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SYNOPSIS

There has been a tremendous progress in high-intensity, short pulse laser tech-
nologies in last few decades. As a result, lasers are now capable of delivering
enormous energy density upto 10%22WW/cm? at very fast timescales in the range of
femtoseconds/picoseconds. Moreover, many new facilities worldwide are poised to
become operational (e.g ELI, XCELS, SULF, SEL etc.) in the near future where
the intensity and pulse duration would be pushed to even higher limits namely that
of intensities > 10?4 /em? and attosecond scales respectively. Such lasers would
open up newer regimes of physics exploration concerning fast ignition laser fusion,!
generation of charged particle beams,?? bright source of X-rays* and Gamma-ray
flashes and generation of higher order harmonics,” promising source of positron
emitters for PET (positron emission tomography),® cosmic accelerations (ultra-
high energy cosmic rays),” quantum gravity (Hawking radiation)® etc.

When a laser of intensity (> 10'T¥/cm?) impinges over a solid target, the tar-
get gets immediately ionized to form a plasma. Electrons being a lighter species
are the first to respond at rapid time scales of the laser frequency. These elec-
trons absorb the laser energy by various well-known absorption mechanisms which

have been studied extensively. These include anomalous skin effect, sheath in-

0 1

verse bremsstrahlung,” sheath transit absorption,' resonance absorption,'! vac-

uum (Brunel) heating,'> J x B acceleration,'® ponderomotive acceleration,'® '
stochastic heating,'® and absorption due to parametric decay instabilities.!” This
leads to the generation of highly energetic and relativistic electron beam at an
overdense plasma surface. In response to this, the background plasma induces

a return shielding current. Such a system of spatially overlapping, forward and

return current flows is fraught with several micro-instabilities, out of which the
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electromagnetic Weibel mode is considered to be the dominant one. The Weibel in-
stability!® creates a current separation at the length scale of an electron skin depth
in the plasma. It is believed that the Weibel instability and its nonlinear evolution
are responsible for the development of strong magnetic fields (~ Mega — Gauss)
in the beam plasma system. Thus the propagation of hot electrons generated in
the target by laser absorption is another area of wide interest. Therefore, several
attempts in past have been made towards curbing the beam-plasma instabilities
which proves a major hindrance in beam propagation inside the plasma by destabi-
lizing the system. Some technique involves the resistive collimation of fast electrons
by generating guiding magnetic field on the boundary of two different material.?>2°

Another experimental work by Chatterjee et al.?!

involves using aligned carbon
nano-wire arrays as the target. They have demonstrated experimentally efficient
transportation of laser-generated mega- ampere electron currents over long dis-
tances compared to the flat solid target. A theoretical interpretation was provided
by Mishra et al. which suggests that the beam Weibel instabilities get suppressed
in such inhomogeneous targets.?>?* Moreover, the external static magnetic field
can be used for suppression of these electron scale instabilities.?? Recently it has
been shown that the use strong axial magnetic field can also lead to better beam
collimations.?® Furthermore, laser-plasma lenses can also be utilized for relativistic
electron beam collimation.?

It is thus clear that the study of Weibel instability has attracted a lot of at-
tention. The excitation of this mode, its nonlinear evolution, the possible ways
by which the mode can be suppressed has continued to remain issues of research

investigation. In this thesis we have investigated the Weibel mode from energetics

angle. For this purpose energy cost associated with the perturbed equilibria is



evaluated to ascertain whether the growth of a particular mode is energetically
favorable or not. This technique often provides an interesting physical insight
and has been extensively employed in the context of plasma systems governed by
Magnetohydrodynamics. Recently, it has been invoked for understanding the elec-
trostatic two stream instability.?” In contrast in the present thesis, it has been
shown that even purely growing electromagnetic mode like Weibel instability for
the electron beam plasma system is amenable to such a treatment. Such an anal-
ysis provides a succinct physical description of the energetics associated with this

particular growing mode.?

The strong magnetic field generated through the Weibel destabilization process
influences the propagation of electron beam. During the nonlinear evolution of
the Weibel instability, the current filaments coalesce to form larger structures.
However, there are two distinct phases of the nonlinear evolution of the instability.
During the first phase of the evolution, there is a growth of magnetic field energy at
the expense of the kinetic energy of the beam. Furthermore, in the second phase of
evolution, the magnetic energy shows decay and an increase in the kinetic energy
in the system. The underlying physical understanding for the observed decay of
magnetic field at later stages®® has been explored in this thesis. The merger of
current filaments leading to X point formation where reconnection happens has
also been addressed in detail. The generation of the energetic electron jets at the

magnetic field reconnecting X points have also been demonstrated.

It is observed that in theoretical analysis and computational studies for a beam-
plasma system, the idealized condition of infinite cross section of the beam and/or
covering the entire length of the periodic box has always been considered. This

is an approximation as in reality the beam is always finite and is commensurate
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with the transverse spot size of the laser falling on the plasma target. In such
an approximate set-up, the experimental observation of long scale ( laser focal
spot size scale) magnetic field showing up right from the very beginning®3! can
never be accounted for. The Weibel instability in the periodic box appears at
the electron skin depth and its nonlinear evolution wherein the current filaments
coalesce are too slow to account for the experimental observations of long scale
magnetic field spectra. In our studies, we have chosen the electron beam size to be
of finite transverse extent. Our simulations provide a mechanism of the existence
of long scale magnetic field spectra observed in laser plasma experiments. The
mechanism may also have far-reaching consequences for the description of the all-
pervading and often enigmatic presence of the long scale magnetic field structures

in astrophysical plasmas which have aroused great curiosity and spawned many

efforts towards its understanding.

There has been a great deal of interest towards possible mechanisms of enhanc-
ing laser energy absorption so as to increase the number and the energy of hot
electrons in recent years. Most of these studies have emphasized the role of laser
pulse duration, intensity, the role of pre-plasma formation on the front surface of
the target etc. It is reported that the presence of pre-plasma on the front surface
of the target increases the absorption of laser energy as well as the number of hot
electrons.®>33 A novel technique using a structured target has shown significant
absorption of laser energy as compared to the conventional approaches.?*3® The
introduction of sub-wavelength nano-layer front has been shown to reduce the re-
flection and enhance the absorption of energy of the intense short pulse laser.?” It
has been demonstrated that the laser energy absorption can be enhanced manyfold

using nano-structured targets®® for both relativistic and non-relativistic high con-
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trast, laser intensities. In fact, the structured target provides more surface area for
Brunel’s mechanism /vacuum heating process. These structured targets provide a
geometry which can be used for laser energy absorption even in normal incidence
where Brunel’s mechanism does not seem to work. Recently, micro-scale fusion

has been achieved using such nano-wire array plasmas.*’

The energetic electrons generated during laser-plasma interactions are then of-
ten employed to heat ions in applications such as fast ignition etc., for creating hot
spot in the plasma for ignition. This is a secondary process to heat ions and conse-
quently somewhat inefficient. The propagation of energetic electrons is marred by
several instabilities which lead to their divergence and loss. Moreover, the Ruther-
ford electron-ion collisional cross section to enable the transfer of energy reduces
with increasing electron energy. It is thus desirable to have laser energy directly
coupled to the heavier ion species. In addition, there are also many other appli-
cations where ion acceleration/heating is of importance, e.g. proton radiography,

biomedical applications.*! #4

The advantages of direct in-situ ion heating/acceleration are many. For in-
stance, there would be (1) Efficient coupling directly to fusion species, viz. back-
ground DT species ; (2) Ions being non relativistic and total current being much
less than Alfvén critical current for ions, magnetic fluctuations are expected to
play negligible role in beam transport and beam stopping; (3) Classical collisional
stopping of few MeV ions in dense core will be adequate; (4) Return currents,
if any, will excite electrostatic ion acoustic modes leading to anomalous heating
of the background plasma. Therefore, there is a need to look for the possibility
of new absorption mechanisms through which laser energy can directly be trans-

ferred to heavier species of plasma for efficient ion acceleration. This has been
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another prime objective of this thesis. We have chosen to apply an external mag-
netic field of such a magnitude so as to selectively magnetize the electrons at the
laser frequency. The heavier ions, however, remain unmagnetized. The electrons
thus remain preferentially attached to the field lines whereas the ions can freely
move in the electric field of laser. This helps in creating a charge imbalance. It
is demonstrated that the ions in such simulations acquire more energy compared
to electrons. We have also demonstrated the excitation of ion plasma oscillations
and the formation of magnetosonic solitons.*®

This thesis thus focuses of the twin themes of (i) transport of electron beam
through plasmas and (ii) the possibility of direct laser energy absorption by ions
using new techniques by making the electrons preferentially magnetized by the
choice of appropriate external magnetic field. The content of the thesis has been

organized in seven chapters as outlined below:

e Chapter - I: In this chapter, a brief summary of the previous studies relevant
to this thesis has been presented. It also contains a concise introduction on
conventional laser energy absorption mechanisms, beam-plasma instabilities
and its role in propagation on an electron beam inside a plasma, schemes to
improve laser energy absorption and electron beam propagation in plasma

etc.

e Chapter - II: In this chapter, an energy principle argument has been em-
ployed to study the energetics associated with the electromagnetic Weibel
mode in the context of a beam-plasma system. It is clearly shown that there

exist perturbations to equilibrium which have both positive and negative

ix



energy contributions. Such perturbations can then grow to keep the total
energy of the system conserved. In a typical beam-plasma system, the cur-
rent filamentation instability leads to the growth of the electromagnetic field
energy in the perturbed state at the expense of kinetic energy associated
with the flows. Denoting, the beam and background plasma electrons by
the suffix & = 1,2, it has been identified that Sy = ) % as the coefhi-
cient of the negative energy contributing term and is crucial for driving the
instability. It has also been shown that a finite value of S35 = ) | % is
responsible for generating an electric field transverse to the flow and in fact,
costs energy. Here, vg,, noo and 7p, are the equilibrium velocity, electron
density and the relativistic factor for the electron species ‘a’ respectively and
no = Y, Noa i the total electron density. It is evident that S; is finite only
for relativistic and asymmetric (beam and background plasma have different
densities) flow profile. It is shown that filamentation modes are suppressed
when the value of Sj is finite by comparing the growth rates for various cases
in this chapter. For instance, it has been shown that for a constant value of
Sy the growth rate is maximum for |S3| = 0 and reduces monotonically with
increasing value of |S5]. We have also carried out 2-D Particle-in-Cell (PIC)
simulations under OSIRIS-4.0%6:47 framework to illustrate the difference be-
tween symmetric and asymmetric flow configurations. We have chosen two
flow parameters for which S, is the same. The value of S3 is zero for one
case (symmetric flow configuration) and is finite for the asymmetric config-
urations. We have observed that even in the presence of 2-D perturbations

(permitted by the 2-D PIC simulations carried out by us), the growth is

higher for the symmetric case. Furthermore, the nonlinear saturation level



of the perturbed magnetic field is also found to be higher for the symmetric

flow configuration.

Chapter - ITII: The nonlinear regime of current filamentation/Weibel insta-
bility has been addressed in this chapter. The Weibel destabilization leads
to the formation of current filaments which are typically of the size of elec-
tron skin depth during the linear stage of the instability. During their early
nonlinear evolution, these filaments coalesce to form larger structures. With
the help of 2-D PIC simulations using OSIRIS-4.0 in the plane perpendicular
to the return electron beam (REB) propagation direction, it has been shown
in this chapter that these mergers occur in two distinct nonlinear phases.
During the first phase of evolution, the total magnetic energy increases in
the system. Subsequently, however, during the second nonlinear phase, a re-
duction in magnetic energy . It has been shown that the transition from one
nonlinear regime to another occurs when the typical current associated with
individual filaments hits the Alfvén threshold. During the second nonlinear
phase, therefore, the filaments can no longer permit any increase in current.
Magnetic reconnection events then dissipate the excess current (and its as-
sociated magnetic energy) that would result from a merger process leading
to the generation of energetic electrons jets in the perpendicular plane. At
later times when only a few filaments are left, the individual reconnection
events have been clearly identified. It has been observed that in between
such events the magnetic energy remains constant and shows a sudden drop
as and when the two filaments merge. The electron jets released in these re-
connection events further leads to a transverse heating in the system which

has also been mentioned in some previous studies*®
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e Chapter - IV : The beam-plasma system as of now has been analysed

and /or numerically simulated using infinite and/or periodic box conditions.
For this case the transverse extent of the beam is chosen to be infinite and /or
periodic. As illustrated in the previous chapters such a beam plasma is
amenable to Weibel instability generating current filaments and consequently
magnetic field structures of the size of electron skin depth scales. The non-
linear evolution leads to the coalescence of these structures generating longer
scale magnetic fields with time. This cannot account for laser plasma exper-
iments conducted in laboratories which show that the magnetic field at the
scale of beam width (longer than the electron skin depth) exists right from

the very beginning.

In this chapter, we consider the realistic finite transverse profile of the elec-
tron beam. We demonstrate that for a small imbalance in the current (which
is again natural in the electron beam system) not only does the long scale
magnetic field persisted but also shows a rapid increase. This cannot be ac-
counted for with the usual Kelvin Helmholtz and/or Weibel processes but is
in agreement with experimentally observed spectra.??:31:4% A possible expla-

nation has been provided analytically for this observation.

Chapter - V: The possibility of ion heating directly with a laser has been
another topic of interest. Some of the well-known mechanisms in this regard
are the RPA (Radiation Pressure Acceleration)® and TNSA (Target Normal
Sheath Acceleration).” We have demonstrated another mechanism of ion
heating by employing external magnetic fields. The external magnetic field
is chosen so as to constrain the electron movement and have them tied to the

magnetic field. The heavier ions remain unmagnetized and respond to the



Contents

laser electric field. The difference of electron and ion dynamics lead to charge
separation and drives ion plasma oscillations, thereby transferring the laser
energy to ions to a great extent directly. The proposed mechanism has been
demonstrated by carrying out OSIRIS 4.0 simulations using parameters for
a C'Os laser for which the requirement of external magnetic field strength is

smaller.

Chapter - VI: We continue our studies on direct energy absorption of the
laser by ions in this chapter and show that when the laser power is increased
in addition to exciting ion plasma oscillations, the excitation of Korteweg - de
Vries (KdV) magnetosonic solitons are also observed. Various diagnostics are
employed to characterize these solitons. Interestingly we also observe that
the solitons accelerate background electrons when the latter reflects off the
front surface of the solitonic structures. The solitons, as expected, propagate
stably for several hundreds of ion plasma periods. However, subsequently

they are observed to develop transverse modulations which grow with time.

Chapter - VII: We summarize the thesis in this chapter and recapitu-
late the salient points. We also provide an overview of the future research
problems which can be carried out in continuation of the work described

here.
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Introduction

This thesis makes important forays in two directions, namely (i) electron beam
propagation through plasmas and (ii) the possibility of direct laser energy absorp-
tion by ions using a new technique based on C'O, laser along with a strong external

applied magnetic field.

In the first theme of electron beam propagation, several issues has been ad-
dressed. An energy principle have been obtained for the Weibel instability which
provides a clear physical understanding of the instability. Furthermore, PIC (Parti-
cle - In - Cell) simulations have been carried out to understand the nonlinear regime
of instability. It has been demonstrated that as the Weibel generated electron cur-
rent filaments coalesce, magnetic field lines reconnect and energetic electron jets
are produced in the transverse plane. This process illustrates a rapid mechanism
of isotropization of electron distribution in momentum phase space. Another im-
portant contribution of the thesis is the discovery of a new mechanism, distinct
from Weibel and Kelvin Helmholtz (KH) mode, which is operative when an elec-
tron beam propagates through a plasma medium. Unlike Weibel and KH modes,
where the magnetic field forms at the electron skin depth scale preferentially, it
has been shown that in practical situations magnetic fields at long scales commen-
surate with the transverse width of the electron beam gets generated. Theoretical
analysis and PIC simulations have been carried out to illustrate these phenomena.

It is well known that an intense laser transfers its energy preferentially to the
lighter electron species in the plasma. To heat ions in the plasma one relies on its
coupling with electrons which becomes inefficient with increasing electron energy.

A new mechanism of direct coupling of laser energy to heavier ion species has been

3



Chapter 1. Introduction

proposed. It utilizes pulsed C'O, long wavelength laser along with an external
applied magnetic field of the order of tens of kilo Tesla to keep the electrons tied
to the field lines. With the recent advancement of magnetic field of the order of
several tens of Kilo-Tesla in the laboratory®®* these requirements appear to be

within technological reach in near future.

1.1 Introduction

There has been a tremendous progress in high-intensity, short pulse laser tech-
nologies in last few decades. At present lasers are capable of delivering enormous
energy density upto 102W/cm? at very fast time scales in the range of femtosec-
onds/picoseconds. In the near future many new facilities worldwide are poised to
become operational (e.g ELI, XCELS, SULF, SEL etc.%7 ) where the intensity
and timescale limit would be pushed to even higher limits namely that of intensities
> 10%*W/em? and attosecond scales respectively. Such laser would open up newer
regimes of exploration in terms of physics in fast ignition laser fusion,! generation

459 and Gamma-ray flashes

of charge particle beams,*3 5% bright source of X-rays
and generation of higher order harmonics,? promising source of positron emitters
for PET (positron emission tomography),® cosmic accelerations (ultra-high energy

8,60 etc.

cosmic rays),” quantum gravity (Hawking radiation)

When a laser of intensities (> 10'°1¥//cm?) interacts with a solid target, the tar-
get gets ionized to form a plasma instantaneously. Fig. (1.1) shows the schematics
of such a laser and its pre-pulse interacting with a solid density target. The time
scale of the laser being rapid, the lighter electron species in the plasma are the
first to respond and absorb its energy by various well known mechanisms namely
anomalous skin effect, sheath inverse bremsstrahlung,® sheath transit absorption,'°
resonance absorption,!! vacuum (Brunel) heating,'? J x B acceleration,'® pondero-

415 stochastic heating,'® and absorption due to parametric

motive acceleration,
decay instabilities.!” This leads to the generation of a relativistic electron beam
at an overdense plasma surface. When these energetic electrons created by the
laser field move in the preformed plasma, the plasma provides for return shield-
ing currents. The combination of forward and return currents is susceptible to

many instabilities. Weibel being one of the dominant one. The Weibel instability
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Ultrahigh
current density

Figure 1.1: Schematics (not to scale): Laser-matter interaction showing the gener-
ation of energetic electrons in the forward direction and shielding electron current
induced by plasma in the backward direction

creates a current separation at the length scale of an electron skin depth in the
plasma, which leads to a generation of a strong magnetic field (~ MGauss).>
It is believed that the Weibel instability and its nonlinear evolution are largely
responsible for the development of strong magnetic fields in astrophysical contexts
like the relativistic shock formation in Gamma-ray bursts (GRBs),%! the high en-
ergy cosmic rays,5%5% active galactic nuclei (AGN)® etc. In laser driven laboratory

experiments also, Huntington et. al.%

have observed the ion-Weibel instability in
interpenetrating plasma flows. However, the experimental observation of magnetic
field generation by the Weibel instability at electron dynamics scale still remains a
challenge. In a typical beam-plasma system, a fraction of the kinetic energy ( §K)
associated with the flows get converted into the electromagnetic excitations. Such
disturbances feed upon themselves leading to the development of Weibel/current

filamentation instabilities.

The energy principle often provides a succinct physical description for analysing

66-71 Tn plasmas also,

the stability of hydrodynamic fluids in a conservative system.
the ideal Magnetohydrodynamic (MHD) excitations have often been interpreted

using energy principle™ ¢ for both equilibria with and without flows in a variety
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77,78 79,80

of contexts, e.g. magnetic fusion, astrophysics, solar and space physics
etc. Very recently, Lashmore-Davis?” has carried out energy principle analysis for
the electrostatic perturbation in a beam-plasma system leading to the two-stream
instability. In this thesis, an energy principle analysis has been enunciated to
understand the energy exchange from the kinetic energy of the particle to electro-
magnetic energy during the linear evolution of Weibel instability in a homogeneous
beam-plasma system.

The growth of magnetic field through the Weibel destabilization process influ-
ences the propagation of electron current filaments. In the nonlinear stage, current
filaments are observed to coalesce and form larger structures. There are indica-
tions from previous studies® that at the early nonlinear stage of evolution there
is a growth of magnetic field energy. Subsequently, however, the magnetic energy
shows decay. The physical mechanism for the observed decay of magnetic field at
later stages has been the focus of our studies. There are suggestions that the merg-
ing process of super Alfvénic currents carrying filaments leads to the decay of the
magnetic energy.®! On the other hand, the mechanism of magnetic reconnection
which rearranges the magnetic topology in plasma converts the magnetic energy to
kinetic energy of the particles. This can result in thermal particles or the particles
may even get accelerated®®® by the reconnection process. The merger of current
filaments leading to X point formation where reconnection happens has also been
addressed in this thesis.

The all-pervading and often enigmatic presence of the magnetic field in many
natural phenomena has aroused great curiosity and spawned many efforts to un-
derstand the generation mechanisms. The conventional existing theories on beam-
plasma systems consider Weibel/current filamentation instability responsible for
the mega-gauss order of magnetic field generation in a beam-plasma system. How-

30,31 on laser-solid interactions have reported the

ever, many laboratory experiments
generation of magnetic field at the scale lengths much longer (comparable to the
transverse beam dimension) than the conventional Weibel and Kelvin Helmholtz
modes typically associated with the beam plasma system. The long-standing puz-
zle of long scale magnetic field generation laser-plasma experiments has been ad-
dressed in this thesis.

