The Complexities on Ultra-Intense
Laser Interaction with Plasmas

Baiwen Li

DOCTOR OF PHILOSOPHY

Department of Fusion Science
School of Physical Science
The Graduate University for Advanced Studies

2004 (School Year)



Abstract

The interaction of intense laser electromagnetic (EM) wave with plasma has become a
basic and important problem in plasma physics due to its potential applications, rang-
ing from astrophysics to fusion science. Inertial confinement fusion (ICF) has been
considered as an attractive energy source, which motivates many scientists to pay much
attention to the research of intense laser-plasma interactions. On the other hand, the
particle acceleration by intense laser interacting with plasma also became a very attrac-
tive research topic because of its widespread applications, such as laser-induced nuclear
reaction, particle acceleration, medical treatment, radiography and so on.

Intense laser pulse interacting with plasma is a source of various electronic instabil-
ities. When an laser EM wave propagates in an underdense plasma, many electronic
instabilities, such as stimulated Raman scattering (SRS) instability and stimulated Bril-
louin scattering (SBS) instability then can be excited and developed. These instabilities
do not appear isolated but are often interconnected in the real intense laser-plasma in-
teraction. In the past years, large efforts have been put into the studies of SRS and
SBS, which produce energetic particles to preheat the core of a fusion pellet. Recently,
a new type of stimulated scattering on the so-called Stimulated Electron-Acoustic Wave
Scattering (SEAWS) instability was proposed by Montgomery et al., to reinterpret a
underdense plasma data from the Trident laser facility. This novel SEAWS induced by
relativistic laser interacting with a subcritical density plasma layer has been studied by
Nikolié et al. by means of one-dimensional fully relativistic EM Particle In Cell (1D-PIC)
simulations.

When an ultra-intense laser pulse propagates in a plasma, a dispersion effect comes to
play an important role due to the finite inertia with which plasma particles respond to
the high laser EM field, while plasma density redistribution is caused by the ponderomo-
tive force that pushes the plasma particles away from the region of maximum EM field.
These effects can lead to well-known nonlinear phenomena such as self-focusing, trans-
parency of an overdense plasma and the generation of EM soliton. Relativistic solitons
are EM structures self-trapped by locally modified plasma refractive index through the
relativistic plasma particle mass increase and the plasma density redistribution by the
ponderomotive force of an intense laser pulse. These solitons are generated behind the
front of the laser pulse and are made of nonlinear, spatially localized low-frequency EM
fields with a close to zero group velocity. A fairly large part of the laser pulse energy
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of EM soliton have been investigated by theoretical analysis and Particle-In-Cell (PIC)
simulations. The solitons found in previous particle simulations consist of slowly or
non-propagating electron density cavities inside which EM fields are trapped and oscil-
late coherently with frequencies below the unperturbed electron plasma frequencies. In
homogeneous plasmas, solitons have been found to exist for a long time, close to the
regions where they are generated and eventually decay due to their interaction with fast
particles; as a result, the soliton energy is transformed into the fast particle energy. In
inhomogeneous plasmas solitons are accelerated with the acceleration proportional to
the plasma density gradient toward the low density side. When a soliton reaches some
critical region, for example, the plasma-vacuum interface, it radiates away its energy in
the form of a short burst of low-frequency EM radiation.

Particle acceleration by laser pulse propagating in plasmas has also become a very
attractive research topic due to the advent of short-pulse, high-intensity lasers and their
many potential applications. Various concepts of laser accelerators in a plasma, such as,
beat-wave accelerator, laser wakefield accelerator, etc., are presently under discussion
and investigation as possible approaches to accelerate to ultra-high energies. When an
intense laser pulse propagates in underdense plasma, by backward and forward SRS, and
other nonlinear processes e.g., the ponderomotive force of an intense laser pulse, a large
amplitude electron plasma wave can be excited. This large amplitude plasma wave has
a very high phase velocity close to the group velocity of a laser pulse, and can be used
to accelerate electrons, protons or ions to high energies.

