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Ion acceleration by laser-driven collisionless shock in multi-ion
species plasma

by Rajesh KUMAR

The collisionless shocks are very common in the numerous astrophysical environ-
ments such as in supernova remnants, pulsar wind nebulae, etc. These shocks
are considered to be responsible for the production of high-energy cosmic rays
and acceleration of particles. The astonishing growth in the development of
high-power and high-intensity lasers has made it feasible to recreate the rele-
vant conditions to examine the formation and evolution of collisionless shocks in
the laboratory. The numerical and experimental findings reveal that the laser-
driven electrostatic collisionless shock can be utilized as a high-energy compact
particle accelerator. These accelerated particles have several desirable appli-
cations such as accelerator physics, proton radiography, and cancer therapy,
etc.

In this thesis, we report on the numerical investigation of electrostatic colli-
sionless shock formation and influence of different materials on the shock accel-
erated ion beams. The different target materials used are the hydrogen, carbon,
oxygen, and chlorine to give a range of average charge (<Z>) to mass (<A>)
ratio, i.e., <Z/A> = 0.48 - 1.

The 2D EPOCH particle-in-cell simulations are employed to investigate the
laser-driven electrostatic collisionless shock ion acceleration in different mate-
rials. The density profile and laser parameters are the same for all materials.
Our result indicates that the electrostatic collisionless shock is excited, and
protons are reflected and accelerated by the shock-associated electrostatic field.
The laser to shock-accelerated protons conversion efficiency and the number of
these protons are significantly increased in the multi-ion species plasmas, such
as CH and CoH3Cl plasmas compared to a pure H plasma.

In the upstream region of the shock, ions expand with different velocities
depending on their <Z/A> under the non-oscillating component of the sheath
electrostatic field. In multi-ion species plasmas, the excitation of electrostatic
ion two-stream instability (EITI) between the heavier and lighter ion popula-
tions occurs. This results in the deceleration of the expanding protons and
appearance of a low-velocity component. An additional EITI between the re-
flected and expanding protons accelerates some of the expanding protons to the
higher velocity, which results in more protons being accelerated by the shock.
The analytic and exact solutions for the dispersion relation of EITI indicate
that the unstable modes of the instability appear in multi-ion species plasmas.
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It is shown that the interaction of high intensity (ag > 10) laser with multi-
ion species plasma leads to the formation of two shock fronts in fully ionized
carbon and proton, respectively. The shock front propagates slower in C-ions
compared to protons. Therefore, both C-ions and protons are accelerated by
different shocks via CSA mechanism. The shock velocity and Mach number of
C-ions and protons can be scaled as the power-law dependence on ag. In case
of C-ions, the Mach number is a stronger function of ag compared to that of
protons in the multi-ion species plasma with the lowest <Z/A>, i.e., CoH3CL
The flux of shock accelerated protons and C-ions is more significant in multi-ion
species plasma compared to the pure H and C plasmas.

The CSA experiment is carried out by using a combination of GEKKO-
XII (pre-ionization beam) and LFEX (shock-driving beam) laser facilities at
the Institute of Laser Engineering, Osaka University (Japan). The rear-surface
of 0.7 yum CH foil is irradiated by a pre-ionization laser beam to produce a
suitable density profile for CSA. After the target expansion, a shock-driving
beam is irradiated from the front side of the target to drive a collisionless shock
wave. The necessary density profile is optimized by varying the time delay,
At = 0 - 1.5 ns within the two laser beams. The passive ion diagnostics, i.e.,
RCF stacks and CR39 detector plates confirm that the maximum energy of the
accelerated protons is in the range of 7.03 MeV - 9.03 MeV for At = 1.2 ns.
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Chapter 1

Introduction

1.1 Motivation

The collisionless shocks are very common in the various astrophysical environ-
ments such as in supernova remnants, pulsar wind nebulae, etc. These shocks
are thought to be responsible for the generation of high-energy cosmic rays and
acceleration of particles. Astonishing improvement in the development of high-
power and high-intensity lasers has made it possible to recreate the relevant
conditions to study the formation and evolution of collisionless shocks in the
laboratory.

The interaction of high-intensity laser with plasma leads to the excitation
of strong electric and magnetic fields in the plasmas, which accelerates the
ions to high energy over short distances. The generation of a high-quality ion
beam in the laser-plasma interaction could provide an alternative source for the
conventional accelerator. In comparison with the conventional accelerator, the
laser-driven accelerator offers a significant improvement in cost, compact size,
affordability, and high repetition. However, despite all these advantages, several
difficulties need to be addressed, such as particle energy, ion flux, laser-to-
accelerated ion conversion efficiency, and energy-spread, etc. This has motivated
a significant numerical and experimental effort devoted to understanding and
optimizing physics behind the process of ion acceleration. Several mechanisms
have been proposed in last decade to improve the quality of the laser-driven ion
beams, such as target normal sheath acceleration (TNSA), radiation pressure
Acceleration (RPA) and collisionless shock ion acceleration (CSA), etc. Among
all these mechanisms, CSA has become an attractive candidate for high-quality
ion beams. In contrast to the TNSA mechanism, CSA produces a high-energy
ion beams with low energy spread. Unlike RPA, CSA does not impose any strict
requirements on the laser contrast ratio and target thickness. Thus, ion beams
with high-energy, high-flux, and low energy-spread can be produced via CSA
mechanism. Several experiments have been carried out over the last few years to
understand and characterize ion acceleration via CSA. One aspect of CSA that
is currently not well understood for accelerating mono-energetic ions to high
energies is the effect of the target material used. In this thesis, we used the
EPOCH particle-in-cell (PIC) to study the generation of collisionless shocks
and proton acceleration from shocks formed in plasmas of different material
composition.
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1.2 Introduction

Back in the 1960s, the invention of the first functioning laser by Maiman [1]
confirmed to be one of the most significant sources to understand the behaviour
of matter in the presence of an extreme external applied field. In the 1970s, the
research on laser-plasma interaction has started, and it was principally directed
on the laser-induced inertial confinement fusion [2]. The invention of pulse
amplification of laser opened numerous exciting research possibilities in the field
of the laser-plasma interaction. In the late 1970s, the continuous wave system
has been overcome with novel techniques, such as Q-switching [3] and mode-
locking [4, 5], which enhances the laser intensities up to ~ 10> Wem~=2. This
could provide to store the peak laser energy in the nanosecond or picosecond
duration pulses.

The invention of chirped pulse amplification technique (CPA) in 1985 by
Strickland and Mourou [6, 7], have led to a fundamental breakthrough in the
field of solid-state laser sources. In the CPA technique, the laser pulse can
be stretched temporally and spatially before being amplified and after which
it re-compressed to a very short pulse of a few tens of femtosecond (fs). This
pioneers to the development of terawatt to petawatt-class laser systems, which
initiates a new era in the field of relativistic laser-plasma interaction [7, 8] with
an extreme intensity of ~ 10 Wem™2 in future [9]. The field strength at
these laser intensities is the order of teravolt/cm (TVem™!) [10], which is much
more significant than the field that binds the electrons to the nucleus. Here,
the 'relativistic’ refers to the fact that electrons can be accelerated close to the
speed of light, ¢ within the half of the laser cycle. This is corresponding to the
laser intensity threshold of 1.37x10'® Wem™2 for 1 um laser wavelength. The
interaction of such a high laser intensity with matter results in the complete
ionization of medium during the first laser cycle. It results in relativistic and
non-linear plasma interaction with the rest of the laser pulse. Several non-linear,
unconventional phenomenons have been experimentally witnessed as a conse-
quence of interaction processes, such as high-order harmonics [11, 12], electron,
and ion acceleration, X-ray and particle sources, thermonuclear inertial confine-
ment fusion, and ultrafast optical devices, etc. Among all these phenomenons
particle acceleration (electrons and ions) and the generation of X-ray radiation
have become the most exciting subject in laser-plasma interaction.

The interaction of ultrahigh-intensity laser with plasma has become available
at various laboratories all around the world. There are several high-power laser
facilities all around the world such as BELLA (BErkeley Lab Laser Accelerator)
at the Lawrence Berkeley National Laboratory [13] and National Ignition Facil-
ity at the Lawrence Livermore National Laboratory in Livermore in the US, and
Vulcan laser at the Central Laser Facility in the UK, LFEX and GEKKO-XII
laser facility at the Institute of laser engineering at Osaka University, Japan
etc. A wide verity of problems in laser, plasma, and nuclear physics can be ana-
lyzed by utilizing these laser facilities and also, it might be possible to examine
the non-linear dynamics of QED-effects [14] in the future. These facilities have
great importance for light-ion acceleration, and several other record-breaking
investigations have been presented in laser-plasma interaction.
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1.3 Laser-Based Particle Accelerators

In 1979, Tajima & Dawson proposed that, the interaction of laser pulse with
plasma results in the acceleration of some particles within the plasma [15].
Based on this approach, a 44 MeV energetic accelerated electron beam has
been demonstrated experimentally [16]. Astonishing improvement in the devel-
opment of high-power and high-intensity laser has made it possible to accelerates
the electrons up to > 1 GeV energies [17-23].

In the past few years, the acceleration of ions in laser-plasma interaction
has attracted most of the attention. Unlike electrons, ions cannot be acceler-
ated directly by the laser fields because of their heavy mass. The acceleration
of ions primarily depends on the generation of hot-electrons in laser-plasma
interaction. Based on the laser-plasma interactions, several mechanisms have
been proposed to accelerate ions in the forward directions [24]. The acceleration
of ions up to several 10s of MeV has already been achieved experimentally by
the interaction of high-intensity laser with different targets [25-29]. Because of
their low quality and higher divergence, these accelerated ion beams were not
useful for applications. Consequently, further experimental investigations for
laser-based ion accelerators reveals the production of good quality multi-MeV
proton beams in laser-solid interaction [30-34]. The generation of high-quality
multi-MeV proton beams in the forward direction has triggered the interest in
the laser-based ion acceleration applications. Soon the questions start rising
what mechanism is responsible for the generation multi-MeV proton beams and
where these protons are accelerated exactly? In 2001, Wilks et al. [33] de-
veloped a theoretical model to support the experimental outcomes [30-32] for
protons acceleration mechanism, which he described as Target Normal Sheath
Acceleration (TNSA) mechanism. In this mechanism, the ions are accelerated
by a strong space-charge electrostatic field on the rear-side of the target. Fur-
ther discussion on the TNSA mechanism will be given in Chapter 4. However,
the proton beams produced via the TNSA mechanism have a broad energy spec-
trum with a low emittance, which is not suitable for most of the applications.

Other schemes for laser-driven ion accelerations that have been explored in
previous years include the radiation pressure acceleration (RPA) [35-40] and
electrostatic collisionless shock ion acceleration (CSA) [41-43]. In RPA scheme,
the ions are accelerated by the laser radiation pressure. The detailed discussion
for RPA will be shown in Chapter 4, where we will discuss the two cases for
RPA; hole-boring RPA [36, 38] and light-sail RPA [39, 40]. On the other hand,
in CSA mechanism, the interaction of laser pulse with plasma results in the
uniform electron heating via JxB mechanism [44] and steepening of density
profile occurs. Later on, the thermal expansion of density on the rear side
of the target leads to the shock generation. To accelerates the ions via CSA
mechanism, the electrostatic potential energy at the shock front must be larger
than the kinetic energy of incoming ions [41]. A detailed theoretical background
for shock formation and ion acceleration will be provided in Chapter 5. In
the last few years, several numerical [42, 43, 45-48] and experimental [49-54]
investigation have been carried out on CSA. In this thesis, we will discuss the
numerical particle-in-cell simulations for the electrostatic collisionless shock ion
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acceleration in different target materials by varying their average charge (<Z>)
to mass (<A>) ratio, i.e., <Z/A> = 0.48-1.

1.4 Applications

The generation of high-quality ion beams in the laser-plasma interaction could
provide an alternate source for conventional accelerators [55]. In comparison
to conventional accelerators, the laser-driven accelerators offer a significant im-
provement on compact size, affordability, a high repetition, and high proton
flux per shot. Some of the current and future applications will be described in
the next section.

1.4.1 Radiography

Radiography is one of the compelling application of ion beams produced by
the laser-driven accelerators. Exploration of field structures in plasmas is not
an easy task. The density measurement of the plasmas is done by the optical
diagnostics, in which the diffraction of light rays occurs when they propagate
through a change in the refractive index. Radiography utilizes the idea of prob-
ing the matter/plasma by applying the ion beams. However, the exploration of
matter by using ion beam approach is not a new concept [56, 57]. Ton beams ac-
celerated in laser-plasma interaction have essential characteristics such as high
flux, low energy spread, compact size, short time for acceleration, etc. These
qualities make them an excellent source to study the field structures in plasmas
[58].

In the multi-laser beams experiments, the ions are produced by utilizing
one of the laser beams. These ions can be used to image the field structures
plasma produced by the interaction of other laser beams [59]. The ion beams
delivered by the interaction of the first laser get deflected by the electromagnetic
field when they propagate through the generated plasma on the front or rear
surface of the second target. The imaging of these ion beams designates that
the ion beams are spatially separated depending on their deflection and distance
between the ion source and target. Consequently, temporal information of the
probed target can be extracted by measuring the velocity of these ion beams.
These ion beams have a range of energies depending on their thermal energy.

Currently, radiography is one of the major diagnostics and successfully em-
ployed in numerous experiments to probe the targets. This technique has al-
ready been adopted to measure the temporal resolution of electrostatic sheath
field expansion on the rear-side of the foil target [60]. Recently, proton radio-
graphy has been employed to resolve the electrostatic collisionless shock wave
[61]. Several authors have been utilizing proton radiography to observe the for-
mation of a magnetic field structure in laser-solid interaction [62-64] while some
of them are using it for the observation of the channel formation in near-critical
density plasma [65].
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1.4.2 Radiation Therapy

Radiotherapy is one of the most crucial applications for laser-driven ion accel-
eration. In 1946 Wilson [66] delivered the concept concerning the advantage
of fast protons for Radiology. In radiation therapy, we aim to treat the cancer
tumor by ionizing radiation on it. Typically, x-rays or gamma rays (photons)
are used to destroy the cancer tumor. These photons lose their energy expo-
nentially with the increase in the thickness, as shown in Fig. 1.1(a). Therefore
a reasonable amount of damage can be expected to the neighbouring tissue,
which can not be avoided. Figure 1.1(a) designates that the use of high-energy
electrons is limited to a certain range of penetration depth. On the other hand,
most of the energy contained in the heavy ions or proton beams is deposited
in the Bragg’s peak, which is nearly at the end of the range with very narrow
spread around the Bragg’s peak. This characteristic of heavy ions or protons
beams provides the precise treatment to cancer damaged tissue with very little
harm to the neighbouring tissues, which is one of the advantages of these ions
beams compared to the x-rays or gamma rays [67-69]. Regardless of it, many
cancer treatment facilities based on the conventional accelerators have been es-
tablished which are very costly and big in size, such as Heidelberg Ion-Beam
Therapy Center (HIT).

An alternative to the conventional accelerators, the laser-driven accelerators
have been proposed to deliver the high-quality ion beams for radiation therapy
[70-73]. As it can be seen in Fig. 1.1(b) the laser beam can be delivered
directly on the target, which is located in the patient treatment room. In
comparison to conventional accelerators, the laser-driven accelerators offer a
significant improvement on compact size which requires small gentry, high cost-
effective, a high repetition, and high proton flux per shot, etc. The whole
laser-driven accelerators are enthusiastic but optimistic, such as a proton beam
with energy 200 MeV, with high flux and narrow energy spread required to
reach a deep-seated over a depth >25 cm (in water). However, we still need to
find a solution to this problem. The understanding of the underlying physics
and the development of accelerator-patient-interface are equally important.

100 IS
\ 200 MeV protons —>
} N p
80 NG
2, 8 MV x-rays Proton
§60 9Co 1 beam //V\ +— Target
-
2
Z 40 Lﬁscl :
E L 1
{ aser beam
20 \ ——
20 MeV , . |
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FIGure 1.1: (a) Comparison of dose depth for different type of radiation treatment
[67]. (b) Simple demonstration for laser-driven radiation therapy treatment [taken
from [68]].
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1.4.3 Isotope Generation

In low-Z materials, the nuclear reactions can be induced by the multi-MeV
proton beams. Therefore, the positron emission tomography (PET) can be im-
plemented by producing a short-lived positron by applying the laser-based ion
accelerators. PET technology is very beneficial for medical imaging concern-
ing cancer tumor tissue detection, blood flow, and amino acid transport, etc.
Until now, large size and very costly cyclotron has been used to produce a 20
MeV proton beams for PET imaging technology. Consequently, in future proton
beams provided by the tabletop laser systems can be utilized for the produc-
tion of short-lived isotopes. A laser system with an energy 1 J, intensity, 10%°
Wem ™2, and pulse duration of 30 fs is required to reach the necessary activity
1 GBq for PET [74, 75].

1.4.4 Fast Ignition

One of the primary applications for laser-driven ion beam is the fusion. The
fusion always aims to deliver the energies in a more cleaner way than nuclear
power plants and coal. Currently, there are two primary schemes which are
examined most, magnetic confinement fusion (MCF) [76, 77] and inertial con-
finement fusion (ICF) [78]. In both schemes, deuterium, and tritium fuel is
required to be heated to a temperature ~10 keV for some time to produce the
efficient for high rate fusion.

In MCF, also known as Tokamak, a large toroidal magnetic field is applied
for a few seconds to heat the low density (~ 10" cm™3) plasma. Currently, the
International Thermonuclear Experimental Reactor (ITER) [79], is the largest
and most advanced Tokamak for MCF [80-82].

In ICF [83, 84], also identified as the direct drive, where the multiple laser
beams are focused on the surface of spherical pellet to compress it to a high
density (> 10?5 em™3) and heat it to high temperature (~ 10 keV). Most of
the investigations focused on the deuterium-tritium (DT) fusion because of the
high fusion cross-section, with a plasma temperature of 10 keV that can be
obtained in the laboratory. This temperature leads to the fusion by surpassing
the coulomb barrier. A 17.6 MeV energy (alpha particle + neutron) is released
in DT fusion reaction [85]

D? + T3 — Hes(3.5MeV) 4 nf (14.1MeV). (1.1)

Although an explosion with a high degree of symmetry is needed to achieve
the energy and reach the ignition. Also, the succession of the experiment is
compromised by several plasma instabilities.

To overcome these difficulties, another approach has been proposed, which
is identified as the fast ignition — this scheme is composed of two stages. In the
first stage, the target is compressed via momentum conservation by irradiating
the target with several laser beams. On the second, the burning and compression
phase is separated by the fast ignition. After the fuel compression, a high-
intensity laser beam is applied to generate the population of hot electrons. These
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electrons heat up and ignite the fuel via collision at the core [86]. Although this
approach also has some limitations which are required to be solved in the future.

An oil barrel (~ 150 kg) can produce an amount of energy equivalent to
6.1 GJ. Thus a rough estimate can be made to provide the same amount of
energy by using DT fuel. This shows 18 mg of DT fuel is required to produce
the equivalent energy. As seawater is the primary source for deuterium, both
the deuterium and tritium are easily obtainable. By using low-Z material as
the wall of the reactors, this process does not produce any harmful, long-lived
radioactive waste.

1.5 Thesis Outline

In this doctoral thesis, we report on the numerical investigation of electrostatic
collisionless shock formation and influence of different materials on the shock-
accelerated proton beams. All work described in this thesis has been carried
out in the Laser Astro Experiment (LAE) group led by Associate Professor
Youichi Sakawa at Institute of Laser Engineering, Osaka University (Japan).
The outlines of this thesis are as follows;

Chapter:-2 This section describes the fundamental characteristics and the-
oretical background of the plasmas. A theoretical foundation of laser-plasma
interaction and various collisionless absorption mechanisms are discussed.

Chapter:-3 This section provides a summary of a particle-in-cell numer-
ical code. Two-dimensional EPOCH particle-in-cell open source code is used
throughout this thesis to study the formation of electrostatic collisionless shock
and their subsequent acceleration in different target materials.

Chapter:-4 This section provides an overview discussion on various laser-
driven ion acceleration mechanisms, such as Target Normal Sheath Acceleration
(TNSA), Radiation Pressure Acceleration (RPA, hole-boring RPA & light-sail
RPA), and previous work on Electrostatic Collisionless Shock Ton Acceleration
(CSA).

Chapter:-5 A discussion on the formation of ion-acoustic waves, solitons,
shock waves, and Rankine-Hugoniot relations is provided in this section. The
existence of collisionless shocks and ion-acoustic solitons is explained by utilizing
Sagdeev pseudo-potential method. This section also provides a discussion on
particle reflection and particle trapping in collisionless shocks.

Chapter:-6 This section presents the EPOCH 2D particle-in-cell simulation
results for the generation of electrostatic collisionless shock and proton acceler-
ations from the shock formed in the plasmas of different materials. The density
profile and laser parameters are the same for all materials. It is shown that the
electrostatic collisionless shock is excited, and protons are reflected and acceler-
ated by the shock-associated electrostatic field. The laser to shock-accelerated
protons conversion efficiency and the number of these protons are significantly
increased in the multi-ion species plasmas, such as CH and CoH3Cl plasmas
compared to a pure H plasma.

Chapter:-7 This section presents a detailed discussion on Electrostatic Ion
Two-stream Instability (EITI) observed in EPOCH PIC simulations. In the
plasmas with multi-ion species, the ions with a lower <Z/A> compared to the
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protons (with <Z/A> = 1) gain different velocities under the non-oscillating
component of the sheath electrostatic field, which leads to the excitation of
electrostatic ion two-stream instability (EITI) between the heavier and lighter
ion populations occurs. This results in the deceleration of the expanding protons
and appearance of a low-velocity component. An additional EITI between the
reflected and expanding protons accelerates some of the protons to the higher
velocity which results in more protons being accelerated by the shock. The
analytic and exact solutions for the dispersion relation of EITI indicate that
the unstable modes of the instability appear in multi-ion species plasmas.

Chapter:-8 The acceleration of heavy-ions (C%F) via CSA mechanism in
multi-ion species plasmas is presented in this section. It is shown that the
interaction of laser intensities corresponding to ag > 10 with multi-ion species
(CoH3Cl) plasma leads to the formation of two shock fronts in proton and
carbon densities. The shock fronts propagate slower in C-ions compared to
protons. Thus both C-ions and protons are accelerated by different shocks via
CSA mechanism. The shock velocity and Mach number of C-ions and protons
can be scaled as the power-law dependence on ag. In case of C-ions, the Mach
number is a stronger function of ag compared to that of protons in the multi-ion
species plasma with the lowest <Z/A>, i.e. (CoH3Cl). The number of shocks-
accelerated protons and C-ions is more significant in multi-ion species plasma
compared to the pure H and C plasmas.

Chapter:-9 This section describes the experimental demonstration of colli-
sionless shock and their subsequent proton acceleration. The CSA experiment
is carried out by using a combination of GEKKO-XII (pre-ionization beam) and
LFEX (shock-driving beam) laser facilities at the Institute of Laser Engineer-
ing, Osaka University. The rear-surface of 0.7 um CH foil is irradiated by a
pre-ionization laser beam to produce a suitable density profile for CSA. After
the target expansion, a shock-driving beam is irradiated from the front side of
the target to derive a collisionless shock wave. The necessary density profile
is optimized by varying the time delay, At = 0 - 1.5 ns between the two laser
beams. The passive ion diagnostics, i.e., RCF stacks and CR39 detector plates
confirm that the maximum energy of the accelerated protons is in the range of
7.03 MeV - 9.03 MeV for At = 1.2 ns.

