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ABSTRACT

The community worldwide has been pursuing the aim of controlled fusion energy for decades.
The bulk of inertial confinement fusion research, one area of fusion research in general, has
concentrated on central hot spot ignition. Alternative methods, such as rapid ignition, pro-
vide the possibility of more extensive benefits with lower symmetry requirements, making
them suitable for fusion energy generation. This thesis focuses on proposing solutions to
significant challenges in ICF linked to instabilities and advanced fuels in ICF from an envi-
ronmental standpoint.

One important component of the fast ignition scheme is the formation of pre-plasma in a
cone-guided ICF scheme. When employing the conventional optical components of a chirped-
pulse-amplified (CPA) laser-beam chain in a big laser system, the spot sizes generated are
frequently much larger than would be ideal for fast ignition. This thesis aims to lower the
focus spot size in the interior of the re-entrant cone’s tip to the minimum size necessary
for effective coupling to the densely imploded fuel core. The existence of pre-plasma in the
cone is used in the method outlined. Due to the difficulties of reducing laser pre-pulse to
below the threshold for plasma formation, such pre-plasma filling is difficult to eliminate
completely when illuminating a cone with a high-energy CPA laser system. Paraxial theory
in a WKB approximation was employed to derive the differential equation that regulates the
progress of the laser beam-width with propagation distance. A simulation is run assuming
strong self-focusing in line with the laser parameters and plasma density profile specified.
One of the processes limiting the power scaling in inertial confinement fusion is stimulated
Raman scattering (SRS) (ICF). This thesis shows that the combined effects of static density
fluctuations and an azimuthal magnetic field may effectively suppress SRS in this paper. A
gaussian laser beam imparted on a density rippled magnetized plasma experiences stimu-
lated forward Raman scattering (SFRS), resulting in two radially localized electromagnetic
sideband waves and a lower-hybrid wave. Ion density variations saturate absolute and grow-
ing modes, which reduce instability growth through mode coupling. After saturation, the
modes modulated by the azimuthal magnetic field are effectively damped. As a result, the
total pace of instability increases slows. We examined the development of the SFRS and
estimated it for ICF key factors using nonlocal theory.

Another approach is considered to suppress SRS. A five-wave theory is developed, connect-
ing stimulated Raman backscattering and decay instability produced in plasma with static
magnetic field containing hot drifting electrons. A downward shifting electro-magnetic wave

(EMW) and a forward-moving plasma wave are created by a Gaussian laser beam propagat-



ing in a static magnetic field. The plasma wave degrades into an ion acoustic wave (IAW)
and a backward propagating secondary Langmuir wave with a larger wavelength. This en-
ergy diversion and linear Landau dampening of Langmuir wave by hot electrons suppresses
SRS process. The plasma wave and the sideband EMW amplitudes fluctuate with time.
The EPW amplitude has a similar effect.

Finally, our last objective looks at the burn-up of non-equimolar DT under inertial confine-
ment fusion conditions (ICF). Deuterium: Tritium burn-up calculations analytical tests are
carried out on the ratios of 60:40 DT, 70:30 DT, 80:20 DT, and 90:10 DT, as well as the
50:50 DT case. The analytical work is then compared to 1-D hydrodynamic simulations.
Based on this research, we can calculate the proportion of available fuel that will be used
vs. the fuel’s areal density in each instance. Non-equimolar DT has the potential to be used
in ICF fuel capsules that achieve equimolar DT ignition and then propagate the burn into

tritium sparse fuel to reduce the demands on the tritium breeding cycle.
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Chapter 1

INTRODUCTION

According to the World Energy Council, an UN-accredited global energy agency, the world
population will grow by almost 2.5 billion people by 2050 [I], and despite the decreasing pace
of development, India’s population will continue to rise since it is primarily young. According
to predictions over the following 80 years, India’s population would peak at 1.65 billion in
2060 before declining. From the reports of the United Nations Millennium Development
Goals (MDG) program [2], 8 million Indians (out of 1.2 billion) lived in poverty in 2018-19
which accounts for about 6.7 percent of the country’s population living is poverty. The
impoverished have limited access to essential utilities such as electricity and water. Despite
significant advances in renewable energy technologies, the Council warns that fossil fuels will
primarily supply this demand and that global CO5 emission objectives would be difficult to
meet without more stringent global agreements and perhaps intolerable carbon pricing.

The aim from Nuclear fusion is to search for environmental friendly, long-term energy and to
provide carbon-free electricity with considerably less radioactive waste than today’s fission
power plants-while also removing the threat of a reactor meltdown. This is accomplished by
employing a hydrogen isotope as a fuel. Since the mid-twentieth century, however, obtaining
this era-defining technology has remained out of reach. Today’s research is divided into
magnetic confinement fusion (MCF) and inertial confinement fusion (ICF). In this thesis,
the author has worked on laser-plasma interactions and burn analysis related to inertial
confinement fusion. This chapter explains the concept of ICF, as well as motivating and

outlining the research given in the rest of the thesis.

1.1 Introduction to Inertial Confinement Fusion

1.1.1 Nuclear Fusion

When the mass of the reactants surpasses the mass of the products in a nuclear reaction,
According to Einstein’s equation, energy is released, £ = Amc? where, the speed of light
is ¢ and Am the mass difference between the reactants and products. This can also be
explained in terms of binding energy of nucleons. The binding energy is defined as the mass
difference between the sum of nucleon masses and the mass of the nucleus as a whole and
is given by,

B = (Zm,+ (A— Z)m, —m)c* (1.1)
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Figure 1.1: The maximum in the graph for 2Ni is binding energy per nucleon against
atomic mass number. Among the light nuclei, the *He nucleus has an unusually
high binding energy. The difference in binding energy per nucleon between
fusion reactions of light nuclides with *He as one of the reaction products (5
MeV /nucleon) and ?*U fission (0.9 MeV /nucleon) is approximated [5]

Here, m, is the mass of proton, m, is the mass of neutron, m is the atomic mass, B is
the binding energy and A the atomic mass number. Examining the binding energy per
nucleon for various isotopes, as displayed in Figure 1.1, is informative. The binding energy
per nucleon peaks at iron, A = 56, before dropping again, as seen in this diagram. The
mass of the nucleons will be larger than the atom’s mass, resulting in lighter products than
reactants. This disparity converts into energy. Splitting elements with masses substantially
higher than iron follows the same logic. Hence, despite appearing to be opposed processes,
both fusion and fission may produce energy. The neutrons and the protons that make up
the nucleus of an atom are held together by a strong nuclear force. However, this nuclear
force is short-ranged and decreases considerably faster than the Coulomb force, which repels
nuclear protons. There is a point when a proton will be in an unstable equilibrium due to the
balance between these attractive and repulsive forces. The Coulomb barrier is the potential
energy at this point - when the potential at infinity is set to zero. When two particles collide
with enough energy to break the Coulomb barrier, the electromagnetic repulsion is broken,
enabling the nuclear force to take hold and form a new atom.

Heating a plasma increases the average kinetic energy of the particles, resulting in high
collision velocities. Temperatures of over 107 K are necessary for fusion to occur in the

laboratory. Furthermore, the plasma in a fusion reactor must be either highly dense or

© 2022, Lovely Professional University



1.1 Introduction to Inertial Confinement Fusion 3

restricted for long periods in order for the bulk of the fuel to collide and fuse. ICF focuses
on high-density methods, whereas MCF focuses on considerably longer confinement duration
at lower densities. Lawson [3], 4] formalized these needs by balancing the energy generated by
these reactions with the system’s energy losses owing to different processes such as diffusive
and bremsstrahlung losses. As a result, the Lawson criteria became widely used in fusion
research,

nTr, > 10" (keVem™3s) (1.2)

Here, E is the confinement time, which is the period after which diffusive losses have matched
the energy content of the plasma, and n and T are the density and temperature of the fuel,

respectively.

1.1.2 Inetial Confinement Fusion

The goal of ICF is to ignite a target holding compressed fuel for fusion, deuterium (D) and
tritium (T), to the point that the target burns (reacts) considerably before blowing itself
up. The energy needed to begin the burn should be considerably less in comparison the
energy generated in fusion processes if this is to be used for energy generation. In addition,
the energy released by the target must be tiny enough to be contained and transformed
into useable power. Deuterium and tritium (DT) undergo a thermonuclear reaction that
produces helium (an alpha particle) and a neutron. In a subsequent process, the neutron
is utilized to "breed" tritium from lithium. The amount of energy given out is enormous:
only 12 mg of a 50-50 DT mixture produces 4.2 GJ of energy. Random collisions of D and T
create more energy via the fusion process in a DT plasma at temperatures above 50 million
degrees than is reflected away by photons [22]. This is the predicted fusion burn starting
temperature—the plasma typically heats up to about 200 million degrees during the burn.
Temperature and density affect the rate of reaction per particle. The reaction rate per par-

ticle at 200 million degrees is 5.2 107ps~!

, where p is the mass density of the DT mixture
in grams per cubic centimeter. An isothermal sphere’s disassembly time is about R/(3 Cs),
where radius is R and Cs is sound speed, roughly 10® cm/s? at 200 million degrees. Thus,
in order to obtain a substantial fraction of the nuclei to react in the disassembly time, we

2. At DT liquid density, this would necessitate a

need an areal density, pR, of >3-7g/cm
sphere with a radius of 10-30 cm and a massive energy release. A tiny sphere (weighing a
few milligrams) must be utilized to keep the energy required to ignite fusion minimal and
the energy produced manageable. Compression is required for this. During compression,
the areal density grows (at fixed mass R image R-2) until it reaches a significant percentage
of fusion-relevant levels (of order 3-7g/cm?). For 3 mg of solid/liquid DT, a density increase
on the order of a thousand is required. In this thesis the burn calculations for advance fuels
is studied.

Over the years, researchers have made significant development in method of fusion. Ex-

© 2022, Lovely Professional University
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Figure 1.2: In an inertial-confinement capsule, there are four steps to a fusion reaction:
(a) The outer layer is heated with a laser. (b) Ablation of the capsule’s outer
layer compresses the capsule. (c¢) The density and temperature of the core are
sufficient for ignition. (d) Through the compressed fuel, the burn wave spreads
quickly [23]

periments at the Lawrence Livermore National Laboratory’s National Ignition Facility in
California, USA, recently revealed the alpha-heating regime — where the implosion created
more energy than was incident onto the target [16]. However, due to inefficiencies in the
delivery mechanism, such as hohlraum losses, the total input required to transfer that energy
was still considerably larger. It is challenging to go beyond this phase and into the burning
plasma regime. High implosion velocities are necessary to create the central hot-spot. Thin
shells, which are prone to hydrodynamic instabilities, are required. These instabilities fre-
quently cause the shell to break apart and the shell material to mix with the fuel [18] 19, 20].
This interferes with the fusion process, limiting the improvements made so far with central
hot spot ignition |21, 22]. Figure 1.4 gives the summarized steps of Inertial confinement
fusion.

Many non-linear LPI’s can occur in the region of the plasma corona below the critical den-
sity called underdense plasma. The TPD instability,occurs near the quarter-critical density
and in which the incident EMW excites two EPW’s (plasmons), and the SRS instability,
which occurs below the quarter-critical density and excites a scattered EMW of lower fre-
quency and a plasmon, are the two most notable. Because the electric fields associated with
plasmons have the potential to accelerate electrons to high energies, these instabilities are
cause for concern. Another significant process is SBS, which is similar to SRS but replaces
the plasmon with an TAW. This instability can occur anywhere below the critical density,
causing energy to be lost. Cross-beam energy transfer (CBET) is a form of SBS in which
laser energy is lost when it is scattered from one laser beam’s receiving rays into another’s
departing rays. As laser power increases, the impact of these instabilities intensifies, limiting
laser pulse-shape design. The research of SRS and decay instability is the subject of this

thesis.