My research motivations come from inertial confinement fusion and particle accelera-
tion. In the thesis, the researches are mainly concentrated on instabilities, relativistic EM
soliton and electron acceleration, induced by linearly-polarized intense laser interacting
with underdense plasmas, by means of fully relativistic EM 1D-PIC simulations.

The first part is the generation of accelerated large amplitude relativistic
EM solitons in a long underdense homogeneous plasma. In simulations, ions are
initially placed as a neutralizing background and are kept immobile. When laser enters
the plasma layer, the first stage is dominated by SRS interactions. In our low density
and long plasma condition, Stimulated Backward Raman Scattering (B-SRS) has shorter
growth time than Stimulated Forward Raman Scattering (F-SRS). A nonlinear interplay
between B-SRS and F-SRS produces a strong spatial modulation of the laser pulse. Af-
ter that, there is typically the stimulated Raman cascade in the EM frequency spectra
and wavenumber spectra both for backscattered and transmitted EM waves; which effec-
tively scatter incident laser energy to higher order (Stokes and anti-Stokes) EM modes.
In the later time, the continuing instability growth through stimulated Raman cascade
downshifts the power maximum from the fundamental to the bottom of EM wave spec-
tra. They clearly reveal a tendency of a transition from the stimulated Raman cascade
regime to the regime of energy accumulation at the about electron plasma frequency,
the so-called photon condensate. The cascade-to-condensate transition becomes more
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pronounced with increasing laser intensity. After the photon-condensate process, the
standing, backward- and forward-accelerated large amplitude relativistic EM solitons
are observed. As a new research results, we found that the acceleration of EM soliton
depends upon the incident laser intensity in a homogeneous plasma. The accelerated
solitons are accelerated toward the plasma-vacuum interfaces and it radiate their energy
in the form of low-frequency intense EM bursts. The frequency of the EM wave trapped
inside soliton region is about the half of the unperturbed electron plasma frequency, while
the corresponding ES frequency is about four and half times the unperturbed electron
plasma frequency. The transverse electric and magnetic field have half- and one-cycle
structure in space, while the corresponding ES field has one-cycle structure in space,
respectively.

The second part is the generation of ion-vortices in phase-space in subcriti-
cal density plasmas (n.;/4 < n/v < n., 7 - relativistic factor). When intense laser
light enter a subcritical plasma, a stimulated trapped electron-acoustic wave scattering
(T-SEAWS) instability takes place. It can be well-explained by a resonant three-wave
parametric decay of the relativistic laser pump into the slowed Stokes EM wave with
ws ~ wpe and the trapped electron-acoustic wave (EAW) with wesy < wpe in the early
stage, where wpe is the electron plasma frequency. There appear a rapid growth and
strong localization of the Stokes wave by forming narrow intense EM soliton-like struc-
tures with downshifted laser light. The train of EM soliton-like structures get irradiated
through the front vacuum-plasma boundary in a form of intense coherent reflection of
the downshifted laser light. Large trapped EAW quickly heats up electrons to relativistic
energies, which eventually suppresses the T-SEAWS instability. The ion dynamics does
not play a significant role on the early physics behaviors of T-SEAWS. However, the
jon wave created in the upstream region breaks in time and generates a large amplitude
relativistic EM soliton in its breaking place. Thus this forms a large ES field inside. As
a new phenomenon, we found that an ion-vortex (ion-hole) structure in phase-space is
created because the large part of ions are accelerated and trapped by the regular EM and
ES fields inside soliton. As this large amplitude EM soliton is accelerated in the back-
ward direction, several ion-vortices in phase-space are generated due to the continuing
ion acceleration and trapping.