Chapter:-10 this section summaries the simulation and experimental re-
sults presented in this thesis and gives an outlook for the future experimental
investigations.
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Chapter 2

Theoretical Background

2.1 Plasma

The Plasma state is often referred to as the 'fourth state of matter." It is
defined as the quasi-neutral gas, consisting of positive and negative charged
particles which exhibit the collective electromagnetic behaviour [87]. Collec-
tive behaviour means a change in the properties of plasma in a specified region
will affect the whole plasma [88]. Consider a plasma which contains a group of
charged particles displaced by electromagnetic forces. Here, the electromagnetic
force from a given charged particle causes all nearby particles to move, thereby
electrically polarizing the medium. As a consequence, the movement of charged
particles (ions or electrons) leads to a charge imbalance; consequently, a net
charge difference exists between the two regions, which results in an electro-
static field. The movement of charged particles also appears in the current flow
and induces a magnetic field in the plasma. Therefore, the motion of charged
particles in a plasma is affected by these electric and magnetic fields, and outside
of the plasma these forces are screened, this characteristic length of the plasma
identified as the Debye-length. It is a measure of the distance over which the
neighbouring charged particles shield the electrostatic field of a charged particle
in plasma. Consequently, the collective behaviour of the plasma depends on the
whole system, not only on the local plasma conditions.

In a high-intensity laser-plasma interaction, the induced ionization of the
material leads to the formation of the plasma. The plasma formation is caused
either by the associated electric field with the laser pulse or through the colli-
sional mechanism on the front surface of the material. Nevertheless, in the bulk
of the materials, more complicated mechanisms are involved, which we will dis-
cuss later in this chapter. In plasmas, N, and N; represent the electron and ion
number densities, respectively, where N, = ZN; from the plasma quasi-neutral
condition. Here Z is the charge state of the ions.

2.1.1 Debye Length

To understand the physics of plasma in a more advanced manner, we will begin
our study by examining the characteristic scale-length known as the Debye-
length, a concept emerging from the theory of liquids and electrolytes [89].
Debye-length illustrates the response of a plasma when an external charged
particle is placed in it.
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(Classical non-relativistic plasma is characterized as the quasi-neutral, i.e.,
it is necessary to have an equal number of positive and negative charges in a
volume element. To satisfy the requirement of charge neutrality inside a volume
element, the microscopic charge field of each particle must cancel each other.

To hold on the charge neutrality of plasma, the Coulomb-potential field of
each particle with charge, e is given by

1 e
Aregr

Pop = (2.1)

Here, r is the distance between the two charged particles, ¢y = 8.85x 10712
m3kg ts*A? is the permittivity of free space. Other charged particles in the
plasma shield the @cp. Now let’s examine the Debye-potential, which is given

by
1 e r
Ppp = - —— 2.2
DP <4m0r>eXp< AD>’ (2.2)

for r > Ap, the exponential function cut off the potential. Here, Ap is the
characteristic length, known as the Debye-length over which a significant charge
separation can happen. In other words, Debye-length is the measure of shielding
length or thickness of sheath, outside of which charges are screened. The Debye-

length is given by [87]
GOkBTj
ADi = | 55—, (2.3)
7\ Z3eN;

where kp is the Boltzmann constant, T; and N; stands for the temperature
and number density of particle j. In order to satisfy the quasi-neutrality of
the plasma, the physical dimension of the system, L, must be larger than the
electron Debye-length Ap,

Ape << L. (2.4)

Otherwise, there is not sufficient space for the collective shielding effect to occur,
and we have simple ionized gas — this requirement, usually known as the first
plasma criterion. A sphere with radius A\p. is known as the Debye sphere, and
the Debye number, A = 4%Ne/\%e gives the number of electrons inside the Debye
sphere. The A known as the plasma parameter, with

A >>1, (2.5)

represents the plasma. As a result, a large number of particles are needed to
provide effective shielding.

The classification of Debye shielding considers that initially, plasma was
neutral, i.e., the electron and ion number densities are equal. In the case of
the plasma consisting of only singly charged ions, this signifies N, = N;. In the
presence of multiple charged ion species, we need to modify this relation. If Z; is
the charged state and N is the number density of the ions, the quasi-neutrality
condition is given by

N = ZZJ' -Nj. (2.6)
j
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For example, for fully ionized CH multiple ion species plasma, the quasi-neutrality
condition is given by, N. = ZyNy + ZcNg, where the subscripts, e, H, and C
stands for electron, Hydrogen, and Carbon, respectively.

2.1.2 Plasma Frequency

The plasma frequency is the natural frequency of oscillations and most funda-
mental time scale in the plasma physics. Plasmas are known to be quasi-neutral
[see Eq. (2.6)], but the problem arises when electrons are displaced from their
equilibrium position by some external force. The displacement of electrons leads
to the generation of a charge-imbalance electrostatic field which tries to restore
the electrons in the equilibrium position. Due to the conservation of the mo-
mentum the electrons overshoot; and oscillates around the equilibrium position.
The frequency of these oscillations is known as the electron plasma frequency
(wpe)-
N.e?

€0Me ’

Wpe = (2.7)
where, e, m, and N, are the electron charge, mass and density, respectively.
The above relation can be simplified as

wpe = 5.64 x 101/N,, (2.8)

where, N, is in cm™2. Plasma prevents the propagation of an electromagnetic
disturbance with a frequency lower than plasma frequency. Therefore, plasma
is opaque to any electromagnetic perturbation with a frequency, w < wpe. The
threshold for electromagnetic radiation, w = wpe can be written in term of the
density, known as the critical plasma density, N... The rearrangement of Eq.
(2.7) gives the critical plasma density as a function of the incident frequency, w

2 —2
A
Ner(w) = EOI?;‘“ ~ 1.1 x 10% (/m) cm 3. (2.9)

This critical plasma density defines an essential limit for the incident electro-
magnetic radiation and matter interaction. A plasma which is opaque to the in-
cident electromagnetic radiation of frequency w, having a density, N, > N, (w)
is known as the ’overdense’ plasma density. A plasma with a density, N, <
N¢r(w) is transparent to the incident radiation is referred to as the 'underdense’
plasma density.

The plasma frequency can be used to describe the quasi-neutrality of the
plasma, which is similar to the Debye-length. The plasma is quasi-neutral for
a plasma frequency with a time scale, 7 >> 1/wp. and for Debye-length with
a length scale, L. >> 1/Ap.. The charge imbalance can occur for a length,
L << 1/Ape, and time scale 7 << 1/wpe. As these two parameters indicate
the length and time scales, a characteristic velocity scale can be obtained from
these parameters. This velocity scale is described as the thermal velocity of the
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electrons, Vi,

kT
Vih = wpeApe = 1] —2—=. (2.10)

mMe

2.1.3 The Dispersion Relation

All (classical) electromagnetic phenomenon in plasma physics can be described
with the help of Maxwell’s equations [90];

V-E=", (2.11)
€0

V-B=0, (2.12)

0B

E=— 2.1
V X 5 (2.13)
E

V xB = ugd +Mo€oaat. (2.14)

Here, E and B indicate the electric and magnetic fields, respectively, J is the
current density, uo and €y are the permeability and permittivity of free space,
respectively. Equations (2.11) and (2.12) are the Gauss’ law for the electric
and magnetic fields. The time-varying electric and magnetic fields are given
by Egs. (2.13) and (2.14) known as the Faraday’s law and the Ampere’s law,
respectively.

For an electromagnetic perturbation, we can assume that the ion motion is
negligible compared to the motion of electrons because of their heavy mass (m,,
= 1836 m,). Thus for a collisionless plasma, the displacement current is stated
as J = eN.V,, where V. is the velocity of the electrons. By differentiating the
fourth Maxwell’s Eq. (2.14), and using the value of J, we obtain

V(V-E)-V’E = — 3 cF. (2.15)
For a quasi-neutral plasma, the Gauss’ law, i.e. Eq. (2.11) reduced to V - E
= 0, by using this value in the above equation, one can obtain the dispersion

relation,
w? = w;e + k22, (2.16)

where, k is the wavenumber and the refractive index (n) can be obtained by
rearranging the Eq. (2.16)

2

c w2,
— — _ pe 2.17
K w w? (2.17)

This dispersion relation rules out the dispersion characteristic properties of the
electromagnetic waves in w — k space. The phase velocity of a wave is

w C C

Vp=o==__° 2.18
ph Lk n 5 ( )
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which gives the direction and speed of the propagation of the wavefront or

phase. The group velocity of the wave, V, = fl—‘,;’, gives the direction of the flow

of energy and the information contained in the wave, i.e.

2 2
c°k w
vgzjzc 1—%. (2.19)

It is clear from the above equations, any electromagnetic wave with a frequency
W > wpe, the refractive index of the plasma is less than one (7 < 1). Thus the
wave can pass through the plasma, and the group velocity of the wave will be
less than the speed of light (V4 < ¢). For w = wype, the group velocity of the
wave become zero (V4 = 0) and the phase velocity goes to infinity (V,;, — 00),
the wave will be reflected back.

For solid density plasma, i.e., w < wpe the wavenumber, £ becomes imag-
inary, and the amplitude of the wave start decreasing exponentially over a
characteristic distance, known as the skin depth, 0. This is the distance over
which an electromagnetic wave can penetrate farther from the critical density
surface. The skin depth is given by

§=—. (2.20)

Inside the skin depth region, the electric field of the electromagnetic wave ac-
celerates the electrons, and the energy is dissipated via collisions with the ions.
The skin effect is more effective when the mean-free-path of the electrons is
lower than the skin depth.

2.2 Basics of laser field

Generally, a high coherent electromagnetic wave is known as the laser light.
And Maxwell’'s Eqs. (2.11-2.14) can be used to describe laser fields. In Egs.
(2.11-2.14) symbols in bold letter indicate the vector quantities. The electric
and magnetic fields can be represented by the vector potential, A and scale
potential, @ [90], i.e.

0A
E=""-Vo

ot ve,

B=VxA.

(2.21)

By applying the Lorentz gauge transformation V- A + c%%—f = 0 to the Maxwell’s
equations, the symmetric wave equations are obtained

1 %A

202 AA = pod,

“ 9, (2.22)
1% s_ P
c? Ot? e

Here ¢ = 1/,/€opug is the speed of light in vacuum.
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The simplest solution of Eq. (2.22) in vacuum can be expressed as the
sinusoidal plane wave of form

A = Agsin(kg - r — wot + ¢o), (2.23)

where kg is the wave vector with amplitude kg = wg/ ¢, g is the initial phase,
and wy is the angular frequency of the wave. This is the solution for a linearly
polarized wave. And also Eq. (2.22) can be used to find the solution for a
elliptically polarized wave.

By using the value of vector potential from Eq. (2.21), the electric and
magnetic fields are given by

E = Egcos(ko - r — wot + ¢p),

(2.24)
B = Bycos(kg - r — wot + o),
with the relationship between all the amplitude
Eo = CL)OAO - CBO. (2.25)

The laser intensity can be given by the time-average of magnitude of the Poynt-
ing vector, i.e. S = %E x B. By using Eq. (2.24)

1
I =<8 >= 5eocEg. (2.26)

2.2.1 Relativistic Laser Intensity

The equation of motion of an electron in an electromagnetic field can be ob-
tained from the Lorentz equation

F=—¢E+V,xB), (2.27)

where, F = dt is the Lorentz force, P = v, m.V, is the relativistic momentum

of the electrons with a velocity Ve, and relativistic factor v, = 1/4/1—V2/c2.
It is clear from Eq. (2.27), the motion of the electrons is supervised by the
electric and magnetic forces. The motion of the electrons under the action of
the electric field is known as the quiver motion in the direction of an electric
field, and the maximum velocity is known as the quiver velocity, VIV = Hfi(j
The second component of the motion of the electrons is originated from the
V¢ xB component, which is in the direction of the laser propagation. It can be
interpreted from Eq. (2.25) that the ratio between the electric and V,xB forces
is V&V /c. This ratio can be used to characterize an important laser parameter,
known as the dimensionless laser vector potential, ag. This parameter is used
more frequently in high-intensity laser physics rather then the amplitude of the
electric and magnetic fields. The laser vector potential is given by,
v
ag = Ym _ Eo (2.28)

c meWo
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For ag << 1, non-relativistic laser intensity, VIV << ¢, so the magnetic force
component V. xB can be neglected, and the electrons essentially oscillates in
the plane of an electrostatic field. For ag >> 1, ultra-relativistic laser intensity,
the two forces become nearly the same, and the maximum quiver velocity of
the electrons becomes comparable to the speed of light. And the electrons are
pushed in the direction of the laser propagation. Therefore, ag = 1 specify the
relativistic threshold for the laser intensities. The corresponding electric and
magnetic field amplitude are given by

_32x 1012V /m)]

0 — ag,
X\
[ ) (2.29)
1.07 x 104[T7]
Bp= ——a¢.
Alpm]

By coupling Eq. (2.26) and Eq. (2.28), the relation between the ag and laser
intensity can be obtained

1.37 x 10¥[Wem™2]
Iy = ] ag, (2.30)

where A is the wavelength of the laser, and the value of the corrected coefficient,
( is determined by the polarization of the laser. For linear polarization, { = 1,
and for circular polarization ¢ = 2.

For the numerical and experimental investigations, the laser pulse has a
perfect Gaussian profile in space and time. So the peak laser intensity of the
laser depends on pulse width and spot-size of the laser.

0.83E[J]

Io[Wem™2] = )
ol | trwam (5] - by s lem?]

(2.31)

Here, subscript FWHM denotes the full-width at half-maximum, Ej is the
laser energy, t and d are the time duration and diameter of the focal spot size,
respectively.

2.3 Relativistic Transparency

When a high-intensity laser interacts with the plasma, the oscillation velocity
of electrons nearly becomes equal to the speed of light, c. This results in
the relativistic mass increase of electrons and a relativistic factor, v must be
included in the electron plasma frequency. For a fixed wavelength laser pulse
this « factor effectively increases the critical plasma density, N.sr = Ne/+. The
plasma can be transparent theoretically

Ner < Ne < yNep. (2.32)

The relativistic factor v depends on the polarization of the laser pulse, such that

2
for linear polarization v = (/1 + a3, and for circular polarization v = /1 + %0.
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Thus, the relativistically corrected refractive index of the plasma is given by

Ncr w]%e
—J1- — . |1= 2.33
1 X, L (2.33)

where N, is the non-relativistic critical plasma density. The refractive index
becomes non-linear after including the relativistic effect.

2.4 Laser Absorption Mechanism

The energy transfer from a laser pulse to the plasma is very essential in laser-
plasma interaction. To understand the physical mechanism responsible for laser
absorption in plasmas, a wide range of materials are available [91-93]. Several
mechanisms have been proposed through which the laser energy coupled with
the plasma. In this section, we will summarise some of the fundamental laser
absorption mechanisms in the collisionless plasmas.

2.4.1 Resonance Absorption

Resonance absorption is a collisionless absorption mechanism [94]. This mech-
anism is one of the relevant mechanism for laser absorption in plasmas, which
occurs at the critical density surface. When a linearly p-polarized laser pulse is
incident on a plasma density gradient, and it results in the excitation of a plasma
wave. Here, the component of the laser electric field is normal to target. The
electrostatic field of the laser decreases exponentially over a distance, known
as plasma skin depth. In the presence of the electrostatic field component, the
electrons oscillate in the direction normal to the target and lead to the charge
density fluctuations, E; V-N, #0. At critical density plasma, this density per-
turbation can become resonant with the plasma frequency, i.e., wpe = wr. This
suggests that the penetrating laser electric field drives the oscillations of the
electrons. A high laser intensity induces a plasma wave at the critical density,
which can transfer the energy to the plasma through wave breaking [44]. This
energy transfer leads to the hot-electron generation, and their temperature can
be scaled as T, o I(l)/ Bt}/ 6 [95]. This absorption mechanism is known as the
Resonance absorption.

2.4.2 Vacuum Heating

Resonance absorption is useful for a plasma with a short density scale-length
on the front side. This absorption mechanism breaks down for steep density
gradient plasma, where the plasma density scale-length becomes smaller com-
pared to the electron oscillations wavelength along the plasma density gradient.
The vacuum heating or Brunel heating [96] becomes important for relativistic
intensity laser (ag > 1) obliquely incident on the steep density plasmas. Let’s
consider € is the angle of incidence for p-polarized laser pulse on a solid den-
sity plasma, and laser cannot penetrate beyond the plasma skin depth (c¢/wpe).
The electrons near the plasma-vacuum interface directly interact with the laser
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field and undergo large oscillations. The electrostatic field-aligned normal to
the plasma boundary pulled out these electrons in the vacuum region. As the
component of the electrostatic field reverses its direction, these electrons are
sent back into the plasma. These accelerated electrons pass through the plasma
beyond the plasma skin depth and traverse through it until they get absorbed
via collisions. The values of IgpA? and scale-length of the plasma decide the tran-
sition between the resonance absorption and vacuum heating for finite density
gradient plasmas. As the field of the high-intensity laser can penetrate only up
to the skin depth of the plasma, the vacuum heating is much larger than reso-
nance absorption. The Brunel first described this heating mechanism, therefore
known as the Brunel or vacuum heating.

2.4.3 JxB Heating

Kruer [44] and Estabrook [93] have suggested another heating mechanism,
known as the JxB heating mechanism. This heating mechanism comes into
the picture when the intensity of the laser pulse becomes high enough (ag > 1),
such that the magnetic field component of the laser field starts contributing to
the oscillations of electrons. In other words, the contribution from the JxB
component of Lorentz force becomes comparable to the electrostatic force. For
linearly-polarized laser pulse, the electrons are accelerated in the laser direc-
tion, and their longitudinal oscillations become twice of the laser frequency,
ie., w = 2wr. It is already confirmed via numerical simulations that the JxB
absorption increases with the increase in laser intensity (or ag) and decreases
with an increase in plasma density [42, 44, 97]. The scaling for hot electron

target E,B target

E Hot B

I electrons

Vacuum Heating JxB Mechanism

Hot
electrons

FiGURE 2.1: Schematic demonstration of collisionless absorption mechanism. Left;
Vacuum heating or Brunel absorption. Right; JxB absorption mechanism.
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temperature can be given by

a2
Thot = (7 - 1)mec2 = ( 1+ ?0 — 1> mecz. (2.34)

As electrons gain energy from the transverse component of the laser electric
field, energy gain of the electrons is of the order of the ponderomotive potential
energy of the laser field. This is because the above relation is similar to the
ponderomotive potential energy of the electrons. The JxB mechanism becomes
more efficient, for a normally incident relativistic laser intensity ag > 1, where
the laser electric field is parallel to the plasma density. This mechanism has
been confirmed experimentally by Malka [98]. Apart from circularly polarised,
this mechanism works for any other polarizations of the laser pulse.
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Chapter 3

Particle-in-cell Technique

3.1 Introduction

The development of high-performance supercomputers in last 60 years manifests
a new way to study the complicated nature of plasma physics problems by
adopting the computer simulations, which led to the development of plasma
theory. In 1963, Buneman and his co-workers introduced fixed spatial grid
method to describe the field, potentials, and charge densities. This grants a
faster computational way to deal with the motion of a large number of particles.
Depending on the interpolation technique applied, the charge of each particle
is interpolated with its neighbour grid point in "particle-in-cell" approach. At
every grid points, the progression in the field values can be determined by the
differencing method. These values of the field are fundamental to quantify the
particle acceleration. After knowing the acceleration of particles, a leapfrog
or Runge-Kutta method can be utilized to update the position of the particle.
The books by Birdshell & Langdon [99] and Hockney & FEastwood [100] provide
the comprehensive inspections and background for the particle-in-cell approach.
Within the same cell, the reduction of forces within the computational particles
is significantly affected by the finite spatial grid, where the field values are
determined. The force between the two particles is inversely proportional to
the square of the distance, (r) between the two particles, i.e., Coulomb force,
F o 1/12. This implies that the force between the two particles increases when
they move closer if they become very close to each other, particles will experience
strong and changing force. At the same moment, the collective behaviour of
plasma comes into the picture by interaction over large distances induced by the
slow tail of the Coulomb force. The separation within the two particles is smaller
than the separation between the two grid points. The finite grid approach is
used to calculate the force between the particles, which presents a reduction
in the Coulomb force among two particles. As in simulations, Coulomb force
between the particles increases on the short distances; this is the reason that
the simulation particles can describe as many real particles. In a finite grid
approach, the behaviour of the particles is characterized by finite-sized particles,
not by the classical point particles. This is because the charge of computational
particles is suppressed over their neighbouring grid points. The force between
these finite-sized particles starts decreasing when they start overlapping each
other. In the meantime, the collective behaviour of the plasma remains the
same, as the Coulomb force between the particles is the same through the long
distances.
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FIGURE 3.1: Schematic of a typical timsetup for particle-in-cell code.

Figure 3.1 describes the standard approach for the PIC code in a cyclic fash-
ion. The charge and current densities on the grid positions can be determined
by using the particle positions and velocities, i.e., z;, and v, — p4 and J,, where
the subscripts p and g represent the particle properties and grid quantities, re-
spectively. Now the value of the charge and current densities can be used to
advance the field with time, which can be used to determine the force acting on
the particles, i.e., py and J;, — E4 and B, — F,,. Now this force can be utilized
to determine the new particle positions and velocities; thus, the particle moved
a step forward in the time.

3.2 Particle-in-cell Approach

This section illustrates the fundamental equations for the simulation code to
simulate the laser-plasma interaction. EPOCH particle-in-cell open source code
in the two-dimensional geometry is employed to generate the simulation results
discussed in this thesis. EPOCH environment is not much different from the
one describes here, and EPOCH includes more terms in Maxwell’s equations to
define the further spatial dimension involved. The books Birdshell & Langdon
[99] and Hockney & Eastwood [100] present a more detailed description of two-
dimensional simulation code working principle.

3.2.1 Field Advancing

In order to promote the electromagnetic field with time, the Maxwell’s equations
[see Egs. (2.11-2.14)] are solved by finite difference method in particle-in-cell
code. This section gives an overview of equations used to update the fields.
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The Maxwell-Ampere law given by Eq. (2.14), and Gauss’s law [see Eq.
(2.11)] are utilized to estimate the progression in the electric field, and Faraday’s
law given by Eq. (2.13) can be used to find the advancement in the magnetic
field.

All field values are determined at the grid positions. And a centered dif-
ferencing technique is employed to solve the derivative of the field quantities,
which can be rewritten as differential equations. This method gives accuracy to
the second-order in both space and time. For two-dimensional case, as the par-
ticles can travel in both x and y directions, but for the sake of simplicity, we will
examine the movement of the particles along with the z-axis only. Therefore,
Eq. (2.14) and Eq. (2.13) can be written as

s—i—% s—|—% )

ESJrl - K s—&—l z - Dz
< Yg Yg _ _<Jyg 2) 2 g+3 93

1
At €0 Az ’ (3.1)

st l o1
<B%+E“Bﬁw2> <E§w4——EiJ
- . (3.2)

At Ax
Here, superscript ’s’ symbolizes the current time step and subscript ’g’ signifies
the grid positions.
The advancement in the electric and magnetic fields can be obtained by
rearranging Eqgs. (3.1) and (3.2). At first, a half time step advancement happens
in the magnetic field, which can be given by

B —B*%—Aiws - E,) (3.3)
vl TCerd 2Ag T Yot Yg7" '

After knowing the value of the magnetic field along the halfway (halfway pro-

gression), the Maxwell-Ampere relation [see Eq. (2.14)] can be used to deter-

mine the advancement in the electric field, Fy as follows

2 1 1 S+%
s _ ¢ sty psta (v
Eyg+1 E,, = Ar <Bzg% ngr%)At ( - )At. (3.4)
Similarly, Gauss’ law gives the advancement in electric field along the z-axis,

By

N

Ep,.,=E, + <€0> Az. (3.5)
The above Egs. (3.3), (3.4), and (3.5) designate the advancement in the mag-
netic (B.), and electric (E, and E,) fields in At time, respectively. Once the
magnetic field has been advanced through the halfway, then the electric field
will be advanced further. Similarly, after advancing the electric field, the ad-
vancement of the magnetic field happens again through the halfway and so on.
This is a cyclic process, as shown in Fig. 3.1.
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3.2.2 Particle Velocity Progression

When both the electric and magnetic fields are known at the same time, the
centred difference method can be applied to the equation of motion to obtain
the progression in the particle velocity. The relativistic Lorentz force is given
by

dv 1
F=m—=¢q|E+-vxB|, 3.6
o —a(B+tvxn) (3.6)
where v = ~u is the relativistic velocity, and + is the relativistic Lorentz factor.
By applying the centred difference method, the above equation can be rewritten
as
1 1 1 1
VS+§ _ VS_§ q VS+§ _|_ VS—§
— =—|EP+———xBl | 3.7
At m ( + 28 (37)

avg
Here By signifies the averaged magnetic field. As on every time step, the
magnetic field is forwarded only in the halfway. Thus an averaged magnetic
field needs to be used where the electric field value is known. A method design
by Boris [101] is used to solve Eq. (3.7) and by defining vt and v~ as follows

1 qE?

