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ABSTRACT

The progress in the compact laser driven particle accelerators have paved
the possibilities to efficiently accelerate the electrons and ions to MeVs and
GeVs of energies, which promises a vast variety of applications in both funda-
mental and applied sciences. The thesis presents the theoretical and numerical
studies of the ion acceleration from ultra-short laser pulses under the purview
of Relativistic Self-Induced Transparency (RSIT) Mechanism.

We studied the effect of target thickness on ion acceleration though RSIT us-
ing one dimensional cold fluid model and also by particle-in-cell simulations.
There is a threshold target density which allows the maximum transmission of
the laser pulse and beyond it, the target becomes opaque. We have obtained a
suitable scaling law for optimum laser and target conditions. The energy spec-
trum obtained is more significant from the applied perspective, if an extra low
density layer is used instead of relying only on target ions.

In this thesis, we also studied the effect of pulse chirp on the transmission
coefficient of the target for given laser and target parameters. We have used the
sub-wavelength targets and the transmission coefficients are calculated by nu-
merically solving the wave propagation equation with the corrected electron
density, while taking into account the time-dependent frequency and ampli-
tude of the circularly polarized chirped laser pulse. With the introduction of a
very thin, low density (< n. ) secondary layer behind the primary layer have
resulted in the acceleration of the ions as a mono-energetic bunch. The accel-
eration is mainly caused by the electrostatic field created by the primary layer
upon interaction by the negatively chirped pulse.

We have also investigated the propagation of the laser pulses in the under-
dense plasma for two regimes, one with ay < 1 and other with a; > 10. For
ap < 1 case, we used a cold relativistic fluid model, and the effect of laser pulse
amplitude, pulse duration, and plasma density is studied and compared with
the expected scaling laws as well as with the PIC simulations. For a, > 10,
the study is done only using PIC simulation. In addition to it, the effective
increase in the peak energy of a thin, low density secondary layer ions was
observed, when the dispersed laser pulse is allowed to interact with the two

layer composite target.
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CHAPTER 1

Introduction

Lasers being a monochromatic coherent source of energy has emerged out as
an outstanding advancement in the field of science, medicine, and technology.
The advent of high power lasers promised the vast number of applications,
covering both applied and fundamental aspects of basic sciences. The research
in the field of laser-plasma interaction has turned out to be vigorous and per-
suasive over a few decades. With the highly advanced Extreme Light Infras-
tructure (ELI) laser facility, it is possible to obtain the intensity ~ 10** W/cm?
[1]. One of the most significant breakthrough is in the field of laser based par-
ticle acceleration, which has attracted a great deal of research interest in recent
decades. The table-top setup for the acceleration of ions and electrons to rel-
ativistic energies is a result of the technological advances in the field of high
power lasers [2]. The laser-plasma based acceleration of the ions and electrons
paved the possibility of constructing high energy charged particle beams for
medical [3, 4] and industrial applications [5, 6].

The development of an efficient acceleration mechanism from both experi-
mental and theoretical perspective has become a widespread field of interest.
High energetic particle beam source promises remarkable applications in var-
ious areas of applied sciences [6-11]. In the last couple of decades, we have
already witnessed the experimental realizations of the acceleration of ions to
multi MeV of energies via various acceleration mechanisms depending on the
laser and the target conditions.

The idea of the laser wakefield acceleration as demonstrated in Refs. [12-
14] manifested the possibilities to accelerate the electrons to GeV of energies.
The acceleration of the target ions to MeV of energies is also proved to be fea-
sible with existing ultraintense lasers. Among all acceleration mechanisms,
the Target Normal Sheath Acceleration (TNSA) is studied extensively on both

experimental and theoretical fronts [15-19]. When target thickness is compara-

1



CHAPTER 1. INTRODUCTION 2

ble to the skin depth of the plasma, then, after TNSA, another mechanism takes
over, namely Break-Out Afterburner (BOA). In BOA, the hot electron plasma
expands sufficiently by laser pondermotive force, as a consequence the target
becomes underdense, the laser penetrates the target, and a strong electric field
is induced through Buneman instability, resulting in the conversion of elec-
tron energy to ion energy, and thus ions are accelerated to very high energies
[20, 21]. The Radiation Pressure Acceleration (RPA) begins to dominate the
acceleration process for the laser intensity > 10°° W/cm? [22-26]. Depending
on target thickness, the RPA mechanism is characterized as Hole Boring (HB)
for thick targets and Light Sail (LS) for the thin targets. The RPA is mainly
governed by the circularly polarized laser pulse so that j x B heating can be
avoided and electrons are pushed deeper into the targets. In HB, radiation
pressure drives material ahead of it like a piston but does not interact with the
rear surface of the target [25, 27]. In the LS regime, the target is sufficiently
thin such that the laser can accelerate the foil as a whole [28, 29]. One of the
ion acceleration mechanism thoroughly discussed in this thesis is Relativistic
Self Induced Transparency (RSIT). The RSIT is found to be a viable way to ac-
celerate ions to MeVs of energy [30-33]. However, the laser intensity used for
RSIT mechanism is comparatively lesser than it would have been required for
other acceleration mechanisms.

We discuss the basic technique of generating ultraintense and ultrashort
laser pulses in Section 1. The basic fundamentals of the plasma physics and
different terminologies involved in the laser plasma interaction are explained
in Section 1.2. The applications of the ion acceleration is presented in Section
1.3, followed by the overview of our published work in Section 1.4. The outline

of the thesis is presented in Section 1.5.

1.1 Generation of Ultrashort Laser Pulses

Ultrashort laser pulses are designated as the laser pulses having a duration of
a few tens of picoseconds (1072 sec) to femtoseconds (107 sec). The delivery
of several millijoules of energy in a time span of several femtoseconds over

an area of around few microns results in laser intensities of the order ~ 10?°
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Figure 1.1: Time scale of evolution of lasers and associated physics aspects (courtesy
Wikipedia).

W/cm?. The demand for high intensity from the conventional lasers such as
Ti-Sapphire or Nd-YAG resulted in the requirement for the generation of ultra-
short pulses. The restriction in the peak power of the laser system was mainly
limited by the damage threshold of the optical components of the laser sys-

tems.

The time evolution of the laser intensities throughout years is presented in
Fig. 1.1. With the early development of lasers in the 1960s, the techniques like
mode-locking and Q-switching proved to be promising to increase the peak
intensity of the laser pulses [34-36]. The concept of Q-switching was able to
realize the pulse duration in the range of about 10 nanoseconds [36]. However,
with the mode-locking method (active [34] and passive [35]) the laser pulse
duration of the order ~ 5 fs were achieved [37]. For more than a decade the
peak intensity of the lasers is almost saturated by the damage threshold of
the optical components of the laser amplification system till the technique of
Chirped Pulse Amplification (CPA) was introduced in 1985 by Strickland and
Mourou [38].
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Figure 1.2: The schematic representation of chirped pulse amplification technique
(courtesy Wikipedia).

The schematic representation of the chirped pulse amplification technique
is shown in Fig. 1.2. In this technique, initially, the generated laser pulse is tem-
porally stretched such that the peak power is lower than the damage threshold
of the gain medium. Then, this stretched pulse is amplified in the gain medium
without damaging the amplifiers due to reduced peak power. In the last stage,
the amplified pulse is again compressed to a shorter duration. The pulse is
stretched and compressed with the help of pair of gratings. The Nobel Prize
in 2018 is awarded to D. Strickland and G. Mourou for the invention of the
"Chirped Pulse Amplification (CPA)" [38]. Furthremore, half of the prize was
shared by Arthur Ashkin for "Optical Tweezers", a device used for grabbing

and manipulating small objects, and its application in biological systems [39].

To build high power lasers, the laser pulse needs to be shrunk further
with high energy content. However, the gain-narrowing limit in the ampli-
tier medium put constraints on CPA. These limitations are largely removed
by the technique called as Optical Parametric Chirped Pulse Amplification
(OPCPA). The optical parametric amplifiers (OPA) are used for increased gain
bandwidth to obtain higher output energies. In OPA, two light beams (pump

and seed) having frequency w,..n, and w; respectively, interact in a nonlinear
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crystal, yielding amplified ultrashort signal and idler pulses w;. The difference
between the photon energies of the pump and signal wave is the idler wave
photon energy. The pump energy is fully converted into signal and idler beam
energy while avoiding the heating of crystal. Furthermore, the efficient trans-

fer of energy is governed by the phase matching of all the frequencies.

The integration of CPA concept to optical parametric amplifiers (OPA) lead
to the optical parametric chirped-pulse amplification (OPCPA), was first proposed
by Dubietis [40]. OPCPA is a powerful tool for the generation of ultrashort
pulses with extremely high peak power and pulse duration of few cycles. The
experimental and numerical studies targeting the several aspects of OPCPA
performance and development are discussed in Refs. [41, 42]. However, the
theoretical studies have been performed in Refs. [43-47]. In this scheme, a
pump beam with relatively narrow spectral bandwidth with longer pulse du-
ration, and a seed pulse with extremely reduced peak intensity having a tem-
porally chirped broad bandwidth is amplified by OPA to large bandwidth and
chirped signal and idler pulse. Finally, these pulses are compressed to generate
high intensity ultrashort pulses. It can be noted that if pump pulse and seed
pulse overlaps, an adequate amount of energy extraction can occur, thus re-
sulting in a high power signal and idler pulses [48]. The advantage of OPCPA
is that it does not involve multipass geometries for amplification, as a result
high gain bandwidth results in the generation of high energy pulse under op-

timum phase matching conditions.

1.2 Terminologies Associated with Laser-Plasma In-

teraction

In the previous Section 1, we focused on the generation of ultrashort laser
pulses. In the current section, we would like to discuss the interaction of these
ultraintense laser pulses with the plasma medium. The objective is to briefly
describe the basic concepts of plasma and few terminologies associated with

the process of laser plasma interaction.
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1.2.1 Basic plasma phenomenon

The "Plasma" is a quasineutral gas of charged and neutral particles that exhibit
collective behavior [49]. By Collective Behavior, we mean the condition that also
depends on the state of the plasma in the remote region as well, along with
local conditions. However, quasi-neutrality hints toward the presence of an
approximately same number of positive and negative charge particles in the

plasma. In this section, we discuss some typical characteristics of the plasma.

1. Debye length

Debye length is a measure of the shielding distance or thickness of the
sheath i.e., the scale over which mobile charge carriers screen out the

electric field in plasmas. It is given by:

1/2
)\D _ <€0KT6> (11)

nee?

where K, T. and n. are Boltzmann constant, electron temperature (in
kelvins) and electron density respectively. For a system with dimension
L > \p whenever local charge concentration arises, or any external fields
are introduced into the system, the created electric fields are shielded for
a distance smaller than L, leaving the bulk of the plasma free of large

electric potentials [49].

2. Plasma parameter

The concept of Debye shielding is only statistically valid if the number of
electrons in the charged cloud surrounding the ion is large enough. The

number N of particles in a "Debye Sphere" is given as [49]
4
Np = n§7r)\3 =138 x 10°7%%/p'/? (T in °K) (1.2)

For Np > 1, the thermal motion of the particles are important and cou-
pling among the particles is eventually weak, however for Np < 1, the

coupling between the particles are strong and hence the potential energy
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of the interacting particles play an important role in interaction dynam-

ics.

. Plasma frequency

Plasma frequency is one of the fundamental parameter of the plasma.
If the electrons are slightly displaced from their equilibrium position,
they give rise to the oscillations in the plasma. These displaced elec-
trons experience electrostatic force which tend to pull them back to their
original positions. However, due to their inertia, the electrons overshoot
and oscillate around their equilibrium position. The frequency of these
oscillations is referred to as the plasma frequency, w,. The ions can be
considered as fixed in space on the time scale of the plasma oscillations.
The electron plasma frequency provides the fundamental measure of the
plasma density and so the plasma response to external electromagnetic
tields. From the first order perturbation theory the frequency of the

plasma oscillations is expressed as [49]:

2
wp = 4] (13)

EoMe

where, n, being electron density, ¢ is the permittivity in vacuum, e and

m. are charge and mass of the electron.

. Criteria for plasmas

Fundamentally, there are three criteria for the ionized gas to be termed
as plasma. The two of the conditions are already being discussed in the
above subsection, firstly L > Ap which states that the dimension of the
system must be greater than the typical Debye length, and Np > 1i.e.,
plasma should have a large number of particles within the Debye sphere
for the statistical validity of the Debye length. The third and last condi-
tion requires w,™ > 1 to behave a charged particle gas like plasma rather
than neutrals, where w, is plasma frequency, and 7 is the mean time be-

tween charged particle collisions with neutral atoms [49].
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1.2.2 Laser-plasma interaction concept

This section mainly emphasizes on the different physical processes which can

be crucial in understanding the interaction of the laser pulses with the plasmas.

1. Plasma fluid equations

Since the typical plasma density is about > 10" m™3

or higher, so, it
would be really difficult to calculate the trajectories of individual parti-
cle analytically or computationally. Therefore, instead of calculating the
detailed particle trajectories, it is feasible to explain most of the plasma
phenomenon by considering the motion of fluid element. Fortunately,
this approach is sufficiently accurate to explain the experimentally ob-
served phenomenon [49]. By considering the two species plasma (elec-
trons and ions), we can have the complete set of plasma fluid equations

by defining charge and current densities.
P = NeGe + NiGi (1.4)

J = neqeve + niqiv; (1.5)

here v, ; is the averaged (over Maxwellian) electron and ion velocities.
To calculate E and B, Maxwell’s equations are used with momentum

conservation, continuity equation and equation of state .

1
V-E= :(neck + nig;) (1.6)
0
V.B=0 (1.7)
0B
E=— .
VxE= (1.8)
OE
V x B = po(negeve + niqivi) + Hofo 5y (1.9)
8Vj
myng = | + (v; - V)vj| = gn;[E+v x B] — Vp; (1.10)
0% 9 nyvy) = 0 (1.11)

ot



1.2. TERMINOLOGIES ASSOCIATED WITH LASER-PLASMA INTERACTION

p; = Cjn)’ (1.12)

where j = e, i represents electrons and ions, n, is electron and ion density,
q¢; is charge of electron and ion, m, is mass of electron and ions, p; is
pressure, C} is constant, v, is the ratio of specific heats. These are closed
self-consistent set of equations which govern the plasma phenomenon

under fluid approximation.

. Plasma dispersion relation

The dispersion relation mainly describes the relation between the wave
number (k) and frequency (w) of the wave, which actually helps in un-
derstanding the nature of wave excited. The dispersion relation for an
electromagnetic wave propagating in a plasma is the most fundamental
starting point in order to understand the laser propagation in plasma.
This relation helps to find the group and phase velocity, and also the re-
fractive index of the plasma. Here we consider the electric and magnetic
tield as E = Eg + E; and B = By + B;, where the components with suf-
tix '1” are first order perturbation to unperturbed values, i.e. suffix '0". If
the plasma is considered to be cold in the absence of any external electric

or magnetic fields then relevant Maxwell’s equations can be written as:

0B,
Ei=—F+ 1.13
V x Eq ot ( )
E
2V x B, = 3t 4 O (1.14)
€o ot
The time derivative of Eq. 1.14 is written as:
0B:1  10j1
2
—=——"41E .
c*V x 5 608t+ 1 (1.15)

The curl of Eq. 1.13 results in,

Vx(VxE)=V(V-E)—V?E; = -V x By (1.16)
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From Egs. 1.15and 1.16:

105 -
— AV(V-Ey) — V2Ey] = =L | E, (1.17)
€0 at

Now invoking 0/0t — —iw and 0/0x — ik, the above equation reduces

to:
_ k(i - By) — (i)2Ey] = 95 4 (iw)?E, (1.18)
€o
) iw . w?
€oC C

For transverse wave k - E; = 0, therefore Eq. 1.19 becomes;

(WQ — 021{32)E1 = —inl/Eo (120)

Assuming the fixed ionic background, the current density j; is then given

by:
Jj1 = —neevear (1.21)

The electron response to the electric field in linerazied term can be writ-

ten as:

aVel E €E1
m = —E; v = -
ot L imw

Substituting Eq. 1.21 and Eq. 1.22 in Eq. 1.20 we get,

(1.22)

. E . 2
(@ — KRBy = et = O, = 2R, (1.23)
€0 mw €Egm

Thus, the desired dispersion relation of an electromagnetic wave propa-

gating in the plasma [49] :

w? = w + k> (1.24)

In the limit of the plasma density n. — 0 i.e. w, — 0, the dispersion rela-
tion of electromagnetic waves in vacuum i.e. w? = k*c* can be retrieved.
It can be understood from this dispersion relation that the electromag-

netic waves of frequency say w can not propagate beyond the point where
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w? > w?, this would lead to the imaginary propagation vector. We can de-
tine the critical density of the plasma for a given electromagnetic waves
as n. = w?meg/e?, such that the propagation of the electromagnetic wave

is forbidden in the regions when the plasma density n. > n. or n./n. > 1.

The phase (v = w/k) and group (v, = dw/dk) velocity of the wave is

obtained from the dispersion relation [Eq. 1.24] as follows:

w? oWl
vy = &= k—g +c? (1.25)
> Who . o
vy = w—g% +c (1.26)
c

SO (1.27)

A V1—ne/n.
where, n. is the critical density of the plasma for a given electromagnetic
wave of frequency w. Furthermore, the refractive index of the plasma can
be defined as:

p="= 1" (1.28)

The group velocity of the electromagnetic waves in the plasma can be

obtained as:

dw dw c?
:%:2w%:2k;02=>vg:@<c (1.29)

Ug

It can be observed that the phase velocity of a light wave in a plasma is
greater than the speed of light, however, the group velocity will always
be less than the speed of light.

. Skin Depth

The dispersion relation in Eq. 1.24 can be written as:

2
k:%\/l—% (1.30)
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Let us say, if w) > w?, it will be resulted in an imaginary wave propa-
gation vector indicating the attenuation of the electromagnetic waves. If

the electric field component of the EM wave is expressed as:
E; = Eyexpli(kx — wt)]2 (1.31)

E; = F; explikx] exp[—iwt]Z (1.32)

it can be comprehended from the above equation that for £ — ik the field
amplitude of the wave would attenuate exponentially. The skin depth is
defined as the distance or depth into the plasma wherein the fields would

decay to exp[—1] to its vacuum value, which is given as:

1 c
=W e (139

4. Ponderomotive force

A ponderomotive force is a nonlinear force that arises due to the spatial
inhomogeneity of the laser intensity. It can be derived by considering
the motion of an electron in oscillating, spatially inhomogeneous elec-
tromagnetic fields of the wave. Considering the monochromatic electro-

magnetic field given by,

E(r,t) = Eg(r) coswt (1.34)
0B(r,t)
T =—cV X ]:'_‘1<I'7 t) (135)
S.B(r,t) = —5 V x E4(r) sinwt = Bg(r) sinwt (1.36)

where, E(r) is the space-dependent component of the electric field and
w is the angular frequency of the field. The Lorentz force for an electron

moving in these fields is then given by,

dv
dt

v dr
e |E(r,t) + o X (r,t)|, v o (1.37)

Me
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For the non-relativistic electrons (v/c << 1) the second term is smaller
as compared to the first one. In this case, to the first order perturbation

(v = vi,r = 1ry), electrons will oscillate in the direction of E, and one has

to solve,
dv
med—gl + e E(rg,t) =0
d d
me% + e Eg(rg) coswt =0, vy = % (1.38)
The solutions of these equations are given by,
vy — —e E4(ro) sinwt) Py — e Eq(ro) ;oswt. (139)
Mew Mew

For the second-order accuracy, we consider,
v=v1+vy Es=Ero)+ (r1-V)Es(r=rg), Bs=DBs(ro). (1.40)

Substituting Eqs. 1.38 and 1.40 into Eq. 1.37 we get the second order

equation,
Bs i
me% = —¢ [(rl - V)Eg(ro) coswt + va X Bi(ro) sinwt (1.41)
c

The non-linear force Fny, acting on an electron is calculated by substitut-

ing Egs. 1.39 and 1.36 in Eq. 1.41 and averaging over time ! and is given
by:

dV2

dt

FNL:me< > (B V)E 4 By x (VX B (142)

- 2mew?