Often, one is interested in the transport of electron beam which gets generated

from the laser when incident on the solid target. The crucial aspects of transport
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and dynamics of these particles especially in the context of fast ignition scheme of
laser fusion can be understood from the following discussion. Fast ignition is an
alternative concept of laser fusion in which the task of compressing the fusion pellet
to super solid densities (~ 1000gm/cc) or more is accomplished by conventional
high energy nanosecond glass lasers and the task of igniting the compressed pellet
is given to a separate high intensity, moderate energy pico second energy source
which can set pellet ablaze (with DT fusion reactions) by creating an adequate
size hot spot with ignition temperatures ~ 5KeV in it. The use of very high in-
tensity 1 micron laser picosecond pulses have not proven to be efficacious because
the laser energy ends up in a relativistic electron beam at overdense compressed
surface, which creates massive forward and return currents, current instabilities

18,28,86-94 These in-

and filamentations of the beam on a rapid electron time scale.
stabilities lead to a divergence of the incident electron beam away from the central
compressed target, thus preventing the formation of a hot spot in the interior. Few
attempts have been made in past to curb the electron scale instabilities and beam
collimation for instance by using axial magnetic field.” Other schemes considered,
include mitigation of instabilities leading to turbulent magnetic fields with exter-
nally produced guiding magnetic fields ( in the range of 1 — 10Kilo — Tesla),’5 10!
initiation using shock waves, using externally produced ion beams etc., but none
so far have shown significantly improved results. It is thus clear from the above
discussion that the success of fast ignition crucially hinges upon efficient absorption
of laser energy and also the subsequent propagation and dynamics of the energetic
charge particles like electrons and ions through the plasma. One point of depar-
ture from the past experience can be a mechanism for the efficient coupling of laser
energy preferentially to ions and restricting the motion of electrons by applying
an external magnetic field to mitigate electron scale instabilities. The C'O lasers
can be most suitable lasers available in the market and immediately come to mind
in this regard because of their low frequency and their recent availability for short
pulse applications.!?? But how do we utilize the CO, laser for giving its energy
directly to ions? If we consider ion heating for fast ignition of a fusion pellet, the
requirements may be put as ion energy ~ 10MeV, beam current 250M Amps,
beam period 10psec which is a 25K .J beam pulse. An efficient conversion of C'O,
laser energy into ion beam energy can thus give the required source of energy for

fast ignition laser fusion. Therefore, there is a need to look for the possibilities of
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new absorption mechanisms by which energy of laser can be preferentially coupled
to ions in plasma and restricting the electron motion to avoid the electron scale
instabilities. We have carried out theoretical analyses for new laser absorption
mechanisms for ion accelerations/heating in this thesis which is further aided by

PIC simulations also.

It is now clear that the absorption of laser energy is one of the crucial aspects
of laser-plasma interactions. One would like such a process to be efficient. Most
mechanisms of laser energy absorption result in the creation of energetic electrons
which are employed for several applications. These applications often rely on the
propagation and energy dissipation of these energetic electron beams through the
plasma, which is another important issue. In the subsequent sections, we discuss
the present understanding of these two issues. We discuss the various known
mechanism of laser energy absorption by the plasma medium. We also provide the
present status of the physics understanding of energetic electron beam propagation
in plasmas. New possibilities and issues that need to be looked into with new
perspective in these areas are highlighted. Thereafter, we provide a summary of

the contribution that has been made in this thesis in these areas.

1.2 Absorption of laser energy by the plasma medium

An intense light /laser interaction with a solid target leads to many exotic phys-
ical phenomena. However, efficient absorption mechanisms of light energy to the
highly dense plasma is still a challenging task. High intensity laser pulses have a
pre-pulse and pedestal features with an intensity of at least 10~® of the main pulse
intensity. Thus the pre-pulse of a laser has sufficient energy to ionize the solid tar-
get to the plasma state. Afterwards, the main laser pulse is absorbed inside this

plasma, by various absorption mechanisms like collisional absorption process,!03 104

107 etc. The absorption,

J x B heating,'® vacuum heating,'’® resonance heating
reflection or propagation of laser in plasma depends on characteristic features of
the laser as well as the plasma. The intensity of the laser, its pulse duration, the
shape of the pulse, laser wavelength, polarization, the angle of the incident etc., are
the main effective parameters of laser which influence the absorption process. The

plasma density profile and the scale length of its inhomogeneity are the plasma re-
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lated important determining factors for the absorption process. The conventional
methods of laser energy absorption into the plasma is briefly described in the next

few subsections.

1.2.1 Collisional abrosption process

At lower intensities (< 10'W/cm?) and longer pulse durations (~ ns) of lasers,
collisional absorption process is the dominant mechanism of laser energy absorption
in plasma. In this process, plasma electrons acquire the energy from the laser.
These electrons transfer a fraction of energy to ion species through coulombic
interaction. This ultimately leads to plasma heating. The electron-ion Coulomb

collision frequency in critical surface of plasma'“® is given by:

421 nZietlnA

Vei
where n., T, and m, are the plasma density profile, electron temperature, and elec-
tron mass respectively. Z; is the ion charge, [nA is the Coulomb logarithm and kg
is the Boltzmann constant. The electron-ion collisional frequency is much smaller
than the laser frequency in an overdense plasma i.e v, < wr and w? — wf)e >
Z—‘jwﬁe where, w;, and w,. are the laser and electron plasma frequencies. As the
laser propagates through the plasma, laser energy dissipates to heat the plasma

109,110 and nor-

through electron-ion collision mainly via inverse bremsstrahlung
mal skin effect.!!! As it is evident from the Eq.( 1.1) that the collisional fre-
quency is inversely proportional to the electron temperature, the collisional ab-
sorption mechanism becomes less effective at higher intensities. For laser in-
tensities I > 10W /ecm?, the collisionless absorption mechanisms start to play
dominant role. The main collisionless absorption mechanisms are anomalous skin

0

effect, sheath inverse bremsstrahlung,” sheath transit absorption,'® resonance ab-

sorption,'! vacuum (Brunel) heating,'? J x B acceleration,'® ponderomotive accel-

14,15 gtochastic heating,'¢ and absorption due to parametric decay insta-

eration,
bilities.!” While vacuum heating, resonance absorption, J x B acceleration and
ponderomotive acceleration are for overdense plasmas while stochastic and para-

metric decay instabilities aid the absorption processes in underdense plasmas.
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I b
Resonance layer
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Figure 1.2: Schematics (not to scale): Resonance absorption of laser energy in
plasma where cut-off (at critical density n.) is followed by the resonance (with
density n,) where blue and orange spheres depicts hot electrons and ions respec-
tively

1.2.2 Resonance absorption mechanism

In an inhomogeneous density profile such that a cutoff is followed by the resonance,
a laser incident obliquely can be absorbed via resonance absorption process which
leads to plasma heating. Fig. (1.2) shows the schematics of resonance absorp-
tion of laser energy into plasma. However, it has been shown by Budden!'? and
others!'*115 that when an electromagnetic (EM) wave is incident from the region
with cut off followed by resonance, the sum of the reflection and transmission co-
efficients does not add up to unity. This puzzle was solved by Budden!'? when
he showed by mathematical analyses that the difference of energy is absorbed be-
cause of the coupling to electrostatic waves in the resonance region. When the cut
off and the resonance are sufficiently close to each other, the evanescent electric
field which gets tunnelled from the cut-off region, sets up a nonlinear plasma elec-
tron oscillations parallel to density gradient direction through mode conversion to
electrostatic wave from the electromagnetic wave which is further resonantly en-
hanced by plasma. This high amplitude nonlinear plasma oscillations ultimately

suffer wave breaking leading to the generation of a sufficiently large number of
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energetic electrons. The wave breaking of plasma wave further used to heat the
plasma species. This process is called resonance absorption and dominates over all

the other processes when the condition
wrL/c ~ sinb, (1.2)

is satisfied. Here L is the plasma density scale length and wy, is the laser frequency.
However, this mechanism fails to work when the laser falls on the steep density
gradient plasma surface. The resonance absorption mechanism breaks when the
amplitude of the plasma oscillation is greater than the gradient scale length i.e.

L < vgse/wr, where v, is the electron quiver velocity.

1.2.3 Brunel/vacuum heating mechanism

Brunel!?

gave another absorption mechanism named after him as Brunel mech-
anism or vacuum heating process for a p-polarized laser incident obliquely to a
plasma surface with sharp interface. This process is based on ‘capacitor approx-
imation’ in which magnetic field of the wave is ignored (i.e. U X B term can be
neglected when electron quiver velocity is very less than the speed of light ¢ ). Now
the obliquely incident laser has an electric field component normal to the sharp
interface plasma surface. This electric field component pulls out electrons in the
vacuum from the plasma with the steep density profile in first half cycle of laser
and sends them back in the plasma with electron quiver velocity in the other half
cycle of the laser. This process increases the kinetic energy of the electrons and the
laser energy in this way gets converted to kinetic energy of the electrons efficiently.

This mechanism is highly efficient when the following conditions are satisfied
L < Uosc/wL; Vosc > (%3

where v,s. and v; are the quiver and the thermal velocity of the electron respec-
tively. However, this mechanism does not work when a p-polarized laser incident
normal to the sharp interface plasma surface as a normal component of electric

field is absent in this case.
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1.2.4 J x B heating mechanism

The intensity at which the quiver velocity of electrons become comparable to the
speed of light ¢ is known as relativistic intensity. A normalized vector potential ag

is defined as
eA

mec?

apg = (13)

For highly intense lasers ( ~ I > 10"™W/cm?) which corresponds to ay > 1,
relativistic effects becomes important. At such intensities, for a p-polarized, intense
laser incident normal to a sharp vacuum plasma interface, dominant absorption
mechanism at such high intensities is the J x B heating.!® At such intensities, the
quiver velocity of electrons becomes comparable to the speed of light ¢. Therefore,
the @ x B term cannot be neglected now. This term becomes the driving term in
this case which oscillates at twice the laser frequency. A linearly polarized wave

E = Ey(z)sinwyt provides to a longitudinal force term

2

F, = —%%(1 — cos 2wt) (1.4)
The first term in right-hand side of Eq.( 1.4) is the DC ponderomotive force which
pushes the electron inwards and the second term leads to pull the electrons in
vacuum and send it back to plasma in a fashion analogous to the Brunel mechanism.
Thus J x B term couples the laser energy to the plasma electron. Therefore,
this absorption process is known as J x B heating mechanism. It works for any
polarization of laser apart from the circular and is the most efficient mechanism
of laser absorption for a normal incident laser when electron quiver velocity is

relativistic.

In all these conventional schemes the laser energy is dumped into the lighter
electron species. If one wishes to heat the plasma then one has to rely on the
transfer of electron energy to the heavier ion species. This process can sometimes
be pretty inefficient with increasing electron energy as Rutherford’s collisional cross
section decreases at higher electron energy. In this thesis, we provide a mechanism
whereby the laser energy can be directly transferred to ions without invoking the

intermediary role of electrons.
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1.2.5 Improving energy absorption efficiency

There has been a great deal of interest towards possible mechanisms of enhanc-
ing laser energy absorption so as to increase the number and the energy of hot

electrons!16-122

in recent years. Most of these studies have emphasized the role
of laser pulse duration, intensity, the role of pre-plasma formation on the front
surface of the target etc. It is reported that the presence of pre-plasma on the
front surface of the target increases the absorption of laser energy as well as the
number of hot electrons.??3%1¥ Recently, a novel technique of structured target
has been used which shows significant absorption of laser energy as compared to
the conventional approaches. Both experimental and simulation works have been
carried out towards observing and understanding increased production of hot elec-

t.34738 The introduction of sub-wavelength nano-layer front

trons by designed targe
has been shown to reduce the reflection and enhance the absorption of energy of
the intense short pulse laser.® It has been demonstrated that the laser energy
absorption can be enhanced manifold using nano-structured targets* for both rel-
ativistic and non-relativistic high contrast laser intensities. In fact, the structured
target provides more surface area for Brunel’s mechanism/vacuum heating pro-
cess. These structured targets also provide a geometry which can be used for laser
energy absorption even in normal incidence where Brunel’s mechanism does not
seem to work without any structured target. Recently, micro-scale fusion has been

achieved using such nano-wire array plasmas.*’

1.3 Propagation of relativistic electron beam in over-

dense plasma

The energetic electrons which are created by the lasers are often utilized for various
applications. These involve table top radiation sources, fast ignition scheme of laser
fusion etc. In the fast ignition scheme, one wishes to create the ignition spark in
an already compressed fusion pellet using the energetic electrons created by lasers
at the critical density surface. There are number of ways to approach this scheme.
One such scheme is known as “Re-entrant cone guided fast ignition".!8485 In this

scheme a small gold cone is embedded into the side of the spherical fuel capsule,

13



Chapter 1. Introduction

providing a clear pathway to the central region where the compressed fuel globule
is formed. The ultra-intense laser that ignites the fuel is fired into the cone. Where
it interacts with the cone tip, an enormous number of extremely energetic electrons
are generated. These electrons fly out into the fuel, heating to the temperatures
required for fusion. This, therefore, requires that the energetic electrons should
propagate through the plasma from the critical density to the compressed core
and then dump its energy to create a hot spot for ignition. In such an application,
therefore, the physics of electron beam transport through the plasma medium has
a crucial role. Furthermore, the propagation of electron beam through plasma
itself is interesting in its own right. It throws light on the possible mechanisms of
magnetic field generation, its nonlinear evolution, turbulent excitations etc., the
understanding of which is relevant in astrophysical scenarios also.

The highly energetic and relativistic electrons generated during the laser-solid
interaction carries a massive electron current (~ MAmps). In the vacuum, the
electron trajectories carrying this current would turn due to the self generated
magnetic field. In fact, the maximum current that an electron beam can carry in
the vacuum is provided by the Alfvén current limit, which is 178y kAmps, where
f = v./c and ~ is the Lorentz factor. In plasma, propagation of fast electrons with
the current exceeding the Alfvén limit is permissible. Plasma induces a return
current in response to the forward electron current generated during the interaction
of laser with a solid target. If the electron beam spot size is less the electron skin
depth ¢/wy., then the return current flows from outside of the beam in the backward
direction to shield the electron current generated in the forward direction. When
the beam width is few times electron skin depth, the return current and the beam
current spatially overlap making it a current neutral system. The width of the
electron beam is typically commensurate with the laser spot size and is in general

greater than the electron skin depth.

1.3.1 Beam-plasma instabilities

The spatially overlapping forward and return electron current flows are susceptible

90,123

to several microinstabilities. For instance two steam instability, current fila-

124,125

mentation instability, oblique instability”! Weibel instability,'®*® Buneman

instability®® are the few such instabilities which are generated due to forward and

14



Chapter 1. Introduction

return current flow in the system. These instabilities severely affect the transport
of the energy and momentum of the electron beam inside the plasma. While the
two-stream and the Buneman instability are of electrostatic character, the other
instabilities are primarily of electromagnetic nature.

The configuration of counterstreaming forward and return current leads to a
charge separation in the system. It was Langmuir'?® in year 1925 who suggested the
existence of oscillations in a beam-plasma system. Pierce in the year 1948 demon-
strated that these oscillations can go unstable in nonlinear regime.'?” Bohm and
Gross then explained using kinetic theory on the unstable perturbation propagating
along the beam direction.'?® This unstable perturbation in the beam-plasma sys-
tem is popularly known as ‘two stream instability’. It leads to creation of a charge
separation along the beam propagation direction in the system and is of purely
electrostatic nature. Later, it has been shown by Fried'? that a beam-plasma
system is also unstable to electromagnetic perturbations which grow transverse to
the beam flow direction. This class of instability is known as ‘current filamentation
instability’.

Weibel'® in 1959 showed that a temperature anisotropy in a counterstreaming
current flows can also lead to a space charge separation in the system and it is
known as ‘Weibel instability’. The Weibel instability is driven by an anisotropy
in the velocity distribution of the plasma particles, where the velocity spread in
one direction is larger than another, that is both electromagnetic, and electrostatic
(as the current filaments also contain static charge). The wavenumber is always
directed perpendicular to the "hot" direction where the velocity spread is greater.
In the case where there are two plasma populations, at the same location moving in
opposite directions, the velocity spread is greater in the direction of the flow, and
in this case, the Weibel instability is referred to as the current filamentation insta-
bility. The Weibel instability was originally derived in the non-relativistic limit. In
the relativistic limit, the exact distribution of velocities becomes important, and
distinguishing the current filamentation instability becomes more relevant. Al-
though the current filamentation instability is driven by the velocity spread of the
two counter-propagating plasmas, the two-stream instability also occurs which is
driven by the two peaked velocity distribution with a wavenumber parallel to the
flow direction. There exists a hybrid of these two instabilities known as the ‘oblique

instability’, which grows fastest with a wavenumber somewhere between the cur-
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rent filamentation and two-stream modes. The tilted current filament structure in
beam-plasma system are the signature of this instability.!30: 13!

It should be noted that in the analytical as well as numerical studies of these
beam-plasma instabilities have always been carried out under the assumption of the
infinite and /or periodic system. The real electron beam generated from the laser
has a finite transverse as well as longitudinal extent. Furthermore, the background
plasma current would not instantaneously neutralize the beam current entirely
everywhere. The course of evolution with these realistic considerations need to be
understood.

Furthermore, it is important to note that the electromagnetic instabilities dis-
cussed above have growth rates which dominate at the scale length of the electron
skin depth and hence they are responsible for the generation of magnetic field at
such scales. These magnetic fields, in turn, react on the flow of the beam and back-
ground plasma electrons and play a very important role in their propagation. A
better understanding of this can be gleaned only from nonlinear studies for which

one has to rely on numerical simulations.

1.3.2 Nonlinear regime of beam plasma instabilities

The nonlinear fate of the electrostatic two-stream instabilities has been studied
in detail by Goldman'®? and Wharton et. al.'®® In the nonlinear regime of two-
stream instability, a periodic chain of electron phase space holes are formed upon
saturation leading to the increase of electrostatic field energy at the expanse of
kinetic energies of the flows in the system. These coherent structuring of phase
space have been first observed experimentally in Ref.(°). In the post-saturation
phase of nonlinear two-stream instability, these phase space holes coalesce due to
coalescence instability until they form single coherent structure. These structures
are unstable to transverse instability'®* in multidimensional space which is different
than the coalescence instability. Any charge modulation transverse to the electron
phase space holes is amplified by the self focusing untill it get disrupted. The
guided magnetic field can be used to minimize the self-focusing and lifespan of

135

these structures.'””> However, these structures are stable enough to be observed in

space'® and in laboratory experiments.'3”

The space charge separation created by the current filamentation/Weibel in-
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stability in their nonlinear evolution passes through two distinct phases. Similar
to electrostatic two stream case, in the first phase of nonlinear evolution, the mag-
netic energy of the current filaments continues to grow at the expense of kinetic
energies of the electron flows in the system. This is because of the coalescence of
the current filaments.?® In the later phase of the nonlinear regime of the insta-
bility, there is an increase in the kinetic energy of particles and decrease in the
magnetic energy of the system because of magnetic reconnection process between
two filaments. Magnetic reconnection events then dissipate the excess current (and
its associated magnetic energy) that would result from a merger process leading to
the generation of energetic electrons jets in the perpendicular plane. These ener-
getic electrons causes a transverse heating and an increase in the kinetic energy of
the system. The current filaments produced by the Weibel instability are subject
to violent kink-type deformations which are associated with a resonance between
drift velocity of the current carrying ions and a longitudinal drift kink mode.!3®
This dominates the slows down of the electrons flows and leads to isotropization of
the magnetic field in the system. Furthermore, magnetic turbulence leading to the
turbulent fragmentations and filamentations of the electron beam in laser-plasma

experiments has also been observed in recent experiments.3!

1.3.3 The role of instabilities and magnetic field generation

on electron transport

Laser energy is preferentially absorbed by the lighter electron species of the plasmas
as they respond at the fast laser frequency. This leads to the generation of the
energetic electron beam which propagates inside the plasma. However, the electron
beam thus produced are severely affected the induction of return shielding current
in the plasma leading to several streaming instabilities mentioned earlier in the
system. A huge amount of Mega-Gauss magnetic field is generated due to these
instabilities. The electron beam rapidly diverges due to this large magnetic field
in the system. Thus the transport of momenta and energy associated with the
electron beam to larger distances can be realized in practical situations.

The energetic electrons thus generated are then often employed to heat ions
in applications such as fast ignition etc., for creating hot spot in the plasma for

1

ignition.” This is a secondary process to heat ions and consequently somewhat
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inefficient. The propagation of energetic electrons is marred by several instabilities
mentioned above which lead to their divergence and loss. Moreover, the Rutherford
electron-ion collisional cross-section to enable the transfer of energy reduces with
increasing electron energy. It is thus desirable to have laser energy directly coupled
to the heavier ion species. In addition, there are also many other applications where
ion acceleration/heating is of importance, e.g. proton radiography, biomedical

applications.*! 44

The advantages of direct in-situ ion heating/acceleration are many. For in-
stance, there would be (1) Efficient coupling directly to fusion species, viz. back-
ground DT species ; (2) Ions being non relativistic and total current being much
less than Alfvén critical current for ions, magnetic fluctuations are expected to
play negligible role in beam transport and beam stopping; (3) Classical collisional
stopping of few MeV ions in dense core will be adequate; (4) Return currents, if
any, will excite electrostatic ion acoustic modes leading to anomalous heating of
the background plasma. Therefore, there is a need to look for the possibility of
new absorption mechanisms through which laser energy can directly be transferred
to heavier species of plasma for efficient ion acceleration. This is the prime focus

of our study here.