V+ = VS+§ %At, (38)
Es
v o=viTE q2m At. (3.9)

By putting these values in Eq. (3.7), we obtain

vi—v> 1
At © 295m

(vt +v7) x B? (3.10)

avg*

Equation (3.10) results in a rotation of v about an axis parallel to B by an

angle = -2tan~! (giﬁ). Here v* = 1/4/1+ (%-)2. Since, 7° has the time

reversal symmetry, it can be used to find the time centred kinetic energy.

In a physical system of problems, v,, E., B, and B, are not that much
significant. The equation of motions reveals that, if these quantities are defined
as zero, they will remain zero. The Buneman’s algorithms [99] can be used to
describe the plane rotation by Eq. (3.10)

vi=vT+v xt, (3.11)

vi=v +v xn (3.12)
Here t = ¢BAt/2ym and n = 2t/(1 + t%). By putting these values in Eq.
(3.7), the updated particle positions can be obtained.

The particle position can be updated by using the updated particle velocity
as follows
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s+35
xSt — s + Vs-i'%At = x5+ <V +i )At. (3.13)
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3.2.3 Finite Difference Method Stability

The stability and accuracy of the scheme [102] can be interpreted by analyzing
the behaviour of Maxwell’s equation [Eqs. (2.11-2.14)] for the electromagnetic
waves in vacuum. By assuming the electromagnetic wave is propagating in the
x-direction, the electric and magnetic field can be given by

E = Epexp{i(kz — wt)},

3.14
B = Bpexp{i(kx — wt)}. (3.14)

By utilizing these values in differenced Maxwell’s equations, we get
Q= “K, (3.15)

where

= (2 e[ 9B,
Az 5 |

For a continuous system, £ — w and K — k, consequently result into simple
solution w = ck. Courant-Friedrichs-Lewy (CFL) conditions set a limit on the
timestep, which is used to determine the progression in the fields. The CFL
conditions state that the one grid spacing must be larger than the distance
traveled by the wave in one timestep. For one dimensional simulation, the
stability of the system can be determined as

Az? > AP (3.17)

Although for two- and three-dimensions, some additional terms must be added
to the CFL conditions. Thus for three-dimension CFL condition can be given
by
1 1 1 1

Ax? + Ay? + A2~ AR
The dissatisfaction of the above condition leads to the unwanted unphysical
growth in the system, which arises due to the complex part of w.
The basics of a PIC code can be summarised through the following steps:

Let’s start with the initial values of the particles, £*, B®, x® and V573,

(3.18)

1. E® and B? denote the average electric and magnetic fields to the particle
grid.

2. Calculate the new particle velocities and positions;
s—1 s—1 s s+1
v572 - 0572 and 2% — 57,
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3. Advance the J and p at the grid positions;
J573 = J5+3 and p* — potl.

4. By using E?, advance magnetic field, B® by a half timestep;
BS — Bt3,

5. By using J s+ and B5F2 advance the electric field;
E$ — E5TL

6. By using E**! advance the magnetic field by the remaining half;
Ber% - BS+2.

3.3 EPOCH Framework

EPOCH stands for; Extendable PIC Open Collaboration H [103]. This is an
open-source code developed by the collaboration between the Imperial College,
Warwick University, and Oxford University. All results displayed in this thesis
use the two-dimensional (2D) version of the EPOCH 4.7.3 model. Nevertheless,
this code is also accessible in 1D, 2D, and 3D versions. The algorithm used for
field updating and particle movers in this code is pretty much related to the
PSC code by Hartmut Ruhl. EPOCH is explicit, fully relativistic, and fully
parallelized code with MPI-IO, which allow restart on an arbitrary number of
processors. To overcome the numerical heating, it uses the 2nd order particle
weighting as a standard model. This code produces an output file which can be
directly readable by the programs such as ITT IDL, VisIT, LLNL, Mathworks
MATLAB. Throughout this thesis, all the plots and figures are produced by
utilizing the MATLAB code. The EPOCH code applies a modified leapfrog
scheme to update the electromagnetic fields. In this scheme, fields are updated
on the half in a full-time step. To examine the interaction of laser with plasmas,
EPOCH is an excellent choice. We use the standard particle weighting, which is
the 2nd order particle weighting, to reduce the numerical heating. The desirable
particle weighting can illustrate the link between the particle properties and grid
quantities with one fundamental property, which can be stated as grid always see
a particle with a ’finite-size’ as they move around. Thus in simulations, particles
are always examined as the finite-size particles, not the point particles. Easy
expansion of the EPOCH code can be made possible by adding structure and
modern features to the code in the future.
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Chapter 4

Laser-Driven Ion Acceleration

4.1 Introduction

The study of the acceleration of charged particles persists one of the most rel-
evant topics of research in space, astrophysical and laboratory plasma. In the
last few years, the active growth in laser technology, the acceleration of charged
particle has received an enormous amount of concentration in laser-matter in-
teraction. Theoretical and simulation work done by Tajima & Dawson in 1979
[15], have shown that the non-linear pondermotive force generated in the intense
electromagnetic pulses leads to the weak plasma oscillation, and a relativistic
plasma can be suitable for the development of compact accelerators. In the
proposed scheme, the externally injected relativistic electrons were accelerated
through a very high (GVm_l) electrostatic field maintained by the laser-driven
relativistic plasma waves. Two schemes of acceleration have been proposed by
Tajima & Dawson, known as ’laser beat” and ’laser wakefield” Based on these
schemes, the electron bunches are accelerated over a very short distances ~ 3.3
cm to quasi-monoenergetic energy ~ 1 GeV [19].

A direct interaction of electrons in an electric field produced by a currently
accessible laser system can drive them to the relativistic oscillations. The rela-
tivistic threshold for the electrons is reached at an intensity 1.37x10'® Wem =2
for common wavelengths of 1 um, which accelerate the electron with a kinetic
energy larger than their rest mass, the energy equivalent of 0.511 MeV. With the
development in laser technology, the experiments on laser-driven ion accelera-
tion have received significant attention in the field of laser-plasma interaction.
In spite of that, it is difficult to accelerate the ions to a relativistic limit by
the current laser system. Very high energy with the laser pulse amplitude ag =
1836 is needed to achieve the relativistic velocity for protons in one laser cycle,
and the acceleration will enter in the Piston Regime [40]. Thus, the acceleration
of the ions currently depends on the secondary effects such as the generation
of hot-electron populations with the current laser system. The hot-electron
population mediates the forces of the laser fields on the ions by generating the
strong charge-imbalance electrostatic fields. Depending on the laser parameters
(intensity, temporal contrast) and target properties (shape and size), the laser
energy can be transferred to the electrons by various mechanisms as discussed
in Chapter 2. In this chapter, we will examine the different ion acceleration
scenario, in which the strong electrostatic field accelerates the charged particles
for a sufficiently long time. In the primary ion-acceleration scenarios, the fast
hot-electrons generated in the laser-plasma interaction pass through the targets
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and escape to the vacuum by leaving behind the massive ions, as a consequence
a space-charge field is generated on the rear side of the target. This field accel-
erates the ions from normal the rear surface of the target. This mechanism is
known as the target normal sheath acceleration (TNSA) [31, 33]. The another
acceleration scenario is known as the radiation pressure acceleration (RPA) [32,
40], in which the ions are accelerated from the front surface of the target by
laser radiation pressure. Based on the laser parameters and target thickness,
this mechanism can be further categorised into the two schemes, which will be
discussed in this chapter. Recently, another scheme of ion acceleration known as
the electrostatic collisionless shock ion acceleration (CSA) [42, 43] has attracted
most of the attention.

4.2 Target Normal Sheath Acceleration (TINSA)

Wilks et al. [33] first introduced the TNSA mechanism to understand the ion
acceleration from the rear-side of a thin-foil target in laser-solid interaction.
According to the TNSA model, the interaction of high-intensity laser (ag > 1)
with a thin-foil solid target results in the generation of high-energy "hot electron'
population on the front side of the target. These hot electrons progress through
the bulk of the target and reach the back surface without any considerable
energy loss. The fastest electron escapes into the vacuum, while the positively
charged ions remain at rest due to their heavy mass. When NQ, and TZ are
the hot electron density and temperature, respectively, and L, is the spatial
sheath extension of the electrons, a sheath electrostatic field, Egpeatn ~ TZ JeLigp
appears on the rear-side of the surface. Ly, is approximately determined by the
Debye length (\%_) of the hot electrons

EokBTh
Ly, ~ M, = e2N’g€' (4.1)

Thus, )\’])e defined the range over which significant charge separation occurs.
Aforementioned this charge-separation electrostatic field can be scaled as

kpTh
eNp,

Esheath - (4 2)

giving rise to the longitudinal electric field of an order of TVm~!. This sheath
field depends on the number density and temperature of hot electrons, and the
rear-surface density profile. The electrostatic field on the rear-side of the target
accelerates the ions to very high energy. The strength of this electrostatic field
is much higher than the laser electric field; it ionizes the rear-surface of the
target and starts accelerating the ions to high energy. Due to the low charge-
to-mass ratio, the response of the protons to the electrostatic field is faster
compared to the other ions. This is the reason why the acceleration of the only
proton is observed in the early experiments [105]. The energy of accelerated ions
strongly depends on the profile of the sheath electrostatic field created by the
hot electrons. These fields emerge from the front, and backside of the target,



4.2. Target Normal Sheath Acceleration (TNSA) 37

hot hot
electron electron
sheath - sheath
—>
—_—
target

® normal
® — sheath

s. accelerated

® ions

backward
accelerated <
ions

FIGURE 4.1: Schematic of ion acceleration in laser-solid interaction. The interaction

of laser pulse with solid produces the hot electrons on front- and rear-sides of the

target. These electrons develop the sheath field, which accelerates the ions in the
target normal direction [taken from [104]].

which accelerates ions in the backward and forward directions. Correlations can
roughly determine the energy of the accelerated ions

gi ~ ZEgheath\h, = ZT". (4.3)

Consequently, the longitudinal electrostatic fields are directed along the normal
to the target, allowing the ions to be accelerated perpendicular to the target
surface. Therefore, this mechanism is known as the Target Normal Sheath
Acceleration, TNSA. The spatial and angular distributions of the accelerated
ion beams are given by the physical properties of the target and the electric
field lines driven by the spatial distribution of the hot-electron density on the
rear surface of the target.

4.2.1 Theoretical Model for TNSA

Many experiments have confirmed the generation of multi-MeV accelerated pro-
ton beams produced by the TNSA mechanism in the last preceding 10-15 years.
The electrostatic potential approximation leads to a simple set of equations.
The electric field is Egheath = — V@, where @ is the potential. So, the Poisson’s
equation is given by
V2 = %(Ne Y 7Ny). (4.4)
K3
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Where the summation is over each ion having charge Z; and density N;. Here
N is the electron density, which can be defined by the cold (N¢) and hot (N/)
electron populations in laser-solid interaction, i.e.

N, = N¢ + N~ (4.5)

The charge-separation electrostatic field traps the main part of the hot-electron
population, and a small population of hot electrons escapes in the target vicinity.
This constitutes to an exponential sheath on the rear target surface. Therefore,
the N” can be described by the one-dimensional Boltzmann distribution

[0}
NP = Neexp [ — | 46
e OeXp<k,BT2> ( )

Here, Ng is the density of hot electrons when @ = 0. As long as the laser pulse
drives the hot-electron population within the target, the above correlations
provide a good approximation to the self-consistent electrostatic sheath field,
and many authors [106-108] have used the above described model. Most of the
targets can be characterized by the light and heavy ion populations. Depending
on these ion populations, the theoretical model of TNSA can be divided into the
two categories, "static' and "dynamic" models, which provide the fundamental
description and interpretation to the experimental data.

In the static model approximation, it is assumed that, in the early stage of
sheath field formation, only the light ions are accelerated. Heavy ions can be
considered as stationary/immobile. In this case, depending on the assumption
of hot electron distribution to grant more accurate information about sheath
field, the effect of the light ions on the electrostatic potential, @ is usually
neglected.

In the dynamic mode of TNSA, the system is characterized as neutral
plasma, and the evolution of the sheath field acts as a source of kinetic en-
ergy for the ions. In most cases, this approach is quite similar to the expansion
of plasma in vacuum [109, 110].

In cold fluid plasma approximation, the ions can be given by the simple
correlations

aul‘ Ziev

BN +u;-Vu; = m

L+ V- (Nywy) =0,

(4.7)

where 7" symbolizes the light and heavy ions. In the dynamic model of the
TNSA, the kinetic description of the plasma can be employed to characterize
the kinetic phase-space of the ions. Thus, the Vlasov equation is

dfi ofi (Zievz@>8fi

S =0 (4.8)

ui p—
my

ot ox

A suitable simplification of the above the equations can be used to describe the
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specific models of TNSA although these models require some particular physi-
cal quantities, which are not principally known as their input parameters. The
model which presents renovation for future applications and gives best relation-
ships with the experimental data for the least number of laser parameters and
targets can be acknowledged as the best model for TNSA mechanism.

4.2.2 Quasi-static Model

The static-model approximation considered that the heavy ions are fixed and
the light ions can be viewed as a test particle, and their effect on the growth
of the potential @ can be overlooked with an isothermal electron population
for a time scale of a sub-ps laser pulse. In quasi-static approximation, the
electrostatic potential is calculated by using the hot-electron population given
by Eq. (4.6), and neglecte the thermal effects on the cold electrons

o e ed .
i EO{Ngexp <Th> — (ZpNop — NO)}, (4.9)

where subscript p stands for the protons. For region x > 0, the solution of Eq.
(4.9) can be calculated as [111]

b(z) = —QZZ {ln(l + \/2_;%) } (4.10)

where, /\]f)e is the Debye length of hot electrons [see Eq. (4.1)]. This potential,
@(x) can drive a test proton with initially zero energy at x = 0 to an infinite
acceleration. Thus, from Eq. (4.6) at larger x, the self-consistent electrostatic
potential @(x) must diverge, i.e. as & — —oo for x — +o00. This is not a
consequence of one-dimensional approximation. However, this is directly related
to the Boltzmann relation [112], which indicates that the particle with infinite
energy can exist, which is impossible in the physical world. This behaviour can
be overcome by assuming the electrostatic field becomes zero at x — +o00,
and there exists a cut-off energy, ® — —FE .y at © — 400, and the electric
field turns to zero at finite distances [113].

TNSA is now the well-understood mechanism for acceleration of ion beams.
This acceleration mechanism can produce high-energy ion beams with a high-
repetition rate. This mechanism produces the ion beam with an exponential
energy spectrum. Most of the application requires not only the good ion beam
reproducibility but also the monoenergetic ion beams, which is most challeng-
ing and most of the authors try to solve by manipulating the target and laser
parameters. The process to produce the monoenergetic beam requires the ad-
dition of artificial contamination on the rear surface of the target. This reduces
the laser conversion efficiency but allows to produce the low energy-spread ion
beams [114-116]. Another problem with this mechanism is limited maximum
energy of ions, which is currently achieved. The maximum energy achieved up
to date is ~ 85—90 MeV via TNSA mechanism [117]. On the other hand, radia-
tion therapy requires proton energy up to ~ 300 MeV. Thus substantial progress
is needed to achieve the required energy. Another significant challenge is the
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energy scaling for the relativistic laser intensities, i.e., T, o< (IN)2. Thus, the re-
quirement for laser intensity increases sharply for the production of high-energy
ion beams. Thus, to produce the higher-energy beam by TNSA mechanism, one
can use either the higher-intensity laser beams with high-repetition rate or use
different ion-acceleration scheme which can produce the desired characteristic
beams.

4.3 Radiation-Pressure Acceleration

Other system of ion acceleration that has gained attention in the past few years
is the radiation-pressure ion acceleration (RPA) [38, 39, 118, 119]. In this
mechanism, the ions are accelerated by the laser radiation pressure. In 1966,
Marx proposed the principle idea to accelerate any object to the speed of light
[120]. Nowadays, this idea is implemented by using the ultra-high-intensity laser
interaction with the thin-foil targets, where the entire target is accelerated to
very high velocity via laser radiation pressure. In 2004, the theoretical model
for RPA had been proposed [40]. In this mechanism, the radiation pressure of
the laser accelerates the electrons relativistically and pushes them inside the
target. Because of the heavy mass (m, = 1836m,), the ions cannot keep up
the electrons, which points to the development of a strong charge-separation
electrostatic field. When the laser intensity is exceptionally high (I > 10%3
Wem™2), these electrostatic fields are strong enough to accelerate the ions to
relativistic energies within one laser cycle. When the solid target becomes
opaque to the laser propagation, i.e., electron density become larger than critical
plasma density (N, > N,), the radiation pressure (Pr,q) imposed by the laser
pulse on the electron density layer can be given by

PRaq = ;eoEg = i(H—R—T) = i(2R+A), (4.11)
where A, R, and T are the absorption, reflection, and transmission coefficients
of the target, respectively. These are the function of the wave frequency and
refractive index and obtained by using Fresnel’s relations [90]. For radiation
pressure acceleration to be dominant for linearly polarized laser, it was predicted
that a very high intensity ~ 10*®> Wem ™2 is needed, which is not obtainable with
the current laser systems. It has been found numerically and experimentally
for a linearly polarised laser with an intensity I > 10! Wem™2, the TNSA
mechanism on the rear-side of the surface becomes dominant. This causes
more ions to be accelerated from the rear-side of the surface compared to the
front side acceleration. Therefore, the acceleration of ions via RPA requires
the suppression of hot electrons produced on the front side of the target [121,
122]. The suppression of hot electrons can be achieved by using the normally
incident circularly polarised laser. For a normal-incident circularly polarised
laser, the requirement for the ultra-high laser intensity is reduced significantly to
~ 10" Wem ™2 [38]. Because of the normal incidence, the Brunel and Resonance
absorption mechanisms are out of the picture, and the laser pulse is solely
absorbed by JxB mechanism [see Chapter 2] which suppresses the hot electrons
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and reduces the effect of TNSA mechanism on the rear-side of the target. The
experimental work by Palmer et al. [123] have shown that for a mid-IR (A ~ 10.4
pm) COg laser beam, the requirement on the laser intensity could be reduced
even further.

Generally, RPA can be classified into two schemes;

1. Hole-boring radiation pressure acceleration scheme (HB-RPA).
2. Light-sail radiation pressure acceleration scheme (LS-RPA).

The thickness of the target can distinguish these two schemes. In the hole-
boring RPA, the acceleration of ions happens from unbelievably thick targets.
In the beginning, the electrons are piled up, and ions are immobile because of
their heavy mass. This results in the charge-separation electrostatic field, which
begins to accelerate the ions layer by layer. In HB-RPA, the rear side of the
target remains stationary throughout the acceleration process. On the other
hand, the LS-RPA scheme deals with the acceleration of the entire thin plasma
slab. The electrostatic field is created by the compression and displacement
of the electron, which accelerates the ions ballistically with the whole plasma
slab. In the next section, we will discuss these two schemes in more details.
Both schemes of accelerations are crucial because of their peak-energy scaling
with the laser intensity. We will focus more on the hole-boring scheme and try
to link it with another acceleration mechanism which occurs via electrostatic
collisionless shock.

4.3.1 Hole-Boring RPA: Thick Target

In the first time experimental investigations, it was found that a bunch of ions
is accelerated from the front surface of the target [30]. Later on, several exper-
iments have assured that a significant number of ions are accelerated from the
front side of the target, and their energy is comparable or even larger than the
energy of the ions accelerated from the rear-side of the target [124, 125]. Thus,
it becomes essential to examine such a kind of acceleration in more detail.

To determine the velocity of the accelerated ions in the non-relativistic limit,
i.e., the velocity of accelerated ions less than the speed of light, the equation of
momentum balance need to be solved first. We first consider a high-intensity
(I) laser beam is incident on an overdense plasma surface. On the front side
of the plasma, the radiation pressure of the laser beam pushes the electrons
inside the plasma and piles up the density. Initially, the ponderomotive force
pushes the electrons inside the plasma and stacks up to the density, N. = Ny,
by leaving behind the immobile ions, as shown in Fig. 4.2(a). This points to the
development of the charge-separation electrostatic field, E,. Because of their
heavy mass, the ions are well separated from electrons temporally, and at any
time the pondermotive force and the electrostatic field, E, balance each other.
Figure 4.2 designates the simplified electron and ion density profiles, where the
electrons are pushed into the plasma and piled up by leaving behind the massive
ions. All parameters, Ny, E;, and x4 are related to each other through charge
conservation, Poisson’s equation, and pressure balance condition, such as [42]
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FIGURE 4.2: Graphical illustration of ion density, n;, electron density, n., and elec-
trostatic field, E, for three different stages of ion acceleration [taken from [126]].

Prag = ZCI —p,, = / N E,dr. (4.12)
The penetration length of the ponderomotive force within the plasma is given
by, 1 = ¢/2wpe = x5 — x4. Figure 4.2(c) expresses that the electrostatic force
diminishes with the distance, and all ions with initial positions in the range
of vy < © < x5 move to the position x = x4 at the same time, t. These
ions transit within the plasma until they face another stationary layer of the
ions, and because of the low inertia, the piled up electron layer try to reach
an equilibrium with the ions. This process keeps repeating itself until the ions
don’t reach the rear surface of the target.

In non-relativistic limit, the high-intensity laser interacts with the front-side
of the overdense target with mass density, N;m; = %Nemp. The loss rate of
the momentum to ions is ~ 2N;m;Vyg. Where Vgg is the velocity of the front
surface, which can be approximated by comparing the mass momentum and
electromagnetic flow rate given by

21 2A
PRad = P 7NempV12{B' (4.13)

At this moment, let’s define a dimensionless quantity, &,

I I ZNyme ,
_— e — = — —a,
Nim;e3  pe3 A N, my 0

[1

(4.14)

where p is the mass density of the target. And the hole-boring velocity (Vgp)
can be determined by using Egs. (4.13) and (4.14)

1 1 1

)2 I \2 7 N, m, 2
Vg~ | — | = = (B2 = i— . 4.15
e (PC) (Nz‘mz’0> (E) C( “ (4.15)

AN, m,
The radiation pressure of the laser accelerates the ions on the front surface
layer; these ions penetrate within the overdense plasma and gain a maximum
velocity, Vinax = 2Vup [38]. The energy of these accelerated ions per nucleon
is given by

[l

2

Emax = 2m;Vip = 2m;c2E. (4.16)
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The scaling of the maximum energy with laser intensity is more reliable than
V1 scaling for TNSA, which supports that the RPA mechanism is more signif-
icant than the TNSA. The dependence of V.« on the laser intensity can be
established from Eq. (6.7) and given by

Vinax = 2Vip = 2¢VE. (4.17)

The equation indicates that V,,x depends on the target density and the inten-
sity of the laser pulse.