© 2022, Lovely Professional University



1.1 Introduction to Inertial Confinement Fusion 5

1.1.3 Fast Ignition

Max Tabak et al. suggested an alternate method for ignition in ICF in 1994, in which
the compression and ignition phases are divided [24]. The DT fuel capsule is compressed
isochorically rather than isobarically. Because the driving pulses do not need to ignite the
capsule, the compression requirements are far less stringent than traditional central hot
spot ignition. Allowing lower shell velocities to be utilized enables considerably more stable
and efficient implosions [25] 26]. Because of the lower implosion velocities, smaller in-flight-
aspect-ratios (the ratio of shell radius to thickness) may be used to prevent shell breakup,
allowing more target mass to be imploded with the same driver energy [27|. Ignition is then
initiated by a short-duration petawatt laser pulse that creates a diverging stream of fast
electrons when it hits the critical isosurface of the surrounding plasma. The fast electrons
then go to the dense core, where they deposit their energy through collisions. For ignition
to occur, around 20 kJ of energy must be deposited in the compressed target in roughly 20
ps across a radius of about 20 pm [28, 29]. To be stopped collisionally in the compressed
core, the electron beam’s divergence must be kept to a minimum, and the electrons must
have energy in the 1-3 MeV range [30]. The initial rapid ignition technique suggested the
notion of channeling to minimize electron beam divergence and offer better control over
the electron spectrum [24]. Another high-intensity beam propagates through the plasma
before the ignition pulse is put in, reaching as near to the compressed core as possible.
This provides a low-density channel that, if built appropriately, can stretch beyond the
initial critical surface, preventing the plasma from significantly changing the ignition pulse’s
characteristics and giving additional control over the fast electron spectrum while limiting
overall divergence. This notion was based in part on early experimental work in 1990s
[31, 32], B3] that demonstrated the ejection of plasma from the path of a laser pulse. With
two-dimensional particle-in-cell codes, the energy needs for the channeling beam to reach
the critical surface of a plasma with a 430um scale length is predicted to range between
roughly 1.7 kJ to 20.4 kJ for channeling intensities of 10'®* W e¢m~=2 and 10! W c¢m ™2,
respectively [34]. While significant, this energy is marginal in contrast to the mega-joule
implosions utilized at the National Ignition Facility. The two beams can also be adjusted
for their respective functions by separating these pulses. Since the introduction of this
approach, several experimental campaigns have been conducted to study various facets of
fast ignition. These studies have ranged from scaled-down proof of concept experiments
that successfully showed high-gain fusion [35] to topic-specific studies of the coupling of
the laser pulse to fast electrons [36] [37] and the transport of these electrons through the
plasma [38] 39, [39] 40, 41]. Research into channeling has been performed using both long-
duration, low-intensity pulses [42, [43] and short (< 1 ps), high-intensity (~ 10'® — 101
Wem?) pulses [44) [45] [46]. Still, several challenges continue to exist today, and due to the
predicted increased energy requirements. In this thesis the author has worked on the concept

of self-focusing in cone-guided fast ignition scheme.

© 2022, Lovely Professional University



1.2 Objectives of the Proposed Work 6

1.2 Objectives of the Proposed Work

Based on the challenged faced in ICF, the following are the objectives for the work done in
this thesis.

1) Enhanced self-focusing of laser in the cone-guided scheme for inertial confinement fusion.
2) SRS coupling with decay instability in a magnetized plasma.

3) SRS of a laser in a magnetized plasma with density ripple.
)

4) Ignition and Burn calculations for advanced fuels in ICF.

1.3 Thesis Outline

The author’s study on the laser-plasma interaction and burn analysis in context to inertial
confinement fusion is the subject of this thesis. This research was split into analytical, nu-
merical and simulations based investigations. The work is organized as follows:

Chapter 2 introduces the underlying theory required to investigate the events presented in
this thesis. This provides a brief overview of the relevant plasma physics, such as laser-
plasma interaction and burn analysis.

Chapter 3 presents the results of self-focusing in a cone guided scheme in a density rippled
plasma. This includes analytically working on wave equation with WKB approximation
and then using paraxial ray approximation for obtaining beam width parameter equation.
Then final simulations are done. Work related to this study has been published in Euro-
pean Physical Journal-Plus, 2021. The author has given an invited talk at APPS-DPP 2021
conference on this paper. The author has also given an oral presentation on this work in
Kudowa Summer School-2020 and poster related to this work in International Conferences,
PMP 2019 and ICPSA 2019 and in Indian Science Congress 2019.

Chapter 4 shows the effect on the growth rate of SRS in presence of a density rippled
magnetized plasma. This includes solving continuity equation analytically and doing the
instability analysis to acheive the growth rate equation of SRS. Simulations are done further.
The author was awarded with "The outstanding talk" in International Summer School on
Physics of Plasma-Surface interactions, Moscow, for giving an oral presentation related to
this work. The author has also presented work related to this study in the international con-
ference, RAFAS 2021. This chapter forms the basis of a manuscript which is being drafted
for submission to Physics of Plasmas.

Chapter 5 gives the advance fuel calculations for DT. Previous analysis that has been per-
formed for 50-50 D-T is replicated for advanced fuels. This analysis particularly focuses
upon the burn-up of these advanced fuels. This aims to determine the fraction of the avail-
able fuel that would be utilized in an inertially confined fuel mass of a given size. Whilst

it is not thought that a design based upon ignition in an advanced fuel is realizable with
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current technology, there are some schemes that consider ignition in 50-50 DT and then
burn spread into another markedly different region of fuel. Such schemes may offer a path
to ignition in advanced fuels. In support of the analytical work performed, 1-D radiation
hydrodynamics simulations are also performed. A part of this work has been presented in
GSI-FAIR workshop, Germany 2021 as a poster and in ICPSA 2021 as an oral presentation.
This chapter forms the basis of a manuscript which is being drafted for submission to Plasma
Physics and Controlled Fusion.

Chapter 6 presents the results of the growth rate of SRS when coupled with decay instabil-
ity in presence of magnetized plasma. This includes solving continuity equation analytically
and doing the instability analysis for all the coupled equations to acheive the growth rate
of SRS. Simulations are done further.

Finally, Chapter 7 summarises the work provided in this thesis, as well as the implications

that may be taken from it and future research intentions on the subject.

© 2022, Lovely Professional University
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Chapter 2

Research Methodology

2.1 Description of work

The work described in this thesis spans a wide range of physics topics, including Plasma
Physics Fundamentals, Fluid Theory, Kinetic Theory, Paraxial Ray Approximation (PRA),
WKB approximation, Polarisation of laser beam, Self-focusing, Parametric Instabilities,
Density Rippled, Applied Magnetic Fields in Plasma and Inertial Confinement Fusion (ICF).
It is impossible to do justice to any of these topics here because each might be the book’s
subject. As a result, only the most critical aspects from each topic are provided, and the
reader will be referred to great resources for additional study instead of a more extensive
dissertation. The next section of this chapter gives an overview of these theories, which

allow for the modeling of situations with a wide dynamic range.

2.2  Fluid Model

2.2.1 Introduction

In the fluid approximation, the plasma is considered to be made up of two or many interlayer
fluids, one for each type. When there are just one ion species, we will require two equations
of motion, for the positively and the the negatively charged ion and electron fluid repectively.
The equation is also required for the fluid of neutral atoms in a partly ionized gas. Collisions
are the only way for the neutral fluid to interact with the ions and electrons. Because the
E and B fields are created, the ion and electron flows will interact with each other even if

there are no collisions.
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2.2.2 Fluid Equation of Motion

Collisions and thermal motion are ignored

Consider a particle with velocity ¢. Equation of motion is given by
m— =q(E+ 7 x B) (2.1)

Because collisions and thermal impacts are ignored, all parts of a fluid element will flow at
the same average velocity . We can also use # = ¥, and the equation of motion for a fluid
element with a density of n particles is;

du

nm— = nq(E + U X é) (2.2)

Variables that move with the fluid element (fixed frame)

Consider any property of a fluid in one-dimensional x space as Vecx'(x,t) to make the
transformation to variables in a fixed frame. The sum of two terms determines the change

in 2/ with time in a frame moving with the fluid:

dz’ 01’ ox’

% = E + Um% (2.3)

The first term on the right represents the change in 2z’ at a fixed location in space, and
the change in when the observer travels with the fluid into a region where is different is

represented by the second word on the right. In three dimensions;

da’ 9 .
- . / 24
= g T Ve (2.4)
This is called the convective derivative. In the case of a plasma, we take x’ to be the fluid
velocity u,
ot - L o
| + (u- V)2’ =nq(E + i@ x B) (2.5)

Including Thermal Effects

When considering thermal movements, a pressure force must be applied. The random
mobility of particles in and out of a fluid element gave rise to this force, which does not
exist in the equation for a single particle. A collective effect describes the random mobility

of the particles in the fluid element. This is the standard force of a pressure gradient. We get
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the fluid equation by adding the electromagnetic forces and generalising to three dimensions:

nm <@> + (u-V)i=nq(E+dxB)—Vp (2.6)

Collisions Included

If a neutral gas is present, collisions between the charged fluid and the neutral gas can
interchange momentum. The amount of momentum lost each impact is proportional to the
relative velocity 4 — u,, where u, is the neutral fluid’s velocity. The resultant force term
may be generally expressed as mn(u — uy,)/7 if 7, the mean free time between collisions, is
essentially constant. Then, incorporating neutral collisions and thermal impacts, the fluid

equation of motion is:

- mn(u — u,)

nm<%+(u-V)ﬁ>:nq(E—l—ﬁxé)—V-p— (2.7)

ot

T

2.3 Laser-Plasma Interaction

A plasma must exhibit what is known as "collective behavior." In a neutral gas, particles
are unaffected by electromagnetic fields and respond only to collisions. As a result, fluid
evolution within such gas is defined by local interactions. However, in a plasma, the parti-
cles have charges, which means that local concentrations and movements give rise to electric
and magnetic fields, which affect distant particles. A sufficiently heated plasma can even
be regarded collisionless, enabling collisions to be ignored altogether as the plasma evolves
through long-range electromagnetic interactions. As a result of collective behavior, the mo-
bility of plasma is determined not just by local circumstances but also by the plasma’s
overall state.

Furthermore, plasma must be "quasi-neutral." When a probe charge is introduced into a
plasma, the electrons move quickly to protect the probe charge from the effects of the electric
and magnetic fields. The field from the external charge is attenuated over a distance known
as the Debye length due to this. If the plasma’s dimensions are significantly higher than the
Debye length, the plasma stays primarily neutral, and the ion charge density and electron
charge density are almost similar. Even yet, there are minor density variations that allow
for intriguing electromagnetic interactions. Furthermore, for shielding to be a statistically
meaningful notion, the plasma must include enough particles to accomplish the shielding.
As a result, a plasma must have a vast enough spatial extent compared to the Debye length
and a high enough density to hold numerous particles within a Debye-length sphere.

Finally, rather than hydrodynamic forces, electromagnetic forces must dominate the develop-
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ment of the plasma. Plasma particles spontaneously oscillate. This activity has a significant
impact on plasma macro-behavior. This process is inhibited if charged particles hit with
neutral atoms faster than they usually oscillate, and the gas tends to hydrodynamic evolu-
tion. As a result, the frequency of typical oscillations must be greater than the frequency of
charge-neutral collisions. The rest of this chapter covers the laser-plasma interaction theory
needed to comprehend plasma evolution, which is done to acquire a better knowledge of the

phenomena and analyses discussed in the following chapters of this thesis.

2.3.1 The Plasma Frequency

Because there are two overlapping, oppositely charged fluids in the plasma, if there is any
charge separation, the fluids will adapt to shield out the electrostatic forces. Because elec-
trons are hundreds of times lighter than ions, the electron species will account for the
vast bulk of movement. Indeed, many of the phenomena observed in plasmas employing
picosecond-duration laser pulses may be explained if the ions are stationary in space. Only
the equations regulating the electron fluid and the Poisson equation, which read respectively
as;

a_’ — — — —
MeNe <(9—: + (vg - V)?fe) = —nee(E 4V, X B) — VP, + meneve; (v, — 0;) (2.8)
must be considered in this instance. The above equation is the electron fluid equation.

on.

o +V na, =0 (2.9)

The above equation is the electron continuity equation.