The first term on the right-hand side of Eq. 1.42 is the force which causes
the electron to move in a linear trajectory, while the second term on the
right-hand side is the E x B force acting on the electron and distorts the

linear motion. Using the following vector identity,

1
NX(VXN):§VN2—(N-V)N

Usin® wt) = (cos? wt) = 1/2, (sin wt x cos wt) = 0, here (- - - ) represents the time average.
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in Eq. 1.42 the ponderomotive force per unit volume is then obtained as,

nee?

f, =n.Fnr = — VE2 (1.43)

4mw?

Eq. 1.43 represents that a charged particle in an inhomogeneous oscillat-
ing field oscillates at the frequency of w as well as drifts toward the weak
tield area. It is noteworthy that in this rare case, the sign of the parti-
cle charge does not change the direction of the force, unlike the Lorentz

force.

5. ] x B Heating

For higher intensities the nonlinear oscillations in the case of normal inci-
dence may be driven by the magnetic force component of Lorentz force.
The oscillating components leads to the oscillatory motion of the elec-
trons, termed as J x B heating. Considering a linearly polarized light,
the ponderomotive force component is expressed as [50]

~ movi(x)

fp = 1 W[l — COS(th)] (144)

where v; is the electron quiver velocity and w is the laser frequency. The
tirst term corresponds to the density gradient of the electrons in the for-
ward direction, and the second term is for the J x B components which
oscillate at twice the laser frequency along the direction of the laser prop-

agation.

1.3 Application of Laser-Plasma Interaction

There are numerous potential applications for laser-accelerated ion beams, how-
ever their unique properties make them particularly interesting in areas such
as cancer treatment [7], radiography [3] and fast ignition Inertial Confinement
Fusion (ICF) [51]. The paramount application of laser-plasma interactions with

immediate implication to the society is in the field of medicine. Since the past



15 1.3. APPLICATION OF LASER-PLASMA INTERACTION

decade, there has been an exponential growth in the number of patients diag-
nosed with cancer. The use of radiotherapy technique to cure or restrict the
growth of the cancer is proved to be effective treatment tool, as it uses not
only high energy ions but also m-mesons, electrons, neutron, x-rays and also

gamma-rays.

The first theory related to hadron therapy was proposed by Wilson in 1946
[52] for cancer treatment through ions and neutrons. Hadron therapy uses
protons and higher mass ions for irradiation to the tumors, according to the
irradiation dose as predicted by the so called bragg peak [53]. The energy depo-
sition probability of ions at some given location (which depends on the energy
of the ion beam) is more than the conventional radiation sources. The energy
of the ion beams can be deposited directly at the location where the cancerous
cells are present, without harming the healthy tissues. The conventional radio
frequency based linear accelerators are expensive, large scale and difficult to
maintain. In view of this, the alternate laser-based accelerators were proposed
for high energy ion beam production [3, 7, 8]. Laser based particle accelera-
tors are cost effective and compact, which can be installed in the basement of
any hospital. The proton beam of 2 250 MeV is necessary for the treatment of
tumors according to the Bragg peak measurement criteria. The advancement
in the field of ion acceleration have resulted in the laser based high energetic

proton beam production [4, 10, 54-56].

Highly energetic proton beams as a source of radiography tool were used to
probe objects and study the density fluctuations [57, 58]. Similarly, using laser-
plasma interaction to generate proton beam source for imaging applications
was demonstrated by [59]. The method of proton radiography is also aimed
to measure the radiations generated from the plastic foil when irradiated by
a laser of intensity 1017/cm? [60]. Proton radiography is also implemented
in TNSA mechanism as well, where the high quality proton beam probes the
sheath field and the target expansion [61]. The usage of the proton radiography
also includes the probing of plasma channel [62, 63], resolving collisionless
shock wave [64], radioisotope production [65], neutron production [11, 66],

observing the fast magnetic field [67] and many more.

In Inertial Confinement Fusion (ICF), Deuterium and Tritium (D-T) filled
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capsule is compressed in a very short amount of time to release large energy
through nuclear fusion. The first demonstration of ICF with the laser was
done in the early 1970s [68]. Another approach for ICF was also demonstrated,
wherein the inner surface of the metal cylinder (hohlrum) which contained the
D-T capsule was irradiated by the lasers [69]. The absorbed laser energy from
the cylinder walls was converted into the x-rays. The fuel in the capsule was
compressed by these x-rays resulting in nuclear fusion of D-T capsule. How-
ever, this approach suffers hydrodynamic instabilities thus making it highly
difficult to sustain [69]. A new concept of fast ignition (FI) for ICF was pro-
posed by Tabak et al. [70] where, ignition is driven by the separate laser pulse,
and compression was achieved by several laser pulses by creating a hot spot
in a much shorter time. The use of conical targets [71, 72], Deuterium and
Beryllium targets [73] for proton based Fast Ignition (FI) is also reported in the

literature. A detailed review on ion beam based FI can be found in Ref. [51].

1.4 Overview of the Thesis

After a brief introduction of some important concepts in the field of laser-
plasma interaction, in the following, we present an overview of the work we
have carried out in this thesis. All quantities are in dimensionless units and

are defined as follows:

e Space and time are normalized in terms of laser wavelength and laser

cycle respectively,
¥=z/N t'=t/T (1.45)

e Velocities are scaled to velocity of light in vacuum,

vi=v/c (1.46)

e Particle masses are in terms of electron mass,

m' =m/m, (1.47)
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e Electric and magnetic fields are scaled as,

a=E =cE/mwe; B =eB/m.c (1.48)

e Potentials are scaled as,

A’ =eA/m.c; ¢ =ep/m.c? (1.49)

e Densities are defined in terms of critical density n. = w?eym./e?

n' =n/n, (1.50)

1.4.1 Ion Acceleration by Relativistic Self-Induced Transparency

Mechanism

In order to efficiently accelerate the ions to ultrarelativistic energies, the use of
a multilayer or multi-species target is examined in Refs. [74-78]. The laser-
driven ion acceleration in the RSIT regime is also proving to be a feasible way
to accelerate ions to the relativistic energies [79, 80]. In this regime, an ultrain-
tense laser beam manifests the increase of effective mass of electrons through
relativistic effects, which effectively lowers the critical density of the plasma,
making the target transparent to the laser of particular intensity [11, 81-84].
The ion and neutron beams with energies around ~ 180 MeV have also been
observed in experiments [11, 82].

The interaction of a circularly polarized intense laser beam with the sub-
wavelength target in the RSIT regime can quickly push all the electrons away,
leaving behind only the ions. These ions can undergo coulomb explosion with
100% energy spread, which is not at all the desired outcome. In this work, we
have studied the effect of target thickness on RSIT. It was observed that, for
subwavelength targets, the corresponding threshold target density (beyond
which the target is opaque to an incident laser pulse of given intensity) in-
creases. The accelerating longitudinal electrostatic field created by RSIT from
the subwavelength target is then used to accelerate the ions from a thin, low-

density layer behind the main target to ~ 100 MeV. It was also observed that,



CHAPTER 1. INTRODUCTION 1 8

the energy spectrum of an extra low-density layer is more advantageous rather
than relying only on target ions [85].

In Refs. [75-78, 86] they have examined the use of a multilayer or multi-
species target in order to efficiently accelerate the ions to ultra-relativistic en-
ergies. The acceleration of protons to ~ 210 MeV by a laser with peak intensity
2.7 x 10?2 W/cm?, using double-layered thin foil is studied in Ref. [87], in Di-
rected Coulomb Explosion (DCE) regime, where the high intense laser beam
interacts with very high density Al'** plasma (~ 400 n.). As a consequence,
all the electrons are expelled from the target and ions undergo Coulomb explo-
sion. The adjacent proton layer of 30n. is then accelerated by the electrostatic
fields created by DCE. Furthermore, it was observed that for accessing the sim-
ilar energy range, the laser intensities required by RSIT is around 2.5 times
less than that in an LS (Light-Sail) or RPA (Radiation Pressure Acceleration)

regime.

1.4.2 Chirp Assisted Ion Acceleration Through Relativistic Self-

Induced Transparency

As we have already discussed, the laser-driven ion acceleration by using RSIT
regime provides an efficient ion acceleration on a composite two-layer target.
The electrostatic field created behind the primary layer is responsible for accel-
erating the ions from the thin low-density secondary layer as a mono-energetic
bunch. To further elucidate on this aspect, the introduction of the chirp in the
laser pulse proved to be a promising way to efficiently accelerate the ions from
the secondary layer. In the chirped pulses, the pulse frequency has temporal
variation about its fundamental frequency, which manifests in the temporal
dependence of the critical density n.. In this study, the aim is to characterize
the effect of laser pulse chirp on the ion energies under RSIT regime. A chirp
model which is beyond the linear approximation [88] is considered, that have a
close analogy with the Chirped Pulse Amplification technique. In order to un-
derstand how the chirp of the laser pulse affects the transmission through the
target, a simplified wave propagation model for the laser with ay < 1 is devel-
oped. The model takes into account the chirp of the pulse while calculating the

target density as pulse traverses the target. The results of this simplified wave
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propagation are found to be consistent with the 1D PIC simulation [89]. Fur-
thermore, the dual layer sub-wavelength target is considered, in order to have
a very efficient generation of the accelerated ion bunch from the secondary
layer [90-92]. The feasibility of the proposed scheme under experimental sce-

nario needs full 3D Particle-in-Cell simulations.

1.4.3 Laser Pulse Dispersion in Underdense Plasma and Asso-

ciated Ion Acceleration

The propagation of the laser pulses in the underdense plasma is a very cru-
cial aspect of laser-plasma interaction process. The high contrast laser pulses
are desirable for the studies involving the interaction with the thin foil targets,
however, the prepulse of those high power lasers is intense enough to ionize
the target before the arrival of the main pulse [93]. The ionization of the target
and the formation of the plasma ahead of the main target has very dramatic
consequences which in a sense can completely alter the dynamics of the inter-
action.

The study of the evolution of the laser pulse as it propagates in the tenuous
plasma has drawn considerable research interest around the globe both theo-
retically and experimentally [94-97]. The propagation of the laser pulse in the
under-dense plasma (n. < n.) has been studied in the past [96, 98]. The effect
of the polarization on the dynamics of the laser-plasma interaction has been
reported in Ref. [99]. The influence of the magnetic field on the propagation of
the laser in the plasma is discussed in Ref. [100]. The generation of the mag-
netic fields during intense laser channeling in underdense plasma has been re-
ported in Ref. [101]. The propagation of the laser or electromagnetic pulses in
plasma also leads to a non-linear phenomenon resulting in the soliton forma-
tions [21, 102]. The existence of the solitary waves in the plasma and its effect
on the laser pulse itself is reported in Ref. [103]. The wakefield generation
is also one of the most important phenomenon as a consequence of the laser
pulse propagation in the under-dense plasma [104]. As the plasma density ap-
proaches the critical density n., the wakefield generation is suppressed, and
instead, laser undergoes nonlinear self-modulation [105]. A nonlinear fluid

theory for the intense laser-plasma interaction have been reported by Spran-
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gle et. al. [106, 107], where the relativistic optical guiding, coherent harmonic
generation, nonlinear plasma wakefield generation are discussed in great de-
tail. In Ref. [108], the nonlinear group velocity of a laser pulse propagating in
a cold underdense unmagnetized plasma is reported for various pulse length
regimes.

In order to understand the evolution of laser pulse as it propagates in an
underdense plasma for ¢y < 1 case, a cold relativistic fluid model is used,
wherein apart from immobile ions no further approximations are made. We
have numerically solved the fluid equations in space and time, avoiding the
Quasi Static Approximations generally used in the fluid simulations [106, 107].
However, the evolution of the ultraintense (a;, > 1) laser pulses is studied by
PIC simulation only. The effect of the laser pulse amplitude, pulse duration,
and plasma density is studied using the fluid model and compared with the
expected scaling laws and also with the PIC simulation. The delicate interplay
between the conversion from the electromagnetic field energy to the longitudi-
nal electrostatic fields results in the dispersion and so the red-shift of the pump
laser pulse. Along with it, the interaction of the dispersed pulse (after the prop-
agation in underdense plasma) with the sub-wavelength two-layer composite

target have efficiently accelerated secondary layer ions to ~ 170 MeV.

1.5 Thesis Framework

In this thesis, we have studied the ion acceleration from plasma surface when
irradiated with ultraintense laser pulse by using RSIT. The work is comprised
of theoretical and computational studies. The thesis addresses three problems,
tirst of all the necessity to use two-layer composite target geometry for the
ion acceleration, next the use of chirped laser pulses on the similar double
layer target configuration and last the propagation of laser pulse in underdense
plasma and ion acceleration via dispersed laser pulses.

The thesis is organized as follows. After the brief introduction to the subject
in the Chapter 1, the Chapter 2 is devoted to the detailed discussion about the
various acceleration mechanisms. Next, Chapter 3 focuses on ion acceleration

from a thin, low density secondary layer via RSIT, where the electrostatic field
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created behind the primary layer is responsible for accelerating ions from the
rear surface of the composite double layer target. Subsequently, in Chapter 4
the effect of chirped laser pulse on the transmission of laser pulse is studied us-
ing cold relativistic fluid model and compared with the PIC simulation. Chap-
ter 5 discusses the dispersion of laser pulse as it propagates in underdense
plasma and ion acceleration from these dispersed laser pulses. Furthermore,
the Summary of the work done and future scopes are presented in Chapter 6.
The thesis comprises of three Appendix sections. The cold fluid model for RSIT
mechanism and for wave propagation in underdense plasma are discussed in
Appendix A and B respectively. Details of the PIC simulations are presented
in Appendix C.






CHAPTER 2

Laser Plasma Induced Particle Acceleration

Mechanisms

In this chapter, we will be discussing the various mechanisms for the charged
particle acceleration. The prominence of the individual acceleration mecha-
nism depends on the laser and the target parameters, such as laser pulse am-
plitude, target thickness, and the density. The interaction of ultraintense and
ultrashort laser pulse with more innovative targets have resulted in accelera-
tion of the particles to the energies in the range of GeVs [12, 14, 109]. Such
high energetic particles are of great significance in the field of medicines; con-
finement fusion, etc. The role of these applications are discussed in Section
1.3.

2.1 Electron Acceleration Mechanisms

The efforts in the field of laser plasma accelerator were initiated with the no-
table work of Tajima and Dawson in 1979 [2]. A boost in high energy electron
bunches was seen with the development of chirped pulse amplification tech-
nique (CPA). The fundamental principle to accelerate the electrons or ions is
the generation of the electrostatic field. With the optimized laser and plasma
parameters, the high-quality electron bunches were realized in Ref. [110, 111].
There are several electron acceleration mechanisms such as Plasma Wakefield
Acceleration (PWFA) [112], laser wakefield acceleration (LWFA) [2] and self-
modulated laser wakefield acceleration (SM-LWFA)[113, 114].

2.1.1 Laser Wakefield Acceleration (LWFA)

The propagation of the short and intense laser pulse in an underdense plasma
(ne/n. < 1) with the group velocity (v, = ¢/1 — n./n. >~ c), results in a pon-

23
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deromotive push on the electrons, as a result, they are expelled out of the re-
gion of the laser pulse. The removal of the electrons from the propagation
path of the laser causes the bunching of the electrons behind the laser pulse,
which eventually manifests in the longitudinal electrostatic fields, referred as
wakes. The phase velocity of the wakes is almost equal to the group velocity
(vy = vy =~ c) for underdense plasmas. Since the ponderomotive force of laser
pulse has both the leading and lagging edge, it is appropriate to have a pulse
duration close to the plasma oscillation i.e., 7, ~ 7p (1, = 27 /w,) for efficient
excitation of the plasma wakes. In other words, the most efficient wakefield ac-
celeration will occur when the laser pulse length is comparable to the plasma

wavelength cr;, ~ )\, while interacting with the underdense plasma.

The nonlinear theory of 1D and 2D wakefield excitation and the genera-
tion of the accelerating gradient of the order 100 GeV/m are reported in Refs.
[107, 113, 115]. In the last decade, due to the generation of the energetic elec-
trons with high quality bunches were obtained as a result of optimization of
the laser and plasma parameters [116]. The use of plasma channel guided
laser, self-focusing or particle injection method [14, 110, 117] have helped in
obtaining narrow energy spread [116] and high quality electron bunches with
tunable energies. Various types of plasma accelerator schemes such as hollow
channel [118], bubble regime [119] and blow-out wakefield regime have also

been studied to excite plasma wakes and wavebreaking [120, 121].

The injection of electrons into the plasma wave can be done by trapping of
background hot electrons in the wake, or by longitudinal/transverse wave-
breaking [120-123]. To control the process of electron injection experimen-
tally, the external electron source is required (as RF guns) [124]. The study
using internal electron of the plasma itself is found to be feasible for control-
ling the injection of electrons using counter-propagating laser pulse [125]. In
this scheme, the two laser pulses are used, first one (Pump pulse) for exciting
the wake and second pulse (injection pulse) to heat electrons during a colli-
sion with pump pulse. This results in trapping and acceleration of electrons in
the wakefield [111]. Another way to control electron injection relies on down-
ward density ramp as stated in Ref. [117], where plasma wave slows down at

density ramp thereby causing a low threshold for trapping the plasma back-
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ground electrons and causing wave-breaking of the wakefield [126]. A recently
proposed scheme based on the large difference between ionization states of the

atom too provides the control electron injection [127].

2.1.2 Self Modulated Laser Wakefield Acceleration (SMLWFA)

The development of table top set up for generating ultrashort laser pulse have
influenced the growth in LWFA and SMLWFA electron acceleration mecha-
nism. The SMLWFA [113, 114] has a close analogy with Forward Raman Scat-
tering, where an electromagnetic wave (w, k) decomposes into plasma wave
(wp, kp) and another forward-propagating light wave at a frequency shift of w,
ie., (w—wp, k —kp). The regime of SMLWFA occurs when laser pulse duration
71, is larger than the plasma period 7, . The group velocity of the laser pulse is
influenced by electron density perturbation. Due to which, the laser pulse that
propagates in plasma will slow down near density maximum and results in
bunching. Now, as the bunching of the light and plasma density perturbation
are 7/2 out of phase, so the ponderomotive force of the bunched laser pulse
reinforces the original density perturbation [128]. The self modulated wake-
tield can produce a much larger accelerating field than the standard LWFA,
due to the scale in maximum longitudinal electric field. The accelerated elec-
tron energy achieved by SMLWFA mechanism are of the orders of ~ 100 MeV
[122, 123, 129].

2.2 Ion Acceleration Mechanisms

The quest for obtaining high particle energies have resulted in the evolution
of different design concept of the particle accelerators for both electrons and
the ions. The significant boost in the field of ion acceleration is seen over the
last couple of decades. The proton beams with multi-MeV energy as a result
of ultraintense laser interaction with the solid targets was reported in Refs.
[15, 130, 131]. Different types of ion acceleration mechanisms have been pro-
posed depending on the laser and target conditions, such as Target Normal
Sheath Acceleration (TNSA), Radiation Pressure Acceleration (RPA), Break-
out Afterburner (BOA), Relativistic Self-Induced Transparency (RSIT) to name
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the few. In the following, we discuss various mechanisms responsible for ion

acceleration.