It is shown in later part of this thesis that the use of a several Kilo Tesla of
external magnetic field transverse to a plasma would bind the electrons preventing
their motion. The long wavelength, high power pulsed C'O, laser is then shown to

get coupled to a heavier ion species in the plasma

The technological requirements for such an experiment also seem to be within
the reach. The C'Os lasers are today well known as efficient industrial laser available
in the market for long pulse and continuous wave applications. However, the high

102 a1nd hence short

power short pulse C'O, lasers are also now recently available
pulse applications such as the one discussed here can now be easily explored.
Furthermore, kilo-Tesla order of magnetic fields have already been prepared in

92°54  Therefore, it is merely a matter of time now when several tens

laboratory
of Kilo Tesla of magnetic fields can be generated, thereby paving the way for

conducting experiments for direct ion accelerations via laser-plasma interactions.
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1.3.4 Schemes for improved electron propagation

The propagation of hot electrons which get generated in the target by laser energy
absorption is another area of wide interest. The techniques for possible guiding and
reduction in divergence of beam propagation through plasma medium are being
explored. It is well known that the beam propagation in the plasma is fraught
with various instabilities which are responsible for the deterioration in the beam
transport. The attempt has been, therefore, towards curbing the growth of such

instabilities.

Some other technique involves the resistive collimation of fast electrons by
generating a guiding magnetic field on the boundary of two different material.

This has been proposed in Ref.!? The experimental investigations, based on this

1.2% and show the similar results which

1'21

scheme, have been carried out by S. Kar et a
were predicted in Ref.'¥ Another experimental work by Chatterjee et al.?! involves
using aligned carbon nano-wire arrays as the target. The irradiation of such a
target generates inhomogeneous plasma. They have demonstrated experimentally
efficient transportation of laser-generated mega- ampere electron currents over long
distances compared to flat solid target. This is based on the fact that the structured
target suppresses Weibel instabilities which allows the unhindered propagation of
energetic electrons in the plasma over longer distances. A theoretical interpretation
was provided by Mishra et al. which suggests that the beam Weibel instabilities
get suppressed in such inhomogeneous targets.?*23 Moreover, the external static
magnetic field can be used for suppression of these electron scale instabilities.?*
Recently it has been shown that the use strong axial magnetic field can also lead

to better beam collimation.?> Furthermore, laser-plasma lenses can also be utilized

for relativistic electron beam collimation.?®

1.4 Thesis Layout

As mentioned earlier important issues pertaining to the energetic electron beam
propagation in plasma and the possibility of direct energy absorption by ions from
laser has been explored in this thesis. The thesis has been divided into seven

chapters including this introduction.
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1.4.1 Chapter 1: Introduction

In this chapter, a brief summary of the previous studies relevant to this thesis has
been presented. It also contains a concise introduction on conventional laser energy
absorption mechanisms, beam-plasma instabilities and its role in propagation on
an electron beam inside a plasma, schemes to improve laser energy absorption and

electron beam propagation in plasma etc.

1.4.2 Chapter 2: Energy principle for beam-plasma system

instabilities

As mentioned earlier, a relativistic electron beam propagating through plasma
induces a return electron current in the system. Such a system of interpene-
trating forward and return electron current is susceptible to a host of instabili-
ties.18:28,88,90,91,123-125  The physics of such instabilities underlies the conversion
of the flow kinetic energy to the electromagnetic field energy. Keeping this in
view, an energy principle analysis has been enunciated in this chapter. The energy
principle often provides a succinct physical description of the excitations preva-
lent in any system. It has been regularly adopted for studying the stability of
hydrodynamic fluids in a conservative system.% "' In plasmas also, the ideal Mag-
netohydrodynamic (MHD) excitations have often been interpreted using energy
principle” ¢ for both equilibria with and without flows. The stability theory with
energy principle for ideal magnetohydrodynamics has been employed to study prob-

77,78

lems in a variety of contexts, e.g. magnetic fusion, astrophysics, solar and space

.80 etc. For fast electron time scale phenomena (e.g. the case of beam

physics
plasma system) Lashmore-Davis®” has shown the applicability of energy principle
for the electrostatic excitations leading to the two-stream instability. In chapter
2, a succinct physical description of Weibel /current filamentation instability using
the energetics has been provided. It has been shown that the for identical values
of Sy =5, NoaVa,/M0Y0a, the growth rate is higher when the counterstreaming
beams are symmetric (i.e. Sz =) N0aV0a/M0Y0a = 0) compared to the case when
the two beams are asymmetric (i.e. when Ss is finite). Here, vgq, noo and vy, are
the equilibrium velocity, electron density and the relativistic factor for the electron

species ‘a’ respectively and ng = ) ng, is the total electron density. These beam
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plasma instabilities arise as a result of the conversion of the kinetic energy of beam
and background electron flows to electric and magnetic fields. In the case when
the two flows are asymmetric, i.e. S5 is finite in addition to electromagnetic field
perturbations, the electrostatic field also gets excited. This costs energy, thereby
reducing the growth rate of the instability.

Particle - In - Cell simulations under OSIRIS 4.0 framework have been employed
to show that the saturated amplitude of the field energy is also higher in the

symimetric case.

1.4.3 Chapter 3: Nonlinear regime of beam plasma insta-
bility
As mentioned in previous subsection, the relativistic electron beam (REB) prop-
agation in a plasma is fraught with beam-plasma instabilities. The prominent
amongst them is the collisionless Weibel destabilization which spatially separates
the forward propagating REB and the return shielding currents. This results in the
formation of REB current filaments which are typically of the size of electron skin
depth during the linear stage of the instability. It has been observed that in the
nonlinear stage the filaments size increases as they merge with each other. With
the help of 2-D PIC simulations in the plane perpendicular to the REB propaga-
tion, it is shown in this chapter that these mergers occur in two distinct nonlinear
phases. In the first phase, the total magnetic energy increases. Subsequently,
however, during the second phase, one observes a reduction in magnetic energy.
It is shown that the transition from one nonlinear regime to another occurs when
the typical current associated with individual filaments hits the Alfvén threshold.
In the second nonlinear regime, therefore, the filaments can no longer permit any
increase in current. Magnetic reconnection events then dissipate the excess cur-
rent (and its associated magnetic energy) that would result from a merger process
leading to the generation of energetic electrons jets in the perpendicular plane.
At later times when there are only a few filaments left the individual reconnec-
tion events can be clearly identified. It is observed that in between such events
the magnetic energy remains constant and shows a sudden drop as and when two
filaments merge. The electron jets released in these reconnection events are thus

responsible for the transverse heating which has been mentioned in some previous
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studies*®

1.4.4 Chapter 4: Effect of finite beam size and initial current

The beam-plasma system as of now has been analysed and/or numerically simu-
lated using infinite and/or periodic box conditions. For this case the transverse
extent of the beam is chosen to be infinite and/or periodic. As illustrated in the
previous chapters such a beam plasma is amenable to Weibel instability generating
current filaments and consequently magnetic field structures of the size of electron
skin depth scales. The nonlinear evolution leads to the coalescence of these struc-
tures generating longer scale magnetic fields with time. This cannot account for
laser plasma experiments conducted in laboratories which show that the magnetic
field at the scale of beam width (longer than the electron skin depth) exists right
from the very beginning.

In this chapter, we consider the realistic finite transverse profile of the elec-
tron beam. We demonstrate that for a small imbalance in the current (which is
again natural in the electron beam system) not only does the long scale magnetic
field persists but also shows a rapid increase. This cannot be accounted for with
the usual Kelvin Helmholtz and/or Weibel processes but is in agreement with ex-
perimentally observed spectra.?®:3549 A possible explanation has been provided

analytically for this observation.

1.4.5 Chapter 5: Direct coupling of laser to ions

The possibility of ion heating directly with a laser has been another topic of inter-
est. Some of the well-known mechanisms in this regard are the RPA (Radiation
Pressure Acceleration)® and TNSA (Target Normal Sheath Acceleration).’! We
have demonstrated another mechanism of ion heating by employing external mag-
netic fields. The external magnetic field is chosen so as to constrain the electron
movement and have them tied to the magnetic field. The heavier ions remain
unmagnetized and respond to the laser electric field. The difference of electron
and ion dynamics lead to charge separation and drives ion plasma oscillations,
thereby transferring the laser energy to ions to a great extent directly. The pro-

posed mechanism has been demonstrated by carrying out OSIRIS 4.0 simulations
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using parameters for a C'O, laser for which the requirement of external magnetic

field strength is smaller.

1.4.6 Chapter 6: Direct coupling of laser to ions: Magne-

tosonic excitations

We continue our studies on direct energy absorption of the laser by ions in this
chapter and show that when the laser power is increased in addition to exciting
ion plasma oscillations, the excitation of Korteweg - de Vries (KdV) magnetosonic
solitons are also observed. Various diagnostics are employed to characterize these
solitons. The solitons, as expected, propagate stably for several hundreds of ion
plasma periods. However, subsequently they are observed to develop transverse

modulations which grow with time.

1.4.7 Chapter 7: Conclusion

We summarize the thesis in this chapter and recapitulate the salient points. We
also provide an overview of the future research problems which can be carried out

in continuation of the work described here.
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instabilities

As mentioned in chapter 1, a relativistic electron beam propagating through plasma
induces a return electron current in the system. Such a system of interpenetrating
forward and return electron current is susceptible to a host of instabilities. The
physics of such instabilities underlies the conversion of the flow kinetic energy
to the electromagnetic field energy. Keeping this in view, an energy principle
analysis has been enunciated in this chapter * . It has been shown that even purely
growing mode like Weibel /current filamentation instability for the electron beam
plasma system is indeed amenable to such a treatment. The treatment provides
an understanding of the energetics associated with the growing mode. Particle -
In - Cell simulations have been employed to validate our findings from the energy

principle treatment for Weibel /current filamentation instability in linear regime.

2.1 Introduction

An intense laser interacting with an overdense solid target generates highly ener-
getic, relativistic electrons carrying a massive electron current (~ M Amps) in the
forward direction.'? 4! In response to this, the background plasma supplies a re-
turn shielding electron current. Depending on the width of the beam being greater

or lesser than the electron skin depth ( d. = ¢/wpe ), the return current flows

* Atul Kumar, Chandrasekhar Shukla, Amita Das, and Predhiman Kaw, AIP Advances 8,
055213 (2018)
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inside or outside of the beam respectively to neutralize the system. The spatially
overlapping forward and return electron current flows are susceptible to several
micro-instabilities.!®8891:93,94,123 The current filamentation instability,?2 125,142,143
which is often referred to as the Weibel instability,'® creates a current separation
at the length scale of an electron skin depth in the plasma, which leads to a gen-
eration of strong magnetic field (~ MGauss).*® Tt is believed that the Weibel
instability and its nonlinear evolution are largely responsible for the development
of strong magnetic fields in astrophysical contexts like the relativistic shock for-

62,63 active

mation in Gamma ray bursts (GRBs),% the high energy cosmic rays,
galactic nuclei (AGN)% etc. In laser driven laboratory experiments also, Hunting-
ton et. al.%> have observed the ion-Weibel instability in interpenetrating plasma
flows. However, the experimental observation of magnetic field generation by the
Weibel instability at electron dynamics scale still remains a challenge. In a typ-
ical beam plasma system, a fraction of the kinetic energy ( dK') associated with
the flows get converted into the electromagnetic excitations. Such disturbances
feed upon themselves leading to the development of Weibel /current filamentation
instabilities.

The energy principle often provides a succinct physical description of the ex-
citations prevalent in any system. It has been regularly adopted for studying the
stability of hydrodynamic fluids in a conservative system.%¢"! In plasmas also, the
ideal Magnetohydrodynamic (MHD) excitations have often been interpreted us-
ing energy principle™ 7® for both equilibria with and without flows. The stability
theory with energy principle for ideal magnetohydrodynamics has been employed

77,78

to study problems in a variety of contexts, e.g. magnetic fusion, astrophysics,

79,80 etc. For fast electron time scale phenomena (e.g. the

solar and space physics
case of beam plasma system) Lashmore-Davis?” has shown the applicability of en-
ergy principle for the electrostatic excitations leading to the two stream instability.
Weibel mode is an instability having mixed electrostatic and electromagnetic char-
acter. As the wavenumber gets more aligned transverse to the flow direction,
electromagnetic character predominates. When it is directed totally orthogonal to
the direction of flow, it is also referred to as the current filamentation instability.
In this case, the mode has a purely growing character. We have employed the
energy principle for this particular configuration. The origin of the positive and

negative contributions to the total energy has been clearly identified. The term
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providing a negative contribution to the energy is responsible for the growth of
the mode. The energy conservation, however, should ensure a balance between the
positive and negative energy contributions. This condition provides the expression
for the growth rate, which is found to be in good agreement with earlier deriva-
tions. We have discussed the flow configurations which are more susceptible to
the excitation of this mode. It is inferred that a symmetric flow configuration (i.e.
when both the beam and the background plasma electrons have identical densities
with equal and opposite flow velocities) has the optimal/fastest growth. This is
in agreement with results obtained from the linear stability analysis carried out in

earlier studies.!?%125

2.2 Energy principle analysis of beam-plasma sys-

tem

We have considered an equilibrium configuration for a collection of the beam and
background plasma electrons flowing in opposite direction to each other against
a background of stationary ions. The charge neutrality and the current balance
are ensured initially. The charge of the beam and the plasma electron densities
are neutralized by the background plasma ions. Thus we have ) no. = no,
where « is a dummy index which is 1 and 2 representing the beam and plasma
electrons respectively. Here, ng, represents the density of the two electron species
and ng; is the background density of ions. We will restrict to the 2-D geometry
of z — y plane shown in Fig.(2.1) for our analysis. The beam (depicted by red
circles ) and background plasma electrons (green circles) are chosen to flow in the
+x direction respectively. The equilibrium current balance is ensured by choosing
Y o Noaloa = 0, where i, is the equilibrium flow velocity for species ‘a’. The
system is considered to be of infinite extent in both x and y directions. Such
a system in the collisionless limit is in equilibrium with no forces acting on the
particles. The total energy of this system is in the form of electron kinetic energy
in the beam and the background electrons. Any electromagnetic instability in
such a system would develop only if the energy requirement for the growth of
electromagnetic fields is compensated by the reduction in the kinetic energy of the

electrons.

27



Chapter 2. Energy principle for beam plasma instabilities

0 ) ¢ 0
) o 0
0? 9 )
0 ¢ ¢
Y o 9
0 0
) 09 )
9 = -0
* 9 ¢
X —>»

Figure 2.1: Schematics (not to scale) of 2-D equilibrium geometry of the beam
plasma system where the beam (red circles ) and background plasma electrons
(green circles) are flowing in positive and negative x direction respectively

The dynamical evolution of the system about this equilibrium is clearly gov-
erned by the coupled set of Maxwell’s and electron fluid equations. The ions in
this treatment are assumed to be heavy and their response is considered to be neg-
ligible. The Maxwell’s equations lead to the following equation for the evolution

of field energy in the presence of plasma:

— (== —V- = 2.1
m( = >+MV(Exm+JE 0 (2.1)

This is the well known Poynting flux theorem for the electromagnetic energy in
the plasma. In the vacuum, J - E term is absent and the rate of change of elec-
tromagnetic energy is determined simply by the Poynting flux. In plasma or any
conducting media, the flow of currents leads to a finite value of J - E. This term
represents the possibility of energy transfer from the kinetic energy of the particles
to the field energy and vice versa. For the infinite system considered by us, the
Poynting flux would not contribute to the electromagnetic field energy evolution.
We would only have the J - E term responsible for any rearrangement between field

and the kinetic energies. Integrating Eq.(2.1) over space we obtain:

0 E? 4+ B? oo
E/ (T)d:pder/(J-E) drdy = 0 (2.2)

We now evaluate Eq.(2.1) for fluctuations excited about the homogeneous equilib-
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rium. Thus, a disturbance in any field is represented by the collection of Fourier

modes having the form:
FFE ) ~ frexp(ik - 7 — iwgt) + c.c (2.3)

where c.c indicates complex conjugate of the expression to preserve the reality of
the left hand side. We consider filamentation instability for which the wavenumber
k is directed along ¢. We represent this component simply by k. Here, w, =
wyr + Iy with w,, and I'y corresponding to the real and imaginary part of wy
respectively. For the purely growing mode, w, = (I, where I'; represents the
growth rate. For the perturbed current flow confined in 2-D z — y plane, the
associated magnetic field is directed along the Z direction and is denoted by Bj..
The perturbed electric field E; lies in the x-y plane. The variations being along
Y, Fy is the electrostatic component of the field and E;,, B;. correspond to
electromagnetic excitation. These field perturbations are generated as a result of
the conversion of the kinetic energy associated with the beam and return electron
currents of the system into the electric and magnetic field energies. For the small
amplitude linear disturbances, only up to quadratic terms (associated with the

perturbed fields) in the energy expression have to be retained. We thus have:

0 (E*+ B? a1

—\——— == |—(E}, + E}, + B} 2.4

8t( 8T ) 8t [SW( 13:+ 1y+ lz):| ( )
j- E = — Z [enoavlmEu -+ en0av1ayE1y + enlav()aEu} (25)

(67

he linearized continuity equation for the species a can be written as:

8n1a 0

ot + a_y(n(]avlay> =0 (26>
Similarly, linearizing the x and y components of momentum equation for the species
a we have: 5
a(m%?aﬂlax) = _eElx (27)
0
a(m’y&lvlay) - _eEly + QUOQBlz/C; (28)
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where ‘e’ is the magnitude of the electronic charge and ‘m’ is the rest mass of an
electron. Employing the Fourier representation of Eq.(2.3) for the linearised fields
(density, velocity, electric and magnetic field), we can cast the Eqgs.( 2.6, 2.7, 2.8)

respectively to obtain:

k
= —T0aU1a 2.9
MNak wkno Viayk ( )
Le
azk — — E T 2.10
Viazxk mvé”awk 1zk ( )
Le Le

Egp — ——— ko Bk (2.11)

Viayk = — 1yk
Y MYoaWk Y mecYoaWy

The Faraday’s law gives the following relationship between the Z component of

magnetic field and the £ component of electric field:

k
Wi

In addition, we have used the following definitions:

Sl _ Z Ny : SQ _ Z Noa (213)

e Sy
2
N0a Voo NoaVyq
83 = X S4 = T 2.14
Ea: T070a 20; 10700 ( )
The Poisson’s equation can be written as:
0E,
= — 4meniy 2.15

Using Eqgs.( 2.9, 2.10, 2.11), we can express the Poisson equation as:

k e Le
kE . = — dre—ngq | — B — ———kvoar Fra 2.16
LR By ; Wewkno { ——— lyk mC’YOaw;% Voak L1zk ( )

Rearranging terms in Eq.(2.16) along with the definition of S; and S3 provided in
Eqgs.(2.13, 2.14), we can cast Ey, in terms of £, as:

w2653
By = - B (2.17)
(1- w%e St)wi
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It should be noted that when S3 = 0, we have Fy,;, = 0. Thus a symmetric flow
configuration for which S3 vanishes does not generate any electrostatic field and
hence, the energy cost in this case for the development of Weibel mode is less. We
eliminate all the other fields in terms of 4, and use the normalized variables, i.e.

Wi/ wWpe — wy and kc/wpe — k to obtain:

- 1 1 1 1
J'E_L{Sé{__ }+547€2{—3——3H\Em|2
s Wi W W, Wi,

ol S25,k2 {1 1 H )
-+ . E,
+ 1*51) | Bkl

81 [Jerl (1 — ZS1)(1 — - WE Whs

(2.18)

v [S2R% (1 1 1 9
L 1 - = i
M (o e ey —;%SﬂH' e

v 1 1
L g2p2 _ Fi. 2
sk {wi(l—éﬁ) wz*u—%soﬂ' e

Wi

where wy, is the c.c of wy. The above expression can be simplified to write:

.o 2L [52 Sy 52k 54} )
J-E="F|224 — 2| |Ey,
87 |3 ' TiTi+28T3+5S3) T} ot (2.19)
- 1 0 Sg n Slsng . 54 |E |2 ‘
T 8wt T2 T DT+ 25124 52)  Tf|T

It should be noted that we have replaced 2I'y by 0/0t because F1, = Fpexp(iky—
iwgt). Thus |Eygx|* ~ exp(2T4t). Here, T'y is the imaginary part of the frequency

wg. Similarly, we have:

0 (E2+B*\ 10 k253 K )
F7i Gl Bl R s 6 1 1 + 5 (| Bl

= 1+ S~ +k2 By, ?
T 8n ot [2(T4 425,724 82) T2 f |7

(2.20)

Since the Poynting flux for the homogeneous infinite periodic system is zero, we
can express Eq.(2.1) by summing Eq.(2.19)and Eq.(2.20), to obtain Eq.(2.21).

We have chosen to normalize time with the inverse of electron plasma frequency,
Wpe = 1/ % and length with the electron skin depth, d. = ¢/wy. (i.e. , t-wp‘el —t
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and y - d. — y ) to obtain the following expression:

—— {14+ = || P 1+ = Ery B,
87r8tK *rg)' 1ok *( ) mr s 1 oy Pl T Bl
Sy 0
_kQE 2 . 2 _
T | 1xk;|:| 5 {Xk] 0

(2.21)

The parameters Sy, So and S, are always positive. It should be noted that though
the parameter S3 can be either positive or negative, it appears only as S3 in
Eq.(2.21). Hence, the sign of S3 does not matter but its magnitude |Ss| is impor-
tant. Furthermore, Eq.(2.21) shows that y; (the energy in the kth mode) should
remain conserved. This is because in the linear regime the modes do not interact.
The system is in a state of equilibrium initially with infinitesimal perturbations
around it. Therefore, y; =~ 0 for all k£ initially and from Eq.(2.21), x; would

continue to remain zero while the linear approximation remains valid. We thus

have:
1 Sg ) Sl S§k2 2 k2 2
=1+ 2)|BLP+ (1+2 Bl + —| B
X 87?[( +F2)| 1o +( 0 ) ase s oy Pel B
Sy
—ﬁk:2|E1x|2 =0

(2.22)

In writing Eq.(2.22), we have dropped the suffix k.