V-E="(Zn; —n) (2.10)
€o

Each denotations’ mass, density, velocity, and pressure are represented as m, n, v, and P,
with e subscripts indicating electron species and I subscripts suggesting ion species. The
electron-ion collision rate is v,.;, the charge state is Z, and the units of time, elementary
charge, electric field, magnetic field, and free space permittivity are t, e, E , B and €, corre-
spondingly. The reader is referred to Chen [I] for a more thorough treatment.
Consider a cold (Pe = 0), collisionless (v.i = 0), homogeneous, and neutral plasma that is at
rest with no external fields. In order to reestablish charge neutrality, any charge separation
would drive electrons to migrate towards the ions. They would, however, overshoot the ions
and begin to bounce about them due to their inertia. Given the period of electron oscil-
lations, the plasma is expected to be homogeneous and at rest with no externally imposed

fields, and the ions are considered to be immobile. Therefore,

Vn,=ny =v,=B,=FE,=0 (2.11)
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on, Ov, OE, 0B,
T T T T (2.12)

Expanding Equations 2.8-2.10 and keeping only the first order terms gives:

O, -
MeNeo gtl —neoeEn (2.13)
ane = —
8t1 + eV - U = 0 (2.14)
O e
VB = —ng (2.15)

Combining the above equations and eliminating the perturbed quantities we get,

MeEow? = Neol? (2.16)
let w = w,. Therefore, we get
ne?
= 2.17
Wp — ( )

This is one of the essential characteristics of a plasma, and it depicts the natural oscillations
of electron species around ion species. Because m, is so tiny, the plasma frequency in
inertial confinement fusion is generally relatively high. This thesis is majorly concerned with
plasmas of densities ranging from 10*cm =3 to 10?2em ™3, with plasma frequencies ranging
from 10" Hz to 10 Hz .

2.3.2 Paraxial Ray Approximation

Paraxial Ray Approximation (PRA), Variational Method, and Moment Theory are some of
the approaches used to analyze the nonlinear processes during laser-plasma contact. Ac-
cording to the literature review, the Paraxial Ray Approximation (near axis) technique
proposed by Akhmanov et al. [2] in 1968 is the simplest and qualitatively corresponds with
experimental data. Only the behavior of rays near the axis will be considered using this
method (or paraxial). Sodha et al. investigated the propagation of electromagnetic waves
in semiconductors, dielectrics, and gaseous plasmas. Sodha et al. [3] used the PRA method
to investigate electromagnetic wave propagation in semiconductors, dielectrics, and gaseous
plasmas. An introductory book and a review article were also produced in 1974 and 1976
to discuss the phenomenon of self-focusing using the PRA method [3] [4]. As a result, we
have used the PRA method in a chapter of this thesis.
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2.3.3 Ponderomotive Force

In an inhomogeneous oscillating electromagnetic field, a charged particle feels a ponderomo-
tive force, a nonlinear force. Instead of oscillating about an initial point as in a homogeneous
field, it leads the particle to migrate towards the weaker field strength area. This happens
because the particle experiences a larger magnitude of force during the half of the oscillation
period when it is in the stronger field region. The net force in the weaker area in the second
half of the oscillation does not cancel out the net force in the first half, causing the particle

to migrate towards the weaker area throughout the cycle. It is expressed as,

F, VE? (2.18)

T dmw?
It is measured in newtons (in SI units), with e equaling the particle’s electrical charge, m
equaling its mass, w equaling the field’s angular frequency of oscillation, and E equaling
the electric field’s amplitude. The magnetic field exerts very little force at low enough
amplitudes. In an in-homogeneous oscillating field, a charged particle oscillates at the field’s

frequency and is also propelled toward the weak field direction by F},.

2.3.4 Self-Focusing of Laser Beam

Over the last few decades, the phenomenon of laser beams self-focusing in plasma has been
a matter of significant research [5]. The wave-front of the laser acquires a curvature as a
result of the generated refractive index changes and therefore tends to concentrate. This is
known as self-focusing. Self-focusing occurs as a result of the many processes that generate
refractive index changes.

The self-focusing phenomenon is fascinating and important in a variety of applications, in-
cluding laser-driven fusion, plasma-based charged accelerators, x-ray lasers, harmonic pro-
duction, electron acceleration in wake-field, and inertial confinement fusion, among others.
It is unsuitable for situations where fuel pellet compression can be avoided, but it does give a
way of achieving high flux densities, which are required to research laser plasma interactions
[8]. It also limits the amount of power that can be transferred over an optical medium, and
it frequently causes damage to optical materials [7]. If the laser power is above the critical
power, the laser propagates in a periodic concentrated fashion, and if it is below the critical
power, the laser diverges [6]. Relativistic mass change causes the relativistic self-focusing
effect. If the frequency of electron oscillations in plasma exceeds the natural frequency,
the electrons will be pushed to migrate away from the beam field. The concentrated beam
then imposes a radial ponderomotive force on electrons, causing them to migrate away from
the beam, resulting in a lower density area and radiation focusing [7].There are four types

of self-focusing; Plasma self-focusing, Thermal self-focusing, Relativistic self-focusing, and
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ponderomotive self-focusing. In this thesis we work on relativistic self-focusing.

Relativistic self-focusing

This is the nonlinear mechanism that causes the refractive index of plasma to change. The
mass increase of electrons causes relativistic self-focusing, which changes the refractive index

t0 Nyer a8 Mre = (1 — w?/w?)2, where w, is the relativistic plasma frequency.

2.3.5 Plasma Density Ramp

The plasma density ramp, also known as the density transition in plasma, plays an essential
and fascinating function in laser-plasma interactions because it is exploited to counteract
laser beam defocusing [9]. Due to the relativistic effect, a powerful laser beam passing
through underdense plasma obtains a minimal spot size, resulting in frequent and repetitive
self-focusing or defocusing of the beam. The density ramp is thought to make the self-
focusing effect a little greater [10, [I1, 12]. Because the laser beam detects a narrower
channel in the density ramp area, the oscillation amplitude contracts in this environment
as the frequency of the laser beam increases. As the laser beam penetrates further into the
plasma, the dielectric constant of the plasma falls fast due to the rising electron density
as a function of propagation distance. As a result, the laser beam becomes more focused,
enhancing the self-focusing effect [15]. In an underdense plasma, the duration of the density
ramp should be extended to prevent the laser from defocusing and to observe a better and
maximum focusing nature [9]. As a result, the plasma density ramp plays a fascinating
function in enhancing the self-focusing effect. Such a plasma density ramp has been seen
in gas jet plasma studies. In combination with a density ramp, magnetic fields have been
shown to improve beam focusing capacity [I3], [14]. Because the laser beam is concentrated
and propagates over a considerable distance without diverging, this method may be utilized

for a variety of laser-driven applications.

2.3.6 Parametric Instabilities in ICF

In the plasma, parmetric instabilities are a nonlinear phenomena in which a high amplitude
wave triggers two decay waves. It may be thought of as the decay of a photon (or Plasmon)
with energy hw, and momentum hk, into photons/plasmons with energy and momentum
(hw, hlg) ( hws, hk; ). Because momentum and energy are preserved, the phase matching
requirements are k, = ki + ko, w, = w1 + wy. Only when one of the decay waves is

an electrostatic wave are these requirements met. An electrostatic or electromagnetic wave
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Figure 2.1: Upward Plasma Density Ramp

might be the other decay wave. The parametric process follows the following dynamics: The
plasma electrons are given an oscillating velocity by the huge amplitude pump wave. The
density perturbation associated with one of the decay waves combines with the oscillatory
velocity caused by the pump wave to generate a nonlinear current, which is the source of
the second decay wave. The laser beats with the pump to impose a ponderomotive force on
the electrons to generate the initial decay wave. As a result, both the decaying wave and
the pump energy grow. In many laser-driven ICF experiments, parametric instabilities have
been found [16]. Kaw, Kruer, Liu, and Nishikawa [17] and Liu and Tripathi [21] provide
comprehensive studies of parametric instabilities in magnetized and unmagnetized plasmas.
The following parametric instabilities are particularly important in laser-produced plasmas:
(1) Raman scattering with a stimulus (SRS)

(2) Two Plasmon Decay (TPD)
(3) Brillouin Scattering Stimulated (SBS)
(4) Decay Instability

In this thesis the author consider the role of SRS and decay instability in ICF

Stimulated Raman Scattering

In direct drive or indirect drive fusion, a laser ablates a spherical shell in ICF [4] to compress
fusion fuel to thermonuclear temperatures and densities. In the coronal plasma, laser-plasma
instabilities (LPI)[19, 20] may create supra-thermal (“hot”) electrons, which preheat the cold
fuel, reduce compressibility, and therefore impede the ignition process. Therefore the study
of SRS is considered very important. In this thesis the author considers various plasma

profiles which could help in the suppression of SRS.
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At plasma concentrations below quarter critical n? = n., /4, the huge amplitude pump wave
decays into a sideband electromagnetic wave and a Langmuir wave [21] (where n,, is the
critical density at which the plasma frequency becomes equal to the laser frequency). SRS
has the following feedback mechanism: Plasma electrons are given oscillatory velocity by
a pump wave with frequency w, and wave vector k, at (Wo, k, ). The oscillatory velocity
interacts with the density perturbation n, (caused by the Langmuir wave at (w,E)) to
produce a nonlinear current density at (wl,k:), where w; = w, + w and kz = k’?) + k are
constants. The resonance criteria relate to energy conservation and momentum conservation,
respectively. Nonlinear current, in turn, drives a resonant electromagnetic sideband wave
at ((wi, k:) ). The Langmuir wave is driven by a nonlinear ponderomotive force produced
by the sideband electromagnetic wave ( wy, k; ) and the pump wave ((w,, k, ). As a result
of the feedback mechanism, both the Langmuir wave and the sideband electromagnetic
wave expand at the price of pump wave energy. Figure 2.2 shows a schematic diagram of
the Raman process (1.5). SRS can be further analysed in two parts; Stimulated Forward
Raman scattering that has been stimulated in forward direction (SFRS) and Stimulated

backward Raman scattering in the reverse direction (SBRS).

Decay Instability

The pump wave decays into counter-propagating ion-acoustic and Langmuir waves through-
out this process. When plasma density approaches the critical density, i.e., n, = n. [21],
decay instability occurs. The pump plasma wave can resonantly trigger a pair of low-
frequency ion acoustic wave (IAW) [23] 24] 25 27] and side scattered plasma waves near
the critical layer, resulting in decay instability. It causes low-frequency turbulence in the
plasma, changing macroscopic characteristics such as particle movement, thermal conductiv-
ity, and plasma resistivity [28]. The following is the mechanism behind the parametric decay
process. The pump wave beats with the sideband Langmuir wave, causing a low-frequency
ponderomotive force on the plasma electrons, which drives the low-frequency TAW. Low-
frequency IAW and sideband waves increase at the price of pump energy in this fashion.
The local approximation was utilized in previous investigations of decay instability, which
were limited to unbounded plasma. The resonant decay instability of a Langmuir wave in a
plasma slab was explored by Jain et al.[29]. The rate of development of the instability was
shown to rise with plasma slab width and approaches the value for infinite uniform plasma.
The boundary effect stopped decay wave energy from diffusing and lowered the threshold
for parametric instabilities to appear. The process’s growth rate falls as the frequency of

the pump and the number of decay waves in the azimuthal mode decrease.
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Figure 2.2: Feedback mechanism of SRS
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2.4 Magnetic Field in Plasma

The production of high magnetic fields is the third significant phenomenon seen in laser-
plasma interaction. Multi mega-Gauss magnetic fields in plasma in front of solid objects
have been recorded [30, BI] and ascribed to the Vn x VT mechanism, which arises when
the temperature gradient (= T) and the plasma density gradient (nablan) are not collinear.
Strong magnetic fields may significantly affect the direction and magnitude of heat fluxes
in plasmas [32]; thus, they can be helpful in laser-plasma-based fusion systems such as di-
rect and indirect drive ICF. Magnetic fields have been shown to restrict heat transfer in
hohlraums, resulting in abnormally high electron temperatures [34]. In solid density plas-
mas, numerical simulations applicable to the rapid ignitor version of ICF have recently
projected self-generated magnetic fields ranging from 30 to 1000 MG [34].