2.2.1 Target Normal Sheath Acceleration (TNSA)

The TNSA is the most widely studied ion acceleration mechanism both the-
oretically and experimentally [16]. TNSA is mainly responsible for the accel-
eration in the intensity range of 10'® to 10% W/cm? for a pulse duration of 1
ps to 50 fs and with layered target [132, 133]. When a high-intensity laser in-
teracts with the target, it produces a cloud of hot electrons, generated by the
blow-off plasma. These high energy electrons go through the target and ionize
the hydrogen layer on the back of target which originates from a thin (~ 50A)
layer of contaminant, which is always present in the experiments. This was
attributed to ever-present water vapour in the target chamber or a hydrocar-
bon layer due to the vacuum pump oil. These hydrogen ions then pulled off
the surface by this cloud of electrons, and accelerated to tens of MeV, in tens
of um. The schematic diagram for the TNSA mechanism is shown in Fig. 2.1.
The laser prepulse hits the front of the target creating an expanding plasma.
Then the main laser pulse comes and interacts with plasma, generating a large
number of hot electrons (electron cloud) at the critical surface. Since the target
is transparent to these energetic electrons, the cloud extends past the back of
the target, whereupon it ionizes and then accelerates the hydrogen layer. The
energy of ions is decided by the intensity of the laser, and hence the energy
of the electrons. The target must be thick enough so that the back surface re-
mains unperturbed by the laser prepulse, yet thin enough for the electrons to
penetrate through the solid slab of material.

Several models have been proposed and studied to analyze the TNSA mech-
anism. The physical process of TNSA mechanism involves complexities such
as front surface laser pulse energy absorption, fast electron production as well
as transport within the target and sheath evolution dependence. One of the
most widely used TNSA model is "Plasma Expansion Model". A simple an-
alytical model was proposed by Wilks et al [16], where it was assumed that
the electrons from the front surface are transported through the back of the

target surface. The electric field acting on ions was given by E = T} /eL,,
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Figure 2.1: The schematic diagram of target normal sheath acceleration mechanism.
(a) when laser pulse irradiates the front surface of the solid target, accelerating fast
electrons and propagate through to the rear surface. (b) The electrostatic field pro-
duced is strong enough to ionise the target surface and accelerate the ions. Also, the
front surface ion acceleration occurs mainly due to the expansion of the laser-generated
plasma.

where Tj,,; = mc?(1 + 2U,/mc?)'/? is the hot electron temperature (resembles
the Maxwellian distribution) which is scaled through ponderomotive poten-
tial U, and L, is the plasma scale length. For short density scale length, a high
acceleration gradient is achieved by an ultrashort pulse in comparison to the
front surface where scale length is in few hundreds of yzm. A more accurate
model was proposed by Mora [134] which uses collisionless plasma expan-
sion. It was assumed to have cold ions, initially at rest and an electron density
n. following Boltzmann distribution. Further using a fluid set of equations
(i.e., Poisson’s equation, the equation of motion and continuity equation) the

ion front electric field, position and velocity were deduced.

2E,
\/2 exp(1) + Q2¢2

Integrating Eq. 2.1 using dvf,ont/dt = ZeEf.ont/m; results in ion front velocity

(2.1)

Efront =

as:
Vfront = 2CsInT + V712 41 (2.2)

and position; where 7 = Q,t/+/2exp(1)

T front =~ Q@AD[T IH(T + \/7-2 +1-— \/7_2 + 1+ ].)] (23)
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The maximum energy predicted by the model was
& =22T,(InT + V72 +1)? (2.4)

and the exponential decrease in the energy spectrum was calculated as:

AN _ [ nCit o _ 28 (2.5)
ac ~ \vazre )P\ 71 '

where, KgT, — 1., Ey = \/noLe/€0 , S = v/noe?/eomi, Ap = /€T /noe?,

C, = \/m, € is ion energy, m,; is ion mass, e electron charge, 7. elec-
tron temperature, Z ion charge number, ¢ accelerating time, (2, ion plasma
frequency, A\p debye length, C; sound speed, ¢ is the permittivity, and n, is
electron density. Experimental results are very well fitted using this model.
Although there were some limitations to the model such as, (1) need of proper
hot electron temperature estimation, (2) overestimation of the maximum cut-
off energy for longer pulse duration and (3) plasma approximation n;, ~ n.
is taken at the rear side (which is dependent on the front surface hot electron

density (n.)).

Therefore, other methods and scaling laws were proposed to study the de-
pendence of laser pulse duration (7;) on acceleration time (t) as ¢t = 1.37; was
stated in Ref. [135]. The hot electron temperature dependence for relativistic
(ap > 1) and non-relativistic (ay < 1) laser pulse amplitudes were studied in
Refs. [136-138]. The hot electron re-circulation which plays a paramount role
in increased duration of the accelerating field in TNSA is discussed in Refs.
[139, 140].

Another "quasi-static field approach" was reported in Refs. [93, 141] in
which electrons were confined in a bunch of length c7;, at the rear side and

considered to be transversely spread over a circular region of sheath radius

Tsheath
Tsheath = 71, + tan(0/2) (2.6)

where, 7, is the laser focal spot radius and 6 as expansion cone angle, thus the
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average electron density n ) at the rear side is given by:

Ne

CcTpm (Tsheath ) 2

N(e,0) = (2.7)
here N, ~ nE/kgT. is hot electron density propagating through the target, £,
is laser pulse energy, 1 is conversion efficiency, 7. is electron temperature. For
laser energy conversion to the hot electron energy the maximum energy gain

of the ion cloud &; is;

P\ /2
& = q:2mc? (U—L) (2.8)
Pr

where ¢; is ion charge, P, is laser power and Pr = mc®/r, ~ 8.17 GW is rel-
ativistic power unit with r. is electron radius. The model is efficient to pre-
dict experimentally obtained ion energies only for laser intensities in the range
10"W/ecm? to 5 x 10M9W/em?.

A "hybrid PIC model" [132] was proposed which uses the analytical ap-
proach with Vlasov simulation to study the effect of proton density on the
proton spectrum. The maximum proton energy estimated was in good agree-
ment with experimental data, with a bit of discrepancy for longer pulses (> 1
ps).

The ion beam characteristics from TNSA have been explored both experi-
mentally [15, 93, 130, 133, 142-144] and theoretically [132, 134, 138, 145, 146].
The rear surface ion acceleration was studied in Refs. [15, 147-149] along with
a few reports suggesting the front surface acceleration in Refs. [130, 131, 150].
The experimental group of Allen et al. [151] reported that the acceleration
occurs from both front and the rear surface of the target. However, the domi-
nance of ion acceleration prevailed from the back surface as reported in Refs.
[152, 153].

Similarly removal of the contamination layer from the target rear by pre-
heating the target also showed that multiple ion species could be accelerated
to produce high energetic ion beam [154, 155]. The quasi-monenergetic beam
with narrow energy spread, low emittance are reported in Refs. [156]. The pro-
ton acceleration dependence on acceleration time [135], sheath radius [93, 152],
effect of prepulse [93], beam divergence (bell shaped) [61], grooving targets

[157], layered target [133] and the use of metallic mesh placement at a given
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distance also characterized the generated proton beam [59].

Scaling laws for the energy per nucleon &,, with laser and target parameters
particularly with the laser pulse energy (U.) and intensity (/) is of fundamen-
tal importance to evaluate the potential of TNSA based schemes for applica-
tions. The scaling law exhibited the production of more energetic dependence
on the laser pulse duration(7;) and intensity (/) [143]. Few scaling laws were

also given by reviewing the experimental data as well in Refs. [158, 159].

2.2.2 Radiation Pressure Acceleration (RPA)

The distinctive study of ion acceleration with intensity ranging above 102°W/cm?
and upto 10%1W/cm? [160] is done using Radiation Pressure Acceleration mech-
anism. This mechanism of ion acceleration is purely related to the formation
of an electrostatic field due to the action of the laser ponderomotive force on
electrons, and consequently, on the ions via space charge displacement. The ra-
diation pressure P,,q exerted by the laser of intensity I on the non-transparent
medium is given by:

Proa = (14 R — T)é 2.9)
where, R and T are the reflection and transmission coefficients respectively.
The maximum (minimum) radiation pressure that can be obtained for a solid
target with zero transmission (reflection) is given as P..q = 211/c (Praq = 0).
Although RPA is reported for linearly polarized laser pulse in [160], however
the mechanism mainly dominates for the circularly polarized laser pulse. This
is because the circularly polarized pulse suppresses the J x B heating [Section
5], as a result the electrons are pushed deeper into the target, creating stable
electrostatic field. The mechanism is subdivided into two modes depending on
the target thickness namely "Hole-Boring" for thick targets (i.e. much thicker
than the skin layer, where ion acceleration occurs due to space-charge field)
and "Light Sail" for thin targets (i.e. object of finite inertia having large surface

and low mass) shown in Fig. 2.2.
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Figure 2.2: Diagrammatic illustration of Hole boring regime for thick targets (a) and
light sail regime for thin targets (b) in radiation pressure acceleration.

Hole Boring

In hole boring as the name suggests the high intensity circularly polarized laser
pulse when interacts with the thick overdense target, pushes the electron like
a piston (or "bores the hole"). These electrons pile up at the front of the laser
pulse, resulting in the steeping of the electron density profile. A charge separa-
tion is built up between immobile ions and electrons leading to the formation

of strong electrostatic field.

In non relativistic theory, the hole boring velocity vy g (ion front velocity) is
obtained by balancing the momentum flux with radiation pressure [161, 162].
VHB Nl M,

= ao (2.10)

c 2n.m;

here, n. is the critical density, n. electron density, m.(m;) is electron (ion) mass,
Z is charge state, ap = eFE/m.wc is normalized laser pulse amplitude. In a
relativistically correct HB [23], the most significant assumption was that the
laser intensity in instantaneous rest frame of the piston and lab frame are not
equal, as a result relativistically corrected hole boring velocity and maximum

ion energy are given by:
I

vip _ V= S L (2.11)
c 14+2 m;n;c3
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2=

For Z < 1 and vyp < ¢, one can obtain vyg/c ~ VZ and & ~ 2m,;c*=

in non relativistic regime. The first detailed HB using kinetic simulation was
studied in Ref. [163], and a decade later was implemented for ICF targets
[164]. The studies including different types of lasers [26, 165], gas jets [166],
foam targets [167]and use of preplasma production etc are used to enhance

maximum proton energy in HB-RPA.

Light Sail

In light sail regime "thin" target of few microns is accelerated as a whole due
to the laser radiation pressure. The radiation pressure is balanced by the lon-
gitudinal electrostatic fields, as a result the complete mass of the target is ac-
celerated as a whole. Ion acceleration for LS regime is more effective than in
case of HB regime. The idea of LS regime came into picture when Esirkepov
et al [160] illustrated the high intensity laser pulse interaction with the plasma
target using 3D PIC simulation.

The 1D model for perfectly reflecting surface played a significant role in
understanding the LS regime of ion acceleration. For the laser pulse intensity
I, and duration 7; the sail velocity, energy per nucleon and efficiency are given

by [168]: (1+5)—1

3"’2
_ 2
E1s = m;c 2T 1) (2.14)
o 2615 . B 1
e e i oy (2.15)

where F = 2[;7;/0c* is pulse energy per unit surface. Depending upon the
constant parameter ( = 7(n./n.)(d/)\) the dimensionless target parameter.
Here, ) is the laser wavelength and d is a target thickness. It should be noted
that for ay < ( the LS regime prevails [28], however for ay > ( the relativistic
transparency starts to dominate. As v;;/c — 1, the reflected light is Doppler
shifted w, = wy/479?, where 7 is relativistic factor, wy, is laser frequency and w,

is reflected pulse frequency.
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The acceleration of ions are more significant and mono-energetic peaks
[169] are achieved in case of LS regime since J is inversely proportional to
surface areal density. The theoretical studies and PIC simulations with exper-
imental evidence are reported in Refs. [25, 28, 29, 91, 168-171]. Though, the
PIC simulation and energy scaling laws gave promising results but there are
challenges to use this for applications such as the repulsion of all the electrons,
the acceleration time 7,,.. of ions should be small to prevent the Rayleigh Taylor
[172] and Weibel-like [173] instabilities.

2.2.3 Break-Out Afterburner (BOA)

With the laser intensities comparable to the required that for TNSA mecha-
nism (~ 102'W/em?) interacting with the ultra-thin high-density targets rang-
ing from 0.5um to tens of nm, the Break-out Afterburner acceleration mecha-

nism prevails [20, 109]. There are three stages to the process of acceleration:

o After a brief period of TNSA mechanism as explained in Sec. 2.2.1. The
sheath evolves to a quasi-steady-state associated with cold background
electrons and hot electrons (by laser). In early TNSA phase, the formation
of dense, cold electron component within the target prevents significant

penetration of the laser pulse.

e Inthe enhanced TNSA phase, the plasma being overdense after the TNSA
phase has the skin depth comparable to the target thickness. The attenu-
ated laser field in the target heats all of the cold electrons in the target by
the laser ponderomotive force. This, in turn, modifies the longitudinal
tield profile, thereby increasing the conversion efficiency of the laser into
the hot electrons. The combined electric field (due to space-charge sepa-
ration from the sheath and laser ponderomotive force) is experienced by

the ions which is considerably larger than the field in the TNSA phase.

e Finally, the Break-out Afterburner stage, where the hot electron plasma
expands sufficiently to become underdense to the laser. By the action of
ponderomotive force laser pulse penetrates to the rear side of the target,

setting up a large longitudinal electric field that co-moves with the ions.
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Figure 2.3: Diagrammatic representation of three stages of Break-out Afterburner
mechanism. (a) TNSA, (b) enhanced TNSA and (c) Break-out Afterburner.

This results in the formation of the unstable relativistic electron beam due to
the buneman instability which converts electron energy into the ions. A picto-
rial representation of the BOA mechanism is depicted in Fig. 2.3

The use of modified target geometry such as double layer target [78, 174],
nanoscale targets [21, 175], pre heated diamond target [176] and laser polariza-
tion [177] leads to the improved quality of ion bunches. In all the studies done
so far the achievable energy is in GeV for BOA mechanism. An interesting ex-
perimental study using plastic target of 200nm and 1200nm was done which
results in simultaneously two separate acceleration mechanisms (TNSA and

BOA) when laser pulse incident at an incidence angle of 10° [178].

2.2.4 Relativistic Self-Induced Transparency (RSIT)

The theory of RSIT was proposed in the notable work by Kaw et al. [79] and
Max et al. [80]. When an intense laser pulse propagates through an overdense
plasma, it accelerates electrons from rest to the relativistic velocities, thus effec-
tively increasing the electron mass m. with a relativistic factor v which in turn
reduces the electron plasma frequency by the same factor. Here, v = /1 + a3/2
is a relativistic factor and ag = eAy/(m.c) is normalised laser pulse amplitude.
As the electrons leave the target, a strong electrostatic field is created between
immobile ions and electrons. The dispersion relation for the EM wave propaga-

tion in case of induced transparency modifies as follows;
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Figure 2.4: Diagrammatic illustration of processes in RSIT mechanism. (a) When
a part of a laser pulse reflects while interaction with overdense plasma target. (b)
Now the transparent region, where the relativistic factor v decreases the target density,
for laser pulse to penetrate and (c) making the target underdense for laser pulse to
completely propagate through the target.

ki = w? — wf,/v (2.16)

The graphical illustration for RSIT is shown in Fig. 2.4. The dependency on
laser intensity to achieve transparency regime was investigated by PIC simu-
lations in Ref. [179]. The density threshold value has a dependency on electron
density and ion mass with no effect of ramp density profile. The given disper-
sion relation [Eq. 2.16] predicts the maximum value of phase velocity but the
difference arises due to reflected waves which effectively lowers the plasma

frequency.

For the stationary cold plasma model for RSIT mechanism the stationary
solutions were obtained by solving the relativistic equation of motion for elec-
trons, continuity equation and Maxwell’s equation as studied in Refs. [32, 180-
182]. The complete analysis of the same is presented in Appendix A. Due to
the action of laser ponderomotive force, all the electrons are pushed into the
target, as a result. the electron boundary shifts. The shift of the electron bound-
ary can be calculated by the cold fluid plasma equations for charge separation
layer (CSL) 0 < z < z4 (in case of total reflection) and compressed electron

layer (CEL)xz > z4. The boundary condition to hold the transition for plasma



CHAPTER 2. LASER PLASMA INDUCED PARTICLE ACCELERATION MECHANISMS 36

density ny < 1.5n, and ny > 1.5n,, the threshold amplitude of incident laser
pulse is found to be [180];

az, = 2ng(no — 1) for ny < 1.5n, (2.17)

az, =no(l+a%)(y/1+a% —1) —ap/2 for mng> 1.5n, (2.18)

where

ap :n0<9/8n0 —1—0—3/2\/9/16713 —n0+1)

is the maximum evanescent field at the threshold.

Tushentov et al. [181] referred the soliton like formation for plasma den-
sity < 1.5n, which then propagates into the plasma and for > 1.5n. the laser
pulse can only penetrate over a finite thickness. A study as reported in Ref.
[182] showed that the stationary solution existed for both semi-infinite and
tinite layer. It was observed that at even part of the region, a stationary solu-
tion exists and it might be the region of transparency. Also, there are regions
where both opaque and transparecy can occur, which depend on electron den-
sity, laser amplitude and target thickness. The threshold plasma density was
studied in Ref. [30], even in the presence of electron heating. The proton ac-
celeration from thin foil is reported in Refs. [33, 81, 82, 183-185], and from
nanotargets in Ref. [175]. The advantage of using multilayer target geometry
is studied by Refs. [85, 186]. The effect of polarization dependence is explored
in Refs. [90, 91]. The effect of chirped laser pulses on the RSIT and associated

acceleration is presented in Ref. [89].



CHAPTER 3

Ion Acceleration by Relativistic Self-Induced

Transparency

In previous Chapters 1 and 2, we have seen the generation of the intense
laser pulse, laser-plasma interaction concepts with various particle accelera-
tion mechanisms and applications. In this chapter, we would like to focus on
scheme of the relativistic self induced transparency (RSIT) for ion acceleration.
The objective of this chapter is to understand the formation of electrostatic
tields using the RSIT and to explore the application of the same in accelerating
protons from a secondary layer behind the main target.

In Section 3.1 we briefly discuss the RSIT, along with a theoretical and sim-
ulation model. Section 3.2 details the differences between LS and RSIT ac-
cording to the electrostatic field formation from the main layer, also the ion
acceleration and optimization of target parameters are discussed, followed by

the summary of the chapter in Section 3.3.

3.1 Model for Study

3.1.1 Relativistic cold fluid model

The propagation of electromagnetic (EM) waves in plasmas has been investi-
gated quite extensively in Refs. [49, 187]. The dispersion relation for EM waves

propagation in plasmas, derived in chapter 1(2) is expressed as
w? = wg + k22, (3.1)

where w, and k are respectively the frequency and wave propagation vector
of EM waves, c is the speed of light in vacuum and w, = \/n.e?/eym, is the

37
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natural frequency of the plasma oscillations. Here e, m. and n. are respectively

the electron charge, electron mass, and electron density.

It can be understood from the dispersion relation [Eq. 3.1] that the EM
waves can not propagate beyond the point where w, > w as the wave vector
is imaginary, which in turn would be responsible for the attenuation of EM
waves. In terms of plasma density, it translates to the fact that the EM waves
cannot propagate in plasma beyond a critical density n.. However, for densi-
ties n. < n., the EM wave can propagate without much of attenuation. The
interaction of very intense laser fields can change the above mentioned crite-
ria with regard to the critical density. Therefore, the relativistic mass of the
electrons needs to be taken into account, which in principle decreases the ef-
fective plasma frequency and as a result the threshold density for the complete
reflection of the pulse also increases. This effect is known as RSIT. The inter-
action of ultraintense laser pulses with plasma can be modeled by solving the
wave propagation equation in Couloumb gauge, continuity equations, Pois-
son’s equation and relativistic Lorentz force equations. The analytical treat-
ment of RSIT, based on a relativistic stationary plasma model (cold fluid theory
with steady-state solutions), is discussed in Refs. [32, 180, 181]. In this work,
we have attempted to solve the set of dynamical equations in space and time
which govern the plasma response to intense laser fields. We restrict ourselves
to the one-dimensional scenario where the laser is considered to be propagat-
ing along the z direction. The detailed derivation describing the plasma re-
sponse (electron + ion) to intense laser fields is described in Appendix A. With

no ionic motion the closed set of equations describing the plasma response

reduces to 5
@
X _ _E 2
- -E, 62
OF. =7Zn; — Ne (3.3)
0z
oF, e
=n, = 4
T (3.4)
d’a  0%a n.
@ — w = %a (35)
Wi _p D (3.6)

ot 0z
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one 0 <np—) —0 (3.7)

at 0z Ve
Ye =/ 1+a%+ (pg)? (3.8)

where, Z is atomic number of the ionic species, n. and n; are electron and
ion densities in units of critical density, p¢ is longitudinal electron momentum,
E. is longitudinal electrostatic field created by charge separation, . is rela-
tivistic factor of electron, and a is vector potential associated with laser pulse.
It should be noted that the motion of the electrons Eq. A.41 is governed by
the electrostatic field and the ponderomotive force (0-./0z) of the laser pulse,
which in turn manifests the lowering of the target density, and hence assisting
the laser in propagating deeper into the target (Eq. 3.5). Furthermore, it can
also be seen from Eq. 3.5 that the limit n. /7. — 0 yields the EM wave propa-
gation equation for free space. On the other hand, the condition n./v. < 1is
essential for wave propagation in the RSIT regime because otherwise the laser
would be reflected from the overdense plasma. As can be seen from Eq. 3.8,
in principle one needs to solve for p¢ to know the +,, and hence the threshold
plasma density where RSIT ceases to exist. From this, one can infer that the

electron heating (p¢) plays quite a crucial role in RSIT.