When the hole-boring velocity (Vyp) starts approaching the speed of light,
¢, we have to consider the relativistic factor for the estimation of the Vyg. In
the lab frame, the Lorentz transformation of laser radiation pressure (Pgraq) can

be written as y
1_VHB c\ 2l
P = —=|—. 4.18
Rad <1+VHB/C> c (4.18)

Similarly, the radiation pressure must be balanced with the loss rate of momen-
tum to the ions given by (2ygpm;Vgp)N;, and the relativistic correction to
Eq. (4.13) is given by

1-— VHB/C 21
PP (2 iVuB)Ni, 4.19
(1 +VHB/C> c ( THBIN HB) ( )

where the Lorentz factor, yyg = 1/4/1 — V%IB /c2. The relativistically corrected

Vyp is given by [36, 127]
Vip = [ —Y—— ¢, 4.20
o= (5 (4.20)

and the relativistically corrected maximum energy per nucleon of the front-side
accelerated ions is given by

By = 2m;c? (H;\/:> (4.21)

Equation (4.20) reveals that for ultra-high laser intensity, the scaling of acceler-
ated ion velocity (Viax) turns down to v/I. Equations (4.16) and (4.21) indicate
the correlation between the energy of the front-side accelerated ions and the in-
tensity of the laser. These results can be utilized for the thick targets, where
front-side ions are accelerated. These ions can be accelerated to the Epax as
long as the laser and target parameters are constant. Now the question comes
into the picture, what happenes if the target is not thick enough? Does the
above-described model still work? What happenes if the target will be an order
of skin depth of the plasma? To present a summary of all these questions, we
further move our studies to another scheme of RPA, known as the Light-sail

RPA.
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4.3.2 Light-sail RPA: Thin Targets

Marx [120] has suggested the idea of light-sail RPA (LS-RPA) based on his
predictions of the plane, absolute mirror boosted by a plane wave. The funda-
mental model of LS-RPA delivers the analytic solution and scaling laws, which
emphasize that high efficiency can be achieved in relativistic limit with the
present-day laser system and thin target technology. LS-RPA scheme, is in-
duced by laser radiation pressure in a thin target, where the laser radiation
pressure can accelerate the whole target. In this regime, the ions are merely
accelerated by laser radiation pressure, which is different from HB-RPA.

LS-RPA was first introduced by Esirkepov et al. [40] via three-dimensional
numerical simulations. He confirmed that it is possible to accelerate the ions
beams to an energy ~ 100 GeV/u by using a laser with intensities, 1>10%3
Wem 2. Following on, Robinson et al. [118] have extended this work by building
a full one-dimensional model for the light-sail regime of RPA.

Let’s examine a plasma slab with thickness I, ion density N;, and ion mass
m;. For non-relativistic laser parameters, the gain in the energy can be deter-
mined by using the rate of momentum change. The force exerted by the laser
pulse on the plasma can be written as

dp | dv

The light-sail velocity can be determined by integrating Eq. (4.22),

I T
Vis = (1+R)c<m-N-l ) (4.23)

In this regime, the laser pulse pushes both electrons and ions simultaneously.
These results are further extended to the relativistic limit by Robinson et al.
[118].

The target has to be very thin for this regime. Thus, it is necessary to find
the optimum thickness of the target for LS-RPA. The optimum thickness can
be obtained by assuming that, the ions are accelerated to the maximum velocity
when the electrostatic/thermal pressure of the plasma completely balanced by
the laser radiation pressure. This can be accomplished by examining the force
between the two plates, Fo = % is comparable to the laser radiation pressure.
Here, o = eN;L is the charge on the plate and E = Z (Gauss’s law) is the

2 2727 2 )
electric field. Therefore, Fo = 5?0 =¢ 12\20L , and by comparing these forces,

one can determine the optimum thickness of the target, L

1
2(1—|—R)601 2
L=——F%3%—1] . 4.24

( ce2N? > (4.24)

This demands a cold electron population with an assumption that the electron
and ions are coupled and move together as a whole target. Another assumption
is that there is no transverse component of pondermotive laser acceleration,
and pondermotive force scales as F,, oc VE. These assumptions suggest that a
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circularly polarized laser is the optimal laser for LS-RPA to accelerates the ion
efficiently.

The above outcomes designate that, if the target does not meet the optimum
requirement, there will be an increase in the mass. This means a balance be-
tween the charge-separation field and laser radiation pressure cannot be reached,
which results in the decoupling of electrons and ions. This causes a decrease in
the efficiency of the accelerating ions.

The above-described model is based on the one-dimensional assumption,
where a supergaussian laser profile is used. Nevertheless, this model gives the
possibility of producing monoenergetic ion beams with favourable peak energy
scaling. LS-RPA relies on the suppression of hot electrons, although in reality, it
is challenging to obtain such a laser pulse. Consequently, the target deformation
and spatially varying laser intensity begin to suppress ion acceleration. This
model additionally faces the difficulty with Rayleigh-Taylor [128] and Weibel-
like [129] instabilities.

4.4 Collisionless Shock Ion Acceleration

The collisionless shocks are universal in the diverse astrophysical environment
such as pulsar wind nebulae, supernova remnants, the Earth’s bow shock, etc.
These shocks are thought to be accountable for particle acceleration and the
generation of cosmic rays [130, 131]. The astonishing growth in the development
of high-power and high-intensity lasers has made it feasible to recreate the
appropriate conditions to study the formation and evolution of collisionless
shocks in the laboratory. These laser-driven electrostatic collisionless shock can
be utilized as a high-energy compact particle accelerator [42, 43, 125, 132, 133].
To accelerated ions by collisionless shock acceleration (CSA) mechanism, the
potential energy at the shock front must be larger than kinetic energy of the
upstream expanding ions in the shock rest frame [41]. Thus, the ions, which is
initially at rest and located ahead of the shock front, get accelerated to the twice
of the shock velocity, i.e., V,, = 2Vy,. Here, Vy, and V, represent the shock
velocity and the velocity of shock-reflected ions, respectively. The interaction of
strong laser pulse with the overdense [61] and underdense plasmas produced by
the long prepulse in solid targets [125], in gas-jets [132] leads to the formation
of collisionless shock in the laboratory. At the beginning of the 1970s, a low
Mach-number collisionless shock has been demonstrated in the laboratory [134].
Earlier, the theoretical and numerical investigation concludes the generation of
a high Mach-number collisionless shock in laser-plasma interactions [135].
Currently, laser-driven collisionless shock ion accelerations mechanism has
become the most attractive contender and starts receiving most of the attrac-
tions. This is because of the production of high-quality ion beams; in other
words, the energy spectrum of the reflected ions is theoretically monoenergetic,
which is very beneficial for most of the practical applications. In the laboratory,
the ion acceleration via CSA mechanism has been reported by the interaction
of laser pulse with gas-jet targets [49], underdense [132] and overdense plasmas

[61].
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Initially, the particle-in-cell simulations performed by Denavit [42] confers
the ion acceleration via CSA mechanism. Later on, Silva [43] has showed the
formation of an electrostatic collisionless shock with Mach numbers, M = 2—3.
In these investigations, an ultra-high intensity laser (I > 102! Wem™2) is needed
to heat the electrons in the solid target efficiently. The shock is formed on the
front surface of the target and propagates with a velocity nearly equivalent to
the hole-boring velocity, i.e., Vg, >~ Vp. In these simulations, the acceleration
of ions from the front side of the target is smeared out by the strong charge-
separation electrostatic field at the plasma-vacuum interface on the rear-side
of the target. Laser-solid interaction in the laboratory renders the evidence of
front-side ion acceleration contribution with respect to TNSA acceleration on
the rear-side of the target observed in the experiment [124]. The numerical sim-
ulations have been done by d’Humieres [133], and Chen [136] has represented
the interplay between the ion acceleration via CSA and TNSA mechanisms.
A comprehensive theoretical and numerical investigation on CSA was comple-
mented by Fiuza [46]. These studies imply that a specially tailored near-critical
density profile is essential to constrain the sheath TNSA electrostatic field at the
plasma-vacuum interface. An exponential density gradient on the rear-side of
the target provides the optimal condition for CSA [45]. An exponential density
gradient diminishes the strong TNSA field to a small and constant amplitude;
this sheath field leads to a continuous power-law ion spectrum. Suppression of
TNSA sheath field results in quasi-monoenergetic ion beams [137]. The influ-
ence of the density gradient on the rear-side of the target has been optimized
numerically [138]. Recently, CSA has been demonstrated in the laboratory using
10 pm wavelength COs9 laser with an intensity 6.5x10'® Wem™2 and a near-
critical density gas target [49]. This produces a 20 MeV quasi-monoenergetic
proton beam with a flux 107 protons/MeV/Sr. CSA has been extended to the
under-critical density targets; acknowledged as the low-density CSA (LDCSA)
[139]. A 45 MeV proton beam with a broad energy spectrum has been obtained
in the laboratory via LDCSA [50]. Very recently, the acceleration of protons
and C57T jons via CSA mechanism has been achieved by utilizing the interac-
tion of a laser pulse (102° Wem™2) with a laser ablated near-critical density
plasma [51]. Several experiments and numerical simulations have been carried
out over the last few years to understand and characterize ion acceleration via
CSA mechanism. One aspect, i.e., the influence of different target materials on
CSA remains the open question for studies. In this thesis, we report on the nu-
merical investigation of electrostatic collisionless shock formation and influence
of different materials on the shock-accelerated proton beams.

Among all these ion acceleration mechanisms, CSA has become an attrac-
tive candidate for the acceleration of high-quality ion beams. Ions accelerated
via CSA mechanism have the advantage of low-divergence and monoenergetic
beams. The energy of the accelerated ions via CSA mechanism is more desirable
than the TNSA mechanism. The accelerated ion energy for CSA mechanism
is scaled linearly with laser intensity [45], while it scales as the square-root for
TNSA [140]. Alternative acceleration schemes, such as radiation-pressure accel-
eration that can achieve monoenergetic and higher energy which is suitable for
applications, impose strict and challenging conditions in experiments, such as
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the target thickness and laser contrast [141, 142]. The interaction of laser with
solids in the TNSA and RPA regimes produces the debris in the target cham-
ber. The use of gas-jet targets for CSA would make the operation significantly
easier for high-repetition rate laser facilities [49]. In addition, the requirement
for near-critical density plasmas reduces the debris in the chamber. Numeri-
cal simulations indicate that the high-energy ion beam with a narrow energy
spread can be produced through CSA mechanism [45]. However, despite all
these advantages, there are still some limitations that need to be solved such as
ion flux, energy, energy spread, laser to ion conversion efficiency, the stability
of acceleration parameters, etc.

In this thesis, we report on the numerical investigation of electrostatic col-
lisionless shock formation and influence of different material on the shock-
accelerated ion beams.






49

Chapter 5

Theory of Collisionless Shock
Ion Acceleration

5.1 Collisionless Shock

A shock wave can be characterized as a discontinuous transition layer that exists
within the unshocked (upstream) and the shocked (downstream) regions, which
is also known as a ramp. The shock waves are universal in the astrophysical
environment. Shock waves exist in both media, i.e., collisionless medium such as
interstellar, and collisional medium such as the atmosphere. The flow velocity
across this shock undergo discontinuous change, which follows a variation in the
bulk kinetic energy through the ramp. This change in the flow velocity thought
to be the source of free energy, which requires to be dissipated to maintain the
conservation of energy. It is well understood that for a collisional shock wave,
the origin of dissipation is the binary collisions. The average kinetic energy
of the system is increased by these binary collisions, which results in heating.
Moreover, these binary collisions point to an increase in the entropy of the
system. Consequently, the shock transition is an irreversible process. However,
dissipation in a shock wave in the astrophysical environment cannot depend on
the binary collisions [143], it depends on the wave-particle interactions [144].
The source of the collisionless shock wave in the astrophysical environment
is attached to some energetic and most powerful systems; such as supernova
remnants (SNRs), Gamma-Ray Bursts (GRBs), etc. These collisionless shocks
are believed to be the origin of non-thermal particles (cosmic rays) and high
energy radiations (GRBs). [145]. In the next section, we will describe the
conservation laws (Rankine-Hugoniot relation) for a collisionless shock.

5.1.1 Conservation Laws

In fluid dynamics, it is necessary that any discontinuous transition within the
two plasma states (upstream and downstream) must follow the conservation
laws, such as conservation of mass, energy, and momentum. The integration
of mass continuity equation over some shock transition volume results in the
conservation of mass. Equation of continuity is a solution to the Boltzmann
equation of the form

of

F

5t

S (5.1)
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where F is the external force, V, is the gradient in the velocity space, f =
f(x,u,t) is the distribution function, and /0t is the collisional operator. For a
collisionless plasma, d./dt — 0, and Eq. (5.1) changes into the Vlasov equation.
In a space volume element d>zd3u, the number of particles, dN can be given by

dN = f(x,u,t)d®zd>u. (5.2)

Let’s consider that the distribution function f = f(x,u,t) is continuous function
of space x and velocity u. In other words, the volume element d3zd>u contains
a sufficiently large number of particles, so that the discrete particles can not
describe the system. As a result, integration of f = f(x,u,t) all over the phase
space will give the total number of particles in the system. For simplicity, let’s
define some quantities, which we will use later in this section

N, = / ol u,t)d, (5.3)
\'% _ L ufr(x,u,t)d® (5.4)
T Nr vel T Xa 9 U, .
KE, = / W2 (x,w,t)d3u (5.5)
2 Jvel T ’
P, =m, / (= V)@=V, (x, . t)d, (5.6)

where N,., m,, V,., and KE, are the number density, mass, average velocity, and
the kinetic energy density of species r, respectively. Here, P, is the pressure
tensor term [146]. The integration of the Vlasov equation multiplied by velocity
across the velocity space results in an equation of moment. As we explained
earlier, the solution of moment equation gives the continuity equation,

Dom 4G (pmVy) = 0. (5.7)
ot

Here, p,, is the mass density, which is characterized by the multiplication of
number density, Eq. (5.3) with particle mass, and V, is the bulk flow velocity,
Eq. (5.4). The conservation of mass, i.e., mass cannot be created or destroyed
in the discontinuity, gives Eq. (5.7). The equation of momentum conservation
can be accomplished by applying some assumptions to the Vlasov equation.
The momentum conservation can be given by

oV
mTNT{ atr + (V'r . V)Vr} — NTF - A . ?r, (58)
where, F is the Lorentz force, given by F = e,[E 4+ u x B|.

In magnetohydrodynamic fluid, the component of the electric and magnetic
fields has to be involved in the conservation relations. Thus, the conservation
of momentum and energy can be given by

W+v-{pm(vrva+ <P+B2><T>—BB} =0,  (5.9)
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o1 o P, B2 1 P, E x B
— | zpmV. — |+ VS =pn ViV \Y% =0.
(5.10)

Here, P stands for the scaler pressure term, and v = 1 4 2/d; is the statistical
parameter, dy is the degree of freedom. For one, two and three dimensional
gases, i.e., dy = 1, 2, and 3 result in v = 3, 2, and 5/3, respectively. For an
isothermal gas, v = 1 and for incompressible gas v = oo [146].

In the following, the brackets [ ] define the difference between the down-
stream and upstream quantities across the shock, then the relations establish
the conservation laws, known as the Rankine-Hugoniot relations [146], which is
given by as follow

[pm V] = 0, (5.11)

[(pmvn)vt - BZ?] =0, (5.12)

lpm\/i +P+ 2]3501 =0, (5.13)
K;pmv%j_ljﬁriz)vn— (V-B)]Z)L] = 0, (5.14)
[V (B x By) + (Vi x 1)B,] = 0, (5.15)

[h-B] = 0. (5.16)

Here, ¢t and n indicate the tangential and normal momentum directions, respec-
tively and f is the shock normal vector. Equation (5.11), signifies the continuity
of mass, Eqs. (5.12) and (5.13) outline the tangential and normal momentum,
respectively. Equation (5.14) is the energy conservation law and the last two
Egs. (5.15) and (5.16) indicate Maxwell’s relations. One can define the rele-
vant shock parameters by using Eqs. (5.11-5.16) [147]. It would be wrong to
use only adiabatic equations to describe the shock transition. This is because
an abrupt change in the quantities occurs through the shock transition, which
results in the irreversible nature of the shock. The Rankine-Hugoniot relations
explain these values far away from the shock, not in the dissipative regions.
Consequently, some of the kinetic energy get transformed in some other form
through the shock transitions, and it will not be conserved. The transformations
of kinetic energy in some other states causes shock irreversibility and increases
entropy.

The collisionless shock is thought to be one of the fundamental mechanism
to accelerates or heat the charged particles. As the name suggests, there are no
binary collisions present in the system. Therefore, it is interesting to determine
the dissipation mechanism for a collisionless shock. Some of the possible dissi-
pation mechanisms are the wave dispersion [148], anomalous resistivity due to
wave-particle interactions [144], and particle reflections [149], etc. In this the-
sis, we will concentrate on the dissipation of collisionless shock through particle
reflection. To understand the particle acceleration in collisionless shock, first we
will go through the some of the essential characteristics, that would be helpful
to understand the particle acceleration by collisionless shock.
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5.2 JIon Acoustic Wave in Plasma

The ion-acoustic waves are excited in the electron-ion plasmas, when the mo-
tion of the ions cannot be neglected compared to the thermal movement of the
electrons. The frequency of these ion-acoustic waves is much smaller than the
electron plasma frequency. Thus, all ions are bound to the electrons by electro-
static forces, which leads to charge neutrality in the plasma. For Z = 1, when
the charge neutrality of the plasma satisfied, i.e., N ~ N; = N, no need to
apply the Poisson’s equations for these oscillations. For warm, homogeneous,
collisionless, unmagnetized plasmas, we will use ion momentum and continu-
ity equations to explore these oscillations. By using all these conditions, the
equation of ion momentum is presented by [87]

aui

s [6t

+ (ui : V)uzl = ZeNiE - Vpi. (517)

The simple plane wave can be described in a form, expi(k-r - wt). Here the
electrostatic field (E) can be written in form potential (@), ie. E = -V =
-ik®. Similarly from the fluid description of the plasma, the ion pressure term
can be written in term of the ion density

— Vpi = =7k Ti;VN; = —7;kpTiikN;, (5.18)

where v; = ¢,/ ¢, is the ratio of specific gravity at constant pressure and volume.
Afterward applying the linearization and imposing the oscillatory solution, the
equation of ion momentum can be written as

— inomiul = —eNoiképl - ’yi/fBTi’L'kNl. (5.19)

The density of electrons (N, ) with a temperature T, quickly respond to potential
@1, try to maintain the equilibrium, and will follow the Boltzmann distribution

ed edq
N, =N ~ Npl1 . 2
. OeXp(kBT) 0( + T, + ) (5.20)

Since N = N;, from the above equations one can conclude that first order
density perturbation can be written as

o
Ny = N0<I;T1 ) (5.21)
e

Similarly, the linearization of the continuity equation for ion fluid gives

ON;
ot

+ V. (Niui) =0=— —iwN; = —Noik - u;. (5.22)

The above Egs. (5.18), (5.21), and (5.22) indicate the homogeneous system of
the three variables N1, uy, and @;. The dispersion relation for the ion acoustic
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wave can be obtained by solving these three equations,

e (kBTe + %’k’BTz’>k2'

my

(5.23)

Because of the light mass of the electrons compared to the ion mass, m, <<
m;, the electrons can propagate through many wavelengths in a single period of
a plane wave. Thus, the distribution of electrons can be considered isothermal.
For a 1-dimensional case, the compression of ions in the plane wave results in
the specific heat ratio for ions 7; = 3. By applying these conditions to the
above equation, we obtain

Cs =

(5.24)

W (EpTe+3kpT;\?
k ( m; >'
Here Cg is the ion sound speed in the plasma. It is clear from Eq. (5.24), for an
ion-acoustic wave, both the phase velocity (Vp;) and the group velocity (V)
will be equal to the Cg.

To characterize the dispersion relation of ion-acoustic wave in a more sophis-
ticated way, one must include the description of Poisson’s equations to couple
the local plasma density (electrons N; and ions N;p, and the potential @). The
linearised set of continuity, momentum, and Poisson’s equations can be written
as

— inil = —Noik - Uy, (5.25)

— inomiui = —enoik¢1 — 'YikBTiikNila (526)
62@1 q

= —(N;1 — Nep). 5.27

o2 60( il e1) ( )

The density of electrons can be given by linearized Boltzmann relation, i.e. Eq.
(5.20) and the ion density can calculated from the continuity equations. So,

6@1
Ne1 =N 2
o =No( %) (5.29
k
Nﬂ = <w> Noui. (529)

The values in the above equations provide a more accurate solution for the ion
acoustic wave dispersion relations

w . k’BTe 1 kBTz'
k—\l< m; 1+k2/\2De+3 m; ) (530)

For T; <<T¢, the ion pressure term, T; can be ignored, and the electron pres-
sure term only provides the restoring force to the wave. When the wavelength
of the wave becomes the order of the Debye-length, i.e., kAp, ~ 1, the character
of the ion acoustic wave is modified. By using all these conditions, the above
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equations can be rewritten as

kpT. 1
Co=—= : 5.31
Tk J( m; 1+k2A§)e> (5:31)

This implies for kz/\zDe >> 1, the frequency of the ion-acoustic wave becomes

comparable to the ion plasma frequency, i.e. wp; >~ Wpev/me/m; = 1/N;g?/ eomy,
where wy,e is electron plasma frequency. It can be seen from Eqgs. (5.30) and
(5.31), for high frequencies or a short wavelength, the ion acoustic wave becomes
a constant frequency wave. Therefore, there is a complementary operation be-
tween Langmuir waves and ion acoustic waves: the former are basically constant
frequency but become constant velocity at large k, while the latter are basically
constant velocity but become constant frequency at large k.

5.3 Ion Acoustic Solitons

The theoretical analysis of the ion-acoustic solitons can be applied to the ion-
acoustic shock waves. The Sagdeev formalism [150] is employed to conclude the
theory of electrostatic collisionless shock waves in plasma [41, 87].

Consider a soliton wave is traveling with a velocity, V; with respect to the
unperturbed plasma as shown in Fig. 5.1. Plasma composed of cold ions and
hot electrons. The velocity of this wave, V;, is much smaller than the thermal
velocity of electrons, Vi, = VkgTe/me, ie. V; << Vy,. The equation of

A
]

ions

>
X

FIGURE 5.1: Schematic description of a soliton wave. Electrons are always considered
in equilibrium and cold ions are moving to the right in the soliton rest frame [taken
from [87]].
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continuity and momentum for ion fluid is presented by

ON;  O(N;Vy)

ot + ox
oV, oV, e 0P
ot Vi dr  m;ox (5.33)
If we view ourself in the frame of reference with this wave, the potential, @(z)
will be constant in time, and we will witness that a bunch of ions will be
approaching the wave with the same velocity V;. Consequently, all quantities
are fixed in time, and by applying 9/0t = 0 in the above equations, and utilizing
the laws of conservation, we obtain 1/2m;V? + e® = 1/2m;V%,, and N;V; =
NoVio, where N;(—o00) = Ny and V;(—o00) = V4o. So, the velocity these ions,
Vi, and density N; in the term of the electrostatic potential, @ can be written
as

=0, (5.32)

1
2ed \ 2
V. = (V2 — , 5.34
7 ( 20 m@) ( )
2 \ 7
e
N; = Ny <1 — ) . (5.35)
Z m; Vi

Here, Ng is the unperturbed ion plasma density. Electrons are assumed to be
Maxwellian distribution, and electron density can be given by the Boltzmann
relation (Eq. (5.20)). Therefore, Poisson’s equation can be written as

1
d?¢ e e ed 2ed \ 2
CF SN, —N) = N —(1- . .
12 60( e —Nj) - O{GXp<kBT€> ( mN%) } (5.36)

To simplify the above equation, we introduce some quantities, such as

1
GokBT 2
)\De - < Ne€2€> s (537)
kT, ?
Cy = < fne> : (5.38)
(]
ed
= 5.39
6= o (5.39)
T
X = , 5.40
o (5.40)
Vio
M = ) 5.41
- (5.41)

Here, C; is the ion-acoustic velocity, and M is the Mach number for the shock.
By using all these values in Eq. (5.36), the Poisson’s equation can be written
as

d?¢ e ¢
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with the right-hand side described as

ay
dg

Here, ¥ is known as the Sagdeev potential. Sagdeev used an oscillator in a
potential well analogy with an equation of motion for the harmonic oscillator

= exp(¢) — <1 2 (5.43)

X av

— =0. 44
dt2+dX 0 (5.44)

The above Eq. (5.42) is similar to Eq. (5.44), where the kinetic energy term
2
% is balanced by the potential energy ¥. By integrating Eq. (5.42) in term

of the energy integral, we can get

2
;(j;’;) ¥ (6, M) = 0. (5.45)

Here, the function ¥ (¢, M) describes the pseudo-potential energy, which can be
given by

Y(p,M) =1 —exp(¢) + M? (1 —/1— ff’) (5.46)
The pseudo-potential ¥ (¢, M) can be plotted for a given value of Mach number,
as shown in Fig. 5.2. Assuming no dissipation, consider a particle will move
from ¢ = 0 to some positive values of ¢ before returning to its initial position.
This behaviour is know as "Soliton’, a potential or density disturbance travelling
with velocity, V; as shown in Fig. 5.1. The initial state of the medium is restored
after the passing of the soliton. The soliton-like solution exists for a specific
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FIGURE 5.2: Sagdeev potential as function of electrostatic potential, ¢. Solitary
structure for a couple of Mach numbers.