To explain magnetic-field production in solid density plasmas, Davies et al. [37] created
a hybrid particle/fluid code. In his model, he injects a beam of strong electrons depicted
as particles into a backdrop of warm electrons described as a fluid. Magnetic fields will
arise inside the uniform density target, concentrating the fast electrons and allowing them
to travel through many microns of dense plasma, according to this concept. Magnetic fields
inside dense, uniform plasmas have also been anticipated using particle-in-cell (PIC) simula-
tions, again in the presence of beams of fast electrons, but under conditions where collisional
effects are less relevant.

Simulations reveal that more than 30% of the energy transferred from the laser to relativis-
tic electrons is transmitted in the fast ignition method [38]. The azimuthal magnetic fields
around the laser’s axis are caused by relativistic electrons traveling with the light. The pres-
ence of strong self-generated magnetic fields in laser-produced plasmas alters the dynamics
of parametric instabilities dramatically. The magnetic field has a tremendous impact on
the plasma eigenmodes, resulting in many new modes and new parametric decay channels.
Lower hybrid waves, for example, are supported by magnetized plasma. The inhomogeneous
azimuthal magnetic field significantly impacts the frequency and mode structure of a lower
hybrid mode. The azimuthal magnetic field would have a large signature if the laser was

parametrically coupled with this mode.
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Chapter 3

Enhanced self-focusing of laser in the cone-guided

scheme for i1nertial confinement fusion.

3.1 Introduction

Much recent work on Fast Ignition (FI) [I] for Inertial Confinement Fusion (ICF) [2] has
involved the use of capsules in which a re-entrant gold cone has been imbedded [3]. As in
the original scheme described in Ref. 1 the re-entrant cone-guided FI scheme employs a
laser pulse with power on the order of 10 PW and energy of around 100 kJ to heat a region
of approximately 1000 x compressed equimolar deuterium-tritium (DT) fuel, that satisfies
the pr criterion for ignition, to the multi-keV temperatures required for alpha particle boot-
strapping and subsequent propagating burn. Here, the igniter laser pulse is incident on the
interior of the gold cone, which is embedded in the capsule such that the cone tip is directed
toward, and located within approximately 100 um of, the assembled dense fuel core. The
object of this cone interface being to avoid the requirement that either the igniter pulse, or
a less intense ‘hole boring’ pulse, first channel through some few millimeters of plasma such

as would ordinarily surround the core formed from the uniform spherical implosion of a fuel
shell.

The cone-guided fast ignition concept initially showed some promise [4] and these early
promising results led to the commencement of the FIREX project in Japan [5], and also
formed part of the rationale for adding high energy short pulse beams to Omega and NIF
[0, [7]. However, over the past two decades physicists have become increasingly aware of a
number of difficulties with the cone-guided fast ignition concept. These difficulties are all
related to the challenge of efficiently coupling the energy of the high energy short-pulse laser
to the dense imploded fuel core [§]. Essentially there are three main components to this
problem: 1) poor collimation of the beam of hot particles (usually envisaged to be electrons)
from their point of origin to the dense fuel, 2) the source of the hot particles being too distant
from the dense fuel to enable adequate coupling given that the hot particle beam is divergent,
and 3) the hot particles having too long a mean free path in the dense fuel. This final point
is a problem because, in order for inertially confined fusion to offer the potential of achieving
high gain, ignition must necessarily proceed from a compact hotspot which represents only
a small fraction of the total fuel mass. The bulk of the fuel must be heated to ignition

temperatures by the propagating thermonuclear burn wave. Heating a large fraction of
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Figure 3.1: Schematic representation of the cone-guided fast ignition scheme

the compressed fuel up to ignition temperatures using the driver nullifies the possibility of
achieving significant gain even if ignition is achieved. For electron fast ignition, this difficulty
manifests itself in the form of the fast ignition "Catch 22", which may be stated as follows:
allowing for other coupling inefficiencies, in order to deposit sufficient energy in the hotspot
for it to ignite, prior to it hydrodynamically disassembling, the laser intensity has to be
so high that the hot electron temperature (7},,) produced by the interaction of the igniter
pulse with the plasma is too high to form a compact hotspot. If the hotspot is larger than is
desirable, the energy requirements for ignition are increased, and so therefore the required
intensity becomes even larger. This in turn increases T}, even more, and so on and so forth
until one ends up with an unfeasibly large short pulse laser heating up the entirety of the
fuel; a situation which, as mentioned, can never result in high gain. Another issue posed
by the cone-guided scheme is that of the disturbance of the symmetry of the implosion by
the presence of the cone. This has recently caused a reconsideration of super-penetration
schemes in which the route to the fuel is provided not by a cone but by a laser-produced

plasma channel [9].

A further difficulty may also be added to the above list, which is more of a technological
challenge on the laser side than a target-physics issue. The first generation of high-energy
short-pulse lasers suffered from two difficulties: excessive prepulse and the challenge of
producing a near diffraction-limited focal spot. The first of these issues has been quite
effectively addressed over the past 15 years, with available laser contrasts increasing from
around 10° to close on 10'°, however the second is more challenging. Omega EP for instance,
which is a large, state-of-the-art multi-beam high energy short-pulse laser system, constrains
about 80 % of its energy within a 40-50 pm diameter focal spot. Impressive though this
is, it is far from optimal if one wishes to efficiently deposit energy in a hotspot of less
than 10 pum diameter. This difficulty is related to the scale of such lasers, which have
beam-paths hundreds of metres in length. It should be noted also that Omega EP uses
deformable mirrors and other advanced technologies to minimise the focal spot diameter
[10]. From a fast ignition standpoint, what is critical is the fast electron beam width at the

dense fuel. This may be minimized by reducing the source size and the divergence of the
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electron beam from the interaction region to the dense fuel. Much work has been performed
to attempt to minimise the divergence of the hot electron beam, for instance the use of a
magnetic switchyard [I1] or one of a range of double pulse approaches that use the magnetic
field generated by a prior laser-plasma interaction to guide a subsequent high-intensity pulse
[12, [13],14]. Other studies have shown that using a particularly high-contrast laser pulse may
enhance self-collimation [15] [16]. It is not clear as yet however which of these approaches will
work effectively in a full-scale fast ignition target. Experiments to date have tended to use
comparatively short pulse lengths and much lower energies, where both the hydrodynamic
and magnetic field evolution during the main pulse is less pronounced than would be the

case for the ~ 100 kJ, ~ 10ps laser pulses required for fast ignition.

Here we consider whether target physics might assist in reducing the hot electron source
size by further focusing down the incident beam within the re-entrant cone. It must be
stressed however that in doing this the intensities produced must still be limited so as not
to produce an excessively high T},;. There are several routes that one might consider to
achieving this in a general case (without worrying too much about the specific requirements
of fast ignition). One might propose a target-level focusing scheme that is based on target
geometry, such as that described in [I7], or one might rely upon the tendency of a high-
intensity laser to self-focus in a low-density plasma background. This latter approach is
that which is considered here, i.e. the possibility of using an ambient plasma to self-focus a
laser, which would otherwise have a focused intensity of around 10'® to 10*® W /cm?, up to
intensities suitable for fast ignition (10" W/cm? + ) whilst at the same time reducing the
focal spot diameter so as to optimise coupling to a compact hotspot. Clearly self-focusing
requires the presence of some ambient plasma medium in order to operate, however such
a medium tends to be present in the case of cone-guided fast ignition anyway. Whilst,
as noted, laser contrast levels have been greatly improved since the advent of high-energy
short-pulse laser technology, it is still challenging to entirely avoid the formation of some
pre-plasma within the cone. This scheme therefore also has the benefit of making use of
this pre-plasma, indeed it may be argued that what is proposed here does not actually
represent any kind of evolution of the existing cone-guided fast ignition target - it merely
emphasizes the potential utility of what is often considered to be a problem (pre-plasma)
in terms of it providing a possible solution for another issue (the over-large focal spots of
high energy lasers). There also exist more substantial modifications to the established fast
ignition schemes, such as the double-cone ignition scheme proposed by Zhang et al. [I§] in
which the use of a magnetic field generated by a nanosecond laser is evoked to guide the fast

electrons toward their target and the compression geometry is also substantially modified.

The current work may be seen as an advancement upon a number of related analytical
and simulation-based studies, using similar techniques, that have been published previously.
Hafizi et al. [19] proposed a theoretical model for the propagation of an intense laser beam in

a plasma, considering pondermotive and relativistic effects. Lui and Tripathi [20] presented

© 2022, Lovely Professional University



3.2 Theoretical Considerations 30

observations of the effects of a self-generated azimuthal magnetic field upon the relativistic
self-focusing of an intense laser beam in a plasma. Gupta et al. [2I] considered the case of
an upward plasma-density ramp in underdense plasma, and concluded that introducing such
an upward plasma-density ramp allows for the achievement of the minimum spot size via
self-focusing. In the absence of a density ramp, diffraction tends to dominate and the laser
beam becomes defocussed. Kant et al. [22] observed self-focusing of a Hermite Gaussian
laser beam in the presence of an upward plasma density ramp which also led to stronger
self-focusing. Saedajali et al. [23], studied the interaction of a self-focused laser beam
with a plasma-loaded cone in the context of cone-guided fast ignition. Here we take the
obvious further step of introducing an upward plasma density ramp into the cone in order
to obtain stronger self-focusing. This is also of interest since an upward plasma density
ramp is inevitably created by the interaction of the laser pre-pulse with the interior of the
cone, though of course given that this is a largely analytical study, the density profile is
idealised. Self-focusing has also been invoked in fast-ignition related experiments, often
in the cone-less variant of the technique, as a phenomenon that may assist in conveying
the energy of the igniter beam to the dense fuel |24, 25]. Another well-known component of
high-intensity laser-plasma interactions, closely related to whole-beam self-focusing, is beam
filamentation. It has been previously shown that in a collisional plasma with finite thermal
conduction, the extent of filamentation is significantly less than that of self-focusing, hence

it is not considered further here [26].”

It should be noted that with a reduced-physics model, such as that which is employed
here, it is not possible to make any firm statements as to the overall effect of pre-plasma
in a cone-guided fast ignition scenario. Indeed experimental studies have illustrated how
the presence of preplasma can significantly inhibit coupling of laser energy to the cone tip
[27] albeit at a greatly reduced energy scale. The present study serves only to illustrate one
aspect of the physics of the interaction, and suggest a way in which it may be beneficial.
Also, as stated, it is reasonable to expect that some preplasma may be present in a full-scale
fast ignition experiment, and so it is important to examine the many different ways in which
its presence may affect the interaction. With the model employed here, only one aspect of
the interaction can be interrogated, and this should be borne in mind when considering the

results presented.

3.2 Theoretical Considerations

Let us consider a Gaussian laser beam propagating along the z-axis in a plasma. In the
presence of a collisionless plasma, the propagation of a Gaussian laser beam is characterized
by

e=¢co+ o(< EE" >), (3.1)
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with w? = 4mn(§)e*/m, eg = 1 —w) /w?. Here, the frequency of laser used is given by w, the
linear and non-linear parts of dielectric constants are represented by ey and ¢ respectively,
2

wy, is the plasma frequency, electron charge is given by e and electron mass is given by m.

The upward plasma density ramp density ramp profile is modulated as

n(€) = no tan (g) , (3.2)

where the equilibrium electron density is denoted as ng, £ = z/ Ry is the normalized propa-
gation distance and d is a dimensionless adjustable parameter which specifies the gradient
of the slope. The extent of the plasma that will be employed here ( ~ 100 microns) is in
keeping with that to be expected based upon previous studies and the expected speed of
sound and time duration relevant to the prepulse interaction in a fast ignition target. The
non-linearity in the dielectric constant is mainly due to the pondermotive force and the

non-linear part of the dielectric constant is given by

(3.3)

¢(EE") = i—lz {1 — exp (_?mwz—EE*)} ,

AM

with a = e2M/6m2w?k, Ty, where M is the mass of the scatterer in the plasma, k;, is the

Boltzmann constant and Ty is the equilibrium plasma temperature.