In order to investigate the interaction dynamics in RSIT regime, we have
solved these equations numerically in space and time with following initial /boundary

conditions,

a(0,t) = aoexp(_;f) [5 cos(t)ex + \/1 — 42 sin(t)ey] (3.9)

where, T'is FWHM pulse duration, and ¢ is a constant which is either 1 for lin-
early polarized (LP) laser pulse or % for circularly polarized (CP) laser pulses.
In this chapter, we have used only CP laser pulses. In order to benchmark
the results of this analytical framework, we have simulated the interaction of
5 cycle Gaussian laser pulse (ag = 20) with semi-infinite plasma. The laser is
allowed to incident normally from vacuum (z < 12 ) to a semi-infinite plasma
slab (z > 12X\ ) with density n; = n. = 2n..

In Fig. 3.1, we have compared the longitudinal electrostatic field (£.) as cal-

culated by numerically solving Eq. 3.2 to Eq. 3.8 with 1D PIC simulation, and
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Figure 3.1: The component of the laser field along x direction (E,) and electrostatic
field (E.) created by charge separation is presented by numerically solving Egs. 3.2 -
3.8 (left panel) and compared with 1D PIC simulations (right panel).

as can be seen from the same that the outcome of theoretical formulation is rea-
sonably in good agreement with PIC simulation. However, in order to study
the laser interaction with target of finite thickness, one needs to incorporate

the plasma expansion in vacuum [134] with above set of equations.

In order to have some qualitative understanding of the effect of finite tar-
get thickness and corresponding threshold density (beyond which the target
will not be transparent for a given laser intensity), one can, in principle, seek
a steady state solution in the transparency regime. Another case might be the
reflection of the incident laser pulse by overdense plasma. We study the inter-
action of the flat-top laser pulse (ao) of duration 6 cycles with rise and fall of
1 cycle each, with a target of thickness d and density n.. The pulse profile is
considered to be flat-top, such that the condition for RSIT (n./7. < 1) can be
met from the instant the laser hits the target. Recently in Ref. [30], the relativis-
tic cold fluid model with stationary solutions has been used for semi-infinite

plasma, and an expression for threshold plasma density has been reported.
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Figure 3.2: Variation of threshold electron density (ny,) with laser amplitude is pre-
sented. Curve "A” shows the expression given by Eq. 3.10. Points denote the results ob-
tained by the 1D fully relativistic PIC simulation for a target thickness of 1\ (square),
0.5 (circle) and 0.25) (triangle). Curves ‘B” and ‘C’ respectively show the qualitative
estimate of threshold density for d = 0.5\ and d = 0.25\ using Eq. 3.11.

The threshold density for RSIT for high laser intensities is given by [30]

2
Ny, = 9 [3 +1/9vV6ag — 12} Ne. (3.10)

We are mainly interested in having the relativistic transparency in a target
with finite thickness. The thickness of the target is such that the laser can pass

through the target without much attenuation.

Though the dependence of the target thickness does not explicitly appear in
Eq. 3.10, we have tested this expression against a target thickness of 1\ using
1D PIC simulation, and results are presented in Fig. 3.2. It can be seen from
Fig. 3.2 that the threshold plasma density for a target of thickness 1) is in good
agreement with Eq. 3.10, which indicates that the laser of amplitude ay may
be sufficient to sweep out all the electrons from a target of thickness 1\, with
maximum density ny, as expressed by Eq. 3.10. A total number of electrons
present in a plasma slab (1D scenario) of density n. and of thickness d should

be n.d, so the agreement of Eq. 3.10 and the PIC simulation would dictate
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Circular Polarization 15X PL = dA 0.2A

vacuum N, =o0n,. 0.1n,

Figure 3.3: A schematic illustration of simulation domain (60 \) where double layer
target geometry place at 15\. d and o corresponds to different primary layer target
thickness and density. A Flattop laser pulse is incident on the target with T = 6cycles
(rise and fall = Icycle) from left side of domain.

that laser of amplitude ay would be sufficient to sweep out n.d electrons. We
can extend this idea to subwavelength targets, and alternatively write Eq. 3.10
such that for d = 1) the threshold density is given by Eq. 3.10. The corrected

expression for threshold density for a target of thickness d should read as,

2
man o [3 +1/9v6ag — 12} e, (3.11)

The results obtained by this simple scaling law given by Eq. 3.11 is also pre-
sented in Fig. 3.2, and compared with PIC simulation for the same. It can be
seen that the threshold density predicted by Eq. 3.11 is in reasonably good
agreement with PIC simulation. It should be noted that, in Fig. 3.2, the region
below the data points for particular target thicknesses would be transparent

and the region above it would be opaque.

3.1.2 PIC Simulation

We have used the 1D3V fully relativistic PIC code LPIC++ [188] to carry out
the studies. The dimensionless electric fields are normalized as ay = eE /m.wc,
where w is the frequency of the laser pulse, and £ is the electric field amplitude

in SI units. Time and space are normalized by one laser cycle and wavelength,
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respectively. The PIC code is modified to study the laser interaction with a
multilayer target structure. A figurative illustration of the simulation domain
is shown in Fig. 3.3. The laser pulse is considered to be a flat-top of duration
6 cycles with rise and fall of 1 cycle each, propagating along the z direction,
and incidents normally on the target. For the complete study, we have used
a simulation domain of length 60\ (unless otherwise stated) and the Hydro-
gen plasma is considered to be located in the region 15\ < z < d, where d
is the target thickness. The remaining space of domain is treated as vacuum.
The target density will be chosen such that RSIT will enable the laser to pass
through. An extra layer of thickness 0.2), with a density of 0.1n,, is placed
behind the main target. The density of the second layer is kept low so that the
laser can also pass through this layer as well, and the ions from this layer will
then experience the electrostatic field created by RSIT, and will accelerate as a
bunch.

3.2 Results and Discussion

3.2.1 Difference between Light Sail (LS) and Induced Trans-
parency (RSIT) Regime

Although both ion acceleration mechanims are for "thin" targets but the differ-
ence lies between the conditions that influence the change in parameteric study
of laser and plasma target. In light sail regime the target thickness plays a vital
role along with a phenomenon of "perfect” plane mirror i.e. total reflection[28].
Thereby, manifesting the conditions as, R~1, ay < { and d < d,,;. Now taking
in consideration the RSIT regime these conditions varies as ay > ¢ and R~0.
The subtle condition a, ~ £ discusses another mechanism known as phase sta-
ble acceleration mechanism, where protons within the skin depth of laser pulse
are synchronously accelerated and bunched like in "radio frequency accelera-
tors" [189]. The parameters are defined as follows: R is reflection coefficient, a,
is normalized laser pulse amplitude, ¢ = W(Z—)(%), d is plasma thickness, n. as
target density, n. critical density and d,, is optimum target thickness obtained

atag ~ &.
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3.2.2 Formation of electrostatic field
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Figure 3.4: The spatial profile of electrostatic field (E.) and laser field (E,) is plotted
at 267 for three different target thicknesses having density 7n..

Above mentioned sections shed light on the theory used to model RSIT
mechanism. The balance between the ponderomotive force of the laser and the
electrostatic force of the charge separation is the key minimum criterion for the
RSIT mechanism. This balance of the forces plays a paramount role, especially
in case of finite length plasma. The charge separation electrostatic force have
dependency on target thickness and density. For example in Fig. 3.2 we have
presented the threshold density for RSIT as obtained by the PIC simulation for
three different target thicknesses. It is observed that the thin target supports
comparatively larger target density compare to the thicker target as far as RSIT
is concerned.

In order to see the effect of target thickness on the formation of the elec-
trostatic field, we have simulated the interaction of the laser with a target of
thicknesses 0.25), 0.5\ and 1. The laser conditions are the same as in Fig. 3.2
(circularly polarized, 6 cycle flat-top with rise and fall of 1 cycle) with ay = 20
and target density for all three cases considered to be 7n.. Figure 3.4 shows the
spatial profile of the electrostatic field (a) and laser field (b) at 267. Here, 7 is

one laser cycle, and in vacuum laser propagates a distance of 1) in time 17. As
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can be seen from Fig. 3.4(a), for the case of 0.25) the electrostatic field is almost
flat in the region just behind the target (156\ < z < d), while for the target with
thickness 1), the strength of the electrostatic field is not prominent. This can
be explained on the basis of threshold density for different target thicknesses
as shown in Fig. 3.2. It can be seen from Fig. 3.2 that, for a target which is
1 thick, the threshold density for ay = 20 lies slightly below the density used
in this case (Fig. 3.4). However, for 0.25\ and 0.5), it is higher than 7n.. This
yields the target with thickness 0.25\ and 0.5\ in the RSIT regime, which in
principle is responsible for sweeping all the electrons and creating a strong
electrostatic field. The transparency of the target can also be seen from Fig.
3.4(b), where the reflection of a laser pulse for 1\ thickness, and transmission
for 0.25X and 0.5 thick target, is clearly seen. It should be also noted that the
parameter { as defined earlier is about 5.5 and 11 respectively for 0.25\ and
0.5 target thicknesses, and hence the interaction with ay = 20 brings it in to
the RSIT regime. However, 1) thick target (¢ ~ 22) is opaque for the laser
with ap = 20. In Fig. 3.4, we have shown the spatial profile of E, and E, only
at 267. However, in order to see the spatio-temporal evolution of the electro-
static field, the electron density and corresponding electrostatic field for the
case with d = 0.25)\ and d = 0.5 are presented in Fig. 3.5. Because we use the
same density (7n.) for thicknesses 0.25A and 0.5, we expected that the electro-
static force would be weaker (compared with ponderomotive force) in the case
of 0.25) as compared to 0.5\. This is so, because effectively the target with
thickness 0.25\ would have less charge particles compared to the case when
thickness is 0.5\. The weaker electrostatic force in the case of 0.25\ manifests
a stronger push on the electrons by CP laser pulse as can be seen in Fig. 3.5(b).
On the other hand, in the case of 0.5\, the ponderomotive force of the laser
is not strong enough to sweep the electrons to large distances, as can be seen
from Fig. 3.5(a). However, in both cases, the electrons are pushed away from
the target, lowering the density of the target, and hence enabling the target to
be transparent for the laser to pass through. When the laser is passed through
the target, the electrons are pulled toward the target because of the electro-
static force created by the charge separation of electrons and ions. As can be

seen from Fig. 3.5(a), for d = 0.5, the electrons oscillate at higher frequency
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Figure 3.5: Space-time dependence of electron density for target thickness 0.5\ (a)
and 0.25) (b) along with longitudinal electrostatic field (E.) for these two cases re-
spectively are presented in (c) and (d).

compared to the case when d = 0.25), as in Fig. 3.5(b). This can be understood
from the lower excursion of the electrons in the 0.5\ case compared to that
of the 0.25)\ case. It can be summarized as follows, in case of the interaction
of a laser with some given density target, the thin (thick) target will manifest
weak (strong) electrostatic force and hence large (small) excursions of the elec-
trons by ponderomotive force will take place, which in principle results in low
(high) frequency electron oscillations by electrostatic force created by charge
separation. The low frequency oscillations of the electron in the case of a thin
target manifests the kind of constant electrostatic field which can be harnessed

to accelerate ions to very high energies.

3.2.3 Ion acceleration

So far in this chapter, we have discussed the formation of the electrostatic field

using the RSIT mechanism. Now we can exploit these fields to accelerate pro-
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Figure 3.6: Velocity spectrum (a) of target ions and ions from secondary layer is mea-
sured at 907 for the case ay = 20, d = 0.25\, n. = 3n,, 5n. and Tn.. The energy
spectrum (b) for n, = dn. at different time steps is also presented.

tons to very high energies. It is clear that once the electrons are swept out
from the target, the ion core undergoes Coulomb explosion, resulting into a
cloud expanding predominantly in the laser’s propagation direction [87]. The
Coulomb explosion of the ion core because of excessive positive charges will
not yield a mono-energetic proton beam. In order to achieve the efficient ac-
celeration using the electrostatic field created by RSIT, we have introduced
a secondary layer of thickness 0.2\ with density 0.1n., just behind the main
target (laser incidents on the main target). The density of this extra layer is
considered to be low enough such that electrostatic field created by the RSIT
mechanism is not affected by the presence of the secondary layer. Secondly, as
a consequence of low target density, the laser will not have any direct effect on
the energetics of the protons in this layer.

The velocity spectrum of the ions from the main target and the ions from
the secondary layer for the case ay = 20, d = 0.25\, and n. = 3n., 5n. and
Tn., as evaluated at 907, are presented in Fig. 3.6(a). As can be seen from

this figure, ions from the secondary layer are accelerated as a bunch. On the
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Figure 3.7: Variation of maximum energy of accelerated ions (from secondary layer)
with density and thickness of primary layer for different laser amplitudes.

other hand, the ions from the main target expands in either direction because
of the space charge effect, resulting in large energy spread. This clearly shows
the advantage of using an secondary layer behind the target for generating a
mono-energetic ion bunch. In this case the target ions are only responsible for
creating an electrostatic field which is exploited by an additional thin layer of
low density, resulting in a mono-energetic ion bunch. As far as the quality of
the bunch is concerned, it can be seen that the spectrum for the case 5n. is much
sharper than the one for the cases 3n. and 7n., which in fact signals that there
should be an optimum target density for a particular target thickness in order
to have very efficient proton acceleration. The details regarding the optimum
conditions for given laser and target conditions is discussed in a later part of

this section.

The energy spectrum of the accelerated protons from the secondary layer
for the case n. = 5n., as evaluated at different times, are presented in Fig.
3.6(b). It can be seen that at the early stage of acceleration, the protons gain
energy at faster rate, and later the rate of acceleration decreases. This is mainly
because of the weakening of the electrostatic force over a period of time. It is

observed that the ions from the secondary layer are accelerated to ~ 100 MeV.
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Figure 3.8: Optimum density of primary target is presented as a function of it’s thick-
ness and laser amplitude. The solid line represents the scaling law for optimum den-
sity as a function of laser amplitude and target thickness (Eq. 3.12). At these optimum
densities ions from the secondary layer attains maximum energy.

3.2.4 Optimization

As is shown in Fig. 3.6, depending on laser and target conditions, there should
be some optimum conditions in order to accelerate the ions most efficiently. In
view of this, we have presented the variation of maximum kinetic energy of the
secondary ions with the density and thickness of the primary layer for differ-
ent laser amplitudes in Fig. 3.7. The maximum value of the energy is evaluated
at 907. It can be observed that there is an optimum density at which the ions
can be accelerated most efficiently. This can be explained on the basis that, for
low densities overall charge present itself is low enough resulting in weaker
electrostatic field by primary target. On the other hand, for higher densities
the RSIT mechanism ceases to exist because of reflection of the laser pulse, re-
sulting in a poor longitudinal electrostatic field behind the target. In view of
this, it can be understood that there should be some optimum target density
for a particular target thickness. The interplay between laser ponderomotive
force, and the electrostatic forces by charge separation, results in an ambient
condition for the ions from the secondary layer to be accelerated. The opti-

mization of target thickness for RSIT is also being reported in an experimental
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paper by Henig et. al. [82].

The optimum density corresponding to particular laser and target condi-
tions can be obtained from Fig. 3.7; e.g. for ay = 20, d = 0.25) the optimum
density is about ~ 6n.. In Fig. 3.8 we have presented the optimum density
as calculated by PIC simulation. In this figure we have presented the opti-
mum density corresponding to particular thickness and density of primary
layer, and laser amplitude. It has been observed that the optimum density for
a particular laser amplitude (a¢) and target thickness (d) can be fitted with the

following scaling law:
ne(ao, d) = (0.07ag + 0.3)/d. (3.12)

It can be seen that Eq. 3.12 fits very well with the predictions of the PIC
simulation. The linear relation again points towards the balance between the
ponderomotive force (x ag) and the electrostatic force (x n.d) for maximum
energy, which in principle depends on the electrostatic force created by the
charge separation in the primary layer. In this study we have kept the thick-
ness and density of the secondary layer as 0.2\ and 0.1n. respectively. In
principle one should also have some optimum conditions for the secondary
layer, but we reserve that for the future. The multiparametric two-dimensional
particle-in-cell study of ion acceleration using a double layered target has been
investigated in Ref. [190]. They have observed that the maximum ion energy
gain corresponds to a certain optimal electron areal density depends almost
linearly on the square root of the the laser intensity. The linear dependence
of the target density on a (Eq. 3.12) is in qualitative agreement with the scal-
ing presented in Ref. [190], because the laser intensity / and a is related as
I =1.3678 x 10"%a2(um/N\)>2.

3.2.5 Ion energy comparison

We have seen that ions from the secondary layer are accelerated to ~ 100 MeV
using 6 cycle flat top, circularly polarized laser with ay = 20. It would be inter-
esting to know how these energies are comparable to the those obtained using

LS or DCE regimes of acceleration. In Ref. [87] the authors have considered
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the double layer geometry. The primary layer is Al'** plasma with n, = 400n,
and thickness 0.1\, however the secondary layer is comprised of Hydrogen
plasma with n, = 30n. and thickness 0.05\. This double layer target is irra-
diated by a 30 fs (~ 11 cycles) laser with peak intensity of 2.7 x 102> W/cm?
(ag ~ 112 for A\ = 0.8um). These parameters would yield the ratio ao/¢ ~ 0.89,
which effectively brings the interaction in the regime where the electrons are
pushed by LS but ions from secondary layer are predominantly accelerated by
the electrostatic field created by Al'"** ions. They have reported that using a
super-gaussian laser pulse protons from the secondary layer can be accelerated
to ~ 210 MeV. On similar ground, acceleration using a nano-structured double
layer targets is reported in Ref. [76]. They also relied on RPA (ay ~ 100) to
remove all electrons from the primary Carbon target, and then accelerate pro-
tons from the secondary layer as a bunch to a few hundreds MeV. However,
in RSIT enabled acceleration, this energy range is accessible using ay ~ 40 (see
Fig. 3.7) as compare to ag ~ 112 [87] and ay ~ 100 [76].

Recently Robinson et. al. [23] have demonstrated ion acceleration in the
HB-RPA regime, where they have obtained the proton energies ~ 150 MeV by
irradiating a laser with peak amplitude ay ~ 90. In the HB-RPA regime, the
target is opaque to the incident laser, and in this context the acceleration is not
very sensitive to the contrast ratio of the laser pulses. Similarly, under the RPA
regime, ion acceleration to ~ 150 MeV with @y = 108 has also been reported in
Ref. [191]. However, it can be seen that the RSIT enabled acceleration would

yield similar energies with lower laser peak intensities (Fig. 3.7).

