
simultaneous recording of betatron radiation experimentally which would be another
aspect of our future investigation. Optimum regimes could be identified for generation
of betatron radiation from the accelerating electrons particularly in the laser created
channel in high Z gas-targets. Studies devoted to fundamental understandings e.g.
injection mechanism of electrons in DLA, particularly injection through surface wave
generation so that better control of the accelerator can be achieved, would also be
necessary and interesting.

2D PIC simulation studies were performed primarily to support the
experimental observations and distinguish the underlying acceleration mechanism for
which bubble formation, channel creation, separate contributions in energy gain has
been studied. However, more detailed investigation could be useful such as retrieving
electron beam profile, charge, betatron radiation etc. would strengthen the claim. A
much more rigorous study of 2D PIC simulations on DLA and hybrid acceleration
mechanism is required particularly tracking of individual electrons and understanding

the electron energy gain separately from wakefield and DLA.

308 | Page



Chapter 9

Further, a more detailed theoretical model on the understanding of electron
dynamics in the laser channel accelerated by DLA would be of much interest. It is
understood that the applicability of theoretical estimation of the maximum energy gain
in the hybrid regime is not straight forward. Study of dynamics of the electron in the
presence of laser and wakefield and the trapping conditions of electrons in such
complex field structure would be of interest. Subsequently, detailed theoretical
analysis of the hybrid regime of acceleration of electrons needs to be performed and
this leaves a huge scope for future investigation from the theoretical point of view.
Another important study in this direction could be study of effect of chirp on
generation relativistic electron beams through DLA.

Further experimental investigation on the radiography application using
electrons generated from LPA should be performed for special target samples and
optimization of parameters is required for achieving higher resolution. Also, study
with biological samples should also be performed and experimental estimation of dose

deposition on adipose tissue could also be carried out.
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(A) Schematic of experimental set up. (B) Electron beam spectra in He gas-jet target with laser pulse duration of (i)
~200 fs through DLA (ii) ~55 fs through hybrid, (iii) in mixed gas-jet target of N,+50%He with laser pulse duration of
~60 fs through DLA and (C) Radiographs of various samples recorded using relativistic electron beams generated
from LPA.

Experiments were performed using Chirped Pulse Amplification (CPA) based 25 fs, 150 TW
Ti:sapphire laser system at RRCAT, Indore, India. Direct laser acceleration (DLA) and hybrid regime of
acceleration (DLA + wakefield) of electrons in different gas-jet targets of He, N,, Ar and mixed gas targets of
He + N, were identified. A pure DLA regime was identified as the applicable acceleration mechanism with
long laser pulse duration of 200 fs in He gas-jet target. Interestingly, a pure DLA regime of acceleration was
also identified with short laser pulse duration of 55-60 fs in high-Z N, and mixed gas targets. Electron
beams with few tens of MeV energy with quasi-thermal distribution, and also quasi-monoenergetic (energy
spread ~21%) electron beams with peak energy of ~168 MeV were observed. Hybrid regime of acceleration
in He has demonstrated acceleration of electrons to few hundreds of MeV and maximum up to ~750 MeV.
Further, radiography application of relativistic electron beams was explored along with suitability for
radiotherapy application. Many interesting results have been brought out through these investigations
which to the best of our knowledge are not reported earlier. The studies would be of significance for
developing stable laser plasma accelerator through understanding of acceleration mechanisms involved
and high flux short wavelength betatron radiation source based on that.
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