2.3 Inferences from Energy Principle

The expression for x in Eq.(2.22) has both positive and negative terms contributing
to it which is essential for the existence of any instability in the system. When
the positive terms balance with the negative terms to have y = 0 at a finite value
of I', the corresponding mode is unstable. The growth rate is thus a function of
St, 82,55 and Sy, which in turn, are functions of the density and flow parameters
of the equilibrium configuration of the beam as well as the background plasma
electrons. The first three terms of the expression for x are positive definite ( S

and Sy are positive and S3 which could be negative, appears as a square). The
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positive terms require additional energy. The fourth term with a negative sign (.S,
and other factors being positive definite in this term) corresponds to a reduction
in energy of the perturbed configuration. The presence of this fourth term is thus
energetically favorable and is crucial for instability.

It should be noted here that J-E = D NaUn-(—eE). Here —ekE is the force due
to the electric field experienced by the electrons. Thus, the positive/negative terms
inJ-E represent the gain/loss rate in the kinetic energy of electrons respectively.
The negative terms are responsible for the growth of Weibel instability at the
expense of the kinetic energy of electrons. We now identify the terms in the
expression of J - E in Eq.( 2.5) which provide a negative contribution to the total
energy of the system.

Let us first consider the case of symmetric flow for which S3 is zero. For
this case, it is evident from Eq.( 2.17) that E;, = 0. Thus, only the first and
third term of Eq.( 2.5) are finite for this particular case. Let us now identify
their contributions in Eq.(2.22). The first term of Eq.(2.22) with the coefficient
(1 4 Sy/T?) of |Ey,|* arises as follows. The coefficient unity clearly comes from
J|E%,| /0t of Eq.(2.4). The term with the factor S;/T'? is the plasma dressing
contribution arising from (— ) enoaViasE1,) (Viz. the first term of Eq.2.5). This
can be obtained by expressing Fy, in terms of vi,, from Eq.(2.10) which leads to
(= >0 €0aV10s Erz) = D, N0aMYia|Viaz|*T. Clearly, this is a positive definite and
represents the rate of kinetic energy acquired by the electrons due to the perturbed
velocity along the Z direction (i.e. along the equilibrium flow direction). Let us
now look at the last term of Eq.(2.5) by substituting n;, and E, in terms of the
velocities. It is evident from Eq.(2.9) that the density perturbations are related
to viay by the continuity equation. Since Fy, is absent for the symmetric flow
configuration, vy, gets generated by the v x B force in the momentum equation
(Egs.(2.7, 2.8)). It should be noted that since the equilibrium flow is oppositely
directed for the two electron fluids, this force acts in the opposite directions for
the two species and is responsible for the separation of the two beams transverse
to the equilibrium flow direction (i.e. along ¢). This causes the spatial separation
of the forward and return currents leading to magnetic field generation causing the
system to be destabilized by Weibel instability. We substitute for n;, and Ej, in
terms of vy, to write the last term of Eq.(2.5) as — > k*v3, m7i,|v1az|?/T which

is negative and hence, it represents the loss rate of electron kinetic energy. In
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Eq.(2.22), it can be traced as the term with —S;k? /T coefficient.

For asymmetric flows with non zero values of Ss, E}, is finite. A finite value
of Fy, contributes to J-E through the second term in Eq.(2.5) and also through
the dependence of ny, on vi,, (Eq. (2.9), which in turn is influenced by the force
—eFE, through the momentum equation (Eq.(2.9,2.8)). It should be noted that the
force due to Ey, acts on the two fluids along the same direction and hence does not
lead to any current separation required for the Weibel destabilization process. The
sum of both these terms can be seen to be positive definite and they are responsible
for the gain in electron kinetic energy acquired by the perturbed y component of
the velocity vy,. The term with the coefficient S;/I'? in Eq.(2.22) represents the
sum of both these contributions. The unity in the bracket containing S; /T'? arises
from 0| E4,|?/0t of Eq.(2.4). Furthermore, the term k?|E1,|* /% corresponds to the
last term of Eq.(2.4). It also represents the rate of change of the magnetic field
energy, 0|By.|*/0t.

It is, therefore, clear that the negative term arises from the correlation between
n1q and Ey,, which is the last term appearing in the expression of J- E (Eq.(2.5)).
This can also be simply viewed as a crucial term reducing the overall spatially

averaged perturbed kinetic energy of the electrons as demonstrated below.

<5K> - %< S | 200 120) s+ 20)” — nowga} > (2.23)

o L

n(]aﬁfa —+ 2n1a170a . Ula:| > (224)

o L

Noa|Viaz]> + MoaViay|® + 2n16T0 - UM] > (2.25)
It should be noted that the terms linear in perturbation average out to zero and
thus have been dropped. The terms with third order in perturbation have been
ignored. The first and second terms in Eq.(2.25) are positive definite. However,
the sign of the third term depends on the correlation between ni, and v14,. Using
Eq.(2.10) and the fact that w = (I", we end up with the same correlation term as

in the expression for J - E which is responsible for decreasing the kinetic energy.

Now, we derive the expression for the growth rate of the unstable mode. Equat-

ing the coefficient of |F,|* in Eq.(2.21) to zero, we obtain the following 6th order
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polynomial equation as the dispersion relation from which the growth rate can be
obtained.
(T2 + S)[0* + (Sy + K*)I? — S4k?) = —S3k? (2.26)

Equation(2.26) is in agreement with earlier derivation.'?* For S3 = 0, the analytical

expression for the growth rate can be obtained as:

. 1/2
I'= V2 V (Sy + k2)? + 45,k% — (S5 + K?) (2.27)

The other root of I'> = —S; is the electron plasma oscillations. The analytical

expression for the growth rate can also be obtained in the asymptotic limit of
small beam density, i.e. ng; < ng2, Vo1 > Vg2 and the beam velocity approaches
the speed of light, i.e |vg;| ~ 1. This implies that v9; = 70 > 1 and 92 ~ 1. We
can then expand the parameters Sy, S5, S3 and Sy of Eq. (2.26) in powers of ng;.
Retaining terms of ng; upto first order in the expression we obtain: S| ~ S, ~ 1,
S3 A Mo1001, Sa A No1001(Vo1/70 — Vo2). The expression for growth rate under this

approximation is then given by

L2 2 71/2
= | oY% (2.28)
(1+ &%)
In the limit £ < 1 the growth rate becomes,
1 = (no1vg,/70)"*k (2.29)
In the other asymptotic limit k£ > 1,
Iy = (71011)31/%)1/2 (2.30)

This is a highly asymmetric flow configuration in which the beam density is much
lower than the background plasma density but it has relativistic speeds. The
value of |S;| for such configurations would be very high. On the other hand,
|S3] = 0 corresponds to a symmetric flow configuration. This can be understood
as follows. Using the condition of charge neutrality > 1o, = no = 1 and zero
current ) noaUoa = 0 for an equilibrium, we have ng; = 1 — nge and vpy =

—ng1vo1/(1 —ne1). All the parameters Sy, Sz, S3 and Sy, on which the growth rate
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depends, can then be cast entirely in terms of the beam density and its equilibrium

velocity. The parameter S3 takes the form:

1 1
S3 = no1vo1 (— - —) (2.31)

o1 Y02

Thus, S3 has a negligible role in non relativistic cases. In the relativistic case,
it is zero only when the flow configuration is symmetric. This corresponds to
Vo1 = —Up2, Which is possible only when ng; = ngs = 0.5. We will refer to the case
of ngy = 0.5 (corresponding to |S3| = 0) as the ‘symmetric’ flow configuration and
for any other value of ng; for which |Ss| is finite the flow configuration is termed
as ‘asymmetric’ henceforth. It is interesting to note from Eq.(2.17) that the elec-
trostatic field Ey, = 0 when |S5| = 0. Thus, for the symmetric flow configuration,
no electrostatic field gets generated and hence, it is favorable from the energetics
point of view to excite the instability for this particular configuration. In the ex-
pression for y provided in Eq(2.22) also, it can be seen that the second positive
term vanishes entirely when |S3| = 0. We have carried out a detailed investigation
of the growth rate evaluated from the dispersion relation of Eq.(2.26) in the pa-
rameter domain of ng; vs. vg; to show that this inference drawn from the energy
principle is indeed correct.

In Fig.(2.3a,b), we have shown the constant contours of S, in the ng; — vo;
plane. When the growth rate using the values of ng; and vy, on the points of any
constant S, contour is evaluated, we observe that the growth rate is always highest
for the symmetric case. We have employed Eq.(2.26) to evaluate the growth rate
numerically and used k = 1 where the growth rate maximizes.'?* In TABLE I, we
have evaluated the growth rate for the constant contours of S, = 0.25 for various
values of ng; and vg;. We observe that the growth rate is highest for |S3| = 0, as
expected. In fact, the growth rate decreases monotonically with increasing value
of |Ss].

We have also shown the plot of growth rate for various values of ng; as a func-
tion of vg; in Fig.(2.2) and observe that the growth rate maximizes when ng; = 0.5,

i.e. for the symmetric flow configuration.
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TABLE 1
The maximum growth rate of current filamentation instability evaluated

analytically on a contour of S, = 0.25

no1 Vo1 |Ss] I'(max.)
0.343 0.898 0.1365 0.3748
0.346 0.923 0.1558 0.3722
0.360 0.960 0.1941 0.3636
0.367 0.970 0.2078 0.3581
0.383 0.983 0.2291 0.3475
0.400 0.991 0.2445 0.3336
0.429 0.996 0.2453 0.3258
0.466 0.994 0.1798 0.3857
0.487 0.982 0.0827 0.4392

0.5 0.963 0 0.4519

It is thus clear that the symmetric flow configuration has the maximum growth
rate. It would be interesting to know how the two flow configurations behave
in the nonlinear regime. In the next section, we have explored this by carrying
out 2-D PIC simulations through OSIRIS for the symmetric and asymmetric flow
configurations corresponding to the two points depicted by asterisks in Fig.(2.3b).
For these two points, both S; and wvg; are identical. Here, Case(A) is for the
symmetric flow with ng; = 0.5, whereas Case (B) is for asymmetric configuration
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Figure 2.2: The equilibirum condition of charge neutrality and zero current requires
that only two parameters out of the four ng, and vy, can be chosen independently.
For this figure ng; and vy, have been chosen independently to understand the
variation of the growth rate with respect to them. The figure shows the plot of
growth rate as a function of vg;. Each curve in the plot corresponds to a distinct
value of ng;. It should be noted that the curve for ng; = 0.5 representing symmetric
flow configuration, has the highest value of growth rate for all values of vy .
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Figure 2.3: (a) Contours of Sy in the plane of ng; and vp1: (b) zoomed section of
contours of Sy where astricks denote two points of symmetric and asymmetric flow
configurations at the constant contour of Sy = 0.25
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2.4 Simulation Setup

PIC simulations using OSIRIS*%:%7 have been carried out for a system of the forward
electron beam and a compensating return current by the background plasma. The
equilibrium configuration in Fig.(2.1) has been initialized in a 2-D simulation box.
The simulation box size was chosen to be 25¢/wye X 25¢/wpe. The spatial resolution
is taken to be 50 cells per ¢/w,. with 64 particles per cell which corresponds to a
grid size of Az = 0.02¢/wp. and time step At = 0.012w,.'. A small noise in terms
of initial thermal velocity of vy, = 0.0001397¢ in each of the two electron species
has been introduced initially. In typical beam plasma experiments, one envisages
the forward beam current to have high velocities and low density. On the other
hand, the background plasma electrons have high density and move with slower
speed. Thus the two flows would, in general, be highly asymmetric. We investigate
here both the cases of symmetric and asymmetric flows. For a proper comparison,
we have ensured in the choice of the equilibrium flow parameters to have identical
values of S, as well as the beam velocity vg; for both the cases. For the symmetric
flow (Case (A)), a forward moving beam of density 0.50n, moving with the
velocity of 0.963¢c and a compensating return electron beam with same density and
speed moving in opposite direction has been chosen. For asymmetric flow (Case
(B)), a beam electron density of 0.36n, moving along & with a velocity of 0.960c¢
in the forward direction and a shielding current of background electrons along —&
with density 0.64n¢ moving with a velocity of 0.540c¢ has been considered. We
have tracked the spatio - temporal evolution of magnetic field and particle density

along with the evolution of total magnetic field energy in the system defined by
o [ B*(z,y)dxdy.

2.5 Simulation results and analysis

We have shown in Fig.(2.4), the evolution of the normalized magnetic field energy in
the system for Case (A) and (B) respectively. It can be observed from the semilog
plot of Fig.(2.4) that the magnetic field energy grows linearly in the beginning.
However, the symmetric flow i.e, Case (A) shows a higher growth rate than that

of Case (B), as expected. The field energy in Case (A) also saturates at a higher
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Figure 2.4: The calculation of growth rate of instability by its slope on temporal
evolution of magnetic field energy for the symmetric (Sy = 0.25, |S3] = 0 ) (solid
red color curve) and asymmetric flow (Sy = 0.25, |S5] = 0.1941 ) (dotted blue
curve) which match very well with the theoretical growth rate.

value. The 2-D color plots for the z component of the magnetic field (left column)
and the charge density (right column ) for Case (A) and Case (B) have been
shown in Fig.(2.5) and Fig.(2.6) respectively. The first subplot in both the figures
[Fig.(2.5) and Fig.(2.6)] corresponds to the linear regime. After this, the system
shows the onset of nonlinear effects. This can be clearly observed from the plots in
Fig.(2.4) where the lines start to curve. This happens for Case (A) and Case (B) at
t = 15.24 and t = 18.0 respectively. At the linear stage of instability ( ¢ = 15.24 in
Fig.(2.5) and t = 18.0 in Fig.(2.6)), the formation of filaments in the magnetic field
as well as in the electron charge density are observed. The scale length of these
filaments are of the order of electron skin depth d.. However, the magnitude of the
perturbed magnetic field in the asymmetric case is comparatively much weaker. It
is evident from Eq. (2.21) that finite value of |S;5| (which is the case for asymmetric
plasma flows) can stabilize the growth of Weibel instability as compared to the
system of symmetric plasma flows (]S5] = 0). The slope corresponding to the
numerically evaluated growth rate has been indicated by the short straight lines

alongside the two respective cases. They show a good match in the linear regime of
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numerical simulation. The quantitative value of the growth rate calculated by PIC
simulation is I',,,,, = 0.46 which is in good agreement with theoretical growth rate
[Eq. (2.27)] T'y, = 0.4519 (red solid color in Fig.(2.4)). In the case of asymmetric
flow(|.S5] = 0.1941), the growth rate obtained from simulation is I, = 0.38 which
also matches with the theoretical result [Eq. (2.26)] I'y, = 0.3636 (dotted blue color
line) and confirms the theoretical prediction that non-zero value of |S3| reduces
the growth rate of Weibel instability. It should, however, be noted that analytical
derivation corresponds to the filamentation configuration with perturbation wave
vector directed transverse to the flow direction. However, the simulation shows
variations along the flow direction as well, for both the cases. The slight difference
between analytical and simulation growth rate is reasonable as the oblique modes
are the ones which supposedly dominate the beam plasma instability. However,
since the variations along the flow direction are of much longer scales, they do not
seem to influence the growth rate much. This is the reason for a good agreement
between the analytically evaluated growth rate and that obtained from simulation.

It has also been found in our simulations that the nonlinear onset of Weibel
instabilty occurs sooner ( just after ¢ = 15.24 ) in Case (A) than in Case (B) (
t = 18.0). The nonlinear saturation level in Case(A) is also typically higher as
compared to Case (B).

In the nonlinear regime, the perturbed magnetic field first keeps increasing at
a slower rate (phase 1). The magnetic field structures during this time coalesce
and form longer scale structures. Thus, a cascade of power towards longer scales is
distinctly observed. The energy evolution plots of Fig.(2.4), also show a subsequent
later regime (phase 2) in which the magnetic energy shows a steady decrease. The
color subplots of Fig.(2.5) at ¢t = 27.24 and t = 39.24 for Case (A) correspond
to these two distinct nonlinear phases. For Fig.(2.6) the subplot at ¢ = 30.0 and
t = 42.0 depicts the two nonlinear phases for Case (B). During the first phase of
the nonlinear regime, the filamentary nature of the structures continues to exist as
can be seen from Fig.(2.5) and Fig.(2.6). Thus, variations along the propagation
direction continue to remain at longer spatial scales. In this regime, the coalescence
of magnetic filaments increases the transverse scale length. In the second phase of
the nonlinear regime, the magnetic structures start to isotropize as can be observed
from the last two subplots of Fig.(2.5) and Fig.(2.6).

We have also shown the phase space plot of the beam and background electrons
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Figure 2.5: Evolution of magnetic field (left column) and electron charge density of
the beam (right column) for symmetric flows (prepared by Vapor [J. Clyne et. al.,
New Journal of Physics, 9, 8, (2007); J. Clyne and M. Rast, FElectronic Imaging,
284-295, (2005)]): The formation of filamentary structures in magnetic field as well
as in electron charge density at the order of an electron skin depth, d. is shown
just at the transition from linear to nonlinear stage (t=15.24). In the nonlinear
stage of instability, the tilted structure of filaments in the magnetic field as well as
in electron charge density which is a signature of oblique mode instability, can be
seen. The magnetic field energy spectra in the linear regime peaking at d, is shown
within the top left corner of the figure. Further evolution of instability leads to the
system in a turbulent regime which is caused by the deflection of charge particles
due to a high amplitude magnetic field generated by the instability in the system.
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Figure 2.6: Evolution of magnetic field (left column) and electron charge density
(right column) of the beam for asymmetric flow (prepared by Vapor [J. Clyne et.
al., New Journal of Physics, 9, 8, (2007); J. Clyne and M. Rast, FElectronic Imag-
ing, 284-295, (2005)]): In the asymmetric flows, the term |S3] # 0 stabilizes the
system, therefore the growth rate of instability reduces as compared to symmetric
flow. The nonlinear phase of the instability, therefore, has a slow onset.
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at various times. For the symmetric case(A) the beam and background electrons
have the same density and speed, as shown in Fig. 2.7. The color scale represents
the particle numbers on the logarithmic scale. It can be observed from the plot that
the phase space plots show considerable evolution with time. In the linear regime
t = 36, there is an increase in the thermal spread in momentum space. However,
subsequently in nonlinear regime the shape of the phase space shows considerable
evolution. In the nonlinear regime the phase space acquires a crescent structure.
The particles with transverse temperature close to zero acquire a faster velocity,
whereas the particles with higher transverse temperature show signs of slowing
down. This creates a particle hole at the trailing end (see t = 36) subsequently
this hole gets filled up and an isotropic momentum distribution is achieved. Thus
during a nonlinear phase and the particle momentum essentially tries to isotropize.
It is observed that the isotropization occurs faster in the case of symmetric flows.

For the asymmetric case also the stages in development seem to be similar (See
Fig. 2.8) qualitatively. The central particles with weak transverse temperature get
accelerated and the ones which have higher transverse temperature slow down. It
is observed that the system isotropization time is longer when flow configurations
are asymetric as compared to the case when flow configuration is symmetric. In
symmetric case, the phase space structures acquire a triangular and/or a tear drop

form with the elongated edge being along the propagation direction.
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Figure 2.7: Beam and background particle dynamics for symmetric case in mo-
mentum space where isotropization of momentum of beam and background plasma
particles can be clearly seen

45



Chapter 2. Energy principle for beam plasma instabilities
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Figure 2.8: Beam and background particle dynamics for asymmetric case in mo-
mentum space where isotropization of momentum of beam and background plasma
particles can be clearly seen
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2.6 Summary

The energy principle utilizes the energy cost associated with the perturbed equilib-
ria to ascertain whether the growth of a particular mode is energetically favorable
or not. This technique often provides an interesting physical insight and has been
extensively employed in the context of plasma systems governed by Magnetohy-
drodynamics. Recently, it has been invoked for understanding the electrostatic
two stream instability.

In this study, we have shown that an energy principle argument can be put
forth for the electromagnetic Weibel mode in the context of beam plasma system.
The perturbations in linear regime provide both positive and negative energy con-
tributions in the system. This is essential for the instability, as for conservative
system the total energy of the system is constant. The system should allow the
possibility of the growth of perturbations without any additional cost of energy.
This can happen only when the perturbations merely transfer energy from one
form to another. Thus causing one form of energy to grow at the cost of another.
For the beam filamentation instability, the electromagnetic field energy in the per-
turbed state grows at the cost of kinetic energy of the equilibrium flow. We have
identified Sy = ), % as the coefficient of the negative energy contributing
term and is crucial for the instability. We have also shown that a finite value of
Sy = . % is responsible for generating the electric field transverse to the flow
profile and in fact, costs energy. It is clear that Sj is finite only in the relativistic
case and for the case when the flow profile is asymmetric (beam and background
plasma have different densities). The finite value of S35 suppresses the filamen-
tation mode. This has been verified by comparing the growth rates for various
cases in this manuscript. For instance, it has been shown that for a constant value
of Sy the growth rate is maximum for |S3] = 0 and reduces monotonically with
increasing value of |S3|. We have also carried out 2-D PIC simulations to illustrate
the difference between symmetric and asymmetric flow configurations. We have
chosen two flow parameters for which Sj4 is same. The value of S3 is zero for one
case and is finite for the other case corresponding to symmetric and asymmetric
configurations respectively. We have observed that even in the presence of 2-D
perturbations (permitted by the 2-D PIC simulations carried out by us) the sym-

metric case has higher growth rate. Furthermore, the nonlinear saturation level of
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Chapter 2. Energy principle for beam plasma instabilities

the perturbed magnetic field is also observed to be higher for the symmetric flow
configuration. There are two distinct phases of nonlinear evolution. In the first
phase, the magnetic energy continues to grow and is the result of the coalescence
of current filaments. In the second phase, the magnetic energy shows a steady
decrease. This happens as a result of particles acquiring kinetic energy. However,
we have shown that the momenta of the particles in this nonlinear regime tries to
isotropize the flow. Now when the two current filaments merge, the topology of
magnetic field structures also changes because of magnetic reconnection. Further-
more, the isotropization occurs faster in the case of symmetric flow configuration
as compared to the case when flows are asymmetric in nature.