Recent development in the field of high power lasers have made it feasible
to generate hundreds of MeV of proton beam with low energy spread enabled
via RSIT mechanism. A few of the recent experimental studies [33, 84, 90] have
demonstrated the use of solid nm targets to generate high energetic proton
beams when interacts with ultra intense laser pulses. Furthermore, gas based
near critical density targets for RSIT based proton acceleration is recently re-
ported in [184, 192].
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3.3 Summary

We have studied the RSIT using a stationary plasma model, and predicted that
for subwavelength targets the threshold target density for a particular laser
amplitude and target thickness increases. We have also discussed the role of
target density and target thickness on accelerating fields, and observed that
the protons from the secondary layer behind the target are accelerated most
efficiently to a few hundreds MeV by electrostatic fields formed by the RSIT.
The role of target ions in this process is to create the electrostatic fields using
the RSIT mechanism, which will eventually accelerate the protons from the
thin and low density layer placed behind the target. A suitable scaling law
connecting the optimum target density for maximum energy, target thickness
and laser amplitude is also deduced. Furthermore, it is also observed that
the laser intensities required to access the similar energy range in an LS or
RPA regime is around 2.5 times the values used here. It should also be noted
that the efficient ion acceleration by thin targets is always subject to very high

contrast laser pulses.



CHAPTER 4

Chirp Assisted Ion Acceleration Through Relativistic

Self-Induced Transparency

In the previous chapter [Chapter 3], the detailed analysis of RSIT was studied
using a relativistic cold fluid model along with the PIC simulations. It was
observed that the use of the secondary layer was more advantageous to accel-
erate ions in mono-energetic bunches to MeVs of energy. However, this was
not the case for single layered target because the ions from this layer under-
goes expansion in either direction due to complete removal of electrons from
the target, hence resulting in large energy spread.

In this chapter, we explore the effect of the chirped laser pulse on the trans-
mission and associated ion acceleration by the sub-wavelength target. For neg-
atively (positively) chirped pulses, the high (low) frequency component of the
pulse interacts with the target initially followed by the low (high) frequency
component. The threshold plasma density for the transmission of the pulse is
found to be higher for the negatively chirped laser pulses as compared to that
for the unchirped or positively chirped pulses. The enhanced transmission of
the negatively chirped pulses for higher densities (6n.) results in very efficient
heating of the target electrons, creating a very stable and persistent longitu-
dinal electrostatic field behind the target. The void of the electrons results in
expansion of the target ions in either direction, resulting in the broad energy
spectrum. We have introduced a very thin, low density (< n.) secondary layer
behind the primary layer. The ions from the secondary layer are then found
to be accelerated as a mono-energetic bunch under the influence of the elec-
trostatic field created by the primary layer upon interaction by the negatively
chirped pulse.

First and foremost in Section 4.1, we discuss the simplified wave propaga-

tion model for low laser amplitudes (ay = 0.5) and its utility to compute the
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Figure 4.1: Laser pulse profiles with negative (a), unchirped (b) and positive (c) chirp
parameters. Time dependent frequency is also illustrated (dotted line) for each case as
well.

transmission coefficients for different chirp values. The results of the wave
propagation model with the 1D PIC simulations are compared. In Section 4.2,
we focus on the study of high intense lasers (ap = 20) with the target. The
results showing the effect of the laser pulse chirp on the longitudinal electric
tield for different target parameters is discussed. Moreover, we consider the
need for the second layer to obtain an energetic ion bunch. The optimization
study for different target parameters is then carried out in Section 4.3, and fi-

nally summary in Section 4.4.

4.1 Theory and Simulation Model

The interaction of the intense laser beams with the overdense plasmas are in
general modeled by the cold-relativistic fluid model [30-32, 180, 181]. The use
of the cold-relativistic fluid model is justified, as the quiver velocity of the elec-
trons involved in laser-plasma interaction exceeds the electron temperatures,

and ions are considered as immobile in the time scales of the interests. The
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ap=05 | domain = 100\ |a0=20 domain = 100\ |
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ag =20 | domain = 100\ |

T =5cycles ! |

(=-5

25\ 0.75\ 0.2\
(C) vacuum = 6n.(H) 0.1n.(H)

Figure 4.2: (a), (b) and (c) represents the diagrammatic representation of simulation
domain with different laser and target parameters used throughout the chapter. Here,
domain(a) corresponds to Fig. 4.3 - Fig. 4.4, (b) discusses about Fig. 4.6 - Fig. 4.7
and (c) domain is used for Fig. 4.8 - Fig. 4.12. The simulation domain is considered of
100X and plasma target is placed at a distance of 25\ in both the target geometry. The
laser pulse used for interaction is circularly polarized with Gaussian envelope.

threshold plasma densities for RSIT as obtained by seeking the stationary so-
lutions of the cold relativistic fluid model for a semi-infinite plasma slab is
reported in Refs. [30, 31, 180].

The set of relativistic cold fluid equations are in general challenging to
solve for very thin targets, and hence kinetic simulations are routinely used
for studying the laser interaction with thin overdense plasma layers [182, 186,
193, 194]. In this Chapter, rather than obtaining the stationary solutions for a
threshold plasma density, we studied the effect of pulse chirp on the transmis-
sion coefficient of the target for a given laser and target parameters. We have
used the sub-wavelength target as it allows the transmission from the slightly
overdense plasmas as well. The transmission coefficients are calculated by

numerically solving the wave propagation equation along with the corrected
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Figure 4.3: Transmission coefficient of the laser pulse (ay = 0.5, 7 = 5 cycles) for
chirp parameters ( = —5,0,5 for different target thickness of density ny = 1n, is
compared. The schematic diagram representing the target geometry (Eq. 4.4), incident
pulse and transmitted pulse is illustrated as an inlet.

electron density, taking into account the time-dependent frequency and am-
plitude of the circularly polarized chirped laser pulse. In the following, we
present our simplified wave propagation model to study the effect of the pulse
chirping on the transmission coefficient, followed by the comparison with the
1D PIC simulation.

4.1.1 Wave propagation model

Throughout the chapter, we have used the dimensionless units. The laser am-
plitude is normalized as a = eA/m.c, where A is the vector potential asso-
ciated with a laser, e and m,. are charge and mass of the electron. The time
and space are normalized against the laser frequency (w) and wave number
(wt — t and kx — x) respectively. The electron density is normalized against
the critical density n, = gow?m,/e?. In the dimensionless form the EM wave

propagation in plasma can be written as [85],

Pa
0722

d’a n
_ e 4.1
ot? Ve a (&.1)
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where, 7, is the relativistic factor for the electron, and 7. is the electron density.

Using the definition of canonical momentum, the v, can be expressed as,

e = V1 +a2 + (p)? (4.2)

here, p¢ is the dimensionless (pS/m.c — p¢) longitudinal component of the
electron momentum. In general, the electron density will be a function of both
z and t. The spatial dependence of the electron density is because of the finite
target geometry, however the temporal dependence comes via the chirp of the
laser pulse. In a chirped laser pulse the frequency varies with time and hence
the associated critical density [n.(t) = £0Q(t)*m./e?] for the laser pulse will
also vary accordingly. It should be noted that, here we are not solving the full
set of dynamical fluid equations, and hence the electron density is not going to
evolve with time by continuity equation. In the later part we will see, that this
approximation is valid if we intend to calculate the transmission coefficient of
the target for the laser pulses with ay < 1. Furthermore, for a; < 1 one can

ignore the longitudinal electron heating and so Eq. 4.2 reduces to,
Ve ~ V14 a2 (4.3)

The electron density profile in space and time is then given by,

(2 — 20)*

d24

_ne(z) _ no 24
ne(z,t) = ORI exp | — 2" In(2)

(4.4)

here, €)(t) is a time dependent frequency of the chirped laser pulse (at the peak
of the laser pulse {2 = 1), ny is the peak target density, d is its thickness and z is
the location of the target center. The electron density profile (Eq. 4.4) serves the
dual purpose, not only it mimics the thin layer target; rather it is a continuous

function of = as well, which is desirable for numerical stability.

The details of simulation domain is presented in Fig. 4.2(a), where we con-
sidered to be L = 100\ long, and the target (see Eq. 4.4) of thickness d is placed
at 25\ (zp = 25\ + d/2). The transmission coefficient (7') is calculated by taking
the ratio of transmitted pulse energy to the incident pulse energy. The bound-

ary condition on the left of the simulation domain is precisely the temporal
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Figure 4.4: PIC simulation for transmission coefficient of the laser pulse (ay = 0.5,
T = 5 cycles) for chirp parameters ¢ = —5, 0,5 for different target thickness of density
no = 1n, is compared.

profile of the laser pulse. In this chapter, we have used the laser pulse model
as proposed by Mackenroth et. al. [88], as it models the laser pulse chirp be-
yond the linear approximation [92, 195-197] and it is also in close analogy to
the model of chirped pulse amplification [198]. The boundary conditions on

left side of the simulation domain for a = a,% + a,y read as,

a.(0,t) = % exp [— 41n(2)i—22} coslt + g(t, Q)] (4.5)
ay(0,1) = % exp | - 41n(2)j—22} sinft + g(t, )] (4.6)
o(t,¢) = ¢[1m(2) 5 + 161n(2;—(1 . CQ)} o ) 47)

here, a( is peak laser amplitude in dimensionless units, 7 is dimensionless
FWHM of the laser pulse, and ( is the chirp parameter. The laser pulse profiles
of unchirped, positively and negatively chirped are illustrated in Fig. 4.1. The
time dependent frequency of the laser pulse is then given by [88],

81n(2)

72

Q) =1+¢

/ (4.8)
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For, ( > 0 (¢ < 0) the low (high) frequency part interacts with the target first,
followed by the high (low) frequency part. To understand how the chirp affects
the transmission coefficient of the laser pulse, we have calculated the transmis-
sion coefficient for different chirp values by numerically solving the Eqgs. 4.1,
4.3 - 4.8. The transmission coefficient of a positively, negatively and unchirped
laser pulse (ap = 0.5, 7 = 5 cycles) for different target thickness with ny = 1n,
is compared, and the results are presented in Fig. 4.3. It is observed from
Fig. 4.3, that as we increase the target thickness the transmission coefficient
for the unchirped pulse drops by ~ 30% with ~ 100% increase in the target
thickness. However, for chirped pulses, the decrease in the transmission co-
efficient with target thickness is marginal (~ 5%) with the same variation in
the target thickness. It can be understood by the nature of the chirped pulse
itself. If the variation in the target thickness is smaller than the wavelength of
the pulse, then, in that case, the transmission coefficient associated with the
longer (smaller) wavelength (frequency) would not be affected. On the other
hand for shorter (larger) wavelength (frequency) component, the skin depth is
anyway much larger than the thickness of the target. The collective effect of
the chirping would manifest in more or less similar transmission coefficients
as we vary the target thickness in the sub-wavelength domain. In the follow-
ing, we compare the results of this simplified wave propagation model with
1D PIC simulation.

4.1.2 Comparison with PIC simulations

Next, we turn to a comparison of the simplified wave propagation model (Fig.
4.3) with PIC-simulations where target geometry, laser parameters and simula-
tion domain is considered from Fig. 4.2(a) . The 1D Particle-In-Cell simulation
(LPIC++) [188] is carried out to study the effect of target thickness on the trans-
mission coefficient for different chirped values. We have modified this open-
source 1D-3V PIC code, to include the multilayer targets, chirped Gaussian
laser pulses, and associated diagnostics. In this code the electric fields are nor-
malized as we earlier discussed (ap = ¢E/m.wc). However space and time are
taken in units of laser wavelength ()\) and one laser cycle 7 = \/c respectively,

mass and charge are normalized with electron mass and charge respectively.
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Figure 4.5: Variation of threshold target density for 80% and 1% transmission with
chirp parameter.

We have used 100 cells per laser wavelength with each cell having 50 electron
and ion macroparticles. The spatial grid size and temporal time step for the
simulation are considered to be 0.01\ and 0.017 respectively.

In Fig. 4.4, we present the transmission coefficient dependence on the tar-
get thickness for different chirped values as calculated by the PIC simulations.
The agreement with the simplified wave propagation model (Fig. 4.3) is found
to be excellent. It is clear that for aq = 0.5, the electron heating is not very
pronounced, or we would have observed the effect of the positive (low fre-
quency interacts first) and negatively (high frequency interacts first) chirped
pulses. The approximation we made in wave propagation model regarding

the p¢, and Q(t) are found to be consistent with the PIC simulations as well.

4.2 Results and Discussion

As we have seen, the chirp of the laser pulse can enhance the effective trans-
mission of the laser pulse over unchirped laser pulses. For ay = 0.5, we did not
observe a very prominent difference between the positively and the negatively

chirped pulses. This is so, as the interaction dynamics is mostly governed by
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Figure 4.6: The effect of pulse chirp is illustrated for two different target densities,
3n. (upper panel) and 6n. (lower panel). The spatial snapshot at 607 for the electron
density (a,e), ion density (bf), longitudinal electric field (c,g) and transverse laser
profile (d,h) is presented for ag = 20, T = 5 cycles and d = 0.75\ (the target is placed
at 25)) .

the transverse motion of the electrons. The omission of the p¢ in our simplified
wave propagation model seems to be consistent with the fully relativistic 1D
PIC simulation. However, for ay > 1, this might not be true, as the process is

too non-linear to be approximated by this simple wave propagation model.

The chirp effect on the transmission coefficient and the interaction in gen-
eral would be much pronounced for a; > 1, as the positively chirped pulse
tends to compress the target initially, increasing the target density for the high-
frequency part to interact. To study the interaction of the high intense (ay > 1)
chirped laser beams with thin targets in RSIT regime, the kinetic simulations

are essential, as the fluid model can no longer be used for such scenarios.

Now, we study the interaction of the Gaussian, Circularly polarized laser
pulse having peak amplitude ay = 20, and FWHM duration of 5 cycles with a
target of thickness 0.75\ as shown in Fig. 4.2(b). The 1D-3V PIC code LPIC++
is used for this purpose [188]. The simulation domain is considered to be 100\

and the target (protons + electrons) of thickness 0.75) is placed at 25\. The
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laser incidents on the target from the left side. It should be noted that for the
cases when ag/[m(n./n.)(d/\)] < 1, the ion acceleration is mainly dominated
by the Ligh Sail mechanism [28, 29]. On the other hand, the RSIT mechanism
begins to prevail in the regime where the ratio ag/[7(n./n.)(d/\)] 2 1. The
parameters used in the current study (ap = 20, d = 0.75) and n. < 8n,) clearly

indicates that the RSIT regime would prevail. The laser parameters used i.e.

ao = 20, Circularly Polarized are routinely accessible in ELI laser facility [1].

4.2.1 Chirp effect on threshold plasma density

We present the variation of the threshold plasma density with chirp parame-
ter (¢) in Fig. 4.5. Here, “threshold plasma density” is the target density which
allows some percentage fraction of the incident pulse to pass through the tar-
get for a given chirp parameter. The threshold plasma density for 80% and
1% transmission coefficients are presented for —5 < ¢ < 5 (see, Fig. 4.5).
We observe that the threshold plasma density increases for negatively chirped
laser pulses in either scenario (80% and 1% transmission). In case of the posi-
tively chirped ({ > 0) pulses, the low-frequency part interacts with the target
initially followed by the high-frequency component. The low-frequency com-
ponent tends to compress the electron layer, increasing the electron density
for the high-frequency component to interact. However, in case of negatively
chirped pulses (¢ < 0) the high-frequency component interact with the target
initially followed by the low-frequency part. For high-frequency EM wave,
corresponding critical density is also high, which enable it to transmit through
the target without much of attenuation.

In Fig. 4.6, the spatial snapshots (as evaluated at 607) of the electron den-
sity, ion density, longitudinal field and laser field for different chirp values are
shown. The snapshots are also compared for two different target densities,
viz 3n. (upper panel) and 6n. (lower panel). We observe that for 3n. case all
the quantities are showing the similar characteristics for different chirp values.
However, for 6n. case, we can see the distinctive spike of the electron density
[see, Fig. 4.6(e)] at ~ 50\ for ( = —5, this manifests in enhanced flat longi-
tudinal electrostatic field [see, Fig. 4.6(g)]. This can be understood from the

fact that the transmission coefficient of the target with density 3n. is 2 80%
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Figure 4.7: Spatio-temporal profile of the electron density (upper panel) and the lon-
gitudinal electrostatic field (lower panel) are presented for chirp parameters ( = —5
(left column), ¢ = 0 (center column) and ¢ = 5 (right column). The laser parameters
are same as Fig. 4.6 with target density n. = 6n..

for -5 < ¢ < 5 (see, Fig. 4.5). Moreover, for 6n. case only the negatively
chirped pulse will be having the 2 1% transmission (see, Fig. 4.5), in fact the
pulse with ( = —5 can have ~ 1% transmission for the target with density
~ 8n.. The transmission of the negatively chirped pulse can be observed in
Fig. 4.6(h). Furthermore, for ( = 0 and ¢ = 5, the transmission is < 1%, as
a consequence, the associated pondermotive force of the laser pulse tend to
push the electrons inside the target, increasing the electron density [see, Fig.
4.6(e)]. The electrostatic field formed by the compressed electron layer tend to
pull the target ions, increasing the ion density as well [see, Fig. 4.6(f)]. Now,
on the contrary for ( = —5, the transmission coefficient is > 1%, and hence as
the pulse exits the target it drags the electrons with it as well. This motion of
the electrons can be observed in the Fig. 4.6(e), as a small spike in electron den-
sity around ~ 50X coincides with the location of the pulse after transmission,
Fig. 4.6(h). From the above analysis, one can deduce that even 1% transmis-
sion of intense laser beams is strong enough to heat the electrons to relativistic

energies. As the electrons escape the target for ( = —5 case, it leaves the tar-
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Figure 4.8: Phasespace plots for the ions from the primary layer (d = 0.75\, n, = 6n,)
for Hydrogen (a,b) and Deuterium (c,d) at 50T and 907 are presented. The ions from
the secondary layer (0.2, 0.1n.) are presented in center column. The secondary layer
in both the cases is considered to be of Hydrogen plasma. The velocity spectrum for
the ions from primary and secondary layers are illustrated in right column. Here, we
have considered a circularly polarized, Gaussian, 5 cycle laser pulse with ( = —5 and
apg = 20.

get positively charged, resulting in the expansion of the target ions in either

direction, as seen in Fig. 4.6(f).

4.2.2 Spatio-temporal evolution of electrostatic field

So far, we have learned that the transmission of the pulse for ( = —5 results
in efficient heating of the electrons followed by a very persistent electrostatic
tield, a few electrons are dragged away from the target. The rapid heating
and excursion of the electrons from the target leaves the target charged, as
a consequence the target ions expand under its own coulomb repulsion. To
further elucidate this fact, in Fig. 4.7, we present the spatial and temporal

evolution of the electron density and longitudinal electrostatic field for ( = —5,
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0 and 5 for the case when target density is 6n,, all other laser parameters are
same as Fig. 4.6. The compression of the target can be seen for unchirped
and positively chirped laser pulses. However, for the negatively chirped pulse
(¢ = —5), some electrons are accelerated by the transmitted pulse and starts co-
moving with the laser pulse, this is mainly due to the nature of the circularly
polarized pulse. For circularly polarized pulse the suppression of J x B heating
of the electrons leads the push along the direction of the pulse propagation.
This excursion of the electrons is the reason; we can see the approximately
constant longitudinal electrostatic field configuration for z > 25X in Fig. 4.7(d).
We will see in the following how this kind of constant electrostatic field can be

harnessed to obtain a mono-energetic proton bunch.

4.2.3 Need for secondary layer

We have seen, that the negatively chirped pulse efficiently create a very sta-
ble electrostatic field, as it transmits through the target. However, the excur-
sion of the electrons leaves the target positively charged, as a consequence the
target ions expand in either direction because of the Coulomb repulsion of
the ions itself. The expansion of the target ions in either direction manifests
in very broad energy distribution, on the contrary for any practical applica-
tions, a mono-energetic ion bunches are desirable. To have a mono-energetic ion
bunches from the current setup, a very thin, low density (< n.) secondary layer
is introduced just behind the primary layer. The low density of the secondary
layer ensures that the interaction dynamics and in general the formation of the
electrostatic field by the primary layer remains mostly unaffected even by the
presence of the secondary layer. As the laser passes through this composite tar-
get (primary + secondary), the electrons are dragged away with the laser pulse,
and the ions from the secondary layer experience a very persistent electrostatic
tield, leading to their acceleration as a mono-energetic ion bunch. The acceler-
ation of the secondary layer can be thought as a slingshot effect, wherein the
secondary layer works like a projectile.