3.3 Relativistic Self-focusing

Consider a high intensity laser beam propagating in plasma with an upward density ramp
through a cone. The wave equation governing the propagation of a laser beam in the plasma
is:
w2
VPE + —eE =0. (3.4)
c
The above equation is solved by using the WKB approximation. The solution of the wave

equation is,
E = A(x,y, z) expli(wt — kz)], (3.5)

k= \/ . :—é tan (g) (%) (3.6)

and the plasma frequency wf, is given by,

2
w2 = 80 tan (g) . (3.7)

where
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Differentiating equation (3.4) twice with respect to r and z we get,

oF 0
o= = expli(wt — kz)]ﬁrA(T’ z), (3.8)
PE  0?
52 ﬁ(A(r z) expli(wt — kz)]), (3.9)
oE 0
5 a(A(r z) expli(wt — kz)]). (3.10)
Substituting tan (5) = tan (-2- ) where, R; denotes the diffraction length, into equation
g d dRy , gth, q
(3.9) we get,
E
%Z = expli(wt — kz)] [8—A}
% — 2 tan
¢ 7w2 de (3.11)
wz_ Zpo 5 A sec? | &
2cdRg yw? <dR >
\/1 — % tan (dg )
Similarly,
0*FE wrA
52 = a2 expli(wt — kz)]

4 2 Z
wpoz S€C <_dR >

Y2wrd?R? [1 — po tan (dR

2
_ Yo A
[ sz tan (de)} .

+ (3.12)
)
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Writing the wave equation in cylindrical coordinates and substituting in equations (3.8),
(3.9), (3.10) and (3.11) we get,

%Az sec? <dLRd>
s ) )] 5.13)

Now,
A(r, z) = Ao(r, z) exp[—ikS(r, z)]. (3.14)

In order to solve equation (3.12), we differentiate equation (3.13) and substitute in equation

(3.12). Considering only the real part of the obtained solution,

62 82140 1 8A0
- A2
WQAO((?TQ +7°a7")+¢( 0)

[ () -]
- )] (3
B 2 ez (-2

X |S+z-— pO sec 3.15
’}/WQ 2de de 1— po tan (d d) ( )

U

In a paraxial approximation, the relation between amplitude, Ay and S, and the curvature
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of the wavefront of the beam are given as:

S(r,z) = %ﬁagj) + do(2), (3.16)
AOO —T2
Ap(r,z) = ) exp (f2(z)'r(2)> : (3.17)

where Ay is the initial magnitude of laser beam at z = 0, f is the dimensionless beam-
width parameter and r( is the initial beam-width radius. Substituting equation (3.15) and
(3.16) into (3.14) and taking coeficients of r? using the paraxial approximation, and using
the dimensionless parameters, o = w /w and § = wro/c and z = aAf, the following

equation for the beam-width parameter is deduced,

d2f_[ 1

&~ | gfsect () + (1 - tan 5)

g b (§)) ) ()«
(=t

¢

d
1 ra? B tan (é) x B (3.18)
J— d —_— —_
<ﬁ2f3(€) 27(E) ) (1+ 27

3.4 Results

In order to solve the equation of the beam width parameter numerically, we have performed
simulations for the following parameters, w = 1.778 x 10 rad/sec and rq = 253um. The
initial laser intensity Iy = 10'W/cm? and the initial temperature Ty = 10°K. Figure 3.2(a)
shows variation of beam width parameter with propagation distance for values of wrq/c =
40, 50 and 60, keeping wyo/w = 0.3 and d = 8. It is found that initially its beam width
parameter decreases sequentially and maintains a small spot size as it propagates. Due
to the Gaussian intensity side view of the laser beam, the relativistic mass of the plasma
electrons is highest at the center of the wave front and is lowest in its wings. Hence, the
central portion of the wave front experiences a higher refractive index than that which is

off-axis. This results in bending of the wave-front and self-focusing of the laser. As the beam

© 2022, Lovely Professional University



3.4 Results 35

—— wrfe=40
-~ - wrje=50[|
— — wrfo=60|]

0.9

0.8

0.7

0.6

- 05

04

03

0.2

01 0 001 002 003 004 005 006 007 008 009 01
f

(a) (b)

Figure 3.2: In this figure (a) Variation of beam width parameter with normalised propaga-
tion distance and (b)Phase space plot for self-focused Gaussian laser beam, for
wro/c = 40, 50 and 60 at wyy/w = 0.3, d=8 is shown

propagates through the plasma, it maintains its reduced spot size up to several Rayleigh
lengths. It is also observed that after every focal spot the maxima and minima of the spot
size of the laser beam shift downwards. This observation is in agreement with 3D PIC
simulation results described by Pukhov and Meyer-ter Vehn in [28]. Similarly, figure 3(a)
shows the variation of beam-width parameter with propagation distance for values of d = 8,
10 and 12 with wy/w = 0.3 and wry/c = 40 and figure 4(a) shows the variation of the beam-
width parameter with propagation distance for values wyo/w = 0.3, 0.4, 0.5, with wrq/c = 40
and d = 8. It is clear that as the laser spot size increases, the repetition of the oscillations
grows faster and hence self-focusing becomes stronger and occurs at earlier values of f. The

beam is also observed to remain converged for a greater propagation distance.

Figures 3.2(b), 3.3(b) and 3.4(b) are the phase-space plots demonstrating the propagation
dynamics of the laser beam. The trajectories obtained are spirally phased which indicates
the internal oscillations of the laser beam. These oscillations are rich in different frequencies.
In these figures, it can be clearly seen that for smaller values of f, these spiral lines becomes
denser, leading to stronger self-focusing. In figure 3.2(b) self-focusing occurs faster for a
larger beam-width parameter. In figure 3.3(b) at d = 8, a significant increase in the strength

of the self-focusing is apparent, and also this self-focusing has occurred faster. Figure 3.4(b)
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Figure 3.3: In this figure (a) Variation of beam width parameter with normalised propaga-
tion distance and (b) Phase space plot for self-focused Gaussian laser beam, for
d = 8, 10 and 12 at wry/c= 40 andw,p/w = 0.3 is shown.
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Figure 3.4: In this figure (a) Variation of beam width parameter with normalised propaga-
tion distance and (b) Phase space plot for self-focused Gaussian laser beam, for
different values of wyp/w = 0.3, 0.4 and 0.5 at wry/c= 40 and d=8 is shown.
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shows the presence of denser plasma leads to stronger self-focusing.

3.5 Conclusions

This study presents an investigation into strong self-focusing of a Gaussian laser beam
in the presence of an upward plasma density ramp in a plasma-loaded cone which may
be considered in the context of cone-guided fast ignition or other applications where it is
advantageous to reduce focal spot size and /or increase laser intensity (for instance in imaging
applications, such as those discussed in reference 11). The field distribution of the laser beam
is expressed in terms of the beam-width parameter. This setup reduces the defocusing of
the laser beam. Hence, the laser beam remains focused to a small spot size up to several
Rayleigh lengths which is essential for consistent performance in an extended plasma formed
by the interaction of a laser prepulse. The simulation results show that the plasma frequency
increases and the self-focusing occurs faster in such a scenario than in a uniform density
plasma. Clearly these are the results of a reduced model of laser-plasma interaction, and as
such substantial further investigation would be required to clearly establish the importance
and utility of this behaviour to cone-guided fast ignition. The heating beam in fast ignition is
necessarily rather long, ~ 10 ps, and on such a time-scale a model which properly accounts
for the evolution and hydrodynamic motion of the plasma within the cone is called for.
Furthermore, the reader is reminded that the presence of preplasma has been shown to have
a negative influence on coupling in experimental studies at reduced scale, and that here we

consider only one aspect of the laser-plasma interaction.
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Chapter 4

SRS of a laser in a magnetized plasma with density

ripple

4.1 Introduction

LPI play a crucial role in both schemes as they can contribute to implosion output degra-
dation by reducing laser coupling to the target, drive asymmetries, and preheat the fuel via
the production and deposition of suprathermal electrons. Laser plasma instabilities, such
as SRS [4], SBS, and CBET, obstruct the creation of the required time-dependent drive-
symmetry in ICF.

One of the most important suprathermal-electron-producing processes is SRS. |5, 6], [7), 12,
13, 28]. SRS was not initially believed to be an issue for direct drive, which was more
commonly impacted by two-plasmon decay (TPD) in subscale studies [8, @, [10]. Recently, a
study performed at the NIF examined the SRS process in direct-drive ignition-scale plasmas
[11], SRS intensity thresholds and SRS scaling with laser intensity for various laser beam
angles of incidence were investigated.

Introduction of magnetic field in plasma might help in reducing the issues of preheating of
fuel. Creating a magnetic field several tens of Tesla [14] and using the alternating polariza-
tion method [15] show significant reduction in the growth of SRS. Beyond its application in
studies relating to laser-plasma instabilities, the imposition of a magnetic field on an ICF
target has also been suggested as a way of enabling ignition via the effect of the magnetic
field on thermonuclear a-particle motion and electron conductive hotspot cooling. The pres-
ence of such a field can thereby help confine charged particles within the hotspot, thereby
shifting the boundary for ignition to lower hotspot pr or lower temperature (or both). It
has also been suggested that imposing a magnetic field might allow for the achievement of
ignition at the NIF, or at least higher fusion yields [16]. In the OMEGA Laser Facility, a 5
T externally supplied magnetic field has been compressed by the implosion to a strength of
more than 3000 T[I7]. In a computational study employing a 3-D magnetohydrodynamics
code, the effect of thermal conduction suppression, the Lorentz force, and a-particle magne-
tization was observed on spatially deformed hot-spots [20]. Magnetization improved target
performance and was also found to affect the hotspot spatial evolution. Studies observing
the effect of magnetic fields on SRS have also found significant suppression of the instabil-
ity’s development[19] 211, 22].
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Considering the variation in plasma density profile, for example, using rippled plasma den-
sity decreased the growth of the SRS instability. This decrease may help in a consequent
reduction in the electron preheating that impeded ignition. [25, 23], 26]. The viability of a
given plasma wave is a function of the density of the plasma in which it is propagating and
therefore the presence of density ripples can significantly affect the SRS mechanism, which
in turn can potentially mitigate some of its undesirable consequences.

The effect of an magnetic-field (azimuthal) on induced SFRS in laser-produced density rip-
pled plasma is investigated in this article. A lower hybrid wave and two side-band waves are
excited by the laser. The density perturbation caused by the lower hybrid wave combines
with the electrons’ oscillatory velocity caused by the pump to provide a nonlinear current
that drives the electromagnetic SBW. The electrons driving the LHW extract ponderomo-
tive energy from the pump and sideband waves. We investigate SFRS in a density rippled
plasma in Sec. 2. by solving the coupled mode equations for both sideband waves, we get
a nonlinear dispersion relation. The growth determines the transverse extent of the lower-
hybrid mode, while the electromagnetic SBW are well developed. In Section 3, the results
are presented and discussed. Conclusion and acknowledgement are given in Section 4 and 5

respectively.

4.2 Instability Analysis

Consider a laser of electric field E, = Eo(r)e—i(wot_koz), propagating through a plasma with
equilibrium plasma density n and a pre-existing density ripple n¢ ~ n,4 e%* in the presence
of azimuthal magnetic field By = (B,/r,)(yz — zy). Here, n,, is the initial ripple density

and ¢, is density ripple wave number. This imparts oscillatory velocity v, to electrons,
— €EO

o = . Here, e and m are charge and mass of the electrons respectively. Assuming

miwe
v2/2¢* << 1, the nonlinear plasma dielectric constant is given by &, = €,, + €02|F|*. Here,
€00 = 1 —w’/w?, is the linear dielectric constant and e, = (w?/w?)(e*/4mmwic?), is the
non-linear dielectric constant responsible for self-focusing and plasma frequency is given by
Wy = \/m. Because of the nonlinear refraction and diffraction, the beam converges

and diverges respectively. It converges to a length of Z' = r,(g40/c,0A2)"/?

and diverges
over a Rayleigh length Ry = ko2 = (w,/ 0)6%27“3 where, 7, is the initial spot size of laser
beam, and R, is responsible for defocusing . In the underdense plasma, Z' = R, satisfies
the condition of laser beam, i.e., row,/c & 2¢/v,(0).