The increase of the kinetic energy of particles at the expense of magnetic field
energy in the system during later phase of nonlinear evolution of Weibel insta-
bility can be associated with the magnetic reconnection in the merging of two
current/magnetic filaments. The magnetic field energy decreases during the pro-
cess of magnetic reconnection and particles are accelerated in the transverse plane.
These results are explained in Ch. 3.

It is well known that the Poynting flux in homogeneous beam-plasma system
where spatial extensions of beam and plasma electron flows are infinite, will be
zero. However, when the beam is of finite extent, there exists a possibility that
Poynting flux will not be zero and thus leads to radiative leakage from the finite
edges. Detailed explanations of radiative leakage and other features of finite beam-

plasma system where beam has finite transverse extent is provided in Ch. 4
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Nonlinear regime of beam-plasma

instabilities

A detailed study on linear regime of current filamentation/ Weibel instability
has been discussed in Chapter (2). The nonlinear evolution of current filamenta-
tion/Weibel instability has been presented in detail in this chapter *. The growth
of magnetic field in linear regime of the instability saturates due to the magnetic
trapping of charged particles. However there exists two distinct nonlinear phases
of evolution of Weibel instability. In the first phase of the nonlinear evolution,
the current filaments, flowing in the same direction, attract each other and thus
merge together to form long scale structures. In this first phase, the total magnetic
energy increases. Subsequently, however, during the second phase, one observes a
reduction in magnetic energy. It is shown that the transition from one nonlinear
regime to another occurs when the typical current associated with individual fil-
aments hits the Alfvén threshold. In the second nonlinear regime, therefore, the
filaments can no longer permit any increase in current. Magnetic reconnection
events then dissipate the excess current (and its associated magnetic energy) that
would result from a merger process leading to the generation of energetic electrons
jets in the perpendicular plane. At later times when there are only few filaments
left the individual reconnection events can be clearly identified. It is observed
that in between such events the magnetic energy remains constant and shows a

sudden drop as and when two filaments merge. The electron jets released in these

*Chandrasekhar Shukla, Atul Kumar, Amita Das and Bhavesh G. Patel, Physics of Plasmas
25, 022123 (2018)
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Chapter 3. Nonlinear regime of beam-plasma instabilities

reconnection events are thus responsible for the transverse heating which has been

mentioned in previous studies*®

3.1 Introduction

The existence and impact of the magnetic field in astrophysical events have contin-
ued to excite researchers, positing interesting issues pertaining to plasma physics.
With the advent of high intensity lasers, it has been possible to make interesting
observations on the dynamical evolution of magnetic field in laboratory experi-
ments on laser matter interaction.?%3%5%144 The intense lasers ionize the matter
into plasma state and dump their energy into the lighter electron species, gener-

15,139,145 in) the medium. Though the prop-

ating relativistic electron beam (REB)
agation of relativistic electron beam with current more than Alfvén current limit
ie. I = (me®/e)y = 178wkA, where 8 = wvy/c, v, is velocity of beam and
v = (1 —v?/c?)~! is relativistic Lorentz factor, is not permitted in the vacuum (
as the associated magnetic fields are large enough to totally curve back the trajec-
tories of the electrons). In plasma medium, this is achieved as the current due to
REBs are compensated by the return shielding current in the opposite direction
provided by the electrons of the background plasma medium. The two currents
initially overlap spatially, resulting in zero net currents and so no magnetic field
is present initially. The combination of forward and reverse shielding current is,
however, susceptible to several micro-instabilities. A leading instability in the rel-
ativistic regime is the filamentation instability.'?? It is often also termed as the
Weibel instability.'® The filamentation/ Weibel instability creates spatial separa-
tion of the forward and reverse shielding currents. The current separation leads
to the generation of the magnetic field at the expense of the kinetic energy of the
beam and plasma particles. The typical scale length at which the Weibel separa-
tion has the maximum growth rate is at the electron skin depth scale ¢/wp.. The
Weibel separation, thus, leads to the formation of REB current filaments of the
size of electron skin depth scale and is responsible for the growth of the magnetic
energy in the system. The dynamics, long term evolution and energetics associated
with the Weibel instability of current filaments are of central importance in many

contexts. For instance, in fast ignition concept of fusion, the energetic REB is ex-
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pected to create an ignition spark at the compressed core of the target for which it

has to traverse the lower density plasma corona?s: 146149

and dump its energy at the
central dense core of the target. This requires a complete understanding of REB
propagation in the plasma medium. In astrophysical scenario, the generation of
cosmological magnetic field and relativistic collisionless shock formation in gamma,
ray bursts have often been attributed to the collisionless Weibel instability.!50 154
The formation of collisionless shock and it’s behavior depends on long term evolu-
tion and dynamics of the magnetic field generated through Weibel destabilization
process.

The growth of magnetic field through the Weibel destabilization process in-
fluences the propagation of REB filaments. In this nonlinear stage, the current
filaments are observed to coalesce and form the larger structure. There are indi-
cations from previous studies® that at the early nonlinear stage of evolution there
is a growth of magnetic field energy. Subsequently, however, the magnetic energy
shows decay. The physical mechanism for the observed decay of magnetic field
at later stages is the focus of the present studies. There are suggestions that the
merging process of super Alfvénic currents carrying filaments leads to the decay of
magnetic energy.®! On the other hand, the mechanism of magnetic reconnection
which rearranges the magnetic topology in plasma is also invoked which converts
the magnetic energy to kinetic energy of the particles. This can result in thermal
particles or the particles may even get accelerated®® %3 by the reconnection process.
The merger of current filaments leading to X point formation where reconnection
happens has been shown in the schematic diagram Fig.(3.1).

In this chapter, the linear and non-linear stage of Weibel instability in detail
with the help of 2-D Particle - In- Cell (PIC) simulation has been studied. The
2-D plane of simulation is perpendicular to the current flow direction. The initial
condition is chosen as two overlapping oppositely propagating electron currents.
The development of the instability, the characteristic features during nonlinear

phase etc., are studied in detail.
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electron jet

current

Magnetic field lines

Figure 3.1: Schematic (not to scale) of magnetic reconnection where the magnetic
field lines reconnects and accelerates the plasma particles as a jet

3.2 Simulation Set-up

We employ OSIRIS?%:47 Particle - In - Cell (PIC) code to study the evolution of the
two counterstreaming electron current flows in a 2-D x1 — 22 plane perpendicular
to the current flow direction of 2. We have considered the ion response to be
negligible and treated them as merely providing a stationary neutralizing back-
ground. Thus the dynamics is governed by electron species alone. However, this
would not be applicable at longer times where ion response may become important
and introduce new features.

The boundary conditions are chosen to be periodic for both the electromagnetic
field and the charged particles in all direction. We choose the area of the simulation
box R as 64 x 64 (c/wye)? corresponding to 640 x 640 cells. The time step is
chosen to be 7.07 x 10*2/wpe where wpe = \/m and nge = noy + nop
is the total electron density which is the sum of beam and the plasma electrons
denoted by suffix b and p respectively. The total number of electrons and ions
per cell in the simulations are chosen to be 500 each. The quasi neutrality is

maintained in the system by choosing equal number of electrons and ions. The
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Chapter 3. Nonlinear regime of beam-plasma instabilities

velocity of beam electrons and the cold plasma electrons are chosen to satisfy
current neutrality condition. The uniform plasma density ng. is taken as 1.1 x
10*22¢m™3 and the ratio of electron beam density to background electron density
has been taken as(ngy/no, = 1/9) is the simulations presented here. The fields
are normalized by m.cwy./e. The evolution of field energy normalized by m.c*ng.
is averaged over the simulation box. We have carried simulations for the choice
of cold as well as finite temperature beams. Several choices of beam temperature

were considered.

3.3 Linear stage of instability

The charge neutrality and the current balance condition, chosen initially ensures
that there are no electric and magnetic fields associated with the system and
equilibrium conditions are satisfied. We observe a development of magnetic field
structures of the typical size of electron skin depth with time. This can be seen in
Fig.(3.2) where the contours of the transverse magnetic field have been shown in
the 2D x1 — 22 plane. The development of this magnetic field can be understood
as arising due to the spatial separation of forward and return currents through
Weibel destabilization process. The growth of transverse magnetic field energy
with time has been shown in Fig.(3.3) for the two cases with following parameters:
(I) vop = 0.9¢ and (II) vy, = 0.9¢, Top, = lkev, Ty, = 0.1kev. The initial linear
phase of growth is depicted by the straight line region in the log linear plot. A
comparison with the analytically estimated maximum growth rate for the two cases
has been provided by the dashed line drawn alongside.

The growth rate for case (I) with vg, = 0.9¢ the growth rate obtained from
the simulation by measuring the half of the slope of the magnetic energy evolu-
tion in Fig.(3.3) is 0.18 and it compares well with the analytical value of 0.1879
(Gcold o (toz) @/"(J’;/%wplﬁ). Similarly for case (II) when the beam tempera-
ture is finite the growth rate of 0.023 from simulation agrees well with the ana-

lytical estimate obtained from kinetic calculations for these parameters of 0.025
3/2

ho 2v6 [W2U2 me /Ty+w? (Yob—1/78 )] 3/249 .
(Omae ~ 57— wg(u§p+pr/me)c ol (T,/m.)%?%2). Tt should be noted that this

is consistent with the well known characteristic feature of the reduction in Weibel

growth rate by increasing beam temperature. After the linear phase of growth, it
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x2[c/Wpe]
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Figure 3.2: The transverse magnetic field B, = (/B2 + BZ[in unit of mecwy./e]
at twp = 51: The size of magnetic field structure in linear regime is the order of
¢/wpe
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Figure 3.3: Calculation of linear growth rate from PIC simulation

can be observed from Fig.(3.3) that when the normalized magnetic energy becomes
of the order of unity the increase in magnetic energy considerably slows down. This
reflects the onset of the nonlinear regime. We discuss the nonlinear regime of the

instability in the next section in detail.

3.4 Nonlinear stage of instability

When the Weibel separated magnetic fields acquire significant magnitude, they
start influencing the dynamics of beam and plasma particles. This backreaction
signifies the onset of nonlinear regime. The plot of the magnetic energy growth in
Fig.(3.3) clearly, shows that at around ¢ ~ 50wt (cold beam-plasma system) the
system enters the nonlinear phase. The characteristics behaviour in the nonlinear

regime has been described in the subsections below:

3.4.1 Current filaments

In the non-linear stage of WI, the current filaments, flowing in the same direction,
merge with each other with time and organize as bigger size filaments. During

the initial nonlinear stage magnetic field energy keeps growing, albeit at a rate
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Figure 3.4: Evolution of energy ( in unit of ngm.c? ) with time: The solid blue
curve shows the magnetic field energy | B, |* = | B} + B;| and the decay in magnetic
field energy at later time can be clearly seen. The solid black curve is for transverse
kinetic energy Wit of beam and dotted red curve is for transverse kinetic energy

Wﬁasma of plasma. In the plots, we observe the gain in the transverse kinetic

energy of plasma as well as beam at the same time when magnetic reconnection
phenomena occurs and magnetic field energy decay. The color plot of kinetic energy
of plasma particle has been shown in the inset of figure which shows the jet like
structure.

which is much slower than the linear growth rate and then saturates (Fig. 3.4).
Subsequently, the magnetic field energy decreases as can be observed from the plot
of Fig.(3.4).

A rough estimate of the saturated magnetic field can be made by the follow-
ing simple consideration. The spatial profile of the magnetic field in the current
filament is mimicked as a sinusoidal function with k representation the inverse of
the filament size. The amplitude of the magnetic field is By which in the nonlin-
ear regime significantly deflects the trajectories of the electrons. The transverse
motion of an electron in the plane of the magnetic field is then given by

d*r ev

— = —= Bysin(k 1
2 e osin(kr) (3.1)
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Figure 3.5: The merging of beam current filaments highlighted by white box

The bounce frequency of a magnetically trapped electron is thus

W = evork By (3.2)

MeCY0b
the saturation would occur when the typical bounce frequency becomes equal to
the maximum linear growth rate of instability. Therefore, the saturated magnetic
field can be estimated by comparing the linear growth of filamentation instability to
the bounce frequency (w,, = d,,). In case of mono-energetic distribution function,

the saturated magnetic field is

MeVopThob 2
Bt ~ | —— 3.3
‘ ( ekcng, )wp (3:3)

The estimate provided by the eq.( 3.3) compares well with the observed saturated

value of the magnetic field which is equal to 0.1.

3.4.2 Alfvén limited filaments

The process of merging of like current filaments can be seen from the plots of
temporal evolution of the current densities shown in Fig.(3.5). The current in the

filament is essentially due to the beam electrons as illustrated in Fig.(3.5). The
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Figure 3.6: The time evolution of number of current filaments( solid red curve),
average current per filament (solid blue curve) and Alfvén (solid green curve).

current in the filament, however, should not exceed the Alfvén limit. The value of
the Alfvén limit for our simulations is 35kA. In Fig.(3.6), we show the evolution

of the beam current and the number of filaments in the simulation box.

The number of filaments keeps dropping slowly, however, the average beam
current in the filament keeps increasing. Since the beam particles convert the
partial kinetic energy into magnetic field energy and slow down, the Alfvén current
limit drops with time and finally saturates. The magnetic field keep on increasing
until the average beam current lower than Alfvén current limit and at particular
time, the average beam current cross the Alfvén current limit. This is also the time
after which there is no increase in the magnetic energy of the system. After the
saturation of instability, the magnetic field energy (| B, |*(nomec*) zoomed 100x
for better view) starts decaying as shown in Fig.(3.4). In fact, one observes that the
magnetic energy reduces after this time. This decay in the magnetic field energy

can be understood on the basis of magnetic reconnection phenomena.
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Figure 3.7: The formation of jet like structure during the magnetic reconnection
process in background plasma charge density [highlighted by arrow|

3.4.3 Electron jet formation

At later times when only few filaments are left in the system, we can track each
of the filaments individually. We choose two such filaments which are about to
converge and observe their behaviour as they coalesce with each other in Fig.(3.7).
The figures show the formation of electron jets in the plane as the two structures

merge with each other.

The structures basically follow the EMHD! 57 dynamics. Thus as the fila-
ments come near each other they carry the B—V?2B with them. The filament scales
being longer than electron skin depth, the magnetic field is essentially carried by
the electron flow in the plane. However, when the filaments hit each other the mag-
netic fields get compressed against each other and scale sizes smaller than electron
skin depth are formed. The collisionless inertia driven reconnection takes place
and generating energetic electron jets in the direction orthogonal to the direction
at which the filaments approach each other.

There is a change in magnetic field topology and accelerated electrons are ob-
served. This is responsible for the reduction in magnetic field energy. In fact, each
of the sudden drops in magnetic field energy can be times with such reconnection
events in the simulation. The increase in the perpendicular energy of the electrons

W, has been shown in Fig.(3.4).

It is interesting to note that nature tries to use ingenious and rapid techniques to
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relax a highly asymmetric system such as the one with inter-penetrating electron
current flows along +2. The system being collisionless it would not have been
possible to convert W) (kinetic energy parallel to Z axis to W, ). The magnetic

field provides an intermediary role to aid this process and symmetrize the system.

3.5 Conclusions

In this chapter, we have studied theoretically as well as numerically (PIC simu-
lation) the Weibel instability in beam plasma system. We have shown that the
linear stage of Weibel instability shows good agreement with PIC simulation re-
sults. In the non-linear stage, the current filaments having the flow in the same
direction merge into each other. There is a rearrangement of the magnetic field
lines through reconnection process leading to energetic electron jets in the plane.
This has been clearly observed in the simulation. So ultimately the parallel low
energy gets converted into the perpendicular electron energy. Basically, the exci-
tation of the instability and the nonlinear evolution tries to relax the configuration

towards an isotropic configuration rapidly in a collsionless system.
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current

In the previous chapters (Ch. 2 and Ch. 3), it has been shown that the combination
of forward and return shielding currents is known to be susceptible to the Weibel
destabilization process as observed from the PIC simulations for periodic infinite
beam - plasma system.!®® Such a destabilization leads to spatially separated cur-
rent filaments at the electron skin depth leading to magnetic field generation at
commensurate scales. At later times, the current filaments created merge to form
larger structures and hence, the long scale magnetic field structures are generated
in the system through nonlinear inverse cascade mechanism. The choice of infinite
periodic system is based on an inherent understanding that the boundary effects
due to finite system would merely have small incremental impact. However, nu-

30,31 in last one decade suggests the generation

merous laser-plasma experiments
of long scale magnetic field structures much before the conventional Weibel and
other sheared flows instabilities like Kelvin-Helmholtz instabilities. The appear-
ance of magnetic fields at scales longer than the skin depth during very early stage
can never be accounted by conventional Weibel destabilization route of the beam
plasma system. This remained a puzzle to us for nearly a decade which has never

been well understood.

In this chapter *, we propose, simulate and experimentally demonstrate a new

* Amita Das, Atul Kumar, Chandrasekhar Shukla, Ratan Kumar Bera, Deepa Verma,
Bhavesh Patel, Y. Hayashi, K. A. Tanaka, Amit D. Lad, G. R. Kumar, and Predhiman Kaw,
arXiw:1712.03099 [physics.plasm-ph] (2017)
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mechanism of long scale magnetic field generation in the context of laser plasma
interaction. The mechanism relies on two realistic features which have been totally
ignored in previous studies. These relate to the finite size of the laser generated
electron beam and an initial current imbalance which would typically be present
when energetic electrons push itself in a plasma medium. It is shown that magnetic
fields of much longer scale lengths (comparable to the transverse beam dimension)
get generated much before the conventional Weibel and Kelvin Helmholtz instabil-
ities associated with the beam plasma system set in. This happens as a result of
a radiative leakage at the boundaries of the finite beam wherein even a small but
finite current imbalance plays a crucial role of a radiative antennae. These features
have been absent in all conventional periodic systems considered in earlier simula-
tions as well as theoretical analyses. Our study thus triggers a re-examination of
hitherto prevalent ideas on magnetic field generation in plasmas and focus atten-

tion on the effects of finiteness in physical systems.

4.1 Introduction

The dynamical evolution of intense magnetic fields and associated current pulses
plays an important role in a variety of plasma physics problems. These include
plasma switches, design of novel radiation and charged particle sources, laser driven
fusion and laboratory simulation of astrophysical phenomena, etc.3%31 141, 159-161
The current pulses may be generated and driven into a solid density plasma by
an intense, femtosecond laser. It is now well known that massive current pulses
produced in such an interaction induce return currents from the thermal plasma
electrons and these two types of currents are fraught to electromagnetic instabili-
ties. It is widely believed that the well known Weibel instability!®2% 162 separates
these initially superimposed counterstreaming currents and leads to strong mag-
netic field generation. Countless analytical and simulation studies have explored
this instability and predicted that this instability generates magnetic field at the
electron skin depth scale. The nonlinear inverse cascade mechanism subsequently
leads to progressive generation of longer scales. In this manuscript, we provide
convincing evidences that this is not a realistic physical situation but is merely

an artefact of boundless beam plasma interaction in simulations as well as the-
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oretical analyses. We demonstrate through laser plasma experiments and finite
beam size simulations, using different variety of codes, that the energy is input
preferentially into the magnetic field at the scale size of the beam (in the case of
laser experiments this is at the spot size of the irradiating laser). We show that
magnetic field generation caused by the electron currents first occurs at the scale
size of the boundary and only much later does the Weibel instability kick in at
the skin depth scale. This is a new mechanism of magnetic field generation which
is triggered by a small current imbalance acting like an antenna causing radiative
leakage from the two edges of the finite beam. When the plasma medium is over-
dense, the radiatively leaking fields accumulate at the beam edge giving rise to
long scale magnetic fields. This mechanism of magnetic field generation dominates
the Weibel instability at the initial stage and has its origin in the effect of radiative
loss from negative energy waves in a manner analogous to the radiative instability

of a leaky waveguide.!63:164

4.2 The new mechanism for long scale magnetic

field generation

We have carried out theoretical analyses using two fluid model for an equilibrium
configuration of the beam plasma system in 2-D x — y plane as shown in Fig.1.
The central region II from —a < y < a carries the beam current and an oppositely
flowing background plasma current, which balance each other. In region I and
region III the plasma is static and at rest. The charge neutralization in equilibrium
is achieved by balancing the total electron density by the background ion density,
viz., Y, Noa = Ng; in all the three regions. The electron flow velocity in region I
and III is zero, whereas in region II the two fluids flow in a fashion so as to have
zero current, i.e. Y MpaUoay = 0. Here the suffix v stands for b and p representing
the beam and plasma electrons. The linearised perturbation of the momentum and
continuity equations of the two fluids and the Maxwell set of equations around this
equilibrium is considered. The perturbed fields are chosen to vary with respect to
y and t only. The flow is confined in x — y plane, so we have B;,, Ey, and Ey,
(where the suffix z, y, and 2z denotes the spatial components and B and E represent

magnetic and electric field respectively) only as the perturbed dominant fields. The
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Figure 4.1: Schematics (not to scale) of 2D- equilibrium geometry of the beam
plasma system where beam has finite width '2a’ in the transverse direction

linearised continuity equation for the species o can be written as:

8n1a 0

—(NgaV1ay) = 0 4.1
8t + 8y (no U1 y) ( )
Similarly, linearising the  and y components of momentum equation for the species
« we have: 9
a(mﬁavmx) = _eElz (42)
0
—(MY0aViay) = —eE1y + €voa B2 /c; (4.3)

ot
where ‘e’ is the magnitude of the electronic charge and ‘m’ is the rest mass of an

electron. The Faraday law gives the following relationship between the Z compo-
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nent of magnetic field and the & component of electric field:

Blz - —EElx (44)
w

Ampere’s law can be written as,

ot
or,
VxVxE= 1a(§x§)
ot
which can be further written after some algebraic steps as:
0? WP 4w
—+ — |E, = — Y ax 4.5
<8y2+02) =T, (45)
where,
YJlar = —€XN0aV1az — €25N1aV0az (4.6)

Employing the Fourier representation for the linearised fields (density, velocity,

electric and magnetic field), we can cast the Eqgs.(4.1 - 4.3) respectively to obtain:

k
Nia = ;nO(xvlay (47)
0
t el L a_y(%aUOaz>
L _ L 9y\10at0az) 48
Viazx w mx'Yga w 700[3 Ulay ( )
e Voax
ay — B z 4.9
Floy WY0aC Me ! ( )

Substituting Eqs.(4.7 - 4.9) into Eq.(4.6), we obtain:

. el ¢ 0
J10a = €Nga | — 3 3 O
W MeYoa WY )

L 0
(’YOQUOax)Ulay] + €Voax |:an0a a_yvlay:|
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or,
2
LNoa € L 8 —eVoax 6’E1z
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T mevoadw e Mﬁy( ’ >[%aw2me Ay 1
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w 83/ ’Y()awzme ay
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Jlax =
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el p 9 410
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Substituting Eq.(4.10) into Eq.(4.5), we get the following expression:

82 2 4 L(,UQen o Lw2€n o o T !
(_+%)E1x+ 7”(4)2{ pe Elw_ |: pe 0 UQ - :| }:0
C

0y? 2 4rngs,w ATngYoaw? 2 Oy
(4.11)
or,
2 2 / 2 2
w w
By 4 2 s0elarp oy (o Zpe sy Te N2 g~
w22 Ny Yoa w2e?  neYe, /) €2
or,
2 2 / 2 2
w w
B (14 e g0 Yae ) | (1 Bre 5y ”02 Y B, =0
w2 Ny Yoa w2e? ngYe, /) €2
or,
W2 9 / w2 9
Ela:/ 14 —re E@anx + (1= 2y nO(; w_E'lz =0 (4.12)
w2 Ny Yoa w2 ngyg, ) ¢

We have chosen to normalize time with the inverse of electron plasma frequency,
Wpe = 1/ % and length with the electron skin depth, d. = ¢/wy. (i-e. , t-wp_el —t

and y-d. — y ) to obtain the following differential equation expression Eliminating
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all the perturbed fields in terms of Ey,:

[f2E1,] — g2Bre = 0 (4.13)
Here
Sy S3
= 14— — 4.14
f2 * w2 w?(S) —w?) (4.14)
go = Sy—u’ (4.15)

In addition, we have used the following definitions:

§=Y 5=y (4.16)

3
> 1oY0a > 10Y0a

Sy =Y e g = 100 (4.17)

1070 o 1070

It should be noted that S3 and S, are finite only when there is an equilibrium flow
in the two fluid electron depiction. Furthermore, if the flow velocities of the two

electron species are equal and opposite then S3 = 0.