Next, we study the interaction of the negatively chirped (( = —5), Gaus-
sian, circularly polarized, 5 cycle laser pulse having peak amplitude ay = 20

with the composite target. The schematic of the simulation domain is repre-



CHAPTER 4. CHIRP ASSISTED ION ACCELERATION THROUGH RELATIVISTIC SELF-INDUCED TRANSPARENCY 66

t/T

t/T
njz/nc

2522 24 26 28 30 24 26 28

z/A z/A

Figure 4.9: Spatio-temporal evolution of the ion density of PL (upper panel) and SL
(lower panel) are presented for H+H (a,b) and D+H (c,d) cases. The laser and target
conditions are same as in Fig. 4.8.

sented in Fig. 4.2(c). The thickness (density) of the primary layer (PL) is con-
sidered to be d = 0.75\ (n. = 6n.). However, for the secondary layer (SL) the
thickness and density are considered to be 0.2\ and 0.1n,. respectively. Here,
we have examined two cases (a) when the both, primary and secondary layers
are made of Hydrogen plasma [refer it as H+H case], and (b) when the pri-
mary layer is of Deuterium plasma however secondary layer is of Hydrogen
plasma, [refer it as D+H case]. In Fig. 4.8, the phasespace plots of ions from
PL and SL are presented at 507 and 907. The phasespace plots of primary layer
for H+H case are illustrated in Fig. 4.8(a,b) and for D+H case are illustrated
in Fig. 4.8(c,d). Furthermore, the phasespace plots of secondary layer are for
H+H and D+H cases are respectively presented in Fig. 4.8(e,f) and (g/h). The
velocity spectrum of both PL and SL for H+H and D+H cases are shown in
Fig. 4.8(i,j) and (k,1).

In both the cases, the expansion of the ions from the PL in either direction

is visible in Fig. 4.8(a,b,c,d). However, the ions from the SL are found to be
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Figure 4.10: The energy spectrum of primary and secondary ions are evaluated at 907
for different chirp parameters (a) and (c). Moreover, the energy spectrum of the ions
from the primary (d) and secondary (b) layer are presented at different time instances
for ¢ = —5. All other laser parameters are same as Fig. 4.8.

accelerated as a bunch, Fig. 4.8(e f,gh). It can be inferred from this figure
that in H+H case the maximum velocity of the ions from both primary and
secondary layer are the same, this is so because the ions at the edge of the
primary layer would experience the same longitudinal field as the secondary
layer ions would experience. Furthermore, the density of the PL is 60 times to
that of the SL, causing more noticeable space-charge effect as compare to that
of SL, this results in more rapid expansion of the PL as compared to the SL.
On the other hand, we do observe different velocities of PL and SL in D+H
case. This is expected as the Deuterium ions are massive as compared to the
Hydrogen, this results in slower expansion of the PL, and as a consequence
the electrostatic field is persistently maintained for the longer duration, man-
ifesting the mono-energetic acceleration of the ions (i.e., Hydrogen) from the
SL. The energy spread of the accelerated ions from the SL in case of D+H case
is smaller as compared to the H+H case. This is mainly because of the persis-
tent electrostatic field created by the Deuterium plasma by virtue of the slower

expansion. The spatiotemporal evolution of the ions from PL and SL are com-
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pared for the H+H and D+H cases in Fig. 4.9. The slower expansion of the
Deuterium ions (PL) can also be observed by comparing the Fig. 4.9(a) and (c).

The objective of this section is actually to present the scenario wherein the
ions from the SL can be accelerated to almost mono-energetic energies by the
stable electrostatic field created (for negatively chirped pulses) behind the PL.
We have discussed the possibility to obtain a high energy proton bunches with
lower energy spread in D+H case, though the electron density in D+H case
is same as H+H case, the higher mass density in D+H case causes the slower
expansion of the ions from PL. Here, we do not wish to explore the effect of
the pulse chirp on the target comprising of different ionic species other than
Hydrogen. Moreover, before this section (Section III-C), we studied the inter-
action dynamics with the different laser, and target conditions for the Hydro-
gen plasma only. Given this, in the following we would restrict ourselves with

H+H case just.

The energy spectrum of the ions from the PL and SL (H+H case) are pre-
sented in Fig. 4.10 at 507, 707 and 907 for different chirp values. We observe
that for the negatively chirped pulse with given laser and target parameters,
the maximum number of ions from the SL are accelerated to ~ 30 MeV, how-
ever, the maximum energy (&,,4,) of the bunch is observed to be ~ 75 MeV, as
evaluated at 907. For the sake of completeness, the effect of the pulse chirp on
the energy spectrum of the SL is also illustrated in Fig. 4.10(a). For the posi-
tively and unchirped laser pulses the target density 6n. will be in the opaque
regime, as a consequence the laser is reflected from the PL. The heating of the
electrons at the rear side of the PL is not very efficient, and hence the ions from
the SL are not very efficiently accelerated for the positively and unchirped laser
pulses. Furthermore, the energy spectrum of the PL is also illustrated in Fig.
4.10(c). It can be seen from this figure that the ions from the PL are accelerated
to ~ 20 MeV for ¢ = 0 and ¢ = 5, this is because of the fact that the target is
opaque for positively and unchirped pulses, and hence the acceleration of the
ions in here is mainly by the RPA mechanism [22, 91]. On the contrary, the PL
would be transparent for the negatively chirped pulse, as a consequence, the
acceleration of the ions from the PL is not prominent [see, Fig. 4.10(d)]. Fur-

thermore, the space-charge effect associated with the high density (~ 6n.) of
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Figure 4.11: The effect of the pulse chirping on the maximum energy of the ions from
the secondary layer is presented for different primary target density (a). The thickness
of the primary layer is 0.75\ and peak laser amplitude is ay = 20. The variation of the
maximum ion energy with ay is presented in (b), here we have fixed the density of the
primary layer to 6n..

the PL manifests in higher energy spread of the ions.

4.3 Optimization

In the previous section, we have witnessed the quasi mono-energetic acceler-
ation of the ions from the SL with lower energy spread. Given this here we
study the effect of the density and thickness of the PL on the final energies of
the ions from the SL.

In Fig. 4.11, the variation of the maximum energy of the ions from the SL is
presented for different chirp parameters. The effect of the pulse chirp is illus-
trated for fixed laser amplitude ay = 20 and different primary target densities
(a), and for fixed primary target density and different laser amplitudes (b). As
the target density for ay = 20 is varied, we observe that for ¢ = —5, the maxi-
mum energy of ~ 105 MeV is obtained for ~ 6n.. The threshold plasma density
for ap = 20 and ( = —5 is ~ Tn,. [see, Fig. 4.5] and hence the transmission of
the pulse for 6n. is > 1%, leading towards the stable electrostatic formation as

we discussed in the previous sections. However, for ( = 5 case, the target with
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Figure 4.12: The longitudinal electrostatic field (a) and energy spectrum of the ions
from secondary layer (b) are presented for three different primary target conditions.
However, the maximum ion energy of the secondary layer is also presented for dif-
ferent thicknesses and densities of the primary layer (c). The laser pulse with peak
amplitude aq = 20, duration 5 cycles and chirp parameter ( = —5 is considered. The
target conditions (d/\,n./n.) are X (0.55,5.2), Y (0.75,5.8), and Z (0.95,6.8). All
the quantities are evaluated at 907.

density 6n. would be opaque, and hence ions from SL will not be efficiently
accelerated. We further observe that for ( = 5 the maximum ion energy is
seen to be for the case when target density is ~ 4n.. As we discussed earlier,
the leading low-frequency component of the positively chirped pulse tends to
compress the target density by the radiation pressure, as a consequence the
following high-frequency component interacts with the high-density target,
resembling a similar scenario as negatively chirped pulse interacting with the
high-density target. We have also studied the effect of the laser intensity on
the maximum ion energy from the secondary layer for fixed target density of
6n.. It can be seen from Fig. 4.11(b) that for ay S 15, the target with density 6n,
and thickness 0.75\ would be opaque, and hence the electrostatic field gen-
eration is suppressed and so the acceleration of the ions from the secondary
layer. However, as the q( increases an efficient acceleration is observed for the
negatively chirped pulse.

So far we have seen that the negatively chirped pulses are efficient in gener-
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ating very persistent and stable electrostatic field behind the target. The effect
of the thickness and density of the PL on the maximum ion energy by the neg-
atively chirped pulse is presented in Fig. 4.12. We have varied the thickness
of the PL from 0.5\ — 1), and density from 5n, — 8n., and maximum ion en-
ergy (as evaluated at 907) of the ions from SL (0.2, 0.1n.) are calculated for
ap = 20, ¢ = =5, 5 cycles, circularly polarized, Gaussian laser pulse. In Fig.
4.12, we have also presented the electrostatic field and energy spectrum of the
ions from the secondary layer as evaluated at 907 for three different target pa-
rameters (d/\, n./n.) namely X (0.55,5.2), Y (0.75,5.8), and Z (0.95,6.8). In all
of the three cases we observe very stable flat electrostatic field behind the pri-
mary layer [see, Fig. 4.12(a)]. The optimum target parameters for given laser
conditions are found to be Y (0.75,5.8) where maximum ion energy is observed
to be ~ 100 MeV. We have fixed the parameters of the SL throughout the sim-
ulations. The main purpose of the SL is to have an accelerated proton bunch.
The parameters of the SL neither alter the electrostatic field formed by the pri-
mary layer nor affects the laser pulse propagation, and hence the ions of SL

mere serve as test particles.

44 Summary

In this chapter, we have studied the effect of the laser chirping on the acceler-
ation of the protons via RSIT. The effect of the pulse chirp on the transmission
of the laser pulse through the sub-wavelength target and associated ion accel-
eration. The transmission coefficient for a, = 0.5 is estimated by a simplified
wave propagation model which takes into account the time dependent critical
density of the target. The results of this simplified wave propagation model are
found to be consistent with the 1D fully relativistic PIC model. In this work,
we have used the chirp model which is beyond the linear approximation. The
chirp model used in this study is in close analogy of the idea of the Chirped
Pulse Amplification. Furthermore, we studied the interaction of the intense
laser pulse with ay = 20 with the target having the thickness 0.75\ and density
6n,. for different chirp parameters. It has been observed that the negatively

chirped laser pulse is very efficient in creating a stable and persistent electro-
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static field behind the target. The electrostatic field created behind the target
can be harnessed by a low density, thin secondary layer behind the target. The
optimization of the target parameters is finally carried out to have a maximum
energy of the accelerated ions of the secondary layer.

Under optimum conditions the maximum energy of the ions from the sec-
ondary layer is found to be ~ 100 MeV for circularly polarized, Gaussian, 5
cycles FWHM, negatively chirped (( = —5), laser with peak amplitude ay =
20. These parameters for 800 nm laser would translates to ~ 10 fs (intensity
FWHM) pulse with peak intensity ~ 8.5 x 102 W/cm?. However, similar en-
ergies are reported in the past, but with much higher a, values. For example,
in Ref. [27] the authors have demonstrated the ion acceleration in the HB-RPA
regime and reported the proton energies ~ 150 MeV by irradiating a laser with
peak amplitude ay ~ 90. Similarly, under the RPA regime, ion acceleration to
~ 150 MeV with @y = 108 has also been reported in Ref. [191].



CHAPTER 5

Laser Pulse Dispersion in Underdense Plasma and

Associated Ion Acceleration

In previous chapters 3 and 4 we have seen the use of composite two-layer
target geometry and effect of pulse chirping on the ion acceleration using RSIT.
To further elaborate the study in this chapter our focus is to study the evolution
of the laser pulse as it propagates in the underdense plasmas.

There are two regimes of laser propagation in plasma, one with ay < 1 and
other with aq = 10. For the moderate laser intensities (ag < 1) we invoke
the 1D relativistic cold fluid model, avoiding some of the common approxi-
mations relevant for underdense plasmas. The results for this case are then
compared with the 1D PIC simulations and agreement is found to be excellent.
The evolution of the ultraintense (ay > 1) laser pulses is studied by PIC sim-
ulations only. The effect of the plasma density, and other laser parameters is
also explored. Furthermore, the dispersed ultraintense laser pulse is then used
to study the acceleration of the ions via RSIT.

The chapter is organized as follows, in Section 5.1 we have discussed about
the governing equations for 1D wave propagation along with the details of the
PIC simulations. Next in Section 5.2 the pulse dispersion for ay < 1 followed
by the dispersion of the ultraintense pulses (a; > 10) is studied. The ion ac-
celeration by the RSIT mechanism via the dispersed pulses is also discussed in

the Section 5.3, followed by the conclusion in Section 5.4.

5.1 Theory and Simulation Model

The objective of this chapter is to study the dispersion of the electromagnetic
(EM) waves as it propagates in an underdense plasma and the use these dis-

persed pulses to enhance the ion acceleration through RSIT. The propagation

73
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Figure 5.1: (a), (b) and (c) corresponds to various simulation domain taken into ac-
count for different laser and target parameters. Here, domain (a) is taken into consid-
eration for Fig. 5.2 - Fig. 5.6. Similarly, domain (b) corresponds to Fig. 5.7 - Fig.
5.9 and domain (c) discusses Fig. 5.10 - Fig. 5.12 For all the cases linearly polarized,
Gaussian laser pulse is taken into account.

and the dispersion of the EM waves can be understood by the relativistic cold
fluid model. Recently a model was developed in Refs. [105, 199] to study the
transition from the wakefield generation to the soliton formation. However,
for the sake of completeness in this work we elaborated the cold fluid model

with immobile ions, as approximation.

The normalized laser parameters are as follows, a = eA | /m.c as normal-
ized laser pulse amplitude, scalar potential as ¢ = e¢/ m.c?, time and space
with laser frequency and wave vector (wt — ¢ and kx — ) respectively, ve-
locity as f = v/c, momentum is normalized p = P /m.c, charge and mass are
normalized by electron charge and mass, the electron density is normalized by
critical density n. = ggw?m./e?. By using these normalization the following set

of equations are deduced;
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Figure 5.2: The spatial profile of the electromagnetic (transverse) fields (a,c) and elec-
trostatic (longitudinal) fields (b,d) is presented at different time instances using fluid
simulation (left panel) and PIC simulation (right panel). Here, we modeled the inter-
action of the 800 nm, 3 cycles (FWHM) Gaussian laser pulse (ay = 0.1) with plasma
having density 0.5n...

§=<lgﬂz>2—f—#(%—f+ﬁ%f> (5:2)
887:: N %(%5) —0 (5.3)
= o

gjé — . (5.5)

The above set of equations are the basis of our analysis of the dispersion of
the EM wave in the underdense plasma. In order to validate the results of our
fluid model, we used a 1D particle-in-cell (PIC) simulation, the details of the

PIC simulations are as follows: The 1D Particle-In-Cell simulation (LPIC++)
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Figure 5.3: The temporal evolution of the pulse length (red circle, left axis) and the
peak field amplitude (blue filled circles, right axis) as it propagates in the underdense
plasma is compared by fluid (a) and PIC simulations (b). The pulse length L t.py, is
estimated in units of the fundamental wavelength of the laser pulse, similarly time is
presented in units of fundamental laser cycle. The laser and plasma conditions are
same as Fig. 5.2.

[188] is carried out to compare the results of the cold fluid model. In this
code the electric fields are normalized as we earlier discussed (ag = eF /m.wc).
However space and time are taken in units of laser wavelength () and one
laser cycle T = \/c respectively, mass and charge are normalized with electron
mass and charge respectively. We have used 100 cells per laser wavelength
with each cell having 50 electron and ion macro-particles. The spatial grid size
and temporal time step for the simulation are considered to be 0.01\ and 0.017

respectively.

5.2 Results and Discussion

We have numerically solved the Egs. (5.1)-(5.5) in the same sequence to study
the evolution of the laser pulse entering the simulation box from the left side
as shown in Fig. 5.1. The simulation box of length 100 X is considered, with
a constant unperturbed plasma density ny throughout the simulation domain

(Fig. 5.1(a) and (b)), the linearly polarized Gaussian laser pulse of wavelength
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800 nm has a full width half maximum (FWHM) duration of 3 cycles (7funm =
3 x 27 ). The normalized amplitude q, is varied in the different simulations

shown in Fig. 5.1, and the boundary conditions on the left side read as:

a(0,t) = apexp ( - 4102g—(2)t2> cos(t) x (5.6)
wahm

ne(0,t) = ng (5.7)

B(0,) = ¢'(0,t) =0 (¢ = 9p/02). (5.8)

It should be noted that the cold fluid relativistic model is only valid for the
cases when the laser pulse amplitude is qy is less than unity (¢ < 1) or for
that matter the dispersion is in the linear regime. For ultraintense laser pulses
ap > 1, the phenomenon of the wave breaking and other non-linearities limit
the applicability of the fluid approach in describing the density modulations.
The results in this sections are divided in for the cases when ¢y < 1 wherein we
compared the results of the fluid and PIC simulations along with the effects
of the laser and plasma parameters on the dispersion of EM waves. On the
contrary the dispersion of the ultraintense laser pulses (ay, > 1) is studied by

only using PIC simulations.

5.2.1 Pulse dispersion for ay < 1

As shown in Fig. 5.1(a), we consider the propagation of the 800 nm, 3 cycles
(FWHM), linearly polarized, Gaussian laser pulse (ay = 0.1) in the plasma
with an unperturbed plasma density of 0.5n.. The spatial profiles of the trans-
verse EM fields and longitudinal electrostatic fields are illustrated at different
time instances in Fig. 5.2 both by using fluid simulation (left panel) as well
as PIC simulations (right panel), and apparently the agreement between the
two is found to be good. The dispersive nature of the laser pulse can be seen
by increased pulse length and decreased peak amplitudes as estimated at dif-
ferent time instances. As it propagates deeper into the plasma the pulse tend
to broaden. Furthermore, it can be seen from Fig. 5.2(b) that the wakefield or
longitudinal field generation is suppressed for the chosen laser and plasma pa-

rameters and on the contrary a kind of a localized structure is co-propagating
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Figure 5.4: Temporal evolution of the peak laser amplitude (a) and pulse length (b)
is presented for different plasma densities. The results of the PIC simulations are also
shown with open circles in both (a) and (b). The peak amplitude is normalized to the
peak value of the pulse at t = 107 (ay10). The value of these parameters are evaluated
at 1007 are also presented in (c) for different n./n.. The ay = 0.1 and Tsypm = 3
cycles is considered for this case.

with the laser pulse [see Fig. 5.2(a)]. The suppression of the wakefield hap-
pens mainly when the length of the laser pulse (c7;) is larger than the equiva-
lent length of the plasma oscillations (v,7,), here v, is the group velocity of the
plasma waves and 7, is the duration of the one plasma cycle. In Ref. [105], we
have presented the detailed analysis of the transition from the wakefield to the

soliton formation.

For the same laser and plasma parameters (ag = 0.1, 7fypm = 3 cycles, n, =
0.5n.) the time evolution of the peak field amplitude and the pulse length is
presented in Fig. 5.3, the agreement between the fluid and PIC simulations is
found to be excellent. It can be observed from Fig. 5.3, that the pulse length
increases almost linearly with time as the pulse propagates deeper into the
plasma, on the other hand, the peak field amplitudes decreases. As we dis-
cussed earlier, for this laser and plasma parameters the wakefield generation

is suppressed and the modulation in plasma density actually co-moves with
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Figure 5.5: Temporal evolution of the peak laser amplitude (a) and pulse length (b)
is presented for different pulse duration. The results of the PIC simulations are also
shown with open circles in both (a) and (b). The peak amplitude is normalized to the
peak value of the pulse at it would be at t = 107 (ay,10). The value of these parameters
are evaluated at 1007 and are presented in (c) for different Ty,py,. The ag = 0.1 and
n. = 0.5n,. is considered for this case.

the laser pulse. The total energy content of the pulse is found to be almost
constant during its passage in the plasma, as energy lost to the wakefield gen-

eration is almost negligible.