The pump wave leads to parametric excitation of two electromagnetic SBW EIQ and lower

hybrid wave of electric field of potential ®,

¢ = CID(T)e_i(Wt_kzz), (4.1)
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5172 - Elzeii(wl’ztiklﬂz), (42)

Here, w2 = w F w, and E1,2 = EZ F /Zo and k. is the lower hybrid wave number.

The sideband imparts electron oscillatory velocity, v}2 = GELQ /miw; 5. Due to the
coupling of these sideband waves with the pump wave, electrons exert ponderomotive force
E, = eV, at (w,k.). Here, ponderomotive potential, ®, = —(m/2e)(7,.t, + 77.7,). Due
to the presence of electrostatic potential and ponderomotive potential, the electron density

perturbation is obtained by solving the continuity equation,

n =

B or

—2(n2 + nge*)e*B,  (n%+ ng e ek, —2(no+ n,e*)e*Bir?\ —09,
_l’_

m2iw3r, F miw?F’ mAiwdr3 [
—2

(nS + ng,e'%%)e N (NS + ng,e'?)e3 B2r?\ —0%¢
mw? m3wir2 F 0%r
—2(n2 + ngy, e )e N 4(n2 + ng e'%?)e3 B2r
mw?r m3wir2 F
N —2(nS + ng,e'%?)ed Bir? B ek, Bor(nS + ng,e'°*) —0¢
mPwSri F2 m2w3r, F or
(4.3)
where, I’ =1 — (e?B?r? /m2w?r?). In the Poisson equation V?® = en/e, , substituting this
value of density perturbation we get,
k? ‘*’z w;gq 2% wpwce
*® 100 Jo<m+7)— 27
= n ga_g/ +(a?— ) = - R D, (4.4)
749 (E + S 1)

Here, R? = 2wr,[(w?/w? + w2 Jw?) — 1]/wpwck., a? = K2R} /2(w?/w? + w2, Jw?) — 1,
Wpy = Ng,e2/me,, & = r/R,. Ignoring the non-linear coupling term we get associated

Laguerre polynomial solution from equation (4.4),
@ — AV(E), (4.5)

where, U(¢') = (1/\/a_p)e_512/2L"P(§’2) and integer p gives eigenvalues 0,1,2... for a2 = 2p+1
For (wy,w.) > w > w,; lower hybrid modes exist at £’. The dispersion relation for radial
eigen mode is given by w = \/m.

The pump wave’s oscillatory velocity combines with the density perturbation of electron, n
at (w, Ez) to create current densities that are nonlinear, jl = —nyet — %neffo (linear current

density) and Jy = —ngety — %neﬁo (non-linear current density) at (w2, E1’2>. Substituting
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the values of linear and non-linear current densities in wave equation, we get

&2E 1 dE -, iw
(T

v2c1> T (4.6)

Here, j = 0,1, U1 = Up*, Uop = U, and o , = [(wi, —w})/c—kZ]R,?. Ignoring the non-linear

coupling in Eq.(4.6) and reducing it to Bessel form,
By = A15¥5(8) (4.7)

Where, U(¢') = J,(a128).
Now, substitute Eq.(4.7) in Eq.(4.4) and multiply the result by W(¢'). Integrating the
resultant equation from 0 to oo over £'d¢’, we get

/ /
2 oA=L Vo y o P2 % 4
(OZ ap) I 2@&)1 1t I QiMQ 2 ( 8)
Here, I' = [0 £)d¢ and
2 2 2 wch
, / k ro(w—g She) — 2k,
51,2 = o o2
o e+ E )
Similarly, From Eq.(4.5) and (4.6) we get,
w1 2T,
(04%,2 - O'/'r2“1,7"2)A172 MAR (4.9)

I y2c?

Here, I1, = [ W1 2()W12(€)dE, Bsa = [;° U12(8)V2U(L)dE and c is the speed of light.
Combining Equations (4.8) and (4.9), we get

! Q31,2 1 ! 31,2 1
(0% — a?) = BB, _ Babavg (4.10)

2 2 _ 2 2 2 _ 2
114c* of — oz, 1L4c* a5 — o,

Substitute (a? — a2) = rok.(w® — wP)/wywe, af — a2y = (W — wpy)R,?/c® and a3 — afy =
(w2 — w%)R?/c* in Eq.(10).

2 2) Tok _ B :/avg 1 ﬁzﬁ 1

— = 4.11
(@ = wpwe  TIs4c? (W2 —w?) 112402 (W3 —wk) (4-11)

Here, w, is the real part of the frequency and, w,; and w,s are the real parts of scattered

waves at w; and ws respectively. Substituting above w; = w—w,, /Zl = Eg—]go and w = w,+iI’
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for lower side-band, we get

wi —w? = (A —i0)2(w, — w,) (4.12)
Here, A is the small frequency shift as a result of pondermotive force given by A =
OJZUJQ .
- (1 %) and I is the growth rate of SRS.
o p'o

Similarly, for upper side-band we get,

wy — w2y = (A —i)2(w, + w,) (4.13)

Substituting Eq.(4.12) and (4.13) in Eq.(4.11) we get non-linear growth rate of Raman

Scattering,

AN oW
s A%:-ﬂlﬂ?’ 0 p—c 4.14
* "1 dw,R2\ (2p + D)roks (4.14)

4.3 Results and Discussion

We have solved Eq.(4.14) numerically for laser of wavelength A = 0.35um, electron density

considered is 10?' ¢m ™3

, initial spot-size r, = 10um, normalized spot-size and wave number
considered are r,w,/c = 5000 and k.r, = 473 respectively. The critical density obtained is
9x10%'cm™3. These values satisfies the SRS condition,i e., n% < n., /4.

We then plot the normalized growth rate (I'/w,) against normalized cyclotron frequency in

the presence and the absence of density ripple for different eigen values; p = 1, 2 and 3.

Figure 4.1 shows variation of the normalized growth rate with cyclotron frequencies
at p= 1,2 and 3. The growth rate of SFRS is reduced with the increase in cyclotron
frequency. Many of the decay waves in this mechanism travel along with the pulse, resulting
in a long contact duration and a high growth rate for the Raman process, therefore we
see maximisation of growth rate. The interaction is localised by the nonuniformity of the
azimuthal magnetic field present in the density rippled plasma, and the growth of SFRS
rises with (r,). For greater r,, electrons will undergo less magnetic fields at a given r.
The localization effect of a magnetic field with a greater r, would be weak. The Raman
process will evolve at a faster pace as a result of this. The growth rate rises with w./w,,
reaches a peak, and then declines.The integral of the decay wave’s overlapping wave-function
determines the SFRS growth rate, and the maximum rate of growth is achieved at maximum-
overlapping. As plasma density grows, so does the rate of increase. Plasma frequency rises

as electron plasma density rises, resulting in a faster growth rate.
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Figure 4.1: Variation of normalized growth rate in the presence of magnetic field at various
Eigen values
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Figure 4.2: Variation of growth rate with magnetic field in the presence and absence of
density ripple
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In Fig.(4.2), effect of density rippled plasma is observed on the variation of normalized
growth rate of SFRS with cyclotron frequency. We compare the growth rate of SFRS in the
presence and absence of density ripple. It is observed that significant amount of suppression
is observed when density rippled plasma is present as the coupling of magnetic field and

density ripple suppresses the amplitude of the wave therefore, reducing it’s growth.

Fig.(4.3) shows the variation normalized growth rate with normalized spot size (r,w,/c)
at p= 1,2 and 3. The overall combined effect of density rippled plasma and azimuthal
magnetic field clearly suppressed the growth of SFRS.

4.4 Conclusion

In conclusion, the localization of the LHW in the presence of density rippled plasma and
magnetic field, the SFRS growth rate is significantly reduced which could therefore reduce
the preheating of fuel in ICF.
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TaldalC

Figure 4.3: Variation of growth rate with the spot size of laser beam at various Eigen values
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Chapter 5

Ignition and Burn calculations for advanced fuels in ICF

5.1 Introduction

The generation of vast volumes of energy at competitive rates with minimal environmen-
tal impact is a complex and unsolved challenge. The debate over population development,
growing inequalities in access to natural resources, education, and decent living standards
across the world, as well as the increasing stress of human activities on the atmosphere and
climate, can only be overcome by concerted actions from all developing countries to improve
energy production and delivery. Renewable energy development and more productive energy
use are critical components of the overall energy plan. Still, without long-term nuclear en-
ergy supply, these interventions are incompatible with rising ecological, fiscal, and political
demands. Nuclear fusion, as compared to all other options, has apparent benefits in all of
these areas: it does not generate highly radioactive long-lived elements.

A high-energy-density environment can now be routinely created in the laboratory thanks
to the current generation of high-power lasers [I 2]. The notion of compressing a compact
target using high-power lasers to get thermonuclear fuel to ignition conditions was initially
published by Nuckolls [3] in 1972. A powerful shock is discharged into the shell when the
core pressure surpasses the pressure in the collapsing shell. The deceleration phase is termed
after it. The ultimate fuel assembly at stagnation consists of a low-density (30-100 g/cm?),
high-temperature (5-10 keV) core—the hot spot—surrounded by a dense (300-1000 g/cm?),
cold (200-500 eV) fuel layer—the compressed shell. When a deuterium and tritium combine
to create a 14.1 MeV neutron and a 3.56 MeV alpha particle, such plasma conditions are
adequate to initiate DT thermonuclear fusion. Alpha heating is the name for this positive
feedback loop.

The highest fusion cross-section is for the deuterium-tritium reaction; D+7 — n(14.1MeV )+
He'(3.5MeV) for several keV temperature. A DT target could be ignited because it only
needs a low ignition temperature of 5 to 10 keV and produces the necessary energy output
with a limited pR of 2-5 g/cm?. Ignition conditions are achieved with a driver energy of
5-10 MJ and with a fuel mass of a few mg. The tritium inventory and neutron output must
be kept to a minimum in an ICF reactor for environmental and safety reasons. There have
been proposals [§] for ICF reactors that can be regulated by imploding deuterium targets
with a limited volume of DT at the core. The thermonuclear energy emitted in the ignitor

can ignite D + D reactions in the deuterium after the DT has ignited. The energy released
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in a D + T reaction is around five times greater than that produced in a D + D reaction.

Tahir et al. [9] gave a theory to reduce the amount of tritium in an inertial fusion target
while maintaining a large increase in production energy. They have also shown analytically
that a 50:50 mixture of deuterium and tritium is not required; however, a 70:30 ratio of
the two isotopes should be used. This combination would result in a 40% reduction in
the use of tritium in the aim while only a 16% reduction in production radiation. As a
result, the amount of tritium utilised in a reactor each day may be decreased. This might
result in a decrease in overall tritium inventory, which is essential for both safety and the
environment. The feasibility of using various forms of fuels in possible inertial fusion power
reactors, such as DT, pure deuterium, DH?, and B!, has previously been investigated [I1].
They showed that by designing targets with a significantly reduced tritium content, it is
possible to eliminate tritium inventory, thus improving the power plant’s protection. Low-
level tritium targets can also provide enough electricity to keep the power plant running.

In this research we study DT fuels of different concentration levels and a proposed target
design with low tritium inventory. In section 2, we present the analytical study on burning
up of non-equimolar DT under ICF conditions for various DT ratios. In section 3, 1-D
hydrodynamic simulation results are described. In Section 4, target design is described and

finally in section 5 conclusions are made.