5.4. Particle Reflection 57

range of Mach number as shown in Fig. 5.2. The lower limit of Mach number
arises due to the condition of potential well, which is determined by Eq. (5.46)
as ¥(o,M) <0 for ¢ << 1

¢* ¢
Y(o,M) ~ —— 4+ — . 4
(¢, M) 5 o <0 (5.47)
This gives the lower limit
M > 1. (5.48)

The M>1 is required for the existence of the soliton, i.e., a soliton has to
be supersonic. Additional considerations for these solutions have shown that
neither the double layer nor the negative potential exists, although the ion
densities have to be determined by Eq. (5.35) for the physical requirements. As
N; — oo for potential ¢ = M2/2, the only possible values of M are those for
which a finite root of ¢,, is obtained before reaching the infinite compression
of density, N;. So, the condition on potential, ¢ = M?/2 gives the maximum
possible value of Mach number, M.,. By using these values in Eq. (5.46)

M2
Y(p=M2/2) =1+M2— eXp<2> > 0. (5.49)

By using the numerical calculations, the maximum possible Mach number comes
out to be
M, < 1.585. (5.50)

Figure 5.2(a) shows a range of the electrostatic potential for which a large am-
plitude solitary wave can exist for various Mach numbers. As the Mach number
and potential increase, the depth of the potential-well becomes deeper and
deeper. The ¢, = M2/2 ~ 1.3 gives the critical amplitude of the solitary wave.
Thus, in a cold ion plasma for potential, 0 < ¢ < 1.3 and Mach number, 1 < M
< 1.585 roughly an ion-acoustic solitary waves can exist. For value, M>1.6, the
potential well is not formed, which means the solitary wave solution changes
into a shock wave solution. All particles with kinetic energy less than the po-
tential energy at the soliton/shock front, i.e., %ml\/'z2 < e¢p, will be reflected.
On the other hand, if the kinetic energy is larger than the potential energy, all
these particles will be transmitted through the soliton. Although the ion reflec-
tion condition changes when kinetic effects are included. Then the low energy
particles in the distribution function may become reflected in a continuous form
from the soliton potential, and asymmetry arises more naturally.

5.4 Particle Reflection

The processes of forming electrostatic collisionless shock and their succeeding
ion acceleration play important roles in plasma physics. The perturbed state
of density represents the solitary wave in the plasma, and the ion reflection
thought to be one of the dissipation mechanisms for the solitary wave. To our
knowledge, the particle reflection is one of the requirements for supercritical
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(M>1) collisionless shock. To brief the compensation of momentum and en-
ergy flowing into the shock front, the ion reflection is only possible dissipative
mechanism inside the shock ramp. We further extend our study to provide the
existence of shock front in the ion-acoustic case. By rewriting Eq. (5.36) in
term of pseudo-potential, ¥(¢), it turns into [41, 151]

d?¢ d¥(¢) eNp ep 5 2ep)
WX e \ Pl ) T Vo Vie T s

If the ion reflection is negligible, the above equation determines the potential
profile, ¢ for ion-acoustic wave. The pseudo-potential can be calculated by
integrating Eq. (5.51) in term of the propagation velocity, V,9 and unperturbed
density, N

[N

}. (5.51)

e¢ ) +m; Vo (Vizo - 2me¢> 2} +C (5:52)

N
¥(g) == {kBTeeXp (k:BT

€0

Depending on the nature of the integration constant, C, various solutions for
the periodic wave can be obtained. For a particular case, when ¢ = 0 results

in all quantities, %, %, and ¥ (¢) to be zero, which gives a positive value of

¢

b,

(o)

FIGURE 5.3: (a) An oscillatory electrostatic collisionless shock transition with some
reflected ions from the front edge. (b) Potential ¥1 and ¥y for regions I and II for
an electrostatic shock [taken from [41]].
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C. By using all these values in Eq. (5.52)

C= —T(?(kBTe +m;V3). (5.53)

The above equation gives no shock solution, only the existence of solitons
[see Fig. 5.1].

Moiseev and Sagdeev [151] have shown that the reflection of ions from the
shock front results in the formation of oscillatory structure in the collisionless
shock as shown in Fig. 5.3(a). The labels I and II indicate the region left and
right of =, i.e., < xp, and & > ,, respectively, as shown in Fig. 5.3(a). The
shock front connects the two different states of plasma, i.e., ordered oscillations
and the unperturbed state. Although, the thermal energy and energy distribu-
tion between the oscillations depend on the collisionless dissipation mechanism.
If the number of reflected ions is small, and in the absence of shock dissipation
o1 = ¢1, A = oo, this results in the symmetric solitary wave solution. In case
when more reflected ions are taken in the account, the dissipation of the shock
plays an important role and results in a potential which varies from Eq. (5.51)
with two additional terms on the right side

[

Do rg)  and —M(VEO—M)_ fo).  (554)
€0 m

€0 i

The first term indicates the contribution of the reflected ions, and the second
term gives the total ions minus the number of reflected ions. Here Ngf(¢)
gives the density of reflected ions, which is described by ¢. The potential, ¢y, is
associated with the backward reflected ions from the potential at the shock front
and goes to infinity. Here, we have assumed that a minimal number of ions are
reflected (f << 1), and the potential, ¢ at the shock is proportional to f, i.e.,
¢1 < f. The potential, ¢ry is associated with ions which are reflected behind the
shock front, and proportional to the square root of the number of reflected ions,
for instance, ¢11 >> ¢1. In region II, ¢, and ¢r; represent the plasma states
and provide the oscillation amplitude and their wavelength, A. In region II, by
considering the equality of electron and ion densities at x = —o0, Vy, >> Vo,
and neglecting reflection effect for electrons, the convenient equations for regions
I and IT become

02 oY N
0= G == ==+ plonewn (15

1= fleola(Vh - 22) 21},

0? oY N
(II) = a:js = _T; = —6600{[1 —|‘f(¢1)]exp< ‘

1= F(6n)]Vio (v%o - ﬁf)}

1)

N

(5.55)

By solving these equations for ¢ and d¢/dx at x,, for continuity boundary
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conditions in regions I and II, they give the potential profiles as shown in Fig.
5.3(b). As f(ém) = 0, the integration constant for the above equations can be
found by defining ¥1(¢m) = ¥11(dm). This results in %(%)2 + Y1 =0 and
at ¢ = ¢m, 0¢/0x is continuos. The potential, ¥1 makes its first round along
the soliton structure at ¢ — ¢,, and when it enters the region II, it oscillates
indefinitely in between potential ¢,, and ¢ in the potential of ¥y.

At this moment, if we consider the motion of the particle in a potential well,
¥ (¢), it can be concluded that the action of the reflected particles makes the
total energy, E4 negative, and results in a periodic structure behind the shock
front. The change in the energy E; depends on the number of the reflected ions

8= [ f(9)do (5.56)

At small ¢ the potential energy changes quadratically and ¢ depends on the

square root of energy
o =/ —Eg, (5.57)

and the oscillations increase logarithmically with the decrease in the energy, i.e.
A~ ln(—E%p) and the minimum value of ¢y is given by

o1 = ﬁ¢  [™" (o). (5.58)

The value of M is very close to the corresponding value in a solitary wave with
the same Mach number. Presently the ion reflection has another significant
impact on the solitary /shock wave, as the momentum transfer from shock wave
front to the reflected ions retards the shock in the region of reflection. The
wavelength of oscillations behind shock front is given by [151]

N T, S
A \/(M2 Y 1n<¢). (5.59)

The previous analysis helps to explain the difference between shocks and soli-
tons. Ion reflection from the shock front has unique importance in the formation
of collisionless shock, and numerical simulations can be utilized to understand
the dynamics of shock formations and ion reflection.
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Chapter 6

Material Dependence of CSA

6.1 Introduction

The density discontinuity or the relative drift between the two plasmas is needed
to generate the strong electrostatic shocks in collisionless plasmas, which is
capable of accelerating the ions. These shocks can be demonstrated in the
laboratory by the interaction of high-intensity laser with plasmas. However, to
generate the high-quality ion beams via CSA mechanism, a specially tailored
density profile is required [46].

In this chapter, we used the EPOCH particle-in-cell open source code for
better understanding of the generation of electrostatic collisionless shock and
proton acceleration from the shock formed in plasmas of different target material
composition. The influence of different material depending on their <Z/A>
on the shock-accelerated proton beams have been investigated. The different
targets use hydrogen, carbon, oxygen, and chlorine to give a range of <Z/A> of
1 to 0.48 [See Table 6.1]. Here we intend to find the most suitable target material
to achieve the high flux with narrow energy-spread proton beams through CSA
mechanism.

6.2 Simulations Parameters

The formation of electrostatic collisionless shocks and their corresponding pro-
ton reflection in different target materials have been investigated using particle-
in-cell (PIC) code EPOCH, run in 2D geometry [103]. The simulation box is
300 pm x 6 pm in size and composed of 9000 x 180 grid points corresponding
to spatial step-size Axr = Ay = 0.033 pm along z- and y-axis, respectively. De-
pending on the target material composition, 24 - 30 particles per cell were used
in the simulations. The boundary conditions are open in x and periodic in y
for both fields and particles.

The laser pulse is modelled as the electromagnetic plane wave with linear p-
polarization along y-axis and propagates in z-direction. The normally incident
laser pulse with infinite spot-size has Gaussian temporal profile with 1.5 ps full-
width at half-maximum. The peak intensity is 1.4x10" Wem™2 (ag = 3.35)
as shown in Fig. 6.1(a). The laser pulse interacts with a fully ionized plasma
density at x = 40 pm. The simulated targets are composed of a special density
profile with an exponentially increasing 5 pm scale-length front region extending
for 30 pm (Ly = 5 pm), 5 ym uniform region and an exponentially decreasing
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FIGURE 6.1: (a) The laser profile used in PIC simulations, the laser peaks at 1.5 ps,

with a maximum intensity 1.4x10" Wem™2. The full-width at half-maximum of the

laser is 1.5 ps. (b) The normalized initial density profile used in PIC simulations for

fully ionized CH target material. The the Hydrogen (Ng) and Carbon (N¢) number

densities are same. The laser start interacting with plasma from the left side of the

simulations box. A 40 pm front- and 100 pm rear-side vacuum regions is used to
avoid the boundary effects in our simulations.

profile with 30 pm scale-length for 125 pym (L, = 30 pm) on the rear-side of
the target. The maximum electron density is fixed at the relativistic critical
density agNe,, where Ny = 1.12x10%! ¢cm™ is the critical plasma density for
1 pm wavelength laser used in these simulations. The longitudinal electron
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TABLE 6.1: The different target materials, their average charge-to-mass ratio

(<Z/A>), average charge (<Z>), average mass (<A>), and corresponding ion den-

sities calculated using quasi-neutral plasma condition used in PIC simulations. All

ion densities are represented in term of electrons density (N.) = agN.,. Note, all ions
are fully ionised except chlorine which has Zc1=15.

| Material | <Z/A> | <Z> | <A>| Ny Nc | Ngjor No |

CoHsCl | 04839 | 30 | 62 | 3xNe/30 | 2xN¢/30 [ N¢/30
CgHgCly | 04884 | 84 | 172 | 6xNo/84 | 8xNo/84 | 2xN,/84
CsH7Cl | 05072 | 70 | 138 | 7xN¢/70 | 8xNg/70 | Neo/70
CgHgOo 0.5224 70 134 | 6xNg/70 | 8xN¢/70 | 2xN,/70
CsHgOy | 05294 | 72 | 136 | 8xNg/72 | 8xNo/72 | 2xN,/72

CH 0.5385 7 13 Ne/7 Ne/7 -

CH, 05714 | 8 14 | 2xN./8 | N./8 -

He’H 0.8 4 5 Ne/4 Ne/4 -
Hydrogen 1 1 1 Ne - -

density profile can be given by

aONcrexp<xL7fomn> for 40 pm < 2 < 70 pm,

agNer for 70 pm < x < 75 pm, (6.1)

aONcrexp<75’“ilbx> for 75 pm < x < 200 pm.

The corresponding ion densities for each material are calculated from the quasi-
neutral plasma condition. The normalized initial density profiles for the CH
plasma are shown in Fig. 6.1(b). For fully ionized CH plasma, the quasi-
neutral plasma condition is given by N = ZyNyg + ZcNc, where N and Z
represent the number density and charge state, respectively. The subscripts e,
H and C, stands for electron, Hydrogen, and Carbon, respectively. This results
in Ng = N¢ = N¢/7. Table 6.1 signifies the different target materials used in
PIC simulations, with their respective average charge-to-mass ratio (<Z/A>),
and their corresponding ion densities determined using quasi-neutral plasma
conditions.

6.3 Electrostatic Collisionless Shock Formation

Numerical simulations are used in order to understand the laser-driven collision-
less shock wave ion acceleration in different target material plasmas. The laser
pulse starts interacting with the portion of the target with a density smaller
than the critical density. Evidence of the interaction of a high-intensity laser
with relativistic critical plasma density is seen in Fig. 6.2(a). This shows the
normalized proton density Ny /N, in CoH3Cl plasma for a number of time after
the peak of the laser, which enter the simulation setup at ¢t = 1.5 ps. During
the time from ¢ = 0 to ¢ = 1.75 ps the interaction of laser with plasma results in
the uniform electron heating via JxB mechanism [44]. The radiation pressure
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FIGURE 6.2: (a) The temporal evolution of Ng /N in CoH3Cl plasma at ¢ = 0,

1.75, 2.50, 3.25, and 4.0 ps. (b) The laser-cycle averaged 1D profile of electrostatic

field (E;) at t = 4.0 ps in CoH3Cl plasma. (¢) <Z/A> dependence of non-oscillating

component of the TNSA electrostatic field in the upstream region at ¢ = 2.50 ps and
t = 4.0 ps.

of the laser pulse compresses the plasma in front of the exponentially decreasing
density on the rear-side of the target, as shown in Fig. 6.2(a). As time evolves,
the density profile on the rear-side of the target starts expanding thermally,
resulting in the formation of electrostatic collisionless shock. This shock front
propagates in the forward direction with time.

After interaction with the laser, the electrons move relativistically within
the plasma. The massive protons/ions cannot keep up with the electrons thus
setting up a charge imbalance or ambipolar electrostatic field (E;). Figure
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FIGURE 6.3: The spatial profile of electrostatic potentials in (a) CoH3zCl and (b) Hy-

drogen plasma at ¢t = 2.5 and 4.0 ps. (¢) The <Z/A> dependence of the electrostatic

potential at the shock front calculated by integrating F, — Ernga along x-direction
at t = 2.5 psand t = 4.0 ps.

6.2(b) represents the electrostatic field in the CoH3Cl plasma at ¢ = 4.0 ps. At
a sharp plasma-vacuum interface, some of these relativistic electrons blast into
the vacuum and results in a strong charge-separation electrostatic field (Ernga )-
This sheath field can be controlled by using an exponentially decreasing profile
with a scale-length, Lj on the rear-side of the target. The amplitude of this
sheath field is

kB Te

L (6.2)

Ernsa =
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The Epnga field depends on the rear-side plasma scale-length. Thus, an ex-
ponentially decreasing density profile in the rear-side of the target results in
the uniform Epnga in the upstream region [137]. This will help to preserve
the mono-energetic feature of shock-accelerated ions. Figure 6.2(c) shows that
the Ernga field is very similar for all target materials and decreases with the
increase in time. The non-oscillating component of Eprnga accelerates the up-
stream expanding ions to a uniform velocity (Vj) in z-direction.

In order to determine the electrostatic potential (¢) jump associated with
the electrostatic collisionless shock front. The simple correlation between the
electric field and potential is applied, i.e. (E; = - d¢/dt) [90]. As the ex-
ponentially decreasing density on the rear-side of the target results in a small
amplitude TNSA field [see Eq. (6.2)]. Therefore, the non-oscillating component
of Ernga is subtracted from the overall electrostatic field (E,) and integrated
along the x-axis. Consequently, the spatial profile for the electrostatic potential
can be established by using the relation

¢ = /:(Ex — Ernsa)de. (6.3)

Figures 6.3(a) and 6.3(b) indicate the spatial distribution of electrostatic po-
tential at ¢ = 2.50 and 4.0 ps for the CoH3Cl and H plasmas, respectively.
The shock structure has a large electrostatic potential at the shock front for
both plasmas. At ¢t = 2.50 ps, the electrostatic potential at the shock front
becomes high enough and to start reflecting the upstream expanding ions. As
time grows further, the potential jump at the shock front is gradually dissipated
by ion reflection. This results in a smaller potential jump at the shock front in
lower <Z/A> materials, as shown in Fig. 6.3(c). As we mention in Chapter
5, the particle reflection in collisionless shock can be considered as the major
source for the shock dissipation. Thus, it might be possible that a large number
of protons are accelerated in lower <Z/A> plasmas compared to the pure H.
Moreover, the ion reflection is compensated by the change in the electrostatic
potential amplitude at the shock front.

6.3.1 Electron temperature and Shock Velocity

In the early stage of high-intensity laser-plasma interaction, a fraction of high-
energy (several MeV), relativistic electrons are accelerated by laser-pulse. These
electrons go within the plasma and later recirculate across it, and heat up the
bulk electrons. As a result of recirculation, the whole plasma is strongly and
uniformly heated via Jx B mechanism [44], as illustrated by electron phase-space
in CoH3Cl plasma at ¢ = 4.0 ps in Fig. 6.4(a). An electron energy spectrum is
taken at t = 4.0 ps when the recirculation of the electrons has been stopped,
and the whole plasma seems to be in the thermal equilibrium, as shown in Fig.
6.4(b). This electron energy spectrum is taken at Az’ = 20 ym in the upstream
region ahead of the shock front, this is shown by a vertical box in Fig 6.4(a).
The electron energy distribution has been fitted to a 2D-relativistic Maxwellian
of form

f(E) o< Eexp(=E/Te), (6.4)
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FIGURE 6.4: (a) The electron phase-space in CoH3Cl plasma at ¢ = 4.0 ps. (b) The
electron energy spectrum taken at Az’ = 20 pum in the upstream region of shock front
(rectangle Fig. 4(a)) in CoH3Cl (circles) plasma at ¢ = 4.0 ps. The electron energy
spectrum is fitted with a 2D-relativistic Maxwellian f(FE) = aFexp(—E/T.) (solid
line), where a is constant, E is the energy of electrons in z-direction, T, gives electron
temperature in the upstream region. (c) The temporal evolution of T calculated
by fitting a 2D-relativistic Maxwellian at each time. The T, is very well fitted with
sigmoid function (solid line) and the derivative (DIF) of sigmoid function (dot-dashed
line) peaks at ¢t = 1.75 ps.

where E is the relativistic energy of electrons, as shown in Fig. 6.4(b). The
extracted electron temperature Te ~ 2.0 MeV. The temporal progression of
T, is represented in Fig. 6.4(c). We study the time progression of electron
temperature to study the electron heating in laser-plasma interaction. The
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electron temperature, T, is obtained by fitting the 2D Maxwellian defined by
Eq. (6.4) at each time. Early in time, at ¢ = 1.0 ps, T is approximately
equivalent to the initial temperature set in the simulations. After the interaction
of the laser peak, T rises sharply and reached ~ 2.0 MeV at ¢ = 2.50 ps and
remain same throughout the simulations. This implies that the electron energy
distribution reached the thermal equilibrium by ¢ = 2.50 ps. A Sigmoid function

of the form .

S(t) = 1+ exp(—at)’
is used to fit the time evolution of T.. Here, t is the time and a is the constant.
The derivative of Eq. (6.5) peaked at ¢t = 1.75 ps as shown in Fig. 6.4(c). The
obtained T, ~ 2.0 MeV is the same for all target materials. This is because the
ponderomotive electron temperature depends on the laser vector potential, i.e.
x ag and the electron density of the plasma, N, which is same for all target
materials.
In multi-ion species plasmas, we determine the ion-acoustic velocity (C%) by

using
. Z; T
=, | 2L—==. 6.6
A (6.6)

Here, the superscript/subscript, ¢ signifies the different ions species. Since the
shock is propagating within the protons density, therefore, i = p, and Z = A
= 1. Therefore, the ion-acoustic velocity, Cs = {/T./m, = 0.0462c is fixed for
all material plasmas. This is because the electron temperature is the same for
all plasmas. In the PRAB article [152], we have assumed that the ion-acoustic
velocity in the multi-ion species plasmas depends on the average <Z/A>, which
is different from the assumption made in another article and this thesis. The
density steepening and thermal expansion of the exponentially decreasing den-
sity on the rear-side of the plasma leads to the shock formation. The shock front
propagates in the forward direction with an exponential dependence on time.
The temporal variation of shock positions (Xg;) in H and CoH3Cl plasmas are
shown in Fig. 6.5(a). A derivative of Xy, with time gives the shock velocity
Vsn. As there is an exponential decrease in rear surface density; as a result,
V,p, increases exponentially as a function of time for all the target materials.
The change in Vg in different target materials can be explained with the help
of hole-boring velocity, which can be given by

(6.5)

Z me Nejp 9

Vyg = —_— 6.7
HB c 2A1’I1p Ne a07 ( )

for low ag [36]. As ag and N, are the same for all the materials, Vygp is only
dependent on the square root of <Z/A>. As <Z/A> increases, the correspond-
ing Vg, increases. As a result, material with the largest <Z/A> corresponds
to the largest Vg and Vg, as shown in Fig. 6.5(b).

In multi-ion species plasmas, the velocity distribution of the expanding pro-
tons is broad due to the presence of heavy-ions or low <Z/A> ions. [In Chapter
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The derivative of the shock position with respect to time gives the shock velocity V.
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(Vb), shock velocity Vip,, and the velocity of shock reflected protons 2V, — Vg at t =

4.0 ps.

expanding ion velocities at ¢ = 4.0 ps.

(¢) <Z/A> dependence of Mach numbers calculated for different upstream



70 Chapter 6. Material Dependence of CSA

7, we will discuss about the broadening of expanding protons]. This broad ve-
locity distribution (V) of upstream expanding proton results in a variation in
the Mach number (M). We describe it as

Vsh - Vm

M =
Cs ’

(6.8)

where V,,, is the mean value of V¢ as shown in Fig. 6.5(b). As inferred from
Fig. 6.5(c), the estimated Mach number, M = 1.2—1.7, which increases as a
function of <Z/A>. This is because the Vg, - V,, increases with <Z/A>,
and the ion-acoustic velocity, Cy is same for all the target materials used. As
predicted by Forslund & Friedsburg et al. [153], the collisionless shock can
reflect the upstream protons for any values of M>1, when the potential energy
at the shock front is larger than the kinetic energy of the upstream expanding
protons in the shock-rest frame. As a result, the shock dissipation happens by
proton reflection at the shock front. However, as the Mach number approaches
the lower critical Mach number (M., = 1.6 for an isothermal electron gas), non-
steady solitary-wave solutions are possible with the peak potential too small to
reflect the ions. Therefore, there is no lower critical Mach number exists for ion
reflection. As long as the peak potential at the shock front is high enough for
any M>1, the reflected ions will be present.

6.3.2 TNSA Electrostatic Field Scaling

The exponentially decreasing density profile on the rear-side of target leads to
the small amplitude TNSA field, Epnga [see Eq. (6.2)]. This Epnga field is
relatively uniform and accelerates the upstream expanding ions to a uniform
velocity. The amplitude of this Eprnga field can be approximated by measuring
the temporal progression of the expanding ion velocity in the upstream region.
The velocity of the Cl-ions (V¢y) is measured at the peak of the velocity dis-
tribution of expanding Cl-ions taken at Az = 3 pm in the upstream region of
CoH3Cl plasma. Figure 6.6(a) shows the time evolvement of V¢ in CoH3Cl
plasma. The change in V7 with time can be characterized as

x t2 for 1.0 ps < t < 2.75 ps,
Ve = { (6.9)

o In(t) for 2.25 ps < t < 4.0 ps.