Next, we present the effect of the plasma density on the temporal evolution
of the pulse length and the peak field amplitude of the laser pulse, during its
passage to the uniform density plasma. For this we have used the same laser
parameters (ap = 0.1 and 7, = 3 cycles) as in Fig. 5.2 and 5.3 with simula-
tion domain presented in Fig. 5.1(a). The peak field amplitude is normalized
to its value at ¢t = 107 (ap10), this has been done to iron out a slight discrepancy
with PIC simulations because anyway here we are more interested in the rate
change of the peak amplitude as the pulse propagates through the plasma. The
constant plasma density is varied from 0.2 —0.6n.. It can be observed from Fig.
5.4(b) that the pulse length increases linearly with time and the rate at which it

increases varies with the plasma density. We have compared the results of our
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Figure 5.6: Temporal evolution of the peak laser amplitude (a) and pulse length (b)
is presented for different laser amplitudes. The results of the PIC simulations are also
shown with open circles in both (a) and (b). The peak amplitude is normalized to the
peak value of the pulse at it would be at t = 107 (ay,10). The value of these parameters

are evaluated at 1007 and are presented in (c) for different ay. The n. = 0.5n. and
Trwhm = 3 cycles is considered for this case.

fluid simulation with the PIC simulation for the case with n. = 0.6n. and the
agreement is found to be excellent. In Fig. 5.4(c) we present the pulse length

and the peak amplitude as evaluated at ¢t = 1007 for different plasma densities.

The linear broadening of the laser pulse with time can be understood in
terms of the group velocity of the pulse in the plasma. In the linearized theory

the group velocity (normalized to c) can be calculated as:

Vg = /1 —w2/w? = /1 —nc/n, (5.9

then the time evolution of pulse length (L) can be expected to follow the rela-
tion,
L(t) = Lo+ (1 —v,)t (5.10)

such, that in case of vacuum (v, = 1) the pulse length remains constant, say
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Ly. As we have pointed out that for this cases the wakefield generation is
almost suppressed and the energy content of the laser pulse is almost constant,
this indicates toward the fact that as the pulse broadens, the respective peak
amplitude should drop accordingly. The energy of the pulse will scale as o
a2 L, which indicates the drop in the peak amplitude scales as o 1/+/L(t).

The scaling is found to be in accordance with the results presented in Fig.
5.4(a). Furthermore, the variation of the pulse length (as evaluated at ¢ = 1007)
with the plasma density is presented in Fig. 5.4(c). As expected from Eq. 5.10,

the pulse length and pulse amplitude would scale as:

1
L(ne) x1—+/1—n./n. ; apx (5.11)

L(ne)

the fitted Eq. 5.11 is also illustrated in Fig. 5.4.

The effect of the pulse duration on the dispersion is presented in Fig. 5.5.
Here, again we studied the time evolution of the pulse length and the peak
tield amplitude during the passage of the pulse through the plasma. We var-
ied the Ty, for fixed ag = 0.1 and n, = 0.5n,, for simulation domain shown in
Fig. 5.1(a). The results are also compared with the PIC simulations as well and
an agreement is found to be excellent. It can be seen from Fig. 5.5(c) that the
length of the pulse at say ¢t = 1007 decreases as we increase the laser pulse du-
ration. It can be understood as follows, we know the shorter the pulse higher
would be the bandwidth, that translates to the fact that a different portion of
the pulse will propagate with the different velocity and as a result the larger
broadening of the pulse. On the other hand for longer pulses the bandwidth is
small, and so the associated dispersion. We can compare the time scales of the
laser pulse duration with the time scales typically involved in the plasma os-
cillations 7¢,pm o< 1/w, ~ 1/,/n. for a rough estimates related to the dispersive

nature of the plasma.
1

Tfwhm X \/n—e

however, as we saw earlier the pulse length is related to the plasma density as

(5.12)

given by Eq. 5.10, so in a sense n. « L?, this implies

1
Tfwhm X — = L (5.13)

L Tfwhm
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Figure 5.7: The temporal snapshots of the laser field as evaluated at 30, 60 and 90\ is
illustrated for the case when 3 cycle laser with ag = 20 is propagating in the plasma
with density 0.01n,. (a), 0.02n.(b) and 0.03n.(c). The Fourier spectrum of the laser
pulse as evaluated at 90\ is also compared for different plasma densities (d).

aApg X —= X /7 fwhm .

Next, we further study the effect of the laser amplitude on the dispersion of
the laser pulse with the same simulation domain as shown in Fig. 5.1(a). For
this purpose we fixed the pulse duration to 7,4, = 3 cycles and the plasma
density to 0.5n, and varied the peak laser amplitude. The time evolution of
the peak field amplitude and length of the laser pulse is presented in Fig. 5.6.
Again as expected the linear dispersion law is found to be consistent for the
laser and plasma parameters presented. Though for ay = 0.3 case, we found a
bit of discrepancy with fluid simulation for pulse length evolution, otherwise
the rate change of the field amplitude is consistent with the findings of the PIC
simulations. The value of the field amplitude and pulse length as evaluated at
1007 is also illustrated in Fig. 5.6(c). It is understood that high intensity laser

pulses tend to disperse less as compare to the low amplitude pulses, as a con-
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sequence the pulse length of the intense pulses is smaller than then their low
intensity counterpart after certain time of propagation. As we discussed ear-
lier, the pulse length can be estimated by Eq. 5.10, however with the relativistic

corrections the Eq. 5.10 is modified as,

L(t):L0+(1— 1—77;C)t oy =4/1+a (5.15)

here, 7' is relativistic factor (Eq. 5.4), we ignored the longitudinal motion of

the electrons. The scaling of the pulse length with the initial laser amplitude is

carried out using Eq. 5.15 and the fitted curve is also presented in Fig. 5.6(c).

5.2.2 Pulse dispersion for ay > 1

In the previous section, we discussed the dispersion of the laser pulses with
ap < 1. We developed an analytical framework based on the cold relativistic
fluid model and benchmarked the results with the 1D PIC simulations. How-
ever, for high intense laser pulses, the cold fluid model is no longer valid, as
for intense laser fields the nonlinear phenomenon like wave-breaking would
prevail, which indeed is outside the purview of the fluid approach. In order to
study the dispersion of the intense laser pulses (¢ > 1) we would be using the
PIC simulations alone.

We consider the propagation of 3 cycles (7unm), linearly polarized, Gaus-
sian pulse with the peak field amplitudes as a; = 10, 15 and 20 in the plasma
with uniform density < 0.03n. as shown in Fig. 5.1(b). The reason to consider
the lower plasma density (as compared to the previous section) for ¢ > 1 is
to mitigate the formation of the overdense plasma (n. > n.) caused by the
ponderomotive force exerted by intense laser pulses ay 2 10. The overdense
plasma then prohibits the further propagation of the laser pulses, till it be-
comes sufficiently underdense (by space-charge effect) to allow the passage of
the laser pulse. For this kind of scenario we might have the reflections of the
laser pulse from the different part of the plasma, where it turns overdense. In
order to avoid any reflections by the formation of the overdense plasma, in this
section we would be considering the plasma densities S 0.03n,.

We compared the time evolution of the laser (a9 = 20) electric field for
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Figure 5.8: The temporal snapshots of the laser field as evaluated at 30, 60 and 90X
is illustrated for the 3 cycle laser propagating in the plasma with density 0.03n.. The
laser amplitude ag = 10 (a), 15(b) and 20(c) are considered. The Fourier spectrum of
the laser pulse as evaluated at 90\ is also compared for different laser amplitudes (d).

three different plasma densities in Fig. 5.7. The field profiles are evaluated
after the laser propagated the distances 30, 60\ and 90\ in the plasma. It can
be observed from this figure that the peak of the envelope moves roughly with
the same velocity for different plasma densities, this indicates that the group
velocity of the laser is more or less unaffected for the considered laser and
plasma parameters, or maybe it would require longer simulation to see any
prominent effect on propagation. We have also presented the Fourier spec-
trum of the laser pulse in Fig. 5.7(d). It can be seen that for higher densities the
broadening of the frequency spectrum is larger because of the stronger plasma
wave generation. The spectrum is found to be red shifted in direct correlation
with the plasma density [200]. The red shifting and broadening of the spec-
trum generally accounts for the stronger plasma wave generation, because of
the energy transformation from the laser to the plasma. This fact can also be
observed from the Fig. 5.7(d), wherein the red shift for higher density plasma
is larger as compared to the lower density plasma. In order to elucidate the

effect of the laser pulse amplitude on the dispersion of the laser pulse, in Fig.
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Figure 5.9: Temporal evolution of the laser pulse energy (a) and the longitudinal field
energy (b) is presented for 3 cycle Gaussian pulse with ag = 10, 20 when it propagated
in the plasma with density 0.01, 0.03n.. The laser pulse energy in (a) is normalized to
maximum value at t = 107, as we are interested in the depletion rate of the laser pulse
energy for different laser and plasma parameters.

5.8 we have varied the laser pulse amplitude while keeping the plasma den-
sity fixed at 0.03n.. The broadening of the spectrum is seen to be prominent
for the @y = 10 as compare to ay = 20, because the rate at which the energy
is depleted for lower laser amplitudes would be larger as compared to higher

laser amplitudes.

The time evolution of the electromagnetic and electrostatic field energies
are presented in Fig. 5.9. Here, again we have considered the propagation of
the 3 cycle, linearly polarized laser pulse with ay = 10, 20 in the plasma having
densities 0.01,0.03n,. presented in Fig. 5.1(b). As time progress the decrease in
the electromagnetic field energy and increase in the electrostatic field energy is
observed which indicates toward the stronger plasma wave generation at the
cost of the electromagnetic energy. As expected it is further observed that the
depletion rate of the electromagnetic field energy is larger for the laser with
peak amplitude ay = 10 as compare to ay = 20. This is so because the disper-

sion of the high intensity laser pulses would be relatively slower than the laser
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pulses with lower intensity. The direct correlation of the plasma density can
also be seen on the depletion rate of the electromagnetic field energy, and so

the growth in the longitudinal field energy.

5.3 Ion Acceleration by Intense Dispersed Pulses

In the previous section, the dispersion of the laser pulse as it propagates in
the underdense plasma was discussed. Here, the main focus was to study the
dispersion of pulse as it propagates in the underdense plasma, therefore, the
plasma densities are restricted to < 0.03n.. Otherwise, some reflections were
observed during the passage of the pulse, which might affect the Fourier spec-
trum of the pulse. Nevertheless, in this section our main focus is not to study
the fourier spectrum of the pulse but rather the application of the dispersed
pulses in accelerating the ions, and for that we have varied the plasma densi-
ties till ~ 0.2n..

We have recently demonstrated the use of the negatively chirped laser pulses
to accelerate the ions to a few hundreds of the MeV by using a double layer
(Hydrogen plasma) target [89]. The primary layer having density 67, is found
to be transparent for the negatively chirped laser pulse with ay = 20, creat-
ing a persistent electrostatic field which actually accelerates the ions from the
secondary layer (0.17.).

We deploy the similar geometry of two layer target just after the low den-
sity plasma. The propagation of the laser pulse in underdense plasma actually
causes the dispersion of the pulse, as a result the pulse would be chirped [201].
The dispersed or the chirped pulse then incidents on the two-layer target. In
Fig. 5.10, the energy spectrum of the ions from the secondary layer is compared
for the cases when there is no underdense plasma and when the laser propa-
gated through the underdense plasma. We present the energy spectrum of the
ions from the secondary layer as evaluated at 1707. For this, the diagrammatic
representation of simulation domain is presented in Fig. 5.1(c). Here, we con-
sidered the interaction of a 3 cycle, linearly polarized Gaussian laser pulse with
ag = 20. The pulse propagates in the 50\ long underdense Hydrogen plasma

having density ny and then interacts with the two-layer composite target, the
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Figure 5.10: The energy spectrum of the ions from the secondary layer as evaluated
at 1707 are presented for different pre-target plasma densities (a). The variation in the
peak energy of the ions from the secondary layer with pre-target plasma density (ng)
is illustrated (b). We have used 3 cycles, Gaussian, linearly polarized laser with peak
amplitude ay = 20. The geometry of the setup is also illustrated as an inlet, here ny,
ny and ngy respectively represents the pre-target plasma density, density of the primary
layer and secondary layer.

tirst layer is considered to be 0.75\ thick with density n; = 3.5n, (Deuterium)
and adjacent secondary layer is 0.2 thick with density n, = 0.1n. (Hydrogen)
[see Fig. 5.10(b). It can be observed from Fig. 5.10(a) that the energy of the ions
from the secondary layer in the absence of any underdense plasma (ny = 0n,)
is ~ 60 MeV, which increases to ~ 75 MeV and ~ 170 MeV respectively for
no = 0.03n. and ny = 0.11n.. The effect of the underdense plasma (pre-target
plasma) density on the peak energy of the ions from the secondary layer is also
illustrated in Fig. 5.10(b), where an optimum underdense plasma density for

the efficient acceleration of the ions from the secondary layer is presented.

The enhanced acceleration of the ions from the secondary layer is basically
due to the dispersion of the laser pulse, wherein the frequency of the pulse un-
dergone the modulation in space and time. The critical density for the trans-

mission gets modified for the chirped laser pulses, assisting the transmission
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Figure 5.11: The spatial profile of the longitudinal electrostatic field is presented at
different time instances for different underdense plamsa densities. The spatial profile
of the transverse electric field (e) and electron density (f) profiles are also presented as
evaluated at 507. The laser and target parameters are same as mentioned in Fig. 5.10.

of the pulse through the two-layer targets, despite the reduction in the laser
pulse energy through wakefield generation in underdense plasma. The trans-
mitted pulse drags the electrons from the underdense plasma in addition to
electron from both the layers, creating a very persistent longitudinal electro-
static field behind the target [89]. The electrostatic field created behind the tar-
get then pulls the ions from the secondary layer, forming the mono-energetic
ion bunch. The density of the underdense plasma (n) plays a crucial role in
determining the dispersion and so the effective chirping of the laser pulse, as
a result, the ion acceleration mechanism as a whole would be affected by the
density of the underdense plasma. It can be understood that if ny/n. — 0 i.e.
the pre-target plasma density is too low, then in that case the frequency shift
and the dragged electrons would be too marginal to account for any significant
formation of the electrostatic field behind the composite target. On the other
hand if ny/n. — 1, then the fraction of the laser pulse energy which interacts

with the primary layer would itself be low enough to cause any significant
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Figure 5.12: The phasespace plots of ions from the pre-target plasma along with the
primary layer (left column) and the secondary layer (right column)are presented at
different time instances from 501 to 1707. The pre-target layer is of Hydrogen with
thickness of 50\ and density ng = 0.11n. . The primary layer is comprised of Deu-
terium plasma of 0.75\ and ny = 3.5n.; along with the secondary layer Hydrogen
having thickness and density respectively 0.2, 0.1n...

heating of the electrons of primary layer. This indicates toward an optimum
pre-target plasma density, which would introduce the necessary chirp to the
laser pulse and at the same time will retain the appropriate intensity of the
pulse to benefit from the RSIT, and in return will cause efficient acceleration of
the ions from the secondary layer. If the laser pulse suffers the complete reflec-
tion at the primary layer then acceleration of the ions is mostly caused by the
radiation pressure mechanism, resulting in a lower energy yield for the same

laser intensity [87].

In order to shed some light on the mechanism of the ion acceleration, the
longitudinal and transverse field profiles along with the electron density are
illustrated in Fig. 5.11. The laser pulse profile as evaluated at 507 is illustrated
in Fig. 5.11(e), along with the respective electron density in Fig. 5.11(f). It

can be understood from this figure that for ny = 0.11n,, the dispersion of the
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laser pulse is strong as compared to lower densities which also manifests in
enhanced electron density just before the primary layer target. As the laser
pulse transmits through the target, it drags the electrons from the underdense
plasma region, which further boosts the longitudinal electrostatic field as can
be seen from Fig. 5.11(a), (b) and (c). However, if the pre-target plasma density
is further increased, then the pulse energy would be dissipated before it can
reach the target. This very fact can be also seen in Fig. 5.10(b), where we

obtained the optimum pre-target plasma density for efficient acceleration.

The phase space of the ions from the primary and secondary layer at dif-
ferent time instances are presented in Fig. 5.12. The laser pulse propagates in
50X thick underdense plasma region (ny, = 0.11n.), as a result, we do not see
any motion of the ions from the primary and pre-target layer. As the pulse
interacts with the primary layer, the electrons from the pre-target plasmas are
also dragged along [refer, Fig. 5.11(f)], as a result, a strong electrostatic field
created [refer, Fig. 5.11(c)] which eventually accelerates the ions of the sec-
ondary layer mono-energetically. The ions from the primary layer are also
seen to be accelerated to higher energies, however the density of the primary
layer (n; = 3.5n.) is responsible for the prominent space charge effect, and as
a result, they expand under their own coulomb repulsion. The ions from the
secondary layer are seen to be accelerating with ~ 170 MeV [refer, Fig. 5.10(a)],
and the rapid broadening of the bunch is prevented by the initial lower density

of the secondary layer (n, = 0.1n,).

As we have seen, the ions from the secondary layer are found to be ac-
celerated to ~ 170 MeV using 3 cycle Gaussian, linearly polarized laser with
ap = 20 [see, Fig. 5.10(a)]. In Ref. [87], the authors have also considered the
double layer geometry. They have reported the proton acceleration to ~ 210
MeV using a super-gaussian laser pulse with ay ~ 112. The acceleration us-
ing a nano-structured double layer targets is reported in Ref. [76]. They have
relied on the Radiation Pressure of the laser with ag ~ 100 to remove all the
electrons from the primary Carbon target and the protons from the secondary
layer are found to be accelerated to a few hundreds of MeV. Robinson et. al.
[27] have demonstrated the ion acceleration in the HB-RPA regime, where the

proton energies ~ 150 MeV is obtained by laser with ¢y ~ 90. In the RPA
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regime, ion acceleration to ~ 150 MeV with a; = 108 has been reported in
Ref. [191]. On the contrary, as we have observed [see, Fig. 5.10], these energy
ranges are accessible using ag ~ 20 (with discussed dispersion and associated

ion acceleration through RSIT) as compare to ay ~ 112 [87] and a ~ 100 [76].

54 Summary

We have studied the dispersion of the laser pulse as it propagates in the un-
derdense plasma. For the moderate laser intensities (ay < 1) we invoked a 1D
relativistic cold fluid model to evaluate the spatial and temporal evolution of
the laser as it propagates in the plasma with density < 0.6n.. Apart from the
immobile ions, no further approximations are made. The effect of the laser
pulse amplitude, pulse duration and the plasma density is explored using the
fluid model and the results are compared with the 1D PIC simulations along
with the expected scaling laws. The agreement between fluid model and the
PIC simulations are found to be excellent. Furthermore, in order to study the
interaction of highly intense laser pulses ay 2 10, we only relied on the PIC
simulations as the nonlinear nature of the interaction process is beyond the
validity of the cold relativistic fluid model. For these cases, we restricted to
the plasma density < 0.2n,, or the strong ponderomotive force of laser pulses
tend to make plasma overdense (n. > n,) restricting the further propagation
of the laser pulse. The conversion from the electromagnetic field energy to the
electrostatic fields in the form of plasma waves results in the dispersion and
so the red shift of the pump laser pulses. The dispersed pulse then allowed to
incident on the sub-wavelength two-layer composite target. The underdense
plasma before the target regulates the dispersion of the pulse. We observed an
optimum pre-target plasma density (ny = 0.11n.) which results in the acceler-
ation of the ions from the secondary layer to ~ 170 MeV by a 3 cycle linearly
polarized Gaussian laser pulse with aqg = 20. For lower pre-target densities
the dispersion is not prominent enough to cause significant electrostatic field
formation, however for higher pre-target densities, the pulse itself will loose

energy to the wakefields before it can interact with the target.