4.3 Existence of new finite beam instability

The homogeneous limit of Atul Kumar et. al.?® (metioned in Eq. 2.26, Chapter 2)
can be easily recovered if we take Fourier transform of Eq.(4.13). The homogeneous
equation yields the dispersion relation for the Weibel instability growth rate. We
now seek the possibilities for obtaining purely growing modes in a finite system.
For this purpose we multiply Eq.(4.13) by E,, replace w? = —I'? (for purely

growing modes) and integrate over y over region II, i.e. from —a to a. This yields:

/a [Er(f2E1,) — 92B7,] dy = 0 (4.18)

—a

Upon integrating by parts we obtain
flEuBL) - [ RBP4 wBL Y dy =0 (119
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In region I, f; and go being constant, we can take them outside the integral. Thus

Eq.(4.19) can be written as

RlEE) L~ [ Bl [ Ba=0 @)
If the boundary term is absent, as in the case of an infinite homogeneous system,
then Eq.(4.20) can be satisfied for a finite value of Fy,, provided second and third
terms have opposite signs. The integrand being positive definite this is possible

provided g, and f, have opposite signs. The definitions of g, and f5 in terms of ~?

are S’Q S
=1+ 5 -5
(S +7%) v

g2 = S0+ 7

Since g, is positive, the only possible way for f, to be negative is to have Sy/7?
dominate over the first two terms of f;. Thus, the conventional Weibel gets driven
by S4. It is also obvious that S3 provides a stabilizing contribution making it more

difficult for f5 to become negative which is desired for Weibel destabilization.?

For a finite system, an interesting thing happens when boundary contribution
is retained. The boundary term [Ey,E},]|*, represents the Poynting flux and is
positive for the radiative flux moving outside region II. The sign of the boundary
term thus gets determined by the sign of f;. Hence, another possibility for satis-
fying Eq.(4.20) with finite and positive value of first term balancing the other two

negative terms exists.

It should be noted that the instability driven in this case is different from the
Weibel mode as the boundary terms are responsible for it and the sign of f5 is
positive which is different from the Weibel case. Furthermore, it is interesting to
observe that Equation(4.20) can be easily satisfied by the boundary contribution
provided the variations in £, in the bulk is minimal as this leads to minimal (close
to zero) contribution from the integrand of the second term. Thus the instability

driven by the boundary term would have a preference for long scale excitation.

It is clear that for this mechanism to be operative, a finite beam with boundaries

is essential. Also the radiative outward flux needs to be triggered.

We have clinched the evidences of long scale magnetic field structures that
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Chapter 4. Effect of finite beam size and initial current

gets generated via this new mechanism. We now show evidences of this instability
through numerical simulations as well as experimental observations. PIC simula-
tions using OSIRIS,*6:4” PICPSI!®® and EPOCH!% were carried out for the case
of a forward beam current and a return plasma current with a slight mismatch
between the two at t = 0. Both these conditions are realistic from the point of
experiments. Care has been taken for the uncompensated current to be very weak

so that the associated magnetic field initially is quite small.

4.4 Sumulation and experimental details

4.4.1 Simulation details

The simulations were carried out in both 2-D and 3-D. In 3-D cylindrical beam
currents of diameter 2a was chosen. The 2-D simulations were carried for a box
size of 25¢/wpe X 25¢/wye.. The beam was chosen to be confined within an extent
of 2a = 5c¢/wye. The spatial resolution is taken to be 50 cells per c¢/w,. with
64 particles per cell which corresponds to a grid size of Az = 0.02¢/w,. and
time step At = 0.012wp_€1. A small noise in terms of initial thermal velocity of
v, = 0.0001397¢ in each of the two electron species has been introduced initially.
Various choices of beam and background electron density have been chosen. In
Fig.2, we have chosen to show the results (evolution of magnetic field as well as
density) for beam electron density of 0.1n¢ moving along z with a proper velocity of
0.9¢ in a central region( from y = 10¢/wpe to y = 15¢/wpe ) i.e., with a transverse
extent of bc/wye. In the same region, a shielding return current along —2% of
background electrons with density 0.9ng has been taken to flow with a proper
velocity of 0.1c. Here, ng is the density of background ions which are at rest
everywhere. In the remaining region from y = 0 to 10¢/wy. and 15 to 20 ¢/wp.
electrons and ions both with density ng are at rest. Thus, the plasma everywhere is
neutral with electron density balancing the density of background plasma ions. In
the central beam region, the beam current is slightly uncompensated by the return
shielding current. We have also verified these results with other PIC codes EPOCH
and PICPSI. The electromagnetic fluid simulations under LCPFCT framework has

also been carried out by us to validate the above findings.
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4.4.2 Experimetal setup and methodology

The experiments | were carried out using a 20 TW Ti: Sapphire laser. The laser is
capable of delivering 30fs, 800nm pulses at 10H z. A p-polarized pump laser with
120mJ energy was focussed on an aluminium coated BK7 glass target with an
f/3 off-axis parabola. The resulting peak intensity was 3 x 101¥W/cm?. A second
harmonic (400nm) probe pulse was time delayed with respect to the pump pulse.
The intensity of probe pulse was adjusted to be 10"W/ecm?. A second harmonic
probe can penetrate up to four times the critical density corresponding 800nm
pump radiation.?! A magneto-optic Cotton-Mouton polarimetry set-up®*3! was
utilized to spatially resolve ellipticity. The induced magnetic field is inferred from
the ellipticity data.'®” The power spectra have been calculated as per Mondal et.
al®® and shown to peak at the focal spot of the laser pulse right from the very

beginning.

4.5 Evidences of long scale magnetic field struc-

tures

4.5.1 Simulation results

Snapshots of the evolution at various times have been depicted in Fig.(4.2) in the
form of 2-D color plots for the z component of the magnetic field and the perturbed
charge density respectively. From these plots, it is clearly evident that there are
three distinct phases of evolution. During the first phase from ¢ = 0.12w,. ™"
to t = 30wy perturbed z component of magnetic field along Z (transverse to
both flow and inhomogeneity) appear at the edges with opposite polarity. This
magnetic field has no x dependence and is a function of y alone. The magnetic
field perturbations are seen to grow with time and also expand in y from the edges
in both the directions at the speed of light. The electron density perturbations,
which also appear at the edge, on the other hand, remain confined at the edge
during this phase. This first phase of the evolution thus can be characterized by

the appearance of magnetic field perturbations with variations only along 7, the

fPerformed by collaborators: Gaurab Chatterjee, Amit D. Lad, and G. Ravindra Kumar,
Tata Institute of Fundamental Research, Mumbai, India
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Figure 4.2: Snapshots of magnetic field B [in the units of (mcwye/€)| and electron
density evolution in time t [in the unit of w, | for asymmetric flow configuration
(i.e. for a finite value of S3) has been depicted (prepared by Vapor [J. Clyne et. al.,
New Journal of Physics, 9, 8, (2007); J. Clyne and M. Rast, Electronic Imaging,
284-295, (2005)]). Case(a) and Case(b) depicts the spatio temporal evolution
of magnetic field B, and the electron density respectively. At time ¢t = 18.0,
development of only long scale structures (B, field with the opposite polarity) can
be seen, at t = 30 KH mode at the beam edge and a faint Weibel instability in the
bulk appears.

transverse direction. This fits the analytical description very well. Keeping in
view that the structures do not seem to vary with respect to the x, the 1-D profiles
along y have been shown in Fig.(4.3) for Ej,. As predicted theoretically, Ej,
shows minimal variation inside the beam region. During the second phase from
t = 30wy, " the Kelvin Helmholtz (KH) like perturbations appear at the edge of
the current. Around this time one can also observe appearance of faint Weibel
perturbations in the bulk central region. Both the KH and the Weibel mode have
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Figure 4.3: Evolution of E, profile as a function of y showing the minimal variation
inside the beam region in the beginning in conformity with generation of long scale
magnetic field structures.

variations along both g and Z directions.

We have also carried out 3-D simulations and in Fig.(4.4) we show the magnetic
field and density snapshot for a finite beam propagating in the plasma after a
considerably later time in the simulations ¢ = 78.6w,. " in which both long scale
magnetic field and the Weibel mode can be observed. These observations with
characteristics three phase developments have been repeatedly observed in both
2-D and 3-D studies from a variety of simulations carried out with different PIC

as well as fluid codes.

A comparison of the evolution of the magnetic field spectra for the periodic sys-
tem as well as the finite beam case has been provided at various times in Fig.(4.5).
It is clear from the figure that for the periodic case the peak of spectral power
appears at the electron skin depth scale initially. In this case, the spectral power
only subsequently cascades towards longer scales via inverse cascade mechanism

which is considerably slow. On the other hand, for the finite case, it can be clearly
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Figure 4.4: Snapshots of 3D PIC simulation with OSIRIS (prepared by Vapor
[J. Clyne et. al., New Journal of Physics, 9, 8, (2007); J. Clyne and M. Rast,
FElectronic Imaging, 284-295, (2005)]) at time ¢ = 78.6 in the unit of w;el. Subplots
(a) and (b) depict 3D volume rendering of poloidal magnetic field and electron
density respectively. In subplot (c¢) and (d) the cross sectional view in the r — z
plane have been shown for the magnetic field and the electron density respectively.

()

observed that the spectral peak appears at the beam size right from the very

beginning.

4.5.2 Experimental results

In laboratory laser plasma experiments the electron beam width would always be
finite, typically commensurate with the dimension of the laser focal spot. Also,
there would typically be a mismatch between the forward and reverse shielding

currents. Thus, evidence for finite beam instability in the laser plasma experi-
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Figure 4.5: Evolution of Magnetic field spectra from PIC simulations with OSIRIS
Case(a) Finite beam-plasma system was considered in simulation. The spectral
maximum is at at the width of the beam right from the beginning; Case(b)-Periodic
box simulations corresponding to infinite beam-plasma system where peak of the
field spectra appears at the electron skin depth due to Weibel mode and the non-
linear cascade towards long scale can be seen to be very slow.

ments should be apparent in experimental data. This is indeed so. The magnetic
field spectra from experiments carried out at the Tata Institute of Fundamental
Research have always shown to be higher at scales much longer than the electron
skin depth even at very early times.?>3! Here in Fig.(6), we have shown a plot of
magnetic field spectra at even earlier times (0.4 pico-seconds) from TIFR exper-
iments. In this case too, the spectrum has a higher value at longer scales. The
details about the experiment has been provided in method section. Thus, exper-
iments provide yet another evidence for the existence of the long scale magnetic
field structures.

The choice of a periodic beam - plasma system considered in earlier studies'®® is
based on an inherent assumption that the boundary effects due to the finite system
would merely have a small incremental impact. This assumption, however, turns

out to be incorrect. We have shown with PIC as well as two-fluid simulations that
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Figure 4.6: Power spectrum of magnetic field spatial profile measured at pump-
probe delay of 0.4 picoseconds

when a beam with finite transverse extent is considered, an entirely new mecha-
nism associated with the finite size of the beam appears which generates magnetic
fields at the scale of the beam size right from the very beginning. Secondly, the
sheared electron flow configuration at the two edges of the finite beam is seen to be
susceptible to Kelvin Helmholtz instability.?>% Weibel appears only in the bulk
region of the beam at a later stage. Thus, there are three sources of the generation
of magnetic fluctuations in a finite beam plasma system - the novel mechanism
of long scale generation via radiative leakage and the KH instability operating

at the edge and the usual Weibel destabilization process occurring in the bulk
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region. The characteristic features of the observation in simulations (both PIC
and fluid [LCPFCT'®¥]) match with the theoretical possibility of growing mode
demonstrated in our analysis. Furthermore, the experimental data®® where the ap-
pearance of magnetic field at the laser spot size (much larger than the skin depth)
at very early stage can only be accounted by this novel mechanism. The conven-
tional Weibel destabilization route of the beam plasma system can never account

for such an effect.

4.6 Conclusion

While the KH and the Weibel modes are well known and have been discussed ex-
tensively in the literature, the FBI has neither been observed nor been described
anywhere. This qualitatively new result arises because the infinite periodic approx-
imation is unable to consider effects due to radiative leakage at the boundaries.
The implications of this particular instability on magnetic field generation need to
be evaluated in different contexts. For instance, it is likely that the finite size jets
emanating from astrophysical objects are susceptible to this particular instability.
This work also suggests that the finite size considerations in many other systems
need to be looked afresh to unravel new effects which might have been overlooked
so far.

Homogeneity and infinite extent are idealizations that permeate all physical
models as they simplify descriptions because of the resulting uniformity and re-
duced dimensionality of the problem. Real systems, however, are finite and devi-
ations from idealization can lead to novel physical effects. This lesson has been
learned in a number of examples from time to time. For instance, the existence of
Casimir effect!%17 Jeading to attractive force between two plates due to vacuum

171172 _ which enables focussing of charged particles using

fluctuations, einzel lenses
fringing fields at capacitor edges, existence of surface plasmon modes'™ distinct
from bulk modes, discrete eigen modes in wave - guides etc., are some examples of
finite size boundaries leading to new effects. The present manuscript demonstrates

another outstanding example in this context.
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Direct coupling of laser to ions

The possibility of ion heating directly with short pulse, intense lasers has gained
a significant interest in recent years because of their practical applications in a
variety of contexts e.g. fast ignition scheme of laser fusion, proton radiography;,
biomedical applications etc.** Some of the well-known mechanisms in this re-
gard are the RPA (Radiation Pressure Acceleration)® and TNSA (Target Normal
Sheath Acceleration).’® In this chaper®, a new mechanism of ion heating with
a p-polarized, pulsed C'O; laser when incident normal to an over-dense plasma
with sharp interface has been shown to be operative in presence of an external
magneto-static field where other conventional laser absorption techniques fail to
work. The external magnetic fields are chosen so as to restrict the electron mo-
tion and the heavier ions be allowed to respond to the laser electric field. The
difference of electron and ion dynamics leads to charge separation and drives large
amplitude ion plasma oscillations resonantly, thereby transferring the laser energy
directly to heat ions ( MeV). The proposed mechanism has been demonstrated by
carrying out Particle-in-Cell (PIC) simulations under OSIRIS 4.0 framework using
parameters for non-relativistic intensities I = 3.46 x 10"W/cm? (corresponding
to ag = 0.5) of pulsed C'O, laser for which the requirement of external magnetic
field strength is smaller. Furthermore, the high power, pulsed C'O, laser, because
of its long wavelength (10um), can deliver same energy (I\?) with 1/100 of laser

intensity as compared to conventional solid state femtosecond lasers (A ~ 1um).

* Atul Kumar, Chandrasekhar Shukla, Deepa Verma, Amita Das, and Predhiman Kaw,
Plasma Phys. Control. Fusion, in press (2018), hitps://doi.org/10.1088/1361-6587/ab1408
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Chapter 5. Direct coupling of laser to ions

5.1 Introduction

The laser absorption into an overdense plasma has always been a topic of great
interest becaues of its practical applications to fast ignition laser fusion,! gener-

ation of charge particle beams,>3°® bright source of X-rays®®°

and generation of
higher order harmonics® etc. The conventional methods of an intense, p-polarized
laser absorption in inside an overdense plasma are vaccuum heating, J x B heat-
ing, resonance absorption, collisonal absorption etc. In collisional absorption
case, %1% Jaser energy gets coupled to plasma through collisions mostly between
electrons and ions which leads to plasma heating. However, for high intensity lasers
(~ I > 10"W/em?), collisional effects can be neglected.'*” For intense femtosec-
ond /picosecond laser pulses, laser absorption is only possible through collisionless
absorption mechanisms viz. Jx B heating, resonance heating, vacuum heating
etc. For highly intense lasers ( ~ I > 10"8W/em?), relativistic effects becomes
important. At such intensities, for a p-polarized, intense laser incident normal
to a sharp vaccuum plasma interface, absorption can only occur through J x B

heating.%®

The laser absorption through this mechanism is typically small when
non-relativistic laser intensities. In non-relativistic case, vacuum heating'%® is the
only mechanism to couple laser energy to the collisionless, sharp interface plasma
with steep density profile. In this case, a p-polarized laser is incident obliquely to
a sharp interface plasma surface such that there is a component of electric field
normal to the plasma surface. This normal component of electric field pulls out
the electron in first half cycle of laser and sends them back inside the plasma with
quiver velocity in its other half cycle. But this mechanism is not efficient when
laser is incident normal to the plasma surface because of the absence any normal
component of electric in this case. However, for an inhomogeneous, collisionless
plasma medium, it is possible to couple laser energy to normal incident laser to

plasma through resonance absorption process.!?”17

Laser energy is preferentially absorbed by the lighter electron species of the
plasmas as they respond at the fast laser frequency. The energetic electrons thus
generated are then often employed to heat ions in applications such as fast igni-
tion etc., for creating hot spot in the plasma for ignition. This is a secondary

process to heat ions and consequently somewhat inefficient. The propagation of
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energetic electrons is marred by several instabilities which lead to their divergence
and loss. Moreover, the Rutherford electron -ion collisional cross section to enable
the transfer of energy reduces with increasing electron energy. It is thus desirable
to have laser energy directly coupled to the heavier ion species. In addition there
are also many other applications where ion acceleration/heating is of importance,

e.g. proton radiography, biomedical applications.*! 4

The advantages of direct in-situ ion heating/acceleration are many. For in-
stance, there would be (1) Efficient coupling directly to fusion species, viz. back-
ground DT species ; (2) lons being non relativistic and total current being much
less than Alfven critical current for ions, magnetic fluctuations are expected to
play negligible role in beam transport and beam stopping; (3) Classical collisional
stopping of few MeV ions in dense core will be adequate; (4) Return currents, if
any, will excite electrostatic ion acoustic modes leading to anomalous heating of
the background plasma. Therefore, there is need to look for the possibility of new
absorption mechanisms through which laser energy can directly be transferred to
heavier species of plasma for efficient ion acceleration. This is the prime focus of

our study here.

Some of the well-known mechanisms in this regard are the RPA (Radiation
Pressure Acceleration)®® and TNSA (Target Normal Sheath Acceleration).”We
show here the possibility of direct laser energy coupling to ions by applying an
external magnetic field. The magnetic field amplitude is chosen appropriately so
that the lighter electron species is magnetized at the laser frequency and its motion
is severely restricted. On the other hand, the heavier ions remain unmagnetized.
We choose a low frequency pulsed C'O; laser for this task in our simulations to
reduce the magnetic field requirement by a factor of 10, as compared to the conven-
tional lasers. The other benefit of using C'Os laser is because of its long wavelenth
(10pm), it can deliver same energy (IA?) with 1/100 of laser intesity as compared
to conventional solid state femtosecond lasers (A ~ 1um). A 2-D Particle - In -Cell
(PIC) simulations using OSIRIS4.0 was carried out for a C'O, laser incident nor-
mally on an overdense plasma target. The simulations clearly show a development
of charge separation leading to ion plasma oscillations. A clear enhancement of ion

energy in the presence of an external magnetic field has been demonstrated. While
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the special choice of C'O, pulsed laser reduces the magnetic field requirement by a
factor of 10, the short pulsed ensures that the table top set-up is adequate. With
the recent advancements in building short pulse, CO, lasers'®? and the attainment

25,54,96-101 we believe

of magnetic field already of several kilo Tesla in laboratory,
that the experimental demonstration of our simulations are within reach in near

future.