It is clear that the later in time, t? dependence of V; changes to the logarithmic
dependence on time. As a result, a 2nd order polynomial (at ¢ = 1.0 ps to ¢ =
2.75 ps) and a logarithmic curve (at ¢t = 2.25 ps to ¢t = 4.0 ps) is used to fit the
V. The non-oscillating component of Epnga can be estimated by comparing
the electrostatic forces (ZeErnga) with the Lorentz force (Am,dV/dt) in the
upstream region. On that account,

Am, (dV
Ernsa = Z?p (dt)’ (6.10)
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where 7 is charge state, and A is the mass number of the ion, m, is the mass
of the proton, e is the electron charge, and dV/dt is the rate of change of the
velocity. A derivative of the fitted Vo with <Z/A> = 0.429 for Cl-ions point
out that the relationship of TNSA field on time can be given by

x t for 1.0 ps < t < 2.75 ps,

(6.11)
o 1/t for 2.25 ps <t < 4.0 ps,

Ernsa = {

as illustrated in Fig. 6.6(b). Mora anticipates the logarithmic dependence of
Ver and 1/t dependence of Epnga [110]. The non-oscillating component of
Ernsa approximated by the time evolvement of V; and measured in the PIC
simulations demonstrate a similar trend and agree relatively well with each
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other. The non-oscillating component of this temporally changing Epnga field
accelerates the upstream ions to a uniform velocity Vg over time.

6.3.3 Proton Acceleration via CSA

As the ES collisionless shock propagates within the upstream expanding plasma,
it accelerates a fraction of upstream ions to the twice of the shock velocity in
the shock rest frame. To accelerate the ions via CSA mechanism, the potential
energy at the shock front must be larger than the kinetic energy of the upstream
expanding ions. In other words, the electrostatic potential at the shock front
must satisfy the following conditions [41]

1 : ‘
Zed > 5Amp( L — V)2 (6.12)
Here superscript i symbolizes the different ion species depending on their Z/A.

The lower threshold velocity (V%) in V{ for ion reflection via CSA mechanism
can be given by

. : 7 2e¢p
7 (]
— S et 1
VL sh A m,, <6 3)
Consequently, . ) )
VL <V < Vi, (6.14)

Equation (6.14) implies the lower V4 and upper V¢, threshold velocities in V},
for ion reflection. As a result, all ions with a velocity component in between

iL and Véh are reflected by the shock potential. Since the upstream expanding
protons are propagating in the same direction with different velocities. The
upstream expanding protons are reflected from shock front and gain a velocity
which is twice of the shock velocity Véh minus lower threshold velocity Vi, ie.,
V, =2(Vi, - Vi) + VL= 2V, - Vi If the upstream expanding velocity is
zero, the ions will be reflected to the twice of the shock velocity only, i.e., Vi =
2Vi,.

For protons Z = A = 1 and neglecting the superscript i, therefore, Vy =
Vsn - /2e¢/my,. Figure 6.7 illustrates the temporal evolution of the proton
phase-space and their respective velocity distribution taken in the upstream
region ahead of the shock front in CoH3Cl plasma. The velocity distribution is
integrated from the velocities within the vertical box in the phase-space plots,
which spans across a range of Ax = 3 um. The populations of the shock
reflected protons are visible from the phase-space plane. By ¢ = 1.5 ps (laser
intensity peak), the potential at the shock front starts growing, and some of the
expanding protons satisfy the lower threshold for the ions reflection, i.e., Eq.
(6.14). The potential jump at the shock front becomes maximum by ¢ = 2.5
ps, and begin reflecting the upstream expanding protons more actively. Thus,
a significantly large number of expanding protons start to satisfy Eq. (6.14) at
all time, and results in a large fraction of protons to be accelerated via CSA
mechanism.

Figure 6.8 indicates the proton phase-space and their corresponding velocity
spectrum in different material plasmas at t = 4.0 ps. Here, the 1st, 2nd, and 3rd
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columns correspond to the proton phase-space, the velocity spectrum taken at
Az = 3 pm region ahead of the shock front, and the velocity spectrum taken in
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the whole upstream region, respectively. As we stated previously, all the protons
that satisfy Eq. (6.14) are reflected to a velocity 2V,-V, by the electrostatic
potential, ¢ at the shock front. For the target with the lowest <Z/A> (CoH3Cl),
a considerably large number of protons satisfy Eq. (6.14) when compared to
the highest <Z/A> target (pure H). As a result, a large number of protons
are accelerated in CoH3Cl as compared to the pure H. This can be inferred by
comparing Figs. 6.8(a), 6.8(j) and 6.8(jj) with Figs. 6.8(i), 6.8(r) and 6.8(rr) at
t = 4.0 ps. The maximum velocity of the reflected protons from the shock front
is expressed as 2V,-V. The velocity 2Vg,-V increases with <Z/A>, this
is directly correlated to the large Vg, in high <Z/A> plasmas. The 2V ,-Vp,
agrees relatively well with the velocity of the reflected protons. Therefore, the
protons are accelerated via the CSA mechanism.

The number of the reflected protons are increased considerably in lower
<Z/A> plasma in comparison to the higher <Z/A> as shown in Fig. 6.9(a).
This dependence can be clarified by considering the number of protons present
in the upstream expanding plasma (dN/dVexp) with a velocity component, V..
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FIGURE 6.9: (a) The dN/dV,¢y at t = 4.0 ps and dN/dVeyy at t; and ty taken at

Az = 3 pm in the upstream region. (b)The peak energy of the reflected protons FEoa,

measured at Az = 3 pm in upstream of the shock front (as shown by vertical dotted
lines in Fig. 6.7) as function of <Z/A> at ¢ = 4.0 ps.
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When protons are reflected by a shock front-associated electric field Egj,, the
change in the velocity dV in time At is expressed as

AV = 2(Vg — Vy) = <€E5h)At. (6.15)
p

Now let’s consider the case of CoH3Cl plasma, at ¢ = 3.25 ps, dV = 0.0708c
and E,; = 8.4x10" Vm~!. By using all these values in Eq. (6.15) gives the
time taken At = 0.68 ps (t; + At = 3.93 ps) by the upstream expanding protons
to gain a velocity dV = 2(Vg,—V). Similarly, at to = 3.5 ps, At = 0.66 ps
(t2 + At = 4.16 ps) is obtained. Therefore, the optimum timing to observe the
reflected protons at ¢ = 4.0 ps is between 3.25 ps (¢1) and 3.5 ps (t2). Figure
6.9(a) indicates the dN/dVexp at the ¢1 and to and dN/dV,ef at ¢t = 4.0 ps as
function of <Z/A>. The dN/dVey, and dN/dV,es agree very well with each
other.

The velocity of the reflected protons at t = 4.0 ps is 2V, —V+ 6V, where
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FIGURE 6.10: <Z/A> dependence of (a) (dN/dFE)Ey, and the laser to reflected
protons conversion efficiency (CE), (b) the peak energy of the reflected protons Ej
and their energy spread AFy taken in the whole upstream region at ¢ = 4.0 ps.
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0V is the change in the expanding protons velocity caused by the non-oscillating
component of Epnga in time At. The energy of the shock-reflected protons is
determined from Vg, and V, as

1
E = 5mp(zvsh — V1, +6Vp)2.

(6.16)
As we explained previously, the protons reflected from the shock at t; and ¢
gain a velocity 2(Vg,—Vo) at ¢ = 4.0 ps. The energy (Ep) at the peak of the
reflected protons distribution and their energy-spread (A Eg) are estimated by
fitting a Gaussian distribution of form

(6.17)

£(E) ocexp{ - <E‘E°)}

(AE)?

The energy calculated at ¢; and to by using Eq. (6.16) agrees relatively well
with Ega, at ¢ = 4.0 ps as shown in Fig. 6.9(b), where subscript Az indicates
that the energy spectrum of the reflected proton is taken at Ax = 3 pum region
ahead of the shock front. The energy-spread of these reflected protons, AEga,
decreases with increasing <Z/A>. This is because a very narrow spectrum of
the dN/dVexp proton satisfy the Vp, in the large <Z/A> material plasmas as
compared to the lower <Z/A> plasmas. This can be seen in Fig. 6.8.

The energy distribution of the shock-reflected protons multiplied by Eg,
i.e.,, (AN/dE)Eq is presented as a function of <Z/A> in Fig. 6.10(a). This
distribution is compared to the laser-to-reflected proton conversion efficiency
(CE) in the same figure. Material with lowest <Z/A> (C2H3Cl) shows that
the number of reflected protons and CE increased by order of magnitude higher
in comparison to a pure proton target with highest <Z/A>. It can be seen in
Fig. 6.10(a), both the number of reflected protons and CE are in qualitative
agreement with each other, and the number of reflected protons are believed to
play an essential role for higher CE in lower <Z/A> material plasmas.

Figure 6.10(b) represents the reflected proton energy Eg and their energy-
spread AEq taken in the whole upstream region. The Eg and AEg are calculated
by fitting Eq. (6.17) to the reflected proton distribution. Eg and AEg are slightly
larger than Ega, and AEga, as shown in Figs. 6.9(b) and 6.10(b) respectively.
Simulations show that the some of protons are accelerated from the front side
of the target by hole-boring process. These protons have a different velocity
distribution and lower energies compared to the shock-reflected protons, which
results in the larger energy spread. Evidence of this seen in Figs. 6.8(f)-6.8(i).

The Material dependence of the number of the shock-reflected protons (AN /dV )
could be determined with the help of the shock velocity (Vg /c), lower thresh-
old (Vi /c) velocity, and by the difference in these velocities (V’4r/c). This
dependency is shown in Fig. 6.11. In other words, the larger the number of
protons satisfying Eq. (6.14) results in a larger number of protons accelerated
via CSA mechanism. Thus, the dN/dV, depends on the Vg /c, ¢, and V /c.
As can be seen from Figs. 6.11(a) and 6.11(b), the decrease in Vg, /c and Vi /c
results in the increase in the dN/dV,. The difference between the velocities as

in (Vg,—Vr)/c is expressed as V'gr = \/2e¢/m,. Even for the larger value of
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Vg, the dN/dV, are smaller, as shown in Fig. 6.11(c). The number of re-
flected protons in different material plasmas depends on the V7, and V. As a
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result, the most important parameter for the number of the accelerated protons
via CSA mechanism is the number of the upstream expanding protons with a
velocity equal and larger than V. This shows the ability of CSA mechanism to
efficiently accelerate high flux and narrower energy distribution proton beams
using the lower <Z/A> material compared to the pure H.

6.4 Summary

The electrostatic collisionless shock is driven by the interaction of the high-
intensity laser with relativistic near-critical density plasma. A charge imbalance
electrostatic field results in a sharp electrostatic potential at the shock front,
which reflects the upstream expanding protons. The electron temperature is
the same for all target material plasmas. The temporal evolution of electron
temperature can be very well fitted with a sigmoid function with a derivative
peaking at ¢t = 1.75 ps. The number of reflected protons in different material
plasmas depends on the lower bound velocities (V) for proton reflection and
shock velocities. Lower values of V always result in the high proton flux.
Protons with high flux and narrower energy spread can be produced using the
lower <Z/A> materials.
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Chapter 7

Electrostatic Ion Two-stream
Instability

7.1 Introduction

In the field of plasma, depending on the interactions with medium and driving
mechanism, either wave can grow or damp. Plasmas are rare and highly unstable
in thermodynamic equilibrium. In other words, a source of free energy comes
into picture from a non-Maxwellian velocity distribution which needs to be
dissipated [154]. In order to turn over a non-Maxwellian velocity distribution
into a Maxwellian’s distribution, plasma must allow this free energy to transform
into some other energies. This is the place where the instabilities in plasmas
play an essential role.

The normal modes of Instability can be explained with the help of relation-
ships between the angular frequency (w) and wavenumber (k) [154]. Similar
to a medium which has its own dispersive properties, every mode of the wave
excited by the free energy has its own dispersive properties. The stable mode of
the system is coupled with the temporal and spatial growth of the instability.
In other words, instability goes through the radiations to dissipate the source
of free energy in the system. Thus one of the essential transfer mechanism to
dissipate the source of free energy is the instabilities in the plasma. Owing to
the fact that the instability influenced by both w and k, one can expect that
there are going to be different scale or range depending on the system. This
means, depending on the size of wave number (k), the instability can described
as ‘microinstabiltiy’, i.e. large k (small wavelength), and 'macroinstability’; i.e.
small k£ (large wavelength). There are many instabilities exists in the plasma.
In this chapter, we will discuss one of the essential instability, known as the
electrostatic ion two-stream instability (EITT).

Plasma microinstabilities play an essential role in the dynamics of collision-
less shocks [155-157]. The linear theory of electrostatic ion two-stream instabil-
ity (EITI) in unmagnetized plasmas are examined by several authors [158-161],
and also EITT is known by several other names such as ’ion-ion acoustic instabil-
ity’ or 'ion-ion streaming instability.” It has been shown that, when the two ion
populations drift with a relative velocity with respect to each other, it results
in the excitation of electrostatic ion two-stream instability [162-165]. Garry
and Omidi [166] have carried out the numerical solution for the electrostatic
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dispersion equation and detailed discussion of the properties of ion-ion acous-
tic instability. An instability excited by the relative drift between the two ion
populations has been also observed in the upstream of different shocks such as
bow shock [167], interplanetary shock [168], Earth magnetotail [169], and in the
space plasmas such as solar wind [167, 170], Earth’s magnetosheath [171] etc.
The ion two stream instability can be excited in the foreshock of SNRs shocks
[172, 173]. In case of electrostatic collisionless shock, since the reflected ions are
present ahead of the shock front, the electrostatic ion two-stream instability can
develop. The wave vector of the instability propagates obliquely to the propa-
gation direction or even perpendicular to it [162, 163] thus, a multi-dimensional
analysis is needed. Two-dimensional study of electrostatic ion two-stream insta-
bility ahead of the shock front showed that the structure of electrostatic shock is
significantly affected by this instability [174]. Numerical simulation for EITT has
demonstrated that, the electric field generated by this instability results in the
strong fluctuation in the ion densities and affects the shock dynamics; destroy
the shock itself [175]. Numerical investigation and linear analysis for EITI in
the foot region of collisionless shock show that the fastest growing mode is not
the ion acoustic instability, but the highly oblique ion two-stream instability,
and protons are heated preferentially perpendicular to the shock normal direc-
tion [176]. The experimental demonstration for ion-ion two-stream instability
has shown that the growth rate of the instability is significantly affected by the
relative charge-to-mass ratio of the species [177]. The experimental investiga-
tion done by Ross et al. [178] has shown that the ion two-stream instability is
responsible for the collisionless ion heating. To our best knowledge, most of the
previous work has focused on shock formation [179-181] and ion heating [175,
176, 178]. This is the first investigation on the material dependence of EITI on
CSA [152].

First and the foremost, it is crucial to understand what leads to the exci-
tation of EITI in plasmas. The EITI occurs within the plasma when the two
ion populations with different charge-to-mass ratios, <Z/A> drift with respect
to one another under the action of non-oscillating electrostatic field (Epnga)-
This points to the non-uniform charge density perturbation that grows expo-
nentially in the amplitude; identified as the unstable mode of the instability.
When unstable mode occurs, the modulation in the charge density or electric
field perturbation can be characterized by the wave number, £k, and has an
angular frequency, w, which has the real and imaginary parts such as

w(k) = wr(k) + iw;(k), (7.1)

where w, indicates the real part of the angular frequency of the perturbation,
while the w; represents the growth rate or imaginary part of the angular fre-
quency, which is the function of k. Depending on the value of w; such as
w; > 0(< 0) the amplitudes of the perturbations grow (decay) exponentially
with time. Although, it should be noted that, to trigger the instabilities in
plasma, the solutions to the dispersion relation with w; > 0 is not sufficient.
The system of plasma needs a source of free energy; otherwise, the growth of
instability convey the hypothesis that the system is an unphysical interpreta-
tion.
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Based on the local plasma parameters and source of free energy, several
different instabilities are allowed in the intrinsic unstable nature of the plasma.
For instance the source of free energy for the excitation of ion acoustic waves
in plasmas: electron heat flux [182], cross-field currents [183], the streaming
of cold ion beam through a magnetized warm electron background [184], etc.
The other instability is the electrostatic ion two-stream instability, where the
stream of two ion populations drifts with respect to one another with a finite
velocity under the action of electrostatic field. In this chapter, we will discuss
the numerical study of EITI in multi-ion species plasma and how EITI has
affected ion acceleration via the CSA process [152].

7.1.1 EITI in Cy;H3Cl] Plasma

To examine the development of EITI in multi-ion species plasma, we use the
same simulation results as we presented in the previous chapter 6. For the
sake of simplicity, we restrict our investigation on the development of EITI in
CoH3Cl plasma only. Figs. 7.1(a) and 7.1(b) represent the spatial distribu-
tion of electrostatic field, E, in the upstream region of CoH3Cl plasma. The
electrostatic field represented in these figures is averaged over two laser cy-
cles, to avoid the influence of sinusoidal laser fields. The simulation box size
is y = 6 and 20 pm, respectively. Both cases display a wave-like structure or
modulations propagating in the x-direction. It is clear from Figs. 7.1(a) and
7.1(b) the wavelength of these modulations increases in the z-direction. The E,
profile along the z-axis is averaged along the y-axis and overlaid on the phase-
space of the corresponding proton velocity distribution in the upstream shown
in Fig 7.1(c). The modulation in E; shows comparative correlation with the
proton phase-space distributions. As we explained earlier, the small perturba-
tions/modulations in charge density or electric field are excited by electrostatic
ion two-stream instability in plasmas. These modulations are excited by the
relative drift velocity (V) between the two ion populations in plasmas with
multi-ion species. Our simulations show that this relative drift is driven by the
Ernsga in the upstream plasma which results in slower moving heavier ions with
low <Z/A> and faster-moving protons with high <Z/A>.

7.1.2 Velocity Distribution of Expanding Ions

Temporal evolution of the velocity distribution of the upstream expanding ions,
dN/dV, in the CoH3Cl plasma are displayed in Figs. 7.2(a) and 7.2(b). These
plots were taken at Az = 3 pum region just ahead of the shock at ¢t = 2.0
ps, and 4.0 ps respectively. Initially, V4 is small, and the instability has not
established. As time evolves, V, increases, which leads to a growth in the
instability. This results, as shown in Fig. 7.2(b), in a high-velocity tail in the
C-ion and a low-velocity component to the proton distributions. We note that
the chlorine distribution does not broaden in time. This observation suggests
that the broadening of proton distributions discussed in relation to Fig. 6.8
results from the EITI.
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FIGURE 7.1: 2D electrostatic field (E,) distribution averaged over two laser-cycles

in the upstream region at t = 4.0 ps in CoH3Cl for the simulations box size of (a) y

=6 pm and (b) y = 20 pm. (c) Phase-space of the upstream expanding protons and
1D profile of E, [taken from [152]].

The shape of the proton velocity distribution is characterized by using the
sum of three 1D shifted Maxwellian’s velocity distribution of form

F(E) o exp{ - m”(VT;W} (7.2)

throughout all time. Here, m,, is the mass of the proton, V is the expanding ion
velocity, V,, is the mean of the expanding ion velocity, Vy, and T; is the ion
temperature. Therefore, a sum of multiple 1D shifted relativistic Maxwellian’s
is used to fit the upstream expanding velocity distribution of protons taken
at Ax = 3 um region ahead of the shock front in CoH3Cl plasma. The peak
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F1GURE 7.2: Velocity spectrum of the expanding ions taken at Az = 3 pm in the
upstream region at (a) t = 2.0 ps and (b) t = 4.0 ps in CoH3Cl [taken from [152]].

number density, velocity, and temperature of the three fitted Maxwellian’s are
represented in Figs. 7.3(a)-(c). In Fig. 7.3(a), the dN/dVp, dN/dVg, and
dN/dV); denotes the number density at the peak of the fitted Maxwellian’s
for lower, higher, and mean values of the velocity distribution in the upstream
region. It is clear from Fig. 7.3, at t = 1.50 ps, the velocity of the upstream
expanding protons is small, and a large number of protons correspond to the
lower velocity component, and a small number of upstream protons corresponds
to the maximum velocity component, and their temperature is nearly same.
After the laser peak is gone, a few protons in the upstream region are accelerated
by the TNSA field, which leads to the broadening of the velocity distribution.
At t = 1.75 ps, a secondary Maxwellian distribution with very low number
density and low temperature is fitted at Vj;. By t = 2.75 ps the number at the
peak of AN/dVy, dN/dVg, and dN/dVj; become equal, although the velocity
and temperature of each fitted Maxwellian keep increasing. With the increase in
time, the number density of each Maxwellian remains nearly constant, as shown
in Fig. 7.3(a). The velocities of the all fitted Maxwellian’s keep increasing with
time. The temperature of V; and Vg remains the same after ¢ = 2.75 ps, but
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FIGURE 7.3: The time evolution of (a) peak number density, (b) velocities, and (c)
ion temperature of the 1st (L), 2nd (M), and 3rd (H) fitted 1D shifted Maxwellian in
CoHj3Cl plasma at ¢t = 4.0 ps.
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the temperature of the central Maxwellian keep increasing, as shown in Fig.
7.3(c). The shape of the upstream expanding protons and rise in temperature
of the central Maxwellian distribution remains an open question.

Temporal evolution of the velocity at the peak of the dN/dV, distribution
for Cl-ions, V¢ (from the CoH3Cl target) is plotted in Fig. 7.4. V¢p shows
a logarithmic dependence with time, indicating that V; is determined by the
upstream Ernga as discussed in subsection 6.3.2. By taking a derivative of a fit
to the V¢ distribution with <Z/A> = 0.429, we infer that the time-dependent
Ernsga evolves with a 1/¢ dependence as shown in Fig. 7.4. The temporal
variations for V¢ and Epnga relationship described by Mora [110]. The time
dependence of the C-ion velocity (V¢) at the peak of dAN/dV, agrees well with
calculations of V¢ based on the concluded Epnga and <Z/A> = 0.5 (Vo_TNSA
[see Fig. 7.4]). At t = 2.5 ps, a high-velocity tail (VE) appears in V. This
results from acceleration by an electric field associated with the EITI. The
calculated velocity for H-ions from Epnga (Va_rnsa) with <Z/A>=1, which
gives the maximum possible velocity for H-ions caused by Ernga, is included
for the comparison in Fig. 7.4. We approximate the simulated velocity distri-
butions for protons as a sum of the three 1D-shifted Maxwellian’s as described
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FIGURE 7.4: Time evolution of the expanding ion velocities in CoH3Cl. The veloc-
ity of Cl-ions V¢ (open circles) is derived from the peak of the velocity spectrum
(dN/dVq) taken at Az = 3 pm in the upstream region and fitted to logarithmic
curve V¢ (solid line). Ernga (dotted line) is derived from V¢ and follows a 1/t de-
pendence. Temporal variation of Vi (filled triangles) agrees well with the calculated
Ve (Ve—1nsa, dashed line) from Ve, Ven (open triangles) shows the high-velocity
tail of C-ions, which appears at ¢ = 2.5 ps, and overlaps with the lower-velocity (V)
(open rectangles) component of H-ions. Vyu (filled rectangles) represents the higher-
velocity component of H-ions, which is larger than the velocity calculated from Epnga
(Vi—rnsa, dot-dashed line) [taken from [152]].
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earlier. These velocities, the lower (VE), mean (V}), and higher (VH) velocity
Maxwellian distributions are shown in Fig. 7.4 [also see Fig. 7.3]. We note that
Vg and Vﬁ represent the EITI accelerated and decelerated C-ion and proton
populations, respectively, and these populations have similar velocities. This
occurs as an additional EITI develops due to the relative drift between the shock
reflected proton population moving at approximately 2V, - Vo, through the
upstream expanding proton population moving at V. This further increases
the number of protons satisfying the condition for CSA.