The fusion reaction rate is given by,
NpNp < ov > (5.1)

The rate of ICF is very high, so we need to account for fuel depletion,

dn(t)

at = ND(t)NT(t) < ov > (52)

where, n is the number of fusion reactions per unit volume.Therefore, the obtained fraction

of deuterium and tritium fuel burned (i e., burn fraction) is:

10n

fi = g1 53
fr = (54)

Here, f,p is burn fraction of deuterium and f, is burn fraction of tritium, N, is the initial

ion number density. Now, after differentiating the burn fraction we write

dfy
0.1f% — for +0.9

=N, <ov>dt (5.5)

On solving Eq. (5) further, we substituting N, = p/mpr and confinement time < 7 >=

r/4cs into the solved equation. Finally, for 30% of burn fraction of tritium (fyr), pR is
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o4

Fuel concentration of
Deuterium(D) and

Density-Radius product (pr)
for 30% tritium burn

Overall burn fraction (fy)
equivalent to f,r = 0.3

Tritium(T) fraction (kg/m?)
10% Tand 90% D 11.2 0.06
20% T and 80% D 12.9 0.12
30% Tand 70% D 15.2 0.18
40% T and 60% D 18.5 0.24

Table 5.1: Overall burn fraction equivalent to f,; = 0.3

Radius of the sphere (r) Density-Radius product (pr) Mass of fuel (m)
(cm) (g/cm?) (kg)
0.001 1 4.189 X 107
0.002 2 3.351X10°
0.003 3 1.131X 10”7
0.004 4 2.681X 107
0.005 5 5.236 X 107

Table 5.2: Density-Radius product and mass of fuel for different radius of sphere

obtained. Now, we consider the case of taking four different ratios of DT, i e., 90 : 10,
80 : 20, 70 : 30 and 60 : 40 keeping 50 : 50 as benchmark. For each case we calculate 30% of

burn fraction of tritium, as shown in Table 5.1.

5.2 Hydrodynamic simulation results

This section presents the numerical simulation of burn analysis for different ratios of DT

fuel using 1-D hydrodynamic simulations. For each ratio of fuel initial temperature is 30
keV, density of fuel (p) is 1000 g/cm3. Table 5.2 show the values of pr and mass of fuel
taken for different radius of spheres.

From the 1-D Hydrodynamic simulation performed, figure 5.1 show the maximum energy
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Figure 5.1: Maximum energy released in DT fusion reactions

released in DT fusion reactions for different ratios of DT fuel.

It can be clearly observed that maximum energy released for a DT reaction is more in higher
tritium concentration DT fuel. The energy difference between 50:50 DT and 60:40 DT for
each pr ranges between 19% to 22%, the energy difference between 50:50 DT and 70:30 DT
is from 38% to 40%., the energy difference between 50:50 DT and 80:20 DT is between 59%
to 60% and 79% to 80% is the energy difference between 50:50 DT and 90:10 DT. Some of
the previous studies done showed that even if the tritium level of the fuel is reduced by 30%
to 40%, it will still create enough energy to run a power plant efficiently.[13], [12]. Instead,
a combination with a considerably greater proportion of deuterium may be used without
sacrificing much output energy [9].

Figures 5.2, 5.3, 5.4 and 5.5 show the comparison of simulation and analytical results for
variation of pr with tritium burn fraction. From these graphs we can see that in tritium-
poor fuel, greater tritium utilization is achieved at lower pr. The values of simulation
and analytical results vary because we have not considered DD reactions in our analytical
study. By producing low-level tritium targets, the entire tritium inventory might be lowered.

Therefore, various problems related to tritium inventory can be reduced.
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Figure 5.4: Variation of tritium burn fraction (f,) with density-radius product (pr) for 30%T

5.3 Target Design

From the results obtained and analysed, we propose a layered target design for DT spherical

shell as shown in figure 5.6. The center most layer comprises of 50:50 DT. Then every next
layer has reduced tritium concentration, i e., 60:40 DT, then 70:30 DT, then 80:20 DT and

finally the outermost layer has only 10% tritium . This model reduces the amount of tritium

required for ICF (although the maximum and easiest way of obtaining ignition is by 50:50

DT only) without effecting much on the overall energy production, as discussed before (from

figure 5.1). From this model the expensive tritium is not on the outer layers and is present

mostly at the centre and hence more tritium breeding is possible. Also, this scheme leads

to minimization of tritium in the system, therefore keeping the environment comparatively

safer.
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Figure 5.5: Variation of tritium burn fraction (f,) with density-radius product (pr) for 40%T

90:10
80:20

Figure 5.6: Layered schematic diagram
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5.4 Conclusion

This study suggests that in a ICF target, we can utilize a combination of different con-
centration of fuels instead of only using a 50:50 combination of deuterium and tritium.
A combination with a considerably greater proportion of deuterium may be used without
sacrificing much output energy. This impact might result in a large reduction in tritium
inventory, which is crucial from an environmental and safety standpoint. This concept can

also be used in inertial fusion.
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Chapter 6

SRS coupling with decay instability in a magnetized

plasma.

6.1 Introduction

For successful ICF designs, it is critical to understand LPI’s. Preheating from hot electrons
generated by SRS and TPD reduces implosion efficiency and is a critical issue for direct-drive
ICF [1, 2]. Ignition-scale direct-drive targets will have a corona plasma with extended den-
sity scale lengths, potentially lowering SRS and TPD thresholds and boosting preheating.
As a result, studies at the NIF [3] have shown that SRS is becoming more critical than TPD
[4]. SRS is a well-known nonlinear phenomenon in high-power laser-plasma interaction, with
applications in ICF, laser-based charged particle acceleration and other fields. When the
plasma density is less than the quarter-critical density, a large amplitude laser pump (w,, k,)
decays into a plasma wave (w, k) and a dispersed electromagnetic wave (wq, k1). k = k,+ ky
and w = w, +w; are required by the momentum and energy conservation requirements. The
highest growth occurs when the scattered electromagnetic wave propagates in the opposite
direction of the pump wave in long pulse tests, although stimulated Raman forward scat-
tering is critical in short pulse investigations. Under a variety of circumstances, extensive
study on both the backward and forward SRS has been done.

SRS scattering in various parametric circumstances has been described both theoretically
and experimentally[5], [6] [7, 8, [9]. The impact of SRS rescattering on the nonlinear scattering
spectrum and the saturation mechanism of instabilities in the region where backward SRS is
strongly damped has been explored in several prior works[6], [7]. Recent research has looked
into abnormally hot electrons caused by SRS rescattering[]. Many investigations [10), [1T]
have demonstrated that the daughter EPW is subjected to LDI, resulting in a secondary
plasma wave and an TAW. The nonlinear saturation of SRS is influenced by the decay in-
stability of the daughter plasma wave. [12] [I3]. LDI previously has been used to explain
how SRS reflectivity is affected by IAW dampening[14]. Other sources, however, can also be
used to explain this. The presence of LDI connected to SRS was confirmed by Epierreux et
al. [I5] who discovered secondary IAW and plasma waves resonantly produced by LDI. The
energy from the daughter Langmuir wave is transferred into the secondary plasma wave,
which is not in resonance with SRS, in the LDI cascade. As a result, LDI coupling can
function as an energy sink for the SRS process and as a nonlinear saturation mechanism for

SRS. [16].
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Hot electrons influence on the SRS combined with decay instability in the presence of mag-
netized plasma is investigated in this work. The laser’s intense electrons increase the plasma
wave’s Landau damping and impact the parametric process, which goes like this: The elec-
tron plasma wave (EPW;) and an electromagnetic sideband wave (SBW) are both excited
by the laser. This electron plasma wave breaks down into an IAW and a secondary elec-
tron plasma wave (EPW;). The IAW’s density perturbation combines with the EPW,’s
oscillating plasma electron velocity to generate a non-linear current that drives the EPW.
The EPW; and EPW, drive the IAW by exerting a ponderomotive force on electrons. The
non-linear current suppresses the amplifying £ PW; by coupling the density disturbance
caused by EPW1 which leads to decay instability with the electrons’ oscillatory velocity.
The EPW; is driven by the ponderomotive force generated by the pump and the electro-
magnetic SBW. The accompanying density perturbation interacts with the pump to create
a non-linear current, which drives the SBW. In section 2 we consider the baground theory
for carrying out this work. In section 3 and 4 we do the instability analysis and instability
coupling of the SRS and decay instability respectively. In section 5 we present the results

and finally make the required conclusions in section 6.

6.2 Theoretical Considerations

Consider two electron populations with n9 as the density of electron at temperature 7, and
ny as density of hot electrons at temperature 73,with a drifting Maxwellian distribution.

The Maxwellian distribution function is represented as;

o) = i () e [t (6.1)

From this we can obtain susceptibility of hot electron frequency w as;

2w? W — kyvp\ 2
pd wVh
= —Z(l —) 6.2
U R T 02

where, w4, vy, and vl is the plasma frequency, drifting velocity of hot electrons and thermal

velocity, respectively in direction z. Similarly, plasma electron susceptibility is given by;

2w? w 2
P Z<1 ) 6.3
X kZvg, " kv, (6:3)

1/2 _ 0,2 :
/2 and w, = n%?/me, is the plasma

Here, vy, is electron thermal velocity given by (27./m)
frequency with e as electron charge, m as mass of the electron, T, is the thermal energy of
plasma electrons and ¢, as free space permitivity. Plasma wave’s dispersion relation with

hot electrons is ¢ = 1 4+ xe + x» = 0. The ion density of plasma with hot electrons is
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n?%+ngy. Therefore we neglect hot electron concentration to non-linear coupling. Depending
on whether the wave’s phase velocity is larger or lower than v" , they play a key role in

creating linear damping or growth in the Langmuir wave.

6.3 Instability Analysis

Consider a high power laser with frequency w,,

—

E, = 2 Aexp[—i(w,t — ky2)] (6.4)

propagating through plasma with static magnetic field B2

B, =20 (6.5)

The pump imparts oscillatory velocity v, = v,(Z + ig) to electrons where,

ek,
im(w, — we)

Vo = (6.6)
where w, is the cyclotron frequency given by w. = eB;/mc. Here the electron charge is e,
mass of electrons is m and c is the speed of light. The laser couples to a backscattered
SBW of field, E| = #A exp[—i(w; — k12)], and a daughter plasma wave (EPW,) of potential
o, = ¢y, exp[—i(—kyz)] where w; = w —w, and k; = k — k,. The parametric procedures
are depicted schematically in Figure 6.1

The electron plasma wave EPW; decays into IAW of potential &, = ¢, exp|—i(wst — ks2)]
and a back scattered EPWj of potential &4 = ¢qexp|—i(wgt — kqz)] where wy = wy —w and
kg =k — ky.

The electrons acquire oscillatory velocity, v; = el

im(wi—we)’

(w, /{:;), where @, = ¢4 exp[—i(wat — kqz)]. Here, w, is the cyclotron frequency. The pump

from the scattered wave. At

(initial) and the dispersed-wave exert a ponderomotive force, F’p, on the electrons. The

electron density perturbation becomes at (w, k:;) is,

k2e,
nfu = u; (Xe =+ Xh) ((I)w + q)p) (67)
Here, x. = —(w? + ki, + v, /w?). This density perturbation has a non-linear part (nf,)

because of the presence of decay instability. Hence, at (w, k‘;), the total density perturbation

is,

2
T _ kwgo
L

== Xe (P + ©,) + 1l (6.8)
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Figure 6.1: Schematic diagram representing the SRS coupled to decay instability

—

Similar process is carried by EPW,. It imparts oscillatory velocity (vg4) to electrons,

e/;d@d

len =) .

Vg =

The electrons are additionally subjected to, Fpq :EV®pd (ponderomotive force), by the
EPW; and EPW,, where ®,; = —m(v,04/2e). The oscillatory velocity of EPW; is denoted
by v, = —eky®, /m(wy, —we). The density perturbations of electron-ion are given by the

—

equations below at (ws, ks) due to 5 and ®,q.

ke
ng = STOXSS(CI)S + Pp4) (6.10)
2,
ni = STsz's(cbs + D) (6.11)
Here, Xes = w2/ (ksCs)?, Xis = —wh/w?, wy = (n%€?/mse,)"/? is the frequency of ions in

plasma, ion mass is m; and ¢, = (T,/m;)"/2.