5.2 System configuration

Y
E

y
E, X B, drift
X

Bt

Critical densjty surface

CO, LASER

o electrons @

Figure 5.1: Schematic [not to the scale| representing charge separation and laser
energy absorption via E x B drift with pulsed C'O, laser in presence of an external
magnetic field By,

In Fig.(5.1), we show the schematics of the geometry that has been used by us
for the PIC simulations under OSIRIS-4.0 framework.%6:47176 The 2-D x — y plane

is shown in the figure. The applied magnetic field is along 2 direction. We have
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considered a system of electrons and ion plasma and chosen for simplicity and faster
simulations, ions to be 25 times heavier than electrons (i.e. m; = 25m., where m;
and m, denotes the rest mass of the ion and electron species). For electrons to
be strongly magnetized and ions to remain unmagnetized at the laser frequency,
we have considered the magnetic field strength in such a fashion so as to satisfy
the condition of w, < w < we, where w is the laser frequency and w,; and wg.
are ion and electron cyclotron frequencies respectively and w,s = \/m is
the plasma frequency for each species ‘s’. In particular we have chosen wq; = w/2.
The mass ratio being 25 implies w.. = 12.5w which also ensures that the electrons
are strongly magnetized. A rectangular geometry of 1809.52 x 30.16um? (i.e.
6000¢/wpe X 100c/wye) in & — y plane has been chosen for the simulation where
plasma boundary starts from 150.79um (i.e 500c/wy.). Thus there is vacuum
between 0 and 150.79um. The plasma density (ng = 3.19 x 10*°cm™3) is chosen
such that the laser frequency w = w,; resonates with the ion plasma frequency. The
plasma density is chosen to be at the critical ion density and we. = 2.5wp.. Here wp,
is the electron plasma frequency. The spatial resolution chosen in the simulation
is 10 cells per electron skin depth (0.3016um) with 64 particles per cell for each
species corresponding to a grid size Ax = 0.03016m and time step At = 0.07fs.
The boundary conditions for electromagnetic fields and particles are periodic in 3
direction and absorbing in Z direction. A p-polarized, plane X-mode C'O, short
pulse laser of wavelength 10um, is incident from the left boundary at a sharp
plasma surface at critical density along & direction. A C'O, laser pulse of intensity

= 3.46 x 10" /cm? having Gaussian profile in time has been considered in the
simulation with a rise and fall time of 204.6217fs each (Here 1.0w,,' ~ 1fs). A
uniform and static external magnetic field of By = 14.13 kilo-Tesla in transverse

direction (Z direction) has been applied in the system.

5.3 Results and Analysis

It is well known that a p -polarised laser incident normally over the sharp plasma
interface in an unmagnetized plasma would not be able to dump its energy to the
plasma through the well known conventional mechanisms (e.g. resonance absorp-

5 103,104,147

tion,'°” Brunel mechanism,'®® J x B heating,'!?® collisional absorption,
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Figure 5.2: Laser energy evolution (red curve with square) and evolution of kinetic

energy of plasma species viz. ions (blue solid curve with triangles) and electrons

(blue solid line with red circles) via E x B drift with pulsed CO, laser in presence
of an external magnetic field By,

etc.). However, when a strong magnetic field is applied so as to restrict the mo-
tion of electrons and ions be allowed to move.the laser energy has been observed
to get absorbed significantly (~ 10%) to heavier species in overdense plasma with
sharp interface This has been confirmed in Fig.(5.2) where we have shown the laser
energy evolution (red curve with square) of laser along with the kinetic energy evo-
lution of plasma species viz. electrons (blue solid line with red circles) and ions
(blue solid curve with triangles). It is evident from Fig.(5.2) that when there is

no external magnetic field By,, the laser energy absorbed into the ions is less than

82



Chapter 5. Direct coupling of laser to ions

1% as expected. Electrons, in this case, take very small fraction of laser energy
which less 4% and ions remains immobile. However, in presence of strong external
magnetic field, the ions have gained around 10% of the laser energy at very early

times. We have tabulated the above results which has been shown in Table-I.

TABLE I: Laser energy absorption into plasma species

Laser energy absorption (a) Without By, (in %) (b) With By, (in %)

Tons 0.97 8.34
Electrons 3.57 0.22
Electrons -+ ions 4.54 8.56

It is thus clear that not only the laser energy absorption has been increased in
presence of the external magnetic field which ultimately leads to an irreversible
transfer of the laser energy directly to ions species in plasma. Here, ions have
gained significant amount of laser energy i.e. ~ 10% while electrons remain tied
to the strong magnetic field lines. The subplots in Fig.(5.3) show the ion (red
line with dots) and electron density (blue lines) profiles at two different times
t =353.5fs and t = 707 fs. The electron and ion densities for simulations carried
out without the application of external magnetic field (termed as the case (a) shown
in left sub-plots) and in the presence of magnetic field (termed as the case (b)
shown in in right sub-plots) can be observed in the figure. The contrast between
the two set of simulations is clearly evident. The space charge separation gets
created in the case(b) leading to ion plasma oscillations. Furthermore, it can be
observed from Fig.(5.4) that laser creates definite B field disturbances in the case
(b) whereas in the case (a) such disturbances are absent. To investigate further
whether this irreversible transfer of laser energy to ions is indeed cause heating, we
have looked into the particle distributions in momentum space shown in Fig.(5.5)
where the different circles corresponds to energy circles of 0.02MeV (magenta),
0.125MeV (green) and 0.5MeV (red). It is evident from Fig.(5.5) that in the case
(a) when there is no external magnetic field applied in the system, the laser energy
absorption by ions is negligible. The electrons acquire a tiny amount of energy

which lies within the energy circle of 0.125MeV. However, in the case (b), because
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Figure 5.3: Temporal evolution of electron and ions density fluctuations with re-
spect to x and averaged over y direction (a) without magnetic field and (b) with
magnetic field . Charge separation between two species, electrons and ions are
clearly evident in right two sub-plots in presence of a transverse external magnetic

field, By,

of the different E x B drifts of the electrons and ions, laser energy absorption by ions
is significantly high and crosses well beyond the the energy circle of 0.5M eV . This
isotropic distribution of particles in momentum space further confirms that this
irreversible transfer of laser energy has caused heating in ions as shown in Fig.(ch4-
figd). This further confirmed in another diagnostics:Energy acquired by the species
vs. species count as shown Fig.(5.6). Here also, the energy acquired by the ions
in presence of strong magnetic field at initial stages of the simulations is very high

as compared to the case when there is no magnetic field applied to the system.

Thus, it is evident from the above PIC simulation results that the presence of
an external magnetic field can bind the electrons to the field lines and thereby,

an irreversible and direct transfer of CO, laser energy (upto 10%) to heavier ion
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Figure 5.4: Temporal evolution of transverse magnetic field B, with respect to x
and averaged over gy direction (a) without magnetic field and (b) with magnetic
field. It is obvious from the left two sub-plots that laser gets totally reflected back
in absence of an external magnetic field By,

species in plasma can happen. Omne possible mechanism that can lead to the
charge separation between the electrons and ions can be the E x B drift that
acts differently on magnetized and unmagnetized species in plasma. Actually the
presence of external magnetic field along with the condition of w., < W < Wee
invokes a different E x B response between the two species, which is provided by

Vi s = w2 E(t) x By (5.1)

xXB,s — 2 2 2
Wi, —w Bg

75

The average drift for the two species is in opposite direction,!”™ creating charge

separation. Here Vi, 5 is the E x B drift velocities of the species ‘s’ where ‘s’
stands for electrons () and ions (i). Here By is the applied magnetic field and E|(t)
is the laser electric field. Also w,; is the gyro-frequency of the species s = [i, €] and
w is the laser frequency. The charge separation thus created triggers can further
leads to ion plasma oscillations in the system and can give rise to a new absorption
mechanism wherein the laser energy can be also directly coupled to ions. However,

this needs to be investigated further in detail.
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Figure 5.5: Temporal evolution of particles (electrons and ions) distributions in
momentum species (a) without a magnetic field and (b) with magnetic field. It is
obvious from the left two sub-plots that laser energy does not get absorbed by ions
when there is no any external magnetic field By, and a slight heating in electrons
is observed. However, in presence of a transverse external magnetic field, laser

energy gets coupled to heavier ion species in the plasma, leading to a significant
heating in ion species.
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Figure 5.6: Temporal evolution of electrons and ions count from the simulation
showing that the ions are accelerated significantly whereas the electrons motion is
restricted when there is an applied external magnetic field in the system
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5.4 Conclusions

In conclusion, we would like to state that C'O lasers till now have been considered
as efficient industrial lasers in the market for continuous wave (CW) and relatively

86,177,178 The short pulse C'O, lasers are now available!%?

long pulse applications.
but still they have not been as widely explored in the sub-nano or pico second
domain. We demonstrate, with the help of PIC simulations, here as well as in a
series of papers,!™ the immense possibilities that short pulse CO, lasers offer for
physics explorations. In particular, here we have demonstrated the possibility of
directly coupling of laser energy to the heavier ion species in the presence of an
ambient magnetic field. We have, thereby, explored the ion dynamics dominated
phenomena. The ion plasma oscillations were observed. Furthermore, ion heating

up to 0.5MeV has been observed also.
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Magnetosonic excitations

In previous chapter, we proposed a new absorption technique through which laser
energy (3.46 x 10"Wem™2um?) even in non relativistic range where other conven-
tional absorption techniques fail to work, can be directly coupled to heavier ion
species in plasma. Ion plasma oscillations have also been shown to be excited via
this new absorption technique. In this chapter *, it has been shown that at higher
amplitude, the ion disturbances form magnetosonic solitons. A 2-D Particle - In -
Cell (PIC) simulations for an incident laser beam normal to an overdense plasma
target in the presence of an external magnetic field has been carried out. The
external magnetic field has to be chosen such that the heavier ions remain unmag-
netized but the lighter electron species get magnetized at the laser frequency. For
conventional lasers of ~ 1um wavelengths, the magnetic field requirement satisfy-
ing the aforementioned condition turns out to be of the order of several hundreds
of kilo Tesla. This requirement goes down by one order if pulsed C'O; lasers with
wavelengths of ~ 10um are employed. At present magnetic fields of several kilo
Tesla have already been generated in the laboratory. It is thus only a matter of
time when a factor of 10 enhancement in the magnetic field will bring the parame-
ters in the right regime for experiments to test the new mechanism put forth here
with pulsed C'O, lasers. Keeping this in view, the simulations have been carried

out for the pulsed C'O, laser parameters with intensity I = 7 x 10'"WW/cm? (corre-

* Atul Kumar, Chandrasekhar Shukla, Deepa Verma, Amita Das, and Predhiman
Kaw,Plasma Phys. Control. Fusion, in press (2018), hitps://doi.org/10.1088/1361-6587/ab1408
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sponding to ag = 7.0 i.e. for relativistic laser intensities). The high power, pulsed
CO, laser, because of its long wavelength (10um), can deliver same energy (I\?)
with 1/100 of laser intensity as compared to conventional solid state femtosecond
lasers (A ~ 1um). For the choice of this laser intensity, it has been shwon that the
relativistic J x B absorption gets enhanced due to the E x B drift of the plasma
species. Furthermore, it is shown that at a higher intensity of the laser, the ion
disturbances acquire higher amplitude to excite Korteweg - de Vries (KdV) magne-
tosonic solitons. The solitons, as expected, propagate stably for several thousands
of ion plasma periods. However, subsequently, they are seen to develop transverse

modulations which grow with time.

6.1 Introduction

In general the conventional short pulse lasers are known to interact with the lighter
electron species of the plasma. Therefore, the laser energy absorption through vari-
ous mechanisms (resonance absorption,'°” Brunel mechanism,'% J x B heating,

103,104, 147 otc. ) transfer energy to electrons. The plasma

collisional absorption,
modes excited by lasers are thus also typically dominated by electron dynamics,
wherein ions merely play the role of a stationary neutralizing background. The
energy transfer, if any to ions, occurs later and is mediated by the electrons. We
show here the possibility of direct laser energy coupling to ions by applying an ex-
ternal magnetic field. The magnetic field amplitude is chosen appropriately so that
the lighter electron species is magnetized at the laser frequency and its motion is
severely restricted. On the other hand, the heavier ions remain unmagnetized. We
choose a low frequency pulsed C'O, laser for this task in our simulations to reduce
the magnetic field requirement by a factor of 10, as compared to the conventional
lasers. The other benefit of using C'O, laser is because of its long wavelength
(10pm), it can deliver same energy (IA?) with 1/100 of laser intesity as compared
to conventional solid state femtosecond lasers (A ~ 1um). A 2-D Particle - In
-Cell (PIC) simulations using OSIRIS4.0 was carried out for a C'O, laser incident
normally on an overdense plasma target. In the previous chapter, Ch.(5), devel-
opment of charge separation leading to ion plasma oscillations has been shown in

detail. A clear enhancement of ion energy in the presence of an external magnetic
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field has been demonstrated. Furthermore, when the laser intensity is increased,
ion plasma disturbances become nonlinear and the formation of a series coherent
structures has been observed. It is shown in this chapter that these structures are
essentially the KdV Magnetosonic solitons.

The solitons are nonlinear coherent structures and are well known for their
robustness and the characteristic property of preserving their shape as they propa-
gate in any medium. The generation of soliton in plasma and their role in formation
of collisionless shock waves have attracted a significant amount of interest in recent

years in a variety of contexts like astrophysics,!” 183 184,185

186-188

solar and space physics,

laboratory plasma experiments etc. They play a key role in charged particle

acceleration and plasma heating.!82 1897194

In the presence of an external magnetic
field, soliton propagation with magnetosonic/Alfven speed in plasma have been
predicted. They are termed as magnetosonic solitons.'? 197 Such structures have
been observed in the Earth’s magnetosphere by cluster space crafts!®® etc. They
are also believed to be present in pulsar wind, neutral star and the core of active
galactic nuclei where the propagation speed is often relativistic.!%2%° A number
of studies in the context of short pulse lasers interacting with plasmas in labora-
tories have shown the formation of coherent solitonic structures involving electron
species only as in these cases the laser usually interacts directly with the lighter
electron species. In astrophysical context, however, the ion involvement is dom-
inant. Often the question is posed about the possibility of utilizing short pulse
lasers for replicating astrophysical phenomena. Here we illustrate the possibility
of observing KdV solitons with such short pulse lasers.

Our studies illustrate that it is possible to excite linear oscillation as well as
nonlinear solitonic structure, both dominated by the dynamics of the heavier ion
species. This has been achieved by applying an external magnetic field of appropri-
ate magnitude wherein the lighter electron species gets magnetized and the heavier
ion component remains unmagnetized at the laser frequency. In our simulations
we employ short pulse C'O, lasers. While the special choice of C'Oy pulsed laser
reduces the magnetic field requirement by a factor of 10, the short pulsed ensures
that the table top setup is adequate. With the recent advancements in building
short pulse, CO, lasers'?? and the attainment of magnetic field already of several

25,54,96-101

kilo Tesla in laboratory, we believe that the experimental demonstration

of our simulations are within reach in near future.
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6.2 Thoery of magnetosonic soliton in a cold plasma

The solitons are coherent solutions of nonlinear equations like Korteweg-de-Vries?"!

Y2 nonlinear Schrodinger equation etc.?%*2% The

equation, Klein-Gordon equation,?
MS solitons are the KdV solitons?*! which propagates with the magnetosonic speed
perpendicular to the external magnetic field. Here, we have considered a 2D system
consisting of electrons and ions. A strong magnetic field By has been applied along
Z direction such that electrons are strongly magnetized while ions still remain un-
magnetized. The wave vector k of the p-polarized, X-mode C'O, laser is considered
along & direction (i.e. wave vector of laser, k = ki and 8/dy = 8/9z = 0.). Under

these assumptions, continuity equation can be written as:

0 0
ans + %(nsvsx) - 0 (61)

The momentum equation for each species in in & and gy direction is expressed as:

0 0

my <a + sta—x> Vs = qs(Ey + vy By) (6.2)
0 0

mg (& + st%)”sy = qs(Ey - Usa:Bz) (63)

Similarly, Faraday’s law and Amperes’s law for an electromagnetic wave can also

be written as:

0 0

EBZ = —%Ey (6.4)
0 4
%Bz = —? ~ i(nsvsy) (65)

Here, subscript ‘s’ stands for electron and ion species, ¢, and my is the charge and
mass of each species respectively, vy, and v,, represents the velocities of each species
in £ and ¢ directions respectively. Similarly, £, and E, are the perturbed electric

fields in & and g directions respectively, and B, is the perturbed magnetic field

. A~ . . . . . xT . t .

in 2 direction. We use the normalizations, z = T t = Toamp Usa = Vsa/VA,
n = nﬂo, B, = B,/By and E, = (U;E—jéo) where « stands for & and ¢ directions,
U4 = Wei/wyic is the Alfven velocity with w, = eBy/m;c is the ion cyclotron

frequency, wys = \/4mnge? /m; is the plasma frequency for each species. Egs. (6.1,
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6.2, 6.3, 6.12 and 6.13) can then be solved using reductive-perturbative method?®

using the above normalization can be written as follows:

0 0
ane + %(nevex) =0 (66)
0 0
ani + a_l‘(nzvm) =0 (6.7)
0 0 o
<% + U6$%>Uex = —n (Ey + veyB:) (6.8)
0 0
(a + Um:%) Ver = U(Em + Uinz> (69)
0 0 _
(a + vey£>vey = —n B, — vy B.) (6.10)
0 0
(5 + Uiy%) Viy = n(Ey — Uinz) (611)
0 0
aBZ = _(9_91:Ey (6.12)
0
(9_1:32 = —1(NiViy — NeVey) (6.13)
with 7 = (m./m;)'/? the square root of the mass ratio. We now use transformed
coordinates
€=z —t) (6.14)
=% (6.15)
such that o) o)
27 12Z23)
5 € o (6.16)
8() 1/2 8() 3/2 8()
5 ¢ o€ +€ 5 (6.17)

Using the above transformtions, we can expand the plasma variables as,
B,=1+¢€By, +€eBy, +--- (6.18)

n; = 1 -+ €Ny + €2n2i + e (619)
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ne =1+ enye + €nge + -+ - (6.20)

Ver = 1+ €V1ep + € Vgep + -+ (6.21)
Vig = 1 + eVyip + EVgig + -+ (6.22)
E,=1+¢€E), + Eyy+ - (6.23)
E, =1 (B, + PFy 4 -+-) (6.24)
Vey =17 (€ 2016y + € Pvgey + - ) (6.25)
)

Uiy = 7]71(63/21)1@ + 65/21)2@ 4+ ) (626

Substituting the above equations 6.18 - 6.26 into equations 6.6 - 6.13, we obtain:

on ov on on ov N1V
3/2| le lex 5/2| 2e le 2ex leVlex - 2
€ o€ a§_+e _ a§+87+8§+ a§]+ 0 (6.27)
[ Ony Ovigg | [ Ong;  Ony;  Ovgy, Nyv
3/2| 1% lix 5/2| 21 12 2ix 1liVlex L 9
€ o€ 8§_+€ _ 8£+87+(9£+ 8f}+ 0 (6.28)
777263/2 [Elx + Uley] + 777265/2 [E2:Jc + V2ey + UleyBlz] +--=0 (629)
a T 81} T 8U T 87} T
3/2 015 + Elx + vlzy:| + |: 825 - ai_ — Vg 82 + EQz + UZzy + UlzyBlz:|
+...=0
(6.30)
e
_IE[Ely Ulem] + 77_1 2 [ alé,y + E2y V2ex UleacBlz:| + =0 (6 31)
Ovy; V2; vy, 0vy;
~-1.2 liy —~13 21y liy liy
“oe T {85 or T oe ] By = v (6.32)
+7762 [EQy — V24 — 'UlixBlz] +---=0
0B, OF 0Bs, 0B, O0F
63/2{— 851 +a—gy}+e5/2{— 852 + aTl + 8§y}+ =0  (6.33)
0B, Bs.
3/2|: ag +Ulm Ulez:| +€5/2 |: 85 +nlzvlzz nle”lem"‘”%z _Ulem:| +--= 0 (634)

It is evident from the lowest order terms in Eqgs. (6.27- 6.34) that nje = vie, =

FEy, = By, and ny; = vi;,. Furthermore, for n < € <1 for lowest order terms in
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Egs. (6.27- 6.34), we obtain:

Viiy = 0 (635)

Ve — Blz (636)
a-Blz

Viey = _Em = ag (637)

The € and €? terms in the expansion of Ampere’s law along the x direction gives
View = Uriz and Voo, = Ugi,. Substituting these results into the (9(65/ %) term of

Eq.(6.30) yeilds:
Blz aU2e:z: la(Blz)Q

or o9& 2 o
Eqs.(6.38), together with the O(n~2¢>/2) terms in Eq.(6.29), the O(n~'e?) term is
Eq.(6.31), the O(e?) term in Eq.(6.33) and, the O(e/?) term in Eq.(6.34) are

then used to eliminate second order coefficients vocy, Vaey, Foz, Foy and Bs, to

— By =0 (6.38)

obtain the evolution equation for B;, which has a KdV form for the perturbed

magnetic field along z-direction,

0B, 3 0B, 10°By,
+ = 1z + =
ot 27 % e T2 oes

=0 (6.39)

The general solution to the Eq.( 6.39) can also be written as:

By, = € sech? ve £ — “r (6.40)
2 2
Similarily, the electric fields E, (electrostatic component) and E, (electromagnetic

component) can be expressed as:

B, = (o) | seati (e 101~ ¢/2)])

(6.41)
X tanh(%[w —t(1 — 6/2)]) + O(7?)
E, = € sech® (\/TE[I —t(1— 6/2)]) + O(€) (6.42)

Furthermore, these magnetosonic solitons are quasi-neutral with n, ~ n;, both
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having the secant hyperbolic profile in space and can be expressed as:

n=mn,=n; =1+ esech® (g[x —t(1 - (—:/2)]) + O(e?) (6.43)

These structures propagate typically with the Alfvén speed v,4 in cold magnetized
plasma case as can be seen by writing the solution Eq.( 6.39) in dimensionless

form.

n(z,t) = ng {1 + € sech? (‘;—f\/z[x —oat(l— 6/2)]) + O(ez)] (6.44)

6.3 System configuration

21 Alfvenic KdV Solitons

Critical [density surface

CO, Laser Pulse

Figure 6.1: Schematic (not to the scale) which shows the system configuration for
the excitation of magnetosonic KdV solitons with pulsed C'O, laser in presence of
an external magnetic field By,

In Fig.(6.1), we show the schematics of the geometry that has been used by us
for the PIC simulations under OSIRIS-4.0 framework.%6:47176 The 2-D x — y plane

is shown in the figure. The applied magnetic field is along Z direction. We have
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considered a system of electrons and ion plasma and chosen for simplicity and faster
simulations, ions to be 25 times heavier than electrons (i.e. m; = 25m., where m;
and m, denotes the rest mass of the ion and electron species). For electrons to
be strongly magnetized and ions to remain unmagnetized at the laser frequency,
we have considered the magnetic field strength in such a fashion so as to satisfy
the condition of w, < w < we, where w is the laser frequency and w,; and wg.
are ion and electron cyclotron frequencies respectively and w,s = \/m is
the plasma frequency for each species ‘s’. In particular we have chosen wq; = w/2.
The mass ratio being 25 implies w.. = 12.5w which also ensures that the electrons
are strongly magnetized. A rectangular geometry of 1809.52 x 30.16um? (i.e.
6000¢/wpe X 100c/wye) in & — y plane has been chosen for the simulation where
plasma boundary starts from 150.79um (i.e 500c/wy.). Thus there is vacuum
between 0 and 150.79um. The plasma density (ng = 3.19 x 10*°cm™3) is chosen
such that the laser frequency w = w,; resonates with the ion plasma frequency.
The plasma density is chosen to be at the critical ion density and we = 2.5wpe.
Here wy is the electron plasma frequency. The spatial resolution chosen in the
simulation is 10 cells per electron skin depth (0.3016um) with 64 particles per
cell for each species corresponding to a grid size Ax = 0.03016um and time step
At = 0.07fs. The boundary conditions for electromagnetic fields and particles are
periodic in g direction and absorbing in Z direction. A p-polarized, plane X-mode
COs short pulse laser of wavelength 10um, is incident from the left boundary at
a sharp plasma surface at critical density along z direction. A C'Oy laser pulse
with a higher intensity, I = 7.0 x 10'"WW/cm? having gaussian profile in time has
been considered in the simulation with a rise and fall time of 204.6217fs each
(Here 1-0%3_@1 ~ 1fs). A uniform and static external magnetic field of By = 14.13

kilo-Tesla in transverse direction (Z direction) has been applied in the system.