7.2 EITI in multi-ion species plasma
In cold plasma approximation, the dispersion relation of EITI is given by [170]

]_ B wf)l W;z
k2X3 T w? * (w—kVg)? (7.3)

1+
Here k, is the wave number in the z-direction, \p, is the electron Debye length,
wp1 and wp are the proton and heavy ion plasma frequencies, respectively, and
V4 is the relative drift velocity between the two ion populations.
In multi-ion species plasma, wp is the proton plasma frequency, wy, and wp2
is the heavy-ion plasma frequency, as wy2 is the carbon plasma frequency wp.
for CoH3Cl and CH.

7.2.1 Analytical Solution

For CoH3Cl at t = 4.0 ps, the maximum amplitude of the modulation in E,
in the region of = 135 - 145 um occurs at k, = 4.7x10% m~! as shown by
dashed line in Fig. 7.5(a). In the upstream region of plasma at = = 140 pum, the
electron temperature and densities are T, = 2.0 MeV and N, = 6.5x10%° cm ™3,
respectively, which gives Ap. = 0.4 um. This results in k,Ap. >1, enabling us
to neglect the second term on the left-hand side of Eq. (7.3).

Equation (7.3) has an unstable solution with the maximum growth rate of

_ \/§pr
\

W
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(7.4)
At z = 140 pm, the carbon ion and proton number densities are N¢ = 4x10!?
cm ™ and Np =1.3x 10?0 cm™3. This gives the equal frequencies for carbon and
protons, i.e. wpe = wpp = 1.5x10" sec™!, respectively. A relative drift between
the upstream expanding protons and C-ions is, V4 = VE—VC = 0.042c at t =
4.0 ps as shown in Fig. 7.4. The value of k, can be calculated by using all these
values in Eq. (7.4), i.e. ky ~ 2.1x10% m~!, which agrees relatively well with
the value of k, = 4.7x10% m~! extracted from power spectrum taken in region
z = 135—145 pm as shown in Fig. 7.5(a). As this instability exists between
the upstream expanding heavy-ions (C-ions) and protons, thus we refer to this
instability as ’heavy-ion” EITI.
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FIGURE 7.5: Derived power spectrum of electrostatic field, F, at t = 4.0 ps taken
in the region of (d) x = 135 - 145 pum and (e) z = 165 - 175 um in CoH3Cl plasma
[taken from [152]].

At z = 160 pm, the carbon number density, N¢ = 1x10" ¢cm™3. This gives
heavy ion plasma frequency, wp. = 7.2x10'2 sec™!, and V4 = 0.040c at t = 4.0
ps. Similarly, by using all these values in Eq. (7.4), ky ~ 1.0x10% m~!, which
is comparable to k; ~ 1.6x10° m~! as shown in simulation in Fig. 7.5(b). As
a result, it is clear from Figs. 7.5(a) and 7.5(b), the value of k; decreases as x
increases. This is because the value of maximum growth rate (ymax) depends
on the heavy-ion or proton plasma frequency (refer Eq. 7.4), which is a function
of plasma density. The plasma density on the rear-side of the target decreases
exponentially with increasing z as shown in Fig. 6.1(b).

At t > 2.5 ps, the number of protons reflected by the shock front increases,
which contributes to the excitation of the EITI between the expanding and the
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FIGURE 7.6: Velocity spectrum of the expanding ions in (a) CD and (b) CCl; targets
taken at Az = 3 pm in the upstream region at t = 4.0 ps [taken from [152]].

reflected protons. This is referred to as reflected-proton EITI. This leads to
the generation of a high-velocity tail in Vg in the upstream plasma. In the
case of reflected-proton EITI, wy1 = wpp and wps is the reflected proton plasma
frequency wprer. As shown in Fig. 6.8, the number of reflected protons is smaller
than that of the expanding protons even at ¢ = 4.0 ps. Hence, wyret < wpp. The
maximum growth rate of reflected-proton EITI [176] is given by

1
_ (3V3 Nt " at k. — V3w (7.5)
“max 16 Nexp 'pp z vr . .

Here, N stands for density and subscripts ’exp’ and ’ref’ denotes the expanding
and reflected proton populations, respectively. The relative drift between the
reflected and expanding protons is V!, = 0.064c at t = 4.0 ps. Therefore, k, ~
6.8x10% m~!, which is comparable to the k, value for the maximum growth
rate of heavy-ion EITI by a factor of 0.68. As a result, this suggests both that
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heavy-ion and reflected-proton EITIs occur with similar growth rates and wave
numbers. Thus, it is difficult to distinguish between heavy-ion and reflected-
proton EITI, i.e., HI- and RP-EITI.

Va_1NsA or the maximum possible velocity of H-ions accelerated by Ernga
in CoH3Cl is shown in Fig. 7.4. We infer that a large number of protons
is accelerated by the wave electric field of reflected-proton EITI and obtain
the expansion velocity Vg larger than Vi;_Tnga. This acceleration generates a
significant number of expanding protons with the velocities larger than V, and
results in the enhancement of the shock-accelerated protons. Simulation studies
done by Grassi et al. [185], have shown that the development of ion turbulence
in H plasma leads to the heating of upstream ions, which allows a fraction of
ions to exceed the threshold for ion reflection from the shock front.

To confirm the effect of <Z/A> on EITI, PIC-simulations with the same
laser and density properties used throughout are compared to fully ionized car-
bon deuterium (CD) plasma. As shown in Fig. 7.6(a), since both C and D-ions
have the same <Z/A> = 0.5, both ions are accelerated by Ernga in the up-
stream plasma, and there is no relative drift between them, as in, V5 = 0.
Therefore, no instability is excited, and no broadening of the upstream ions
occurs. In multi-ion plasmas, a high-velocity tail and a low-velocity component
appear in the smaller and larger <Z/A> ions, respectively. Figure 7.6(b) rep-
resents upstream ion velocity distribution for CCly plasma with fully ionized C
and Zcp = 10. A high-velocity tail in Cl-ions and a low-velocity component of
C-ions appear because of heavy-ion EITIL.

7.2.2 Exact Solution

In order to properly explore the EITI between the two ion populations in up-
stream plasma, a MATLAB program is used to solve the dispersion relation for
the roots numerically. Equation (7.3) was rewritten to the 4th order non-linear
polynomial and set equal to zero. After finding the roots via MATHEMATICA
equation solver, the other variables/constant are used from the PIC simulation
results.

Figure 7.7 represents the roots of the dispersion relations for heavy-ion (HI-)
EITT calculated from Eq. (7.3) in CoH3Cl plasma. Here the second term on
the left side is neglected (1/kzApe << 0 ); at ¢ = 4.0 ps, the proton plasma
frequency, wy1 = wpp = 1.51x10'3 571, the heavy (C) ion frequency Wp2 = Wpe
= 1.52x10" 571, and the relative drift, V; = 0.042c. These values are similar
to the ones used for the analytical calculations [152]. For each k, there are four
roots, two of them are complex numbers. In the figure w, and w; are plotted as
a function of k,. From these plots, we can find the value of k; where the growth
rate of the instability becomes maximized, wj"**. In Fig. 7.7(a) the horizontal
and inclined dotted lines represent plasma and beam modes. The interaction
of the fast plasma mode and the slow beam mode leads to the excitation of
the instability, and there are no real solutions in the interaction region. The w;
becomes maximum at the interaction point as shown in Fig. 7.7(b).
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F1GURE 7.7: Electrostatic ion two-stream instability by assuming 1/k.Ap. = 0 in

CoHj3Cl plasma at t = 4.0 ps. The positive values of w represent the unstable mode

of the instability. The horizontal and vertical dotted lines indicate the plasma and

beam mode respectively. (a) The real (R(w)) and (b) imaginary (I(w)) parts of w as
a function of wave number k.

We further generalize our calculations by including the effect of k;Ape in
Eq. (7.3). This results in the dispersion relation

~ (Nj1/Ne)C k2 (Nig/Ne)C2k2

— . 7.6
P END,) T (@ ka V)21t R2A5) (7:6)

Here, Cg is the ion-acoustic velocity and Nj is the ion density. Subscript 1 and 2
denote the two different ion species. The roots of the dispersion relation, w, and
w; with respect to k, are shown in Figs. 7.8(a) and 7.8(b), respectively. Equa-
tion (7.6) shows the excitation of ion acoustic mode for two ion populations.
The interaction between the fast plasma mode and slow beam mode occurs at
a similar k, with smaller w"** as shown in Fig. 7.8(b).

As we interpreted in previous section 7.2.1, two types of EITI exist in the
multi-ion species plasma, i.e., heavy-ion EITI (HI-EITI), caused by the relative
drift between the heavy and light ions, and reflected-proton EITI (RP-EITI),
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FIGURE 7.8: Electrostatic ion two-stream instability by assuming 1/k,Ape # 0 in

CoH3Cl plasma at ¢t = 4.0 ps. The positive values of w represent the unstable mode

of the instability. The horizontal and vertical dotted lines indicate the plasma and

beam mode respectively. (a) The real (R(w)) and (b) imaginary (I(w)) parts of w as
a function of wave number k.

caused by the relative drift between the reflected and expanding protons. The
RP-EITI emerges at ¢ > 2.50 ps when the number of the reflected protons
increases. This leads to the generation of the high-velocity component in the
upstream expanding protons [152]. Since the number of reflected protons are
smaller than the expanding protons in the upstream region. The scaling for
maximum growth rate for RP-EITT is different from the one for HI-EITT [176].
Figure 7.9 shows the temporal evolution of the w;"** at k; measured in PIC
simulations, calculated analytically, and the solution of Eq. (7.3) in CyH3Cl
plasma. In order to obtain the analytical results, the unstable solutions for
HI-EITT and RP-EITI are used as illustrated by Eq. (7.4) and Eq. (7.5),
respectively. To find the exact solutions, a MATLAB code is used to solve
the roots of Eq. (7.3). The analytical and exact solutions show that the k, is
maximum earlier and keep decreasing with time for HI-EITI as shown in Fig.
7.9(a). As the shock front propagates in the exponentially decreasing density
with time, the value of the k, always depends on the ion plasma frequency
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FIGURE 7.9: The temporal evolution of (a) wave number (k;) (b) growth rate (w;)
for HI- and RP-EITI, and from the PIC simulations in CoH3Cl plasma.

and always calculated ahead of the shock front. As a result, k, decreases with
time. The value of k, for RP-EITTI is nearly the same for analytical and exact
solutions. However, the value of k, measured in PIC simulations, first increases
with time (¢ = 2.5 ps) and later in time it decreases. This is measured by
taking the power spectrum of the electrostatic field in the upstream region of
the shock front, as shown in Figs. 7.5(a) and 7.5(b). The analytic and exact
solutions (k, = 0) for the growth rate for both instabilities, i.e., HI-EITI and
RP-EITT are nearly the same. However, the growth rate for the exact solution
(1/kzApe # 0) decreases faster compared to the exact (k, = 0) and analytical
solutions for HI-EITI. This is because the ion-acoustic velocity of proton and C
ion populations plays an important role in the EITI, which arises because of the
Debye length, Ap.. The growth rates for both HI- and RP-EITT are nearly the
same at t= 4.0 ps. Therefore, it is difficult to distinguish which instability is
dominant. Analytical and exact solutions roughly agree with PIC simulations
value of k;. As we explained in Ref. [35], HI-EITI leads to the broadening of



7.3. Summary 95

upstream expanding protons towards the lower velocity, and RP-EITI further
broadened their velocity distribution towards the large velocity.

7.3 Summary

In multi-ion species plasmas, a relative drift between two ion populations trig-
gers the electrostatic ion two-stream instability. The excitation of EITI results
in the modulations in the electrostatic field, which shows a correlation with
the proton phase-space distribution. Simulations done by Zhang [180] have
shown that in the transverse size-reduced simulation EITI propagates in the x-
direction, whereas in the large transverse size simulation it propagates obliquely.
In our case, since the propagation directions of EITT are in the z-direction both
for the small and the large transverse-size simulations (Figs. 7.1(a) and 7.1(b)),
the instability is not oblique but longitudinal. The wavelength of these modula-
tions increases in z-direction. The excitation of heavy-ion EITI leads to a large
velocity spread in the upstream region of protons in multi-ion materials. The
velocity distribution of the upstream expanding protons is further broadened
toward the higher velocity by the EITI between reflected protons. As a result,
a larger number of protons are driven by collisionless shock acceleration mecha-
nism. A MATLAB program is used to solve the 4th order non-linear polynomial,
which has positive imaginary roots. This indicates that the unstable mode of
the instability can give rise to an exponential growth in a non-uniform charge
density perturbation associated with multi-ion species plasmas. It is found
that the inclusion of the 1/k;Ap. term in Eq. (7.3) shows that the maximum
growth rate occurs at the similar k,. The HI-EITI decelerates few protons to
the lower velocity and accelerates some of heavy-ion (C-ions) to higher velocity
component. This leads to the broadening of the upstream expanding protons.
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Chapter 8

Heavy-Ion Acceleration

8.1 Introduction

In Chapter 6 we have shown that, the number of reflected protons and their
laser-to-reflected proton conversion efficiency can be enhanced by an order of
magnitude in lowest <Z/A> (CoH3Cl) plasma compared to pure H. The impor-
tance of EITT instability in multi-ion species plasma is discussed in the previous
Chapter 7. We have shown that the instability between the expanding C-ions
and protons accelerate some of the C-ions towards higher-velocity component
and decelerates some of the protons toward lower-velocity component. This
results in the broadening of upstream expanding protons. The velocity distri-
bution of the expanding protons is further broadened toward the higher-velocity
component by the EITI between the expanding and reflected protons, known
as the reflected-proton EITI. This leads to the more protons to satisfy the ion
reflection condition described by Eq. (6.14). In this chapter, we will extend our
simulation outcomes by adding the discussion on the acceleration of heavy-ion
via CSA mechanism.

The acceleration of heavy-ions in laser-plasma interaction is still an open
question because of the certain physical parameter limits [186]. As a conse-
quence of low <Z/A>. the heavy-ions cannot be accelerated as efficiently as
protons. As compared to the protons, a large potential at the shock front (¢)
is required to accelerate heavy ions via CSA mechanism.

In this chapter, we further generalize our results by considering the accel-
eration of heavy-ions (C-ions) via CSA mechanism in multi-ion species plasma.
The formation of collisionless shock and their respective ion (proton and heavy-
ion) acceleration becomes more interesting when we consider a multi-ion species
plasma. However, one should note that the ion acceleration via CSA mecha-
nism in multi-ion species plasma is observed experimentally [51]. The author
have showed that the same shock front accelerates both protons and heavy ions.
But in our simulations, we will show that two laser-driven collisionless shocks
accelerate the protons and C-ions separately.

To accelerate the ions via CSA mechanism, the potential at the shock front
must be larger than the kinetic energy of the upstream expanding ions in the
shock-rest frame. All ions that satisfy Eq. (6.14) are accelerated by CSA
mechanism. Since <Z/A> for heavy-ions is always smaller than protons, V¢
for heavy-ion reflection is always larger than that for the protons. For C-ions,
superscript ¢ = C.
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Figures 8.1(a) and 8.1(b) represent the phase-space of C-ions in CoH3Cl and
CH plasmas, respectively, at ¢t = 4.0 ps for ag = 3.35. Owing to fact and the
previous experimental studies of CSA [51], here, we assumed that the shock
is propagating with the same velocity Vg, in protons and C-ions as in Vg, =
Vsch. Thus, Vg is larger for C-ions compared to protons, i.e., Vg > V. In
addition to this, because of their larger mass, the upstream expanding C-ions
are accelerated to a lower velocity of VOC by the sheath electrostatic field Epnga .
The upstream expanding velocities of the C-ions are smaller compared to the
V1, as shown in Fig. 8.1. Consequently, no C-ions are accelerated via CSA
mechanism. However, Fig. 8.1(a) indicates very few ions are accelerated. These
ions are either accelerated from the front surface by the hole-boring process early
in time or by CSA. If these ions are accelerated through CSA, this suggests
the assumption of the similar shock velocity Vg in protons and C-ions is not
correct. Furthermore, it is practically impossible to find the shock front in
carbon density or phase-space for ag = 3.35.
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FIGURE 8.1: Phase-space of C-ions at ¢ = 4.0 ps in (a) CoH3Cl and (b) CH plasmas.
The horizontal lines represent the lower threshold V, for ion reflection and the shock
velocity in proton density (Vgp.)
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8.2 Simulation Result for q¢; = 10

In order to confirm the C-ion acceleration via CSA mechanism in the multi-
ion species plasma, we carried out PIC simulations for higher laser intensity
corresponding to ag = 10 and a CoH3Cl plasma. The peak electron density
is maintained at agN., to prevent laser-induced relativistic transparency. The
interaction of laser with plasmas leads to uniform electron heating via JxB
mechanism [44] and shock formation in the ion densities in a similar manner
as described in Chapter 6. Figure 8.2(a) represents the normalized electron
density profile (N./N¢;) at ¢ = 3.0 ps and ¢ = 4.0 ps in C3H3Cl plasma. The
decrease in the electron density indicates that the thermal expansion of the
plasma. Figure 8.2(b) shows the 1D electrostatic field (E,, averaged over y-axis
and two laser-cycles) and spatial profile of electrostatic potential (¢) at ¢ = 3.0
ps. The potential profile is estimated by using Eq. (6.3). Vertical lines (dotted
and solid) show that large amplitude E, and ¢ are present at two different
positions, which correspond to the two different shock fronts in proton (solid
line) and C-ion (dotted line) densities. These shocks can be clearly seen in the
normalized proton and C-ion densities indicated by the solid and dotted vertical
lines, respectively, in Fig. 8.2(c) at ¢ = 3.0 ps [Fig. 8.2(d) at t = 4.0 ps|. It is
clear that shock positions in protons and C-ion densities are different. In other
words the shock is propagating faster in protons compared to C-ions.

Ion acceleration by CSA mechanism depends on the ion reflection require-
ments, as explained in Chapter 6. The ions in the upstream region with a
velocity larger than ViL are accelerated via CSA. Depending on the shock ve-
locities, Vg is lower for C-ions compared to protons. Figure 8.3 represents the
phase-space and velocity spectrum for protons and C-ions at ¢ = 4.0 ps in pure
H, C, and CyH3Cl plasmas. The horizontal lines on phase-space and vertical
lines on velocity spectrum indicate the lower threshold velocity (V%), shock
velocity (V%,), and the velocity of the reflected ions (2V%,-V%). Vertical lines
on phase-space represent the position of the shock front. It can be seen in Fig.
8.3, a large number of protons and some of the C-ions have a velocity larger
than V% and are accelerated to a velocity ZVih—VZ}J by CSA mechanism. Figures
8.3(f) and 8.3(i) indicate the velocity spectrum of the shock accelerated protons
and C-ions, respectively, in the whole upstream region ahead of the shock front
at ¢ = 4.0 ps in CoH3Cl plasma. The protons and C-ions are accelerated to
different velocities. As seen in Fig 8.3(d), the velocity distribution of the up-
stream expanding protons is broad in CoH3Cl. As we explained in Chapter 7,
the broadening of the velocity distribution is caused by the development of HI-
EITI and RP-EITI. The RP-EITI broadens the velocity distribution towards
the higher velocity, which causes more protons to be accelerated via CSA mech-
anism. On the other hand, the HI-EITT decelerates some of the protons to lower
velocities and accelerates C-ions to higher velocities [see Fig. 7.4] [152]. Most
of the C-ions with higher velocity component satisfy the Vg and accelerated by
CSA mechanism. In multi-ion species plasmas, the HI-EITT plays an essential
role in accelerating the lower <Z/A> ions by CSA mechanism.
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FIGURE 8.2: (a) The normalized electron density (N./N¢.) at t = 3.0 ps and t = 4.0

ps. (b) The electrostatic field (

E.) (y1) and the electrostatic potential (¢) (y2) at t =

3.0 ps. The normalized proton (Ng/N.) (y1) and carbon (N¢/Ner) (y2) densities
at (¢) t = 3.0 ps and (d) ¢t = 4.0 ps in CoH3Cl plasma for ag = 10.
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-ions in CoH3Cl, and (j) - (1) C-ions in pure C plasmas.

8.3 Effect of Laser Intensity on CSA

A question arises; why are no C-ions accelerated for lower laser intensity corre-
sponding to ag = 3.35, yet there are significant numbers of C-ions accelerated
via CSA mechanism for ag = 107

To answer this question we further extend our numerical investigation of
CSA to ag = 20 and ag = 33. The electron density is maintained at agN,, again
to prevent relativistic transparency.

The energy distribution of the electrons taken in the upstream region of the
shock front and the electron temperature scaling for different laser intensities
are shown in Fig. 8.4. A sum of two (bulk+tail) 2D-relativistic Maxwellian’s
given by Eq. (6.4) are used to fit to the electron energy distribution for ag = 10,
20, and 33. The two Maxwellian’s, the bulk and tail components, for ag = 33 are
shown by the dotted and dashed lines, respectively, and their sum is represented
by the solid lines in Fig. 8.4(a). Both the bulk and tail electron temperatures
scale with a power-law dependence on ag as indicated in Fig. 8.4(b).

Figures 8.5(a) and 8.5(b) indicate the shock velocity (V) and the mean
velocity (V) of the expanding ions for protons and C-ions as a function of ag
in pure H, C and CoH3Cl plasmas. The V{, and V!, in protons and C-ions
are always larger for pure H and C plasmas compared to the multi-ion species
CoH3Cl plasma. In other words, both velocities (Vg and V,,) follow a trend,

P P C C
VH > V02H301 > VC > vCQHgCl’ (81)
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FIGURE 8.4: (a) The electron energy distribution taken in the upstream region of the

shock front for different laser intensities corresponding to ag = 3.35 (x), 10 (+), 20

(), and 33 (|). A sum of two (bulk [dotted]+tail [dashed]) 2D relativistic Maxwellian

is used to fit to the electron energy distribution shown by the solid lines. (b) The
electron temperature as a function of ag.

for all laser intensities, here P and C denote the protons and C-ions in different
plasmas indicated by the subscripts. This is because the hole-boring velocity
depends on the average <Z/A> in multi-ion species plasma. This leads to the
larger proton (C-ion) shock velocity in pure H (pure C) compared to that in
CoH3Cl. Similarly, the presence of the HI-EITT in the upstream region of the
C2H3Cl plasma results in the lower value of Vi compared to that in the pure
H and C plasmas. Both Vgh and V,, increase with ag for all plasmas. The
ion-acoustic velocities for proton and C-ions are calculated using Eq. (6.6), and
the bulk temperature of the electrons. The bulk temperatures in the upstream
region of shock fronts in pure H, C, and CoH3Cl plasmas are the same. Thus,
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FIGURE 8.5: ag dependence of (a) shock velocities (Vi,), (b) mean velocity of the
expanding ion velocities (V¢ ), (c) ion acoustic velocities (C%), (d) difference between
the shock velocity and mean of the expanding ion velocity (Vg = Vg,-Vi), and (e)
the corresponding Mach number, M; = V4 /C? for pure H (open circles), C (open
triangles) plasmas, and protons (filled circles), and C-ions in CoH3Cl.
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FIGURE 8.6: The temporal evolution of shock position and velocity for protons and
C-ions in CoH3Cl plasma for ag = 33.

the ion-acoustic velocity solely depends on the square root of Z/A, as shown
in Fig. 8.5(c). The ion-acoustic velocity follows a power-law dependence (solid
lines) with agp, which is determined by the bulk electron temperature scaling.
The difference between the shock velocity and mean velocity of the expanding
ion, i.e., Vilf = Vi, - V! isshown in Fig. 8.5(d). The Vilf increases with ag and
shows a power-law dependence with ag except for ag = 33. The ratio between
the Vilf and C? provides the Mach number, i.e. M; = Vﬁlf /CL as shown in Fig.
8.5(e). It is clear that the Mach number for C-ions (M¢) is a stronger function
of ag compared to that of protons (Mp) in CoH3Cl, and M become less than
one (M¢ <1) for ag = 3.35, therefore no shock exist in C-ions. Both Mp and M¢
are stronger functions of ag in CoH3Cl compared to the pure H and C plasmas.
When M; >1 the shock dissipation is compensated for by ion reflection from the
shock front. For ag = 33 the shock dissipation via ion reflection becomes more
pronounced which results in the reduction of the shock velocity (Fig. 8.5(a))
and Mach number (Fig. 8.5(e)) from the scaling obtained using ag = 3.35, 10
and 20.