CHAPTER 6

Summary and Future Scope

Summary

The laser induced particle acceleration is a field of contemporary research,
promising various applications in both fundamental and applied sciences. To
understand the laser induced particle acceleration, different mechanisms have
been proposed in the past like LWFA [2], SMLWFA [113], TNSA [16, 134], BOA
[109], LS-RPA [28, 29], HB-RPA [163] etc. In this thesis, we have investigated
the ion acceleration by intense laser pulse through Relativistic Self-Induced
Transparency (RSIT) [79, 180] mechanism. The advantage of using this mech-
anism is that, it provides similar range of energy with comparably low laser
intensity than relative acceleration mechanisms. This chapter summarizes the
main results of our investigations on the process of RSIT enabled ion accelera-
tion. Along with this we would like to acknowledge possible future directions
in the area that can be pursed, in order to improve our understanding of the
field.

In Chapter 2 we have discussed several acceleration mechanism that have
been proposed over the decade, to obtain the significant ion or electron ener-
gies. Various parameters (such as laser and target conditions) have influenced
the generation of high energetic proton beams or bunches. To have the basic
understanding of the ion acceleration using ultra-intense laser pulses through
relativistic self-induced transparency regime, we have numerically solved the
cold relativistic fluid model and compared the results with the PIC simula-
tions. In this regime of ion acceleration, an ultra-intense laser pulse causes
the increase of the effective mass of the electrons via relativistic effects, which
effectively lowers the threshold density of the plasma target, thereby making
the target transparent for the laser pulse. It is being observed that for subwave-

length targets the threshold target density for a particular laser amplitude and
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target thickness increases as compare to thick targets. The relativistic factor .
plays a vital role in predicting the target threshold density, due to its depen-
dence on laser pulse amplitude ay and longitudinal electron momentum p.
From this, it can be inferred that electron heating (p$) too plays a very vital role
in RSIT. The dimensionless parameter ¢ = (n./n.)(d/\) is defined in Refs. [28],
is composed of the plasma target density and critical density (n., n.) for laser
wavelength()\) and target thickness (d). The interplay between laser pulse am-
plitude (a¢) and ( is of great significance in order to understand the regime of
ion acceleration (i.e., LS or RSIT). If the ratio of ag/¢ 2 1 the RSIT mechanism

dominates, on the contrary, LS regime of ion acceleration prevails for aq/¢ < 1

We also observed that the use of composite two-layer target is more favor-
able than the single layer, in order to have an efficient ion acceleration. This
is so, because in a single layer all the electrons are expelled from the target
thereby leaving it positively charged, which further manifests in the coulomb
explosion. The target ions expand in either the direction, resulting in the broad
energy spectrum. Whereas, with the double layer target geometry the mono-
energetic ion bunches of the order of few hundreds of MeV are obtained. The
optimization of the target parameters is a very crucial aspect in order to have
maximum ion energy. The balancing of the laser ponderomotive force and
the electrostatic forces is the requirement for the RSIT to prevail. The suit-
able scaling law was obtained for maximum ion energy by varying the target
density, thickness and laser pulse amplitude. Furthermore, it was observed
that the RSIT could cause the ions of the similar energy with comparatively
lower intensity (around 2.5 times less) than other acceleration mechanisms
such as, Radiation Pressure Acceleration, Direct Coloumb Explosion mecha-
nism [27, 76, 202].

Next, we have studied the effect of laser pulse chirp on the acceleration of
protons from similar composite two-layer target geometry through RSIT. The
chirped pulses are those pulses, which shows the temporal variation about
its fundamental frequency. In the negatively (positively) chirped pulse, the
high (low) frequency component of the pulse interacts with the target initially

followed by the low (high) frequency component. The temporal variation
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of the frequency in the chirped laser pulse manifests in the associated time-
dependent critical density; as a consequence, the threshold plasma density of
the negatively chirped laser pulse is found to be comparatively higher than
the unchirped and positively chirped laser pulses. The initial low-frequency
interaction of the positively chirped pulse with the target tends to compress
the target layer by the radiation pressure; as hence the target is found to be

opaque for positively chirped pulses.

Furthermore, as the negatively chirped pulse transmits through the target,
the suppression of the J x B heating by the circularly polarized laser results
in longitudinal push on the electrons; as a result, few electrons get dragged
away and start co-moving with the laser pulse. This imbalance leaves the tar-
get positively charged followed by the expansion of the target ions under its
own coulomb repulsion. However, the removal of the electrons also generates
a very stable and persistent electrostatic field behind the primary layer which
can be harnessed by the composite target geometry, comprised of the low den-
sity, thin secondary layer adjacent to the primary layer. The ions from the sec-
ondary layer are found to be accelerated as a bunch under the effect of the lon-
gitudinal field created by the primary layer. For the analysis we have used the
chirp model which is beyond linear approximation. The chirped laser pulse
results in the enhanced effective transmission of laser pulses for ayp < 1 and
ap > 1. The transmission coefficient for aq < 1 is calculated by the simplified
wave propagation model, where the effect of longitudinal electron momentum
was neglected. The results of the wave propagation model are compared with
the PIC simulations and agreement is found to be excellent. However, for in-
tense laser pulses (ag > 1), the wave propagation model cease to valid due to
different non-linearities involved in the interaction processes, e.g. longitudinal

electron heating, and hence we relied on the PIC simulations for ay > 1 case.

We studied the interaction of highly intense laser pulse (ay > 1) with the
subwavelength targets under RSIT regime. It was seen that the threshold target
density increases for the negatively chirped laser pulse rather than unchirped
and positively chirped laser pulse. The electrostatic field created by this nega-
tively chirped pulse for target thickness 0.75\ and density 6n, is found to very

stable and persistent for the time scales of the interest. We have also carried
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out the optimization of the target parameters and the maximum energy of the
protons from the thin, low density layer is found to be 100 MeV for 10 fs (in-
tensity FWHM); Circularly Polarized; Gaussian; negatively chirped laser pulse
with peak intensity ~ 8.5 x 10*°W/em?.

Furthermore, we studied the propagation of laser pulse in an underdense
plasma and the resultant ion acceleration due to this dispersed laser pulse.
The propagation of laser pulse is investigated in two regimes, one is non-
relativistic for the moderate laser intensities (ap < 1); and other is relativistic
regime a, 2, 10 for highly intense laser pulses. We have invoked a 1D relativis-
tic cold fluid model to evaluate the spatial and temporal evolution of the laser
as it propagates in the thick underdense plasma target of density < 0.6n.. For
this model the ions are considered to be immobile and no further approxima-
tions are made. The effect of the laser pulse amplitude, pulse duration and the
plasma density is explored using the fluid model and 1D PIC simulation code.
The results obtained were very well fitted to the expected scaling laws and the
agreement between fluid model and the PIC simulations are found to be ex-
cellent. The interaction of highly intense laser pulses a, 2 10 is studied via
PIC simulations only, as the nonlinear nature of the interaction process is be-
yond the validity of the cold relativistic fluid model. The interaction of highly
intense laser pulse with underdense plasma is restricted to the non-linear phe-
nomenon such as wave breaking. The dispersion of pulse as it propagates in
the underdense plasma is restricted to < 0.03n,., in order to avoid reflections
during the passage of the pulse, which might affect the Fourier spectrum of the
pulse. The conversion from the electromagnetic field energy to the electrostatic
tields in the form of plasma waves, results in the dispersion and so the redshift
of the pump laser pulses. The underdense plasma before the target regulates
the dispersion of the pulse. Also, we have studied the role of these dispersed
pulse to accelerate the ions to high energies when it is allowed to be incident
on the sub-wavelength two-layer composite target. For this application, we
have varied the underdense plasma density till ~0.2n.. Otherwise, the strong
ponderomotive force of laser pulses tend to make plasma overdense, thereby
restricting the propagation of the laser pulse. It was observed that for a given

laser parameters there is an optimum pre-target plasma density (no = 0.11n,),
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which assist the acceleration of the ions from the secondary layer to ~ 170
MeV by a 3 cycle linearly polarized Gaussian laser pulse with ay = 20. It
is observed that for low pre-target densities the dispersion is not prominent
enough to cause significant electrostatic field formation. On the contrary, for
higher pre-target densities, the pulse looses its energy to the wakefields before
it can interact with the main double layer target . In case of dispersed pulses,
the ion energies are found to be significantly higher for a; = 20, against other

acceleration mechanisms which uses a¢ = 112[87] and aq = 100 [76].

Future Scope

In this work we have only used one-dimensional fluid and PIC simulations
to understand the underlying physics aspects of the Relativistic Self-Induced
Transparency and associated ion accelerations. However, for experimental re-
alizations of the idea it is expected to have the higher dimensional simulation
results, which would perfectly complement the experimental needs. In view
of this it will be interesting to observe and study the RSIT in more depth us-
ing the PIC codes such as EPOCH [203] or PICCANTE [204]. Furthermore, the
optimization of the laser and target parameters will also crucial for the from
the experimental design perspective. The study of the higher-order harmonics
generation (HHG) via laser-solid interaction [205], the phenomenon of radia-
tion reaction [206] caused by the sufficiently intense laser pulses can also be

explored in future.






APPENDIX A

Relativistic Cold-Fluid Model - RSIT Mechanism

In coulomb gauge the Maxwell’s equations will take the following form for

vector potential A and scalar potential ¢,

Vi = —p/eo (A.1)

1 0?A 1 [9J0)
A S = —pgd + SV = A2
v c? ot? Ho +02v(8t) (A2)
J = —en,ve + Zen,vi (A.3)
Ve = V52 + VY (A4)
vi =02+ vi (A.5)

where, all the symbols have their usual meaning. The index e and i denote the
corresponding quantity associated with electrons and ions respectively. The
longitudinal motion is considered to be along the laser propagation direction
(z), however transverse motion is associated along the direction of laser polar-
ization.

Using 1D approximations the above equations can be written as (z is direc-

tion of laser propagation),

&6 _ =p
022 ¢

from Eq. A.2 to A.5 after separating perpendicular and longitudinal compo-

(A.6)

nent we can write [laser pulse corresponds to vector potential A (transverse)

and electrostatic field will correspond to ¢ (longitudinal)],
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for electrons ¢ = -e and for ions ¢ = Ze.
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Now considering below mentioned dimensionless units,
(@) a=eA/(mec);p = ed/(mec?)
(D) nei = Neifne; ne = ew?m./c? (critical density)
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The following equations in dimensionless units can be written as,
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now changes to,

J’a  0O’a ne Z%n;
- = a
022 Ot? Ye o Vi

72 .
V=1+a’+ )%y =1+ Waz + (pL/my)?

(2

ot o (1ot ptos
ot 0z 27, 0z Ve 0z

oL _ 00 (2% 0% p. Opt
ot 0z 2m;y; 0z myy; 0z

from Eq.A.23 it can be proved that,

e 1 0a®  pSops
0z 29, 0z 7. 0z

i 7% 0a® p. Opt
0z 2ym? 0z  ym? Oz

equations for p, will then be written as,

a; . O 9p.
o 7 9z ot

:ZEZ_ 7
maz

The above set of equations can be closed with continuity equations,

on. 0 pt\ . on O( p\ _
ot +&<”e£) = 0% +az<”1%> =0

Now the final closed set of equations to be solved are,

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)
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(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

If we consider the steady ionic background, then the closed set of equations

reduces to,

OE,

5. Zn; — ne
OF, I
= ne—
ot Ye

(A.38)

(A.39)

(A.40)

(A.41)
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one 0 ( pi\ _
" +$<ne )_o (A42)

Ye = V/1+a%+ (pe)? (A.43)

These are complete set of equations in closed form which need to be solved

numerically with appropriate boundary conditions.






APPENDIX B

Numerical Methods

In appendix A the close set of equation for relativistic cold fluid model are
stated with fixed ionic background. Here, we have discussed the finite dif-
tference method to numerically solve cold fluid model and wave propagation

model stated in chapter 5. The 1D wave propagation equation in z-direction:

d’a  0%a n.

o2 e (B

To solve Eq. B.1, one can use a central difference scheme shown in Fig. B.1on

domain (0, z;,) with boundary conditions as,
a(0,t) = 0;a(zg,t) = 0. (B.2)
and initial condition as,

a(2,0) = f(2); 0a/0t = g(2). (B.3)
Thereby, second order derivative can be written as;

al™ —2a? +a"t aly —2a? +al, 0y
= L L gt L O(AZ2, AL). B.4
INZ Nz o 4 T8 AL (B4)

€1

by approximating derivatives in space and time, where, i = 0,1,... and n =

At? n"
n+l __ n n 1 2%1 n
a; = 2CLZ- — + p( 2(1 + az 1) — At Tzai . (B5)
al™ = n%al'; +2(1 — h* —wAZ*)al + h*al ; —al . (B.6)
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tA

At

NY

Figure B.1: Central difference scheme for solving differential equations

where, w = nZ /" and h* = At*/Az%. Above Eq. B.5 have three nodes where
data is transfered from step n — 1 and n to n + 1. Now solving the equation
(B.5) where initial condition B.3 in central difference method is;

/ ) 3

a = oAt 9(zi). (B.7)

a;t = aj — 2Atg(z). (B.8)

Assuming, wave equation holds at t = 0 (n= 0), then Eq. B.6 can be written as,

a; = h*al ; +2(1 — h* —wA2*)a) + h?a)_; — a;! (B.9)

)

Substituting Eq. B.7 into Eq. B.9 one obtains,

1
al = 5 (hza?Jrl +2(1 — h* — wAzQ)a?) + Atg(z). (B.10)

Similarly, all the coefficients can be obtained, since a{ = f(z;) = 0 and g(z;) =0
for the Eq. B.1.
A complete set of equations A.38 - A.42 from appendix A and Eq. 5.1 - Eq.

5.5 from chapter 5 can be expressed as above solved wave equation.



APPENDIX C

Particle In Cell Simulations

C.1 Particle in cell (PIC) simulation method

Particle in cell (PIC) method came to use in early 1960s for computer simula-
tion of plasmas. A compelling review by Dawson [207] thoroughly examines
simulations of plasmas. This is straightforward method which solves equa-
tion of motion and Maxwell’s equation (Coulomb’s law, Poisson’s equation).
Instead of solving these equations in continuous space and time, the physi-
cal volume is discretized where each tiny space element is referred as a “cell’.
The intersection of lines are defined as set of points called mesh or grid points.
In order to make simulation efficient macroparticles are considered which fol-
lows the same trajectory as the corresponding plasma particles. They represent
tixed number or real particles and because the Lorentz force depends only on
the charge-to-mass ratio, so a macroparticles will follow the same trajectory as
a real particle.

Motion of macroparticles are governed in two steps. Firstly, by using Maxwell’s
equation or Poisson’s equation (electromagnetic or electrostatic) fields are cal-
culated from initial charge and current densities. Then the fields are used in
Newton’s equation of motion to move the particles on the mesh points. Now
tields are recalculated from new particle positions and charge densities. The
method also solves macro-quantities as density, current density etc, inside the
cell and fields are calculated at the nodes. With basic computational cycle rep-

resented in Fig. C.1, the equations governing the calculations are as follows,

dv; v; x B
—3 =g E J C.1
% =B+ 2R (e}
forj=1,23---.
dx;
E ©2)
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Charge and current deposition

v, X — p(x), J(x)

Integration of equations of
Motion

F(X) —» v, x

Force Calculations

E(x), B(x) —» F(x)

Figure C.1: Particle-in-cell (PIC) simulation technique

0B
E=——
V x 5

V X B = uoj + oco

V-Ezﬁ
€o
V-B=0

p(x) = 0q;0(x — x;)

J(%) = 0¢;vio(x —

Maxwell equations integration

p(x)l J(X) — > E(X)v B(X)

(C.3)

(C.4)

(C.5)
(C.6)
(C.7)

(C.8)

Here p and j are charge and current densities respectively. In each cell, time

step At and thickness Az are selected in such a way that it satisfies the CFL

(Courant-Friedrichs-Lewy) condition, cAt < Ax. In PIC, electromagnetic fields

and current densities are calculated at cell boundaries, while charge density is

calculated at the centre of the cell. Since simulation works in steps, so for small

mass particle will have shorter At, whereas the heavier particle which can have

a longer time step.

To calculate the particle push, i.e. advancing the particle in time, Boris

scheme [208, 209] is found to be more viable. In this method the electric and

magnetic fields are solved separately. The particle equation of motion using

center-difference form is written as:
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Figure C.2: Simulation geometry of LPIC++, lables show the actual name of input
parameter.

(VA+1/2 - VA—1/2)

(Vt+A/2 - Vt—A/Z)
" 2

At

=q|E+

x By (C.9)

The magnetic term is centered at averaging of the particle velocity which is
time-centered (vay1/2 and va_y/2). This results in the elimination of electric

field. Since,
qEAt

thA/Q =V — W (ClO)
EAt

Viiap =V ‘12—m (C.11)
v — v~ q , 4

This scheme is time-reversible and semi-implicit.

C.2 LPIC++ - 1D Electromagnetic PIC Code

A parallel 1D, electromagnetic, relativistic PIC for simulating laser-plasma in-
teractions developed by Richters, Pfund, and J. Meyer-Ter-Vehn for laser-plasma
interaction studies [188]. The power of LPIC++ is mainly based on its clear
program and data structure, which uses chained lists for the organization of
grid cells and enables dynamic adjustment of spatial domain sizes in a very
convenient way.

We have modified the program to include chirped function [88] to the Gaus-

sian laser profile apart from standard field envelopes;
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I = Iyexp ( - %) cos|t + (t?] (C.13)
I = Iyexp [ — 4ln(2)7t_—22] cos[t + g(t, )] (C.14)
g(t,¢) = C[4ln(2)% - 61“(2;(1 . CQJ tan_z (©) (C.15)

where, 7 is FWHM pulse duration and ( is the chirping parameter. The laser
pulse can be incident from either side of the simulation domain. One can
choose laser polarization between s-polarized, p-polarized and circularly po-
larized. The incident laser pulse can have mixture of frequencies and have
provision for second and third harmonics. The incidence angle can be taken

independently.

The appropriate simulation domain can be defined to have specific target
size and density. The vacuum space can be left in front and rear side of the
plasma. Plasma density is defined in the units of critical density. Along with
it a linear ramp in plasma density can be introduced from the left side of the
simulation domain. Simulation domain is discretized in number of cells. Fur-
ther, number of cells per laser wavelength signifies the number of grid cells in

z-direction per laser wavelength )\, in the laboratory frame.

The simulation box and plasma density profile for LPIC++ is shown in Fig.
C.2. Number of microparticles per macroparticle is calculated automatically
from the plasma density. Initial electron, ion temperatures and mass of ion

species is also provided by input file.

LPIC++ is capable of calculating numerous physical parameters which can
assist, to understand the field of laser-plasma interaction. As an example, time
snapshots of electron densities, ion densities, electric and magnetic field com-
ponents, current densities etc can be calculated. One can obtain velocity spec-
trum profile of electrons and ions along with the phase space diagrams. It can
also calculate space time profile of various quantities like electron density, ion
density, electric and magnetic field components etc. The velocity spectrum,
electric and magnetic fields calculated by LPIC++ are space integrated, how-
ever one can obtain these parameters value at selected points as well in simu-

lation domain with the use of traces. The particle energy can be obtained from
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the velocity spectrum itself which is explained below.

C.2.1 Kinetic energy of particles

The total energy of the particle moving with relativistic velocity is given as,

Total Energy(E) = Kinetic Energy (€) + Rest Mass Energy (myc?)

&=FE—mc (C.16)
& = \/p2c? + m2ct — mc? (C.17)
p=mv= mfc =~m Se (C.18)

(y=1/v/1-p5* and B=v/c)

o & = /2m2 B2t + m2et — mc? (C.19)
& = \/m2ct(1 4 1262) — mc? (C.20)

& =(V/1+28—1)me (C.21)
€= (y—1)mc* (C.22)

As an example, for an ion with m;/m. = 1836 the kinetic energy is comes out
to be,
€=9382(y—1) MeV.
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