6.4 Results and analysis

When the intensity of laser is increased e.g. for a choice of intensity, I = 7 X
10Y"W/em?, we observe the formation of magnetosonic solitons. The laser inten-
sity being high, the amplitude of electron-ion separation increases as the E x B

drift is higher. However, for this intensity the electron quiver motion can be rel-
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Figure 6.2: Temporal evolution of plasma current with respect to x and averaged
over g direction (a) without magnetic field and (b) with magnetic field. it is clear
from the left and right subplots that a significant amount of plasma current is
generated when there is an external magnetic field and for higher intensities of
COs laser. Even when laser intensity is relativistic, the plasma current generated
by Jx B heating mechanism is negligible in absence of the external magnetic field

ativistic and one may also expect the J x B heating mechanism to be operative
for absorption. We have plotted the current density for the two cases of (a) and
(b) in Fig.(6.2). The amplitude of current density perturbation is much weaker
in the case (a) when compared to the case (b). The electrostatic disturbances
thus created are clearly observed to be enhanced. It can also be observed from
Fig.(6.2) that the high amplitude laser pulse triggers a large amplitude ion plasma

disturbance.

This disturbance ultimately breaks in three pulses and propagate reasonably
stably inside the plasma. This coherent structure formation and its stable propa-
gation is observed in all the fields, namely the ion density (n;), magnetic field B,,

transverse electric field E, and electron density (n.) (see Fig.(6.3), Fig. (6.4) and
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Figure 6.3: Temporal evolution of the ion density with respect to x and averaged
over ¢ direction where three solitary structures A, B, and C are shown for higher
intensities of pulsed C'Os laser.

Fig. (6.5) respectively ).
The three pulses termed as (A, B and C' ), in all these fields are observed to

arrange in increasing amplitude with time in a straight line. This is a characteristic
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Figure 6.4: Temporal evolution of the perturbed electromagnetic fields B, and £,
corresponding to the magnetosonic KdV solitons with respect to x and averaged
over ¢ direction
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Figure 6.5: Temporal evolution of the electron density n. and electrostatic field
E,, with respect to x and averaged over ¢ direction.
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feature of the KdV solitons that seems to get formed in this case as we show now.
The higher amplitude solitons travel faster and are able to overtake the lower
amplitude solitonic structures. It is for this reason the three pulses shown in
Figs.(6.3-6.4) termed as (A, B and C' ), are observed to arrange one ahead of other
in increasing amplitude forming a straight line. The propagation speed of these
solitons are thus very close to the Alfvén speed in a cold magnetized plasma. We
measured the propagation speed of these solitonic structures from our simulations
and found them to be vgim a = 0.4653¢, Vgim p = 0.4795¢, and vgj,.c = 0.4950c
for the three structures A, B, and C respectively. These propagation speed match
closely with the Alfvén speed of the medium which is vy = (m./ mi)l/ 2wce/ Wpe =
0.5¢ for our choice of parameters of the medium. The unaltered stable propagation
of the three structures for a long time, several thousands of ion plasma periods also
suggest that the structures are solitons.

The KdV solitons?*! also have an interesting property that for solitons with
different amplitudes a their width L vary in such a fashion so as to have aL? as
constant. We have evaluated the same for the three structures observed in the

simulation at various time and have shown it in TABLE 1.

TABLE I
The parameter aL? changes very little in simulations and essentially remains
constant for the observed magnetosonic KdV solitons A, B and C. The
percentage variation in a is 61.05% L? is 65.39% but aL? only varies by 15.46%

in the data shown below.

Soliton t(fs) a(dn;/ng) L(x0.3016um) al?

2771.44 0.148 17.0 42.77
A 3478.44 0.149 16.5 43.06
4185.44 0.148 17.0 42.77
2771.44 0.266 13.0 44.95
B 3478.44 0.266 12.7 42.90
4185.44 0.265 13.0 44.78
2771.44 0.380 10 38.00
C 3478.44 0.380 10 38.00
4185.44 0.378 10.2 38.32

101



Chapter 6. Direct coupling of laser to ions: Magnetosonic excitations

It is clear from the TABLE I that despite considerable difference in the am-
plitudes and width of the three solitons, the parameter aL? remains relatively
unaltered. While the amplitude a of the different solitons differ by as much as
61.05%, and the square of the width L? by 65.39%; the variation in aL? in the
observations is only about 15.46%. This clearly suggests that the structures which
have formed in the simulations are essentially KdV solitons. The slight variations
occur as the conditions of the medium changes with time and the KdV solitons
are essentially approximate solutions in the small amplitude reductive perturbative
expansion limit of the full set of MHD equations in the weakly dispersive, nonlinear
regime. Our studies, therefore, confirm that the magnetosonic KdV solitons can
be excited in a laboratory by using pulsed C'O, lasers along with an externally

applied magnetic field. Fig.(6.6) shows the 1D plot of ion density with different
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Figure 6.6: 1D plot Ion density with respect to x and averaged over y direction. It
is evident from this plot that magnetosonic solitons do get excited with different
mass ratios.

ion to electron mass rations (m;/m. = 50,100). It has been observe that in these

cases too, the solitonic structure gets excited. However, the number of solitons ex-
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cited get reduced with increasing mass ratio. This is so because higher amplitude
disturbances lead to the nonlinear soliton formation. With increasing mass ratio
the required laser intensity needs to be increased to disturb the ions strongly at
similar intensity then the number of solitons gets reduced.

Our simulations being carried out in 2-D, we observe that the solitonic struc-
tures which are of 1-D nature, after a long time (~ 400 ion plasma periods) trans-
verse modulations in the other direction are observed. These modulations are
observed to increase with time as shown in Fig. (6.7), signifying a development of

an instability and ultimately seem to form transverse modulational structures.

y(c/wpe)

t:(fs)  848.4

Figure 6.7: Surface plot of the ion charge density. Transverse filamentation of each
peak of the ion charge density of the magnetosonic KdV soliton is quite evident
from this figure. It has been shown that at t = 1696.8 f s, transverse filamentation
starts and it continues to grow with time

6.5 Conclusion

In conclusion, we have demonstrated in this work that how next-generation pulsed
C'Os laser can be further utilized to excite magnetosonic solitons laboratory laser-
plasma experiments for higher intensities. These are solitary structures found to
propagate stably upto several thousands of ion plasma periods. It has been shown
with the help of 2-D PIC simulations that these solitons in higher dimensions
show density modulations which grows further grows with time. Furthermore, it
has been shown that the density fluctuation with respect to the background plasma

and the number of solitary pulses that gets excited depend on the laser intensity.
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With the recent advent of high power, pulsed C'O, laser and magnetic field upto
10KT, ion dominated phenomena are ready to be tested in laboratory in near

future.
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Conclusion and future scope

With the advancement of laser technologies, several newer regimes of physics
exploration concerning fast ignition laser fusion,! generation of charged particle
beams,?? bright source of X-rays* and Gamma-ray flashes and generation of higher
order harmonics,” promising source of positron emitters for PET (positron emis-
sion tomography),% cosmic accelerations (ultra-high energy cosmic rays)” etc. have
become a topic of prime importance.

In the present thesis, theoretical and numerical investigations using the Particle-
in-Cell code OSIRIS-4.0 have been carried out to understand the laser generated
electron beam propagation inside the plasma and possibility of new absorption
techniques based on pulsed C'Os laser for direct ion accelerations. In the preceding
chapters, the detail descriptions of some of the studies carried out by us have been
presented. We briefly provide a summary of the major findings of the thesis here.

The future scope of work has also been identified.

7.1 Main results of this thesis

7.1.1 Energy principle for beam plasma system instabilities

The energy principle utilizes the energy cost associated with the perturbed equilib-
ria to ascertain whether the growth of a particular mode is energetically favourable
or not. This technique often provides an interesting physical insight and has been
extensively employed in the context of plasma systems governed by Magnetohy-

drodynamics. Recently, it has been invoked for understanding the electrostatic
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two stream instability.

In this study, we have shown that an energy principle argument can be put
forth for the electromagnetic Weibel mode in the context of beam plasma system.
The perturbations in linear regime provide both positive and negative energy con-
tributions in the system. This is essential for the instability, as for conservative
system the total energy of the system is constant. The system should allow the
possibility of the growth of perturbations without any additional cost of energy.
This can happen only when the perturbations merely transfer energy from one
form to another. Thus causing one form of energy to grow at the cost of another.
For the beam filamentation instability, the electromagnetic field energy in the per-
turbed state grows at the cost of kinetic energy of the equilibrium flow. We have
identified Sy = > Mata g the coefficient of the negative energy contributing

Q& noYoa
term and is crucial for the instability. We have also shown that a finite value of

Sz = 7:5(?;)(;“ is responsible for generating the electric field transverse to the flow
profile and in fact, costs energy. It is clear that Sj is finite only in the relativistic
case and for the case when the flow profile is asymmetric (beam and background
plasma have different densities). The finite value of S3 suppresses the filamen-
tation mode. This has been verified by comparing the growth rates for various
cases in this manuscript. For instance, it has been shown that for a constant value
of Sy the growth rate is maximum for |S3| = 0 and reduces monotonically with
increasing value of |S3|. We have also carried out 2-D PIC simulations to illustrate
the difference between symmetric and asymmetric flow configurations. We have
chosen two flow parameters for which S, is same. The value of S3 is zero for one
case and is finite for the other case corresponding to symmetric and asymmetric
configurations respectively. We have observed that even in the presence of 2-D
perturbations (permitted by the 2-D PIC simulations carried out by us) the sym-
metric case has higher growth rate. Furthermore, the nonlinear saturation level of

the perturbed magnetic field is also observed to be higher for the symmetric flow

configuration.

7.1.2 Nonlinear regime of beam plasma instability

The relativistic electron beam (REB) propagation in plasma is fraught with beam

plasma instabilities. The prominent amongst them is the collisionless Weibel desta-
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bilization which spatially separates the forward propagating REB and the return
shielding currents. This results in the formation of REB current filaments which
are typically of the size of electron skin depth during the linear stage of the insta-
bility. It has been observed that in the nonlinear stage the filaments size increases
as they merge with each other. With the help of 2-D PIC simulations in the plane
perpendicular to the REB propagation, it is shown that these mergers occur in
two distinct nonlinear phases. In the first phase, the total magnetic energy in-
creases. Subsequently, however, during the second phase, one observes a reduction
in magnetic energy. It is shown that the transition from one nonlinear regime to
another occurs when the typical current associated with individual filaments hits
the Alfvén threshold. In the second nonlinear regime, therefore, the filaments can
no longer permit any increase in current. Magnetic reconnection events then dis-
sipate the excess current (and its associated magnetic energy) that would result
from a merger process leading to the generation of energetic electrons jets in the
perpendicular plane. At later times when there are only few filaments left the indi-
vidual reconnection events can be clearly identified. It is observed that in between
such events the magnetic energy remains constant and shows a sudden drop as and
when two filaments merge. The electron jets released in these reconnection events
are thus responsible for the transverse heating which has been mentioned in some

previous studies

7.1.3 Effect of finite beam size and initial current

The all pervading and often enigmatic presence of the magnetic field in many
natural phenomena has aroused great curiosity and spawned many efforts to un-
derstand its generation. In this chapter, we propose, simulate and experimentally
demonstrate a new mechanism of long scale magnetic field generation in the con-
text of laser plasma interaction. The mechanism relies on two realistic features
which have been totally ignored in previous studies. These relate to the finite size
of the laser generated electron beam and an initial current imbalance which would
typically be present when energetic electrons push itself in a plasma medium. It
is shown that magnetic fields of much longer scale lengths (comparable to the
transverse beam dimension) get generated much before the conventional Weibel

and Kelvin Helmholtz instabilities associated with the beam plasma system set in.
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This happens as a result of a radiative leakage at the boundaries of the finite beam
wherein even a small but finite current imbalance plays a crucial role of a radiative
antennae. These features have been absent in all conventional periodic systems
considered in earlier simulations as well as theoretical analyses. Our study thus
triggers a re-examination of hitherto prevalent ideas on magnetic field generation

in plasmas and focus attention on the effects of finiteness in physical systems.

7.1.4 Direct coupling of laser to ions

The possibility of ion heating directly with a laser has been another topic of inter-
est. Some of the well-known mechanisms in this regard are the RPA (Radiation
Pressure Acceleration) and TNSA (Target Normal Sheath Acceleration) . We
have demonstrated another mechanism of ion heating by employing external mag-
netic fields. The external magnetic field is chosen so as to constrain the electron
movement and have them tied to the magnetic field. The heavier ions remain un-
magnetized and respond to the laser electric field. The difference of electron and
ion dynamics lead to charge separation and drives ion plasma oscillations, thereby
transferring the laser energy to ions to a great extent directly. A 2-D Particle - In
- Cell (PIC) simulations for an incident laser beam normal to an overdense plasma
target in the presence of an external magnetic field has been carried out. The
external magnetic field has to be chosen such that the heavier ions remain unmag-
netized but the lighter electron species get magnetized at the laser frequency. For
conventional lasers of ~ 1um wavelengths, the magnetic field requirement satisfy-
ing the aforementioned condition turns out to be of the order of several hundreds
of kilo Tesla. This requirement goes down by one order if pulsed C'O, lasers with
wavelengths of ~ 10um are employed. At present magnetic fields of several kilo
Tesla has already been generated in the laboratory. It is thus only a matter of time
when a factor of 10 enhancement in the magnetic field will bring the parameters
in the right regime for experiments to test the new mechanism put forth here with

pulsed C'O, lasers.
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7.1.5 Direct coupling of laser to ions: Magnetosonic excita-

tions

We continue our studies on direct energy absorption of the laser by ions further
and show that when the laser power is increased in addition to exciting ion plasma
oscillations, the excitation of Korteweg - de Vries (KdV) magnetosonic solitons are
also observed. Keeping this in view, the simulations have been carried out for the
pulsed CO, laser parameters with intensity I = 7 x 10'7W/em?). It is shown that
at a higher intensity of the laser, the ion disturbances acquire higher amplitude
to excite Korteweg - de Vries (KdV) magnetosonic solitons. The solitons, as ex-
pected, propagate stably for several thousands of ion plasma periods. However,
subsequently, they are seen to develop transverse modulations which grow with

time.

7.2 Future scope of these works

This thesis provides many directions for theoretical as well experimental explo-

rations.

7.2.1 Theoretical and Numerical explorations

7.2.1.1 Effect of radiation reaction on beam-plasma system

In the near future many new facilities worldwide are poised to become operational
(e.g ELI, XCELS, SULF, SEL etc.%%57 ) to study the on laser-solid interactions
where the intensity and timescale limit would be pushed to even higher limits
namely that of intensities > 10%*1¥//cm? and attosecond scales respectively. Such
an intense intense laser impinging over an overdense target generates a highly
energetic electrons. Any accelerating charged particle loses its energy through ra-
diation. As a result, a charged particle loses it momenta and slows down. This
effective force on charged particles causing the loss in momenta of the particles
is called "radiation reaction". Generally effect of radiation reaction is negligible,
however, it becomes significant and comparable to in magnitude to the Lorentz

force when vF approaches E.,. where E is the electric field acting on the particle
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with the Lorentz factor v and E,, = 1.3 x 10*¥Vm ™! is the critical field of quantum
electrodynamics. With next generation 10 PW laser facilities and in several astro-
physical contexts, it is possible to generate electrons with such an energy that it
may feel the effect of radiation reaction. Therefore, the effect of radiation reaction
on the streaming instabilities like current filamentation/Weibel instability, Kelvin-
Helmholtz instabilities studied in typical typical becomes of prime importance and
needs to be addressed which are planned in our future work. We have also planned
to develop a EMHD type model set of fluid equations for quantum hydrodynamic
plasma also.

In the second nonlinear phase of Weibel instability, the magnetic energy of
the beam-plasma system decreases and an increase in kinetic energy is observed.
This happens because of the magnetic reconnection process which leads to the
generation of electron jets in the plane transverse to the plasma flows. These highly
energetic electrons jets will also feel the effect of radiation reaction which needs
to be addressed. The understanding of Weibel mediated magnetic reconnection
process and generation of energetic electrons jets in the reconnection process are

now a plan for our future work.

7.2.1.2 Role of finite boundary of the beam in a beam-plasma system

The magnetic field generation is an important issue in a variety of contexts. In a
beam plasma system it is typically believed that the Weibel destabilization pro-
cess causes the generation of magnetic fields at the electron skin depth scales.
It has recently been shown, however, that a finite transverse size of the beam
leads to the generation of magnetic field at the long scale length of the beam
(arXiv.org,1704.00970v1 |[physics.plasm-ph|, 2017). This has been attributed to a
new mechanism for the generation of long scale magnetic field structures in this
context. In a realistic situation the beam in addition to having a finite transverse
extent would also have a finite temporal width. Keeping this in view, we plan to
work in the future where a finite longitudinal extent of the beam has also been
considered.

Some laboratory experiments have now been able to explore the regime of ion
response for the generation of turbulent magnetic fields. In this context, it will be

interesting to extend beam-plasma simulations with ion response and characterize
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the behaviour of turbulence in detail.

7.2.1.3 Lower hybrid type in-situ ion heating

In magnetic confinement fusion, direct heating of ions via lower hybrid resonance
heating is always desirable as it is the ion species (D-T species) which participate
in fusion producing an enormous amount of energy and ion energy confinement
time is generally longer than that of the electrons. It is achieved by launching an
extraordinary mode of an electromagnetic wave at a frequency higher or equal to
the lower hybrid mode of the plasma in the Tokamaks using phased wave guide

6 As the wave gets tunnelled from the cut-off region, a part of it get

array.?’
converted into electrostatic lower hybrid wave which further leads to an in-situ
ion heating near lower hybrid resonance.!!3 1192067208 The gimilar mechanism in
the case of fast ignition scheme of Inertial confinement fusion can be applied to
energise ions directly but have been overlooked till date. As a part of our future
work, we have planned to look for the possibility of lower hybrid type in-situ ion
heating with X-mode pulsed C'O, laser. We are also studying how ion cyclotron

resonance heating can be utilized in fast ignition scheme of laser fusion.

7.2.2 Experimental explorations

The CO4 lasers till now have been considered as efficient industrial lasers in the
market for continuous wave (CW) and relatively long pulse applications.%¢ 77178
Recently, the short pulse CO, lasers are now available (BESTIA laser!?) but still
they have not been as widely explored in the sub-nano or picoseconds domain. We
demonstrate, with the help of PIC simulations, in this thesis as well as in a series
of papers,'™ the immense possibilities that short pulse CO, lasers offer for physics
explorations. In particular, here we have demonstrated the possibility of directly
coupling of laser energy to the heavier ion species in the presence of an ambient
magnetic field. With the recent advent of several Kilo Tesla magnetic field in the
laboratory, it can be possible to realize the ion acceleration mechanisms proposed

in this thesis in near future.
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