Figure 8.6 indicates the temporal evolution of the shock position and velocity
for protons and C-ions in CoH3Cl plasma for ag = 33. A 3rd order polynomial
can very well fit the temporal evolution of shock position. And a derivative of
the shock position with respect to time gives the shock velocity which is scaled
as a 2nd order polynomial. The exponential scaling of the shock position and
velocity with respect to time for ag = 3.35 (Fig. 6.5(a)), 10, and 20 is changed
to the 3rd and 2nd order polynomial functions, respectively, for ag = 33. This
is because the shock dissipation through ion reflection becomes stronger, and
slow-down of shock velocity occurs for ag = 33.

Figure 8.7 indicates the energy (E) and the number (dN/dE at E) at the
peak of the energy distribution of reflected ions for ag = 3.35, 10, 20, and 33
in pure H, C, and CoH3Cl plasmas. The E and dN/dE of the shock reflected
C-ions and protons increase with increasing the laser intensity, as shown in
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FIGURE 8.7: ap dependence of (a) energy (E) and (b) the number (dN/dE at E) of

reflected protons and C-ions at the peak of the energy distribution at ¢ = 4.0 ps for

pure H (open circles) and C (open triangles) plasmas, and protons (filled circles) and
C-ions in CQHgCl

Figs. 8.7(a) and 8.7(b), respectively. As the Mach number scaling shows that
there are no shocks in C-ions for ag = 3.35 (M<1), thus no C-ion acceleration
observed in CoH3Cl plasma. The energy (E) of the reflected protons and C-
ions is always larger in pure H and C plasmas compared to that in CoH3Cl,
as shown in Fig. 8.7(a). This is because the proton (C-ion) shock velocity
is larger in pure H (pure C) compared to the CoH3Cl plasma. The flux of
the reflected protons and C-ions is always larger in CoH3Cl compared to the
pure H, and C plasmas. As we explained in the previous article [152], the
instability between the reflected and expanding protons (RP-EITI) broadens
the velocity distribution of the upstream expanding protons towards the higher
velocity. This causes more protons to satisfy the ion reflection condition Eq.
(6.14). This leads to higher protons flux in CoH3Cl plasma compared to pure
H. Similarly, presence of the HI-EITI broadens the velocity distribution of the
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expanding ions towards the higher velocity, which results in more C-ions to be
accelerated via CSA mechanism in CoH3Cl compared to pure C plasmas.

8.4 Summary

The interaction of laser intensities corresponding to ag > 10 with multi-ion
species (CaH3Cl) plasma leads to the formation of two shock fronts in proton
and carbon density, respectively. The shock fronts propagate slower in C-ions
compared to protons. Thus both C-ions and protons are accelerated by different
shocks via CSA mechanism. The shock velocity and Mach number of C-ions
and protons can be scaled as the power-law dependence on ag. In case of C-ions,
the Mach number is a stronger function of ag compared to that of protons in the
multi-ion species plasma with the lowest <Z/A>, i.e. (CoH3Cl). The number
of shocks accelerated protons and C-ions is more significant in multi-ion species
plasma compared to the pure H and C plasmas.



107

Chapter 9

CSA LFEX-GXII Experiment

9.1 Introduction

In this chapter, we experimentally explore the suitable initial plasma profile
for Collisionless Electrostatic Shock Acceleration (CSA) of protons by using
sub-um CH foil targets. The rear-surface of CH foil target is irradiated by a
pre-ionization laser beam to produce a suitable density profile for CSA. After the
target expansion, a shock-driving beam ( ag ~1.6) is irradiated from the front
side of the target to derive a collisionless shock wave. The necessary density
profile is optimized by varying the time delay, At = 0—1.5 ns, between the two
laser beams. Furthermore, we used 1D hydrodynamics and 2D particle-in-cell
(PIC) simulations and compared the experimental results with the numerical
ones. It is shown that the trend of accelerated proton energy and electron
temperature on the initial plasma profile observed in the experiment agrees
with the one obtained by simulations.

9.2 Experimental Setup

The CSA experiment is conducted by using a combination of GXII (pre-ionization
beam) and LFEX (shock-driving beam) laser beam facilities at the Institute of
Laser Engineering, Osaka University. Both lasers have a similar wavelength of
1.053 pm. Initially, a pre-ionization GXII laser corresponding to an intensity
~10'2 Wem™2 with 1.3 ns pulse-duration irradiates a 0.7 um CH foil target
to produce the necessary density profile for CSA mechanism. After the target
expansion, a high-intensity shock driving LFEX laser beam corresponding to an
intensity ~3.5x10'® Wem ™2 with a pulse duration ~1.0 ps is used to derive the
collisionless shock wave. The necessary density profile for CSA process has been
optimized by varying the time delay, At = 0—1.5 ns, between the pre-ionization
(GXII) and shock-driving (LFEX) laser beams. The simple schematic for the
experimental setup is displayed in Fig. 9.1.

The energy of the accelerated protons along the laser pulse direction is mea-
sured by using passive stacks of radiochromic films (RCF) which are located at
a distance of ~ 60—70 cm on the rear-side of the target. A CR39 detector is
attached to the back of the RCF stack to measure the ion traces. The half area
of the CR39 detector plate is overlaid with the RCF stack, and half of it is ex-
posed to the accelerated ions. Both of the passive ion detectors, i.e., RCF and
CR39 detectors, are wrapped into thick aluminum foil to protect them from
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FIGURE 9.1: A schematic of the experimental setup (top view). A pre-ionization
(GXII) laser beam interacts with the 0.7 um CH target to produce the near-critical
density plasma. After a few ns, a high-intensity shock-driving (LFEX) laser pulse is
focused on the exploded target to generate the collisionless shock. A stack of RCF
(HD-V2 & EBT3) and CR39 plate are used to detect the accelerated ions along the
shock-driving laser direction. A 52.4 pym thick Aluminum foil is used to protect the
ion diagnostics from the scattered laser light and thermal emission from the rear
surface of the target. An electron spectrometer is mounted at a 20.6° to derive the
hot electron temperature [taken from [187]].

the damage induced by the transmitted laser pulse and block all the plasma
thermal emission expected from the back of the target. Thus, the accelerated
ions will first pass through the Al foil, then RCF (HD-V2 & EBT3), and finally
hit the half of CR39. The rest of the CR39 detector is directly exposed to the
accelerated ion after passing through the Al foil. HD-V2 is put ahead of the
EBT3. This is because HD-V2 has a wide dynamic range and ability to ab-
sorb the X-rays. Also, an electron spectrometer detector is used to obtain the
electron temperature and produce the electron energy spectrum.

9.3 Experimental Results

The interaction of the pre-ionization beam with a solid target results in the
plasma density expansion, which is suitable to generate the collisionless shock
waves. Depending on the time delay, At the shock driving laser interacts with
a particular plasma density, which might be suitable for CSA. Therefore, we



9.3. Experimental Results 109

@) Al RCF CR-39

2nd 3rd 4th 5th bare RCF
HD EBT side side

30mm

1st

30mm

FIGURE 9.2: (a) A sequence of the RCF films exposed to the accelerated ions pro-

duced by the shock-driving laser pulse at a time delay, At = 0.2 ns. A change in

the color from the 1st to 3rd RCF film suggest that the energy of accelerated ions

is in the range of 7.03 MeV to 9.03 MeV. (b) The front surface, where pits of the

accelerated ions are present and (c) rear-surface of the CR39 plate. The CR39 plate

shown here is directly exposed (not behind the RCF stacks) to the accelerated ions,
and both images are 50x magnified [taken from [187]].

vary the time delay to find the most suitable plasma density to generate the
collisionless shock and their subsequent ion acceleration. Figure 9.2 represents
the experimental data for At = 0.2 ns. Interestingly, for At = 0.2 ns, the 1st,
2nd and 3rd layers of RCF stack in the shock-driving laser direction exhibits the
signal as shown in Fig. 9.2(a). There is no signal observed on the 4th layer of
RCF stack. This indicates the energetic ions passed through the 1st, 2nd layers
and stopped at the 3rd layer of RCF stacks with the maximum energy ranging
from 7.03 MeV to 9.03 MeV. This estimation of energy is made by considering a
52.5 pm aluminum shielding (filter) in front of the RCF stacks, which is used to
block the transmitted laser pulse. The RCF stacks provide only the ion signal
density and estimation of accelerated ion energies. It does not provide any
information about the feature of the ions. Thus, to distinguish the accelerated
protons and C%t ions, further characterization of the CR39 detector plate is
needed.

Figures 9.2(b) and 9.2(c) indicate the front and back surfaces of CR39 de-
tector, respectively. The CR39 images displayed here are 50x magnified by
using a microscope. The accelerated ions interact with the front surface of the
CR39 plate through the collision cascade process, which destroys the molecular
structure and damages the plate [188]. Through the etching process, the area
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damaged by the impact of accelerated ions etches faster compared to the un-
damaged area of the plate. Consequently, the impact of the accelerated ions
generates a track on CR39 plates, which is commonly referred to as a pit. The
characterization of these pits is essential to identify the accelerated ions species
(either protons or C%F in our case) and their energies. In our case, a single ~30
min KOH solution etching is applied to the CR39 plate [see Fig. 9.2(b)]. The
analysis of the size and diameter of these pits through the microscope implies
that the accelerated ions are protons, not C57. The accelerated protons 2.25
MeV of energy when they pass through a 52.4 pym aluminum foil before inter-
acting with the CR39 plate. The impact of the accelerated protons cannot be
seen on the rear surface of the CR39 detector plate, as shown in Fig. 9.2(c).
The characterization of these pits suggests that the energy of the accelerated
proton is within ~2.25 MeV to 10 MeV. Unfortunately, further etching of the
plate results in the overlapping of etch pits. Thus we have to bound our mea-
surements to the single etching process. To overcome this problem, the distance
between the target (CH) and CR39 has to be increased. This will lead to the
small solid angle between the target and CR39 plate, which results in less proton
interaction with the plate.
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FIGURE 9.3: The time delay, At dependance of accelerated proton energy (horizontal
bars) and electron temperature (filled circles). The error bars in the proton energy
represent the uncertainty in the estimation of proton energy from RCF stacks. The
time, At = 0 indicates that, no pre-ionization laser pulse is used in experiment [187]].

Correspondence between the proton energy and electron temperature is ac-
complished by varying the time delay, At between the pre-ionization (GXII)
and shock driving (LFEX) laser pulses as shown in Fig. 9.3. Because of the
time-constrained for experiment, only 7 laser shots are taken for a time delay,
At =0,0.2,0.3, 1.0, 1.2, 1.4, and 1.5 ns. The time delay, At = 0, indicates that
the experimental data is obtained without a pre-ionization (GXII) laser beam.
The proton energy is determined by utilizing the RCF stacks. An electron spec-
trometer is mounted at an angle 20.6° along the laser propagation direction to
measure the corresponding electron temperature. For At = 0 (no pre-ionization
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laser), the proton energy and electron temperature are the characteristics of
TNSA mechanism. The interaction of pre-ionization laser with the rear-surface
of CH target (At > 0) results in the thermal expansion of plasma density. The
plasma density on the rear-side of the target expands faster compared to the
front-side of the target. Thus the suppression of TNSA sheath field occurs
and leads to the smaller proton energy and higher electron temperature. This
is because, as At increases, it results in the expansion of the plasma density
on the front side of the target, which enhances the laser absorption. The hy-
drodynamic calculation carried out by using ILESTA code suggests that the
interaction of pre-ionization laser with the solid target results in an exponen-
tially decreasing density profile on the front- and back-sides of the target. Thus
for At > 0, the peak density decreases and scale-length of the plasma increases
on both sides of the target. An exponentially decreasing density profile on the
rear-side of the target results in the suppression of sheath TNSA field [137].
This supervises to lower proton energy for At > 0, as shown in Fig. 9.3. The
exponentially decreasing density profile on the front-side of the target enhances
the laser absorption and various kind of laser plasma instabilities. This results
in a higher electron temperature for At > 0. At At = 1.2 ns, an increase in the
proton energy is observed, which might be the result of CSA mechanism. This
is because by At = 1.2 ns proton acceleration via TNSA is almost suppressed by
the exponential density profile. And the peak density of the plasma decreased
to the near-critical density with an exponentially decreasing scale-length on the
rear-side of the target. These are the optimum requirements for CSA mecha-
nism to occur [46]. As a result, protons are accelerated via CSA mechanism.

9.4 Simulation Results

We carried out 1D hydrodynamic and 2D particle-in-cell (PIC) simulations to
demonstrate the experimental investigation of plasma density expansion and
proton acceleration. 1D ILESTA [189] hydrodynamic code is adopted to simu-
late the interaction of GXII laser beam with a 0.7 um CH foil target. These sim-
ulations suggest that the peak density of the plasma decays with an exponential
scale-length on the front- and rear-sides of the target with time. Consequently,
we utilize the output density profile of ILESTA to perform the EPOCH PIC
[103] simulation.

The simulation box is 300 yum x 6 pm in size and composed of 9000 X
180 grid points along the x- and y-axis, respectively. Each cell contains 16
particles composed of electrons, protons (HT), and fully ionized carbon (C%T)
ions. The boundary conditions are open in x and periodic in y for both field
and particles. The linearly p-polarized laser pulse is utilized in the simulations,
which propagates along the x-axis. The laser pulse has a Gaussian temporal
profile with 1.5 ps full-width at half-maximum corresponds to a peak intensity
of 3.5x10® Wem™2 (ag = 1.6). The simulated target composed of a special
density profile with an exponentially increasing 10 pum front scale-length and
an exponentially decreasing with 20 u scale-length on the rear-side of the target.
This density profile is approximately similar to the output profile of ILESTA
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FIGURE 9.4: (a) Time evolution of proton density profile (averaged along the y-axis)

at t = 0, 2.0, 3.0, and 4.0 ps. (b) A phase-space and velocity distribution of the

protons taken in 20 pm (vertical dotted lines) ahead of the shock front at ¢ = 4.0

ps. (c¢) Electron energy spectrum at 4.0 ps and its fitting curve by 2-D relativistic
Maxwellian [187]].

simulations. The density profile is fixed, and the peak electron density is varied
from (0.1- 2.0)N,, for several simulations. Here, N = 1.12x10%! cm™3 is the
critical plasma density for a laser wavelength 1.053 pm.

Simulation outcomes for the interaction of high-intensity laser with the crit-
ical density (N¢) plasma are shown in Fig. 9.4. The temporal progression of
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the normalized proton density (Ny/Ng) is illustrated in Fig. 9.4(a). At ¢t =
0 the density describes the initial density profile, which is determined by the
output of ILESTA hydrodynamic simulations. The interaction of high-intensity
laser with critical-density plasma ends in the uniform electron heating via JxB
mechanism [44] and accumulation of plasma density into the high-density re-
gion via the hole-boring process. By ¢t = 2.0 ps, the laser peak is gone, and
thermal expansion of the plasma on the rear-side of the target directs to the
shock formation. As time evolves further, the shock front propagates in the
forward direction, as shown in Fig. 9.4(a).
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F1GURE 9.5: The PIC results of the accelerated proton energy and electron temper-
ature as a function of initial normalized electron density at ¢ = 4.0 ps [187].

The proton phase-space taken at t = 4.0 ps is illustrated in Fig. 9.4(b).
The black line overlaid on the proton phase-space corresponds to the proton
velocity spectrum taken at Az = 20 pm (shown by vertical dotted lines in Fig.
9.4(b)) ahead of the shock front. The shock front reflects some of the upstream
expanding protons to the twice of the shock velocity in the shock rest frame.
The corresponding velocity spectrum in the upstream region indicates that a
monoenergetic proton is accelerated via CSA mechanism. Although no clear
shock exit in the carbon phase-space. Figure 9.4(c) represents the electron
energy spectrum taken at t = 4.0 ps. To obtain the electron temperature, a 2D
relativistic Maxwellian is used to fit the electron energy spectrum.

The energy of shock accelerated protons and electron temperature as a func-
tion of initial normalized electron density (N./N¢,) is shown in Fig. 9.5. The
energy of the accelerated proton increases with increase in N /N¢.. And energy
become maximum for an initial density N./N., = 1.0, which is roughly similar
to the density profile obtained from hydrodynamic simulations for At = 1.2 ns.
Similarly, electron temperature shows a maximum for initial density, N /N, =
1.0.

The proton energy and electron temperature estimated through PIC simula-
tions are higher than the experimental measurements. There are several reasons
behind it, such as the PIC simulations are done under the ideal conditions, and
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the effect of the LFEX pre-pulse is not considered on the plasma density pro-
file. Also, we don’t have any information about the initial plasma density profile
produced by GXII during the experiment. Initial density profile used in PIC
simulations relies on the 1D hydrodynamic simulations in which the front- and
rear-side plasma scale-lengths are underestimated. PIC simulations performed
by Fiuza [46] have confirmed that a larger scale-length on the rear-side of the
plasma results in the smaller energy of the accelerated protons. In addition to
that, the electron temperature obtained in PIC simulation is very high com-
pared to the experimental data. Since the PIC simulations are done in 2D, it
leads to the overestimation of electron temperature compared to the 3D case.
Although, the energy of accelerated protons determined via PIC simulations
[see Fig. 9.5] is in rough agreement with the experimental data [see Fig. 9.3]
for At = 1.0—1.5 ns.

9.5 Summary

In summary, we report on the experimental demonstration of CSA by using a
combination of GXII (pre-ionization beam) and LFEX (shock-driving beam)
laser facilities at the Institute of Laser Engineering, Osaka University (Japan).
The interaction of pre-ionization laser with rear-surface of CH target (At > 0)
results in the thermal expansion of the plasma. After the target expansion, a
shock-driving beam is irradiated from the front side of the target to derive a
collisionless shock wave. The necessary density profile is optimized by varying
the time delay, At = 0—1.5 ns between the two laser beams. The passive
ion diagnostics, i.e., RCF stacks and CR39 detector plates confirm that the
maximum energy of the accelerated protons is in the range of 7.03 MeV - 9.03
MeV for At = 1.2 ns. the energy of accelerated protons determined via PIC
simulations is in rough agreement with the experimental data for At = 1.0—1.5
ns.



115

Chapter 10

Summary & Future Work

10.1 Summary

In summary, the EPOCH PIC open source code is used to study the laser-driven
collisionless shock ion acceleration in different materials. The different materials
used are hydrogen, carbon, oxygen, and chlorine to give a range of <Z/A> =
0.48-1 [see Table 6.1]. The density profile and laser parameters are the same
for all target materials. The electrostatic collisionless shocks are driven by the
interaction of high-intensity laser with near-critical density plasma. A charge
imbalance electrostatic field results in a sharp electrostatic potential at the shock
front, which reflects the upstream expanding ions. The electron temperature is
the same for all target material plasmas. The temporal evolution of electron
temperature can be very well fitted with a sigmoid function with a derivative
peaking at t = 1.75 ps. It is shown that the laser to reflected proton conversion
efficiency and number of reflected protons are significantly enhanced in the
lowest <Z/A> material compared to the pure H. The number of the reflected
protons depends on the lower threshold velocities (V) for proton reflection and
shock velocities (Vgp). Lower values of Vi always result in high proton flux.
The protons with high-flux and narrower energy-spread can be produced using
lower <Z/A> materials.

In the upstream region of the shock, ions expand with different velocities
depending on their <Z/A> under the non-oscillating component of the sheath
electrostatic field. In multi-ion species plasmas, the excitation of electrostatic
ion two-stream instability (EITI) between the heavier and lighter ion popula-
tions occurs. This results in the deceleration of the expanding protons and
appearance of a low-velocity component. An additional EITI between the re-
flected and expanding protons accelerates some of the expanding protons to the
higher velocity, which results in more protons being accelerated by the shock.
The excitation of EITI results in the modulations in the electrostatic field, which
shows a correlation with the phase-space distribution. The analytic and exact
solutions for the dispersion relation of EITI indicate that the unstable modes
of the instability appear in multi-ion species plasmas.

Our results show that the interaction of high-intensity laser beam (ag >
10) with multi-ion species plasma (CoH3Cl) leads to the formation of two shock
fronts in fully ionized carbon (C®*) and proton, respectively. Both shocks prop-
agate with different shock velocities and have different values of lower threshold
velocities Vi for ion reflection. Therefore, both C-ions and protons are accel-
erated by different shocks via CSA mechanism. It is shown that the electron
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temperature follows a power-law dependence on ag. Similarly, shock velocities
and Mach numbers for shocks in protons and C-ions increase with ag and follow
a power-law dependence on ag. In case of C-ions, the Mach number is a stronger
function of ag compared to that of protons in the multi-ion species plasma with
the lowest <Z/A>, i.e., (CoH3Cl). The flux of shock accelerated protons and
C-ions is more significant in multi-ion species plasma compared to the pure H
and C plasmas.

We further expand our results by including the experimental demonstra-
tion of CSA. The CSA experiment was performed by using a combination of
GXII (pre-ionization beam) and LFEX (shock-driving beam) laser facilities at
the Institute of Laser Engineering, Osaka University. The interaction of pre-
ionization laser with rear-surface of CH target (At > 0) results in the thermal
expansion of the plasma. After the target expansion, a shock-driving beam is
irradiated from the front side of the target to derive a collisionless shock wave.
The optimum density profile for CSA is obtained by varying the time delay,
At = 0—1.5 ns between the two laser beams. The passive ion diagnostics, i.e.,
RCF stacks and CR39 detector plates confirm that the maximum energy of the
accelerated protons is in the range of 7.03 MeV—9.03 MeV for At = 1.2 ns.
The energy of accelerated protons determined via PIC simulations is in rough
agreement with the experimental data for At = 1.0—1.5 ns.

10.2 Future Work

The simulation results presented in this thesis could provide meaningful guid-
ance for the experimental study of laser-driven collisionless shock and their
subsequent ion acceleration. A key issue for potential applications having a
monoenergetic spectrum with a high laser-to-reflected ion conversion efficiency
can be resolved by using lower <Z/A> materials compared with pure H. The dif-
ferent targets used throughout the simulations are readily available these days.
The experimental demonstration can be carried out by using the combination
of two laser pulses. The first beam preionizes the target and the second beam
excites the collisionless shock and accelerates the upstream expanding ions as
the shock propagates through the plasma. The desirable density profile can be
achieved by changing the laser intensity, pulse-width of the primary laser, or
the time delay between two laser pulses. Therefore, the relevant experiments
can be conducted by using the GXII and LFEX laser beams on a combined
experiment. Acceleration of heavy-ions is expected in multi-ion species plasmas
when the laser intensities are further increased. The development of EITI in
the upstream region of multi-ion species plasma can give rise to the charge den-
sity (electric field) modulations ahead of the shock front. This can be directly
studied by using the ultrafast proton radiography diagnostics. The relevant
experiment will require, the optical diagnostics (interferometry and shadowgra-
phy) for the optimization of the initial density profile for CSA. However, it is
not an easy task to perform multi-laser beams experiments. It requires a careful
examination of the initial density profile and time delay between the two laser
beams. Therefore, we carried out simulations by using the fully ionized HeH
and CHy4 plasmas to provide direction to the single laser beam experiments.
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The flux of the shock accelerated protons is enhanced in both plasmas (He3H
and CHy) as compared to the pure H. The proton flux is always high in lower
<Z/A> plasmas as compared to pure H. The relevant experiment can be done
by using the interaction of a high-intensity laser with gas-jet or liquid CH4 in
place of pure H, which can provide the high-flux with narrower energy-spread
proton beams.

Moreover, all 2D simulations throughout this thesis are conducted in plane
wave approximation with infinite spot-size. An extended 2D simulation study
with a finite laser spot-size will be needed to characterize collisionless shock
formation and their subsequent ion acceleration in different materials. The
physical mechanism responsible for two shock formation in multi-ion species
plasmas needs to address.
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