Because of the coupling of EPW5 and IAW, the density perturbation becomes,

kykqk?e,
_d—SiXes(q)s + q)pd)q)jl (612)

nl
n _—
wd 2muww

Now, inorder to obtain the value of total density peturbation, we substitute Eq. (6.12) in
Eq. (6.8). We get,

2
T kw‘so

2
N, = . Xe+(q)w+¢p)_m

2mwwy

Xes(Ps + Ppa) Py (6.13)
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Now, substituting Eq.(6.18) in Poisson’s equation, V2®,, = n,, /e, for EPW;, we get

kukak2e,

&P+ xePp = ST

Xes(PsP) (6.14)
Here, €, = 1 + chi. + chiy. In this case, x; is relatively small in compared to x.. EPW;’s
Landau damping is only aided by these wandering electrons. We've also examined x1. This
is true when the IAW’s linear damping is less than omegas. EPW;’s behaviour is governed
by this equation. On the RHS of the equation presents the coupled term, explaining decay
instability that affects SRS.

6.4 Instability Coupling

Consider a non-linear coupling, i e. x. &~ 1. In order to produce a non-linear density
perturbation at w,, n, couples with v7.
- 1 . Ke

J = —§€U_i* “’8 °P,, (6.15)

The linear part of current density is,

5 o 25
jl= Tt e (6.16)
miw,
Using Maxwell’s 3" and 4" equation in pump wave at (w,, k,) we obtain,
o —i%kﬁ,ﬁcbw (6.17)

Eq. (6.17) describes the behaviour of pump wave. Here z, = w} — w? — kJ¢*. Similarly, at

w1, the density perturbations n,, couples with v, to give,

~ 1 ke,
J{Zl = —56’01 o (I)w (618)

which is the non-linear current density. Repeating the same procedure to obtain the be-
haviour of SBW we get,

kB = —z;lkfuvgfbw (6.19)
Here, 11 = w} — w) — kic®,
At wy = ws—w, J, ; = —e(n2vg + 1/2n,v,,) is the current density with a linear and nonlinear

component. Consider n;)d as electron charge density perturbation. Using these values to
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solve the equation of continuity, we get

an, d 1 , ¢
—==-V.J ,(6.20
ot e wd( )
k)dl)d nskdv*
wd — 1° — w —0 6.21
Mt = Mg~ 2o, (6.21)

Inorder to obtain the equation governing ion-acoustic wave, we solve for by substituting Eq.
(6.11) and (6.12) in Poission’s equation V2®, = e(n, — n')/e, and obtain,

(6.22)

Here,e, =1+ X;' Now, we solve for EPW, by substituting Eq. (6.21) in Poisson’s equation
V20, = enyaq/e,. With back-scattering of electrons, effect of hot electrons can be neglected.
. + k‘g k’d'UwCI)d
= k‘g de
Finally, from Eq.’s (6.14),(6.17),(6.19),(6.22) and(6.23), we obtain the coupled mode equa-

tions.

(6.23)

80 l2 20
a +inQf

5 y Ge(T)ai(r) (6.24)

% + Cay (1) + iwaw(r)a;m (6.25)

O ) = () + Ly ) 620
%4 saalr) L ) ) (627

%a; . if?xesic;iz}pfff 0u(7)aa(r) (6.28)

The above five equations represent the coupled equations of SRS with decay instability. The
right-hand side of equation (26) has a second component that couples decay instability to
SRS’ EPW;. All these equations are represented in dimensionless form with conventional
loss of SBW C' = ¢/(8mwyi), xe = —fo/ > — o@* 2/ f* Xes = (2.5 x 10°)/(folsq)?, a0 =
eE,/mwovy, a1 = eEy/mwivg, a, = e@y/Te, ag = ePy/T., as = ePs/T., L, = ku/ko,
[y = k‘s/k’m la = kd/km Iy = kfl/k‘o, Jo = wo/wpia 1= wl/wpi7 [ = w/wpi7fs = ws/wpi7
q = kovn/wo, p = To/muvi, Ty = Y /Wpi, Ta = Ya/wpi and twy; = T.
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Figure 6.2: Normalized amplitudes of pump wave (a,) with normalized time (t) in hot elec-
tron plasma. The parameters used are as follows; A = 0.035um, r, = 10um,
wy/w, = 0.022, T, = 400eV.

6.5 Results and Discussions

The final coupled equations (6.24) to (6.28) are solved numerically. A laser of wavelength
A = 0.35um, electron density considered is 10*' ¢m =3, initial spot-size r, = 10um is con-
sidered. The SRS condition n? < n../4 is satisfied since the critical density obtained is
9x10%*'em 3. The initial conditions of amplitude considered are; a,=0.01, a; = 0.001, a,, —
1.00, aq = 0.01 , a,=0.001.

Figure (6.2) and (6.3) show the change of amplitude of pump wave and and back-scattered
wave with time keeping w,/w, = 0.022 constant. The amplitudes reduced significantly after
achieving resonance at different periods. In the beginning, the pump wave amplitude in-
creases due to plasma effects. As the instability sets up, the sideband wave amplitude starts
to increases. The plasma wave grows due to the SRS and attains a large amplitude. The
large amplitude plasma wave them susceptible to evolve the decay instability.

In figure (6.4), the evolution of plasma wave is shown with hot electrons (v,/c = 0.1)
keeping w,/w, = 0.022. E,,; grows plasma-like, and from hot electrons, the wave takes in
energy. F,,»’s Landau damping is unaffected by energetic electrons because E,,2’s drift is
in the other direction. FE,,;’s amplitude grows with time because of Landau’s growth, but
this expansion may be halted due to the hot electrons confined in the wave’s lowest poten-
tial energy. When e®,, &~ 1/2muv; is present, this happens. E,,; is supposed to grow like
Landau due to hot electrons for e®,, < 1/2muv?, but for e®,, > 1/2muv?, the hot electrons
distribution function reaches a minimum point, and E,,; growth ceases. After this point
only because of parametric coupling does the wave the E,,; gain energy.

Figure (6.5) shows the effect of the presence of magnetic field in plasma. It is observed
that, when the magnetic field was zero, (w./w, = 0), the amplitude of the wave was much

higher than the amplitude of wave in the presence of magnetic field. It can be concluded
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Figure 6.3: Normalized amplitudes of back-scattered electromagnetic wave (a;) with nor-
malized time (t) in hot electron plasma. The parameters used are as follows;
A = 0.035um, r, = 10um, wy/w, = 0.022, T, = 400eV’
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Figure 6.4: Normalized amplitudes of E,,; (aw) with normalized time (t) in hot electron
plasma. The parameters used are as follows; A = 0.035um, r, = 10um, w,/w, =
0.022, T, = 400eV
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Figure 6.5: Normalized amplitudes of E,,; (aw) with normalized time (t) in hot electron
plasma with varying in magnetic field. The parameters used are as follows;
A = 0.035um, r, = 10pm, w,/w, = 0.022, T, = 400eV
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Figure 6.6: Normalized amplitudes of E,,1 (aw) with normalized time (t) in the presence
and absence of hot electron plasma with constant magnetic field (w./w, = 0.03).
The parameters used are as follows; A = 0.035um, r, = 10um, w,/w, = 0.022,
T, = 400eV

from here that, the suppression of instability may be observed if magnetic field is present.
Figure (6.6) presents the effect of presence and absence of hot electrons in plasma on the
E,1. We observed reduction in the aplitude of the wave and occurrence of resonance was

also delayed in comparison with the absence of hot electrons.

Figure (6.7) shows variation in the temporal growth with the variation in the amplitude
of E,,2. Amplitude is observed to be suppressed after attaining resonance, keeping w,/w, =
0.022. The effect of variation in magnetic field on E,, is observed from figure (6.8). As the
magnetic field is increased, the amplitude of the wave is suppressed significantly. When no
magnetic field was present, (w./w, = 0), the wave amplitude was very high in comparison

to the amplitude in the presence of magnetic field.
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Figure 6.7: Normalized amplitudes of E,,2 (ap) with normalized time(t) in hot electron

plasma. The parameters used are as follows; A = 0.035um, r, = 10pum, w,/w, =
0.022, T, = 400eV
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Figure 6.8: Normalized amplitudes of E,,2 (ap) with normalized time (t) in hot electron
plasma with varying in magnetic field. The parameters used are as follows;
A = 0.035um, r, = 10um, wy/w, = 0.022, T, = 400eV
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6.6 Conclusion

Based on the fluid analysis, we have presented a simple analytical model for the stimulated
Raman scattering coupled with decay instability in a magnetized plasma incorporating the
effects of hot drifting electrons. The pump laser wave is susceptible to excite stimulated
Raman instability. The large amplitude plasma wave generated via SRS is again susceptible
to evolve decay instability. In this cascade process, the secondary Epy; and ion acoustic
wave are non resonant for the SRS. The fluid theory of SRS combined with decay instability
reveals that nonlocal influences diminish SRS significantly, and the latter has a considerable
effect on SRS saturation. The primary Epyq dampens quickly and becomes saturated. The
primary Epy1 uses LDI as an energy sink. The amplitude of main Epy; increases over
time as the SRS grows, but it ultimately decreases when energy is diverted to the LDI in
the presence of hot drifting electrons and magnetic field. The overall energy transfer from
the wave to the plasma electrons via Landau damping causes the wave’s amplitude peaks
to gradually diminish. This reduction in amplitude of the SRS instability might help in
reducing the preheating of plasma in ICF.
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Chapter 7

Summary and Conclusion

This thesis has presented analytical and numerical research focusing on laser plasma inter-
action and burn in ICF.

The research looks at strong self-focusing of a Gaussian laser beam in the presence of an
upward plasma density ramp in a plasma-loaded cone, which might be useful in cone-guided
fast ignition or other applications where smaller focal spots and /or higher laser intensity are
desirable. The beam-width parameter is used to describe the field distribution of the laser
beam. The defocusing of the laser beam is reduced with this arrangement. As a result, the
laser beam remains concentrated to a tiny spot size over multiple Rayleigh lengths, which
is critical for consistent performance in an extended plasma produced by a laser prepulse
interaction. The simulation findings demonstrate that in this scenario, the plasma frequency
rises and self-focusing happens faster than in a uniform density plasma. Clearly, these are
the results of a simplified model of laser-plasma interaction, and further research is needed
to fully understand the significance and value of this behaviour in cone-guided rapid igni-
tion. Fast ignition necessitates a lengthy heating beam, ~ 10 ps, and on such a timescale,
a model that accurately accounts for the development and hydrodynamic motion of the
plasma within the cone is required. Furthermore, the reader is reminded that the existence
of preplasma has been demonstrated in experimental investigations at decreased size to have
a detrimental impact on coupling, and that we are just looking at one element of the laser-
plasma interaction here. The effect of SRS on ICF has also been studied in this thesis. The
study of using magnetized density rippled plasma describes that, the SFRS growth rate is
considerably decreases owing to the localization of the lower hybrid wave in the presence of
density rippling plasma and azimuthal magnetic field, which might minimise fuel preheating
in ICF. The coupling of decay instability with SRS is also studied. It is observed that the
instability amplitude reduces significantly which might be helpful in reducing the preheating
of fuel in ICF. Lastly, the research on burn analysis for advanced fuels was done. It proposes
that instead of utilising a 50:50 mix of deuterium and tritium in an ICF target, we might
use a mixture of various fuel concentrations. Without compromising much output energy,
a combination with a significantly higher proportion of deuterium may be utilised. This
influence might lead to a significant reduction in tritium inventory, which is important for
environmental and safety reasons. Inertial fusion can also benefit from this notion.

Finally, the challenges like, fuel preheating in ICF, defocusing of a laser in ICF and require-
ment of tritium inventory reduction in ICF, have been analysed in this thesis. The author
has done analytical study and numerical simulations of this work, however, further simu-

lation modeling, like PIC simulation or Monte Carlo simulations can be done in this work



I6)

to support the analytical and numerical results obtained. In future the author wishes to
extend this work for different ICF schemes and laser-plasma profiles in simulation modeling
like PIC.
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