In the third part of this thesis, the formation of high-quality and well-
collimated return relativistic electron beam in long underdense homogeneous
plasma is studied. A short ultra-relativistic electron beam acceleration by an intense
laser pulse in a finite plasma is examined by 1D-PIC simulations. The mechanism is the
combined effect of the electron acceleration by longitudinal field: synchrotron radiation
source (SRS) and driven oscillatory relativistic electron plasma wave and the electrostatic
(ES) Debye sheath field at the plasma-vacuum interface. The standard dephasing limit
and the electron acceleration process are briefly discussed. The novel point is that,
at relativistic laser intensities, a phenomenon of pushed short high-quality and well-
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collimated return relativistic electron beam with thermal energy spread in the direction

opposite to laser propagation, is observed. It operates like a two-stage accelerator. In the
initial phase: rapid electron heating by the SRS driven relativistic plasma wave allows
a massive initial electron blow-off into a vacuum. Large potential Debye sheath fields
are created which further accelerate electrons (second stage) to ultra-relativistic beam
energies. The mechanism of the beam formation, its characteristics and the time history
in = and p, space for selected test electrons in a beam, are analyzed and clearly exposed.
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Chapter 1

Introduction

1.1 General overview

1.1.1 High intensity laser-plasma interaction

The research of the interaction between intense laser electromagnetic (EM) waves with
plasmas is a basic problem and serves as an excellent introduction to the field of plasma
physics. Both the linear and nonlinear theory of plasma waves, instabilities and wave-
particle interactions are important for understanding the interaction of intense laser EM
waves with plasmas [1]. The research on this problem has wide-spread applications
ranging from astrophysics to fusion science. A lot of plasma phenomena have been
observed in intense laser EM wave-plasma experiments, and many challenging problems
still remain to be understood.

In the last 30 years, the research on laser-plasma interactions are of interest to many
physics scientist. The most of motivations are mainly come from inertial confinement
fusion (ICF), over this time, huge progresses in laser technology have been made. In
addition to the research on ICF, the high-intensity laser pulse has other wide-spread
applications, such as, particle acceleration, medical treatment, radiography, and so on.

Recent developments in high-intensity laser technology provide unique laboratory con-
ditions for studies of nonlinear dynamics of ultra-intense laser-plasma interaction in a
relativistic regime. Now it is possible to explore new kind of physical phenomena by
creating extreme conditions in the laboratory.

On the other hand, in order to understand the problem of the laser-plasma interaction,
computer simulation method, as a powerful tool, has been extensively used in the study
of the interaction of intense laser pulses with plasmas. Not only, it can help us to
understand physical phenomena, clearly, but also, some new physical phenomena can be

predicted by utilizing computer simulation method.




1.1.2 The development in high-intensity laser pulse technology

Inertial confinement fusion (ICF) as an attractive energy source has attracted much
attention of many physicists to the ICF research in the past years. In order to realize
the ignition of nuclear fusion fuel in ICF experiment by intense laser radiation, this
extremely stimulated the development in high-power and ultra-short laser technology.

In Japan, at the Institute of Laser Engineering, Osaka University, a petawatt laser
has been constructed for the purpose of the fast ignition in ICF fusion research. Current
energy on target of this laser is 360J in 1ps. In addition, as a heating laser of the
imploded plasma for fast ignition concept, a four-beam petawatt laser, which energy up
to 10kJ in 10ps, will be developed [2].

In Europe, several facilities are utilized terawatt lasers with intensity 108 —10%1W/cm?
and the pulse duration 30 — 750fs (9 — 225 wave periods), and several short petawatt
pulse facilities are under construction [3]. These lasers at the peak of the pulse will
deliver intensities about 10?2W/cm? and duration of the pulses will be 500fs (150 wave
periods).

In the United States, the National Ignition Facility (NIF) is under construction [4].
Its laser system will consist of 192 high-power laser beams with total energy 1.8 x 1087,
wavelength 351nm (which is in near-ultraviolet range) and pulse duration 3ns, planed
for 2008. The facility will have two configurations to operate: ”indirect drive”, which
directs half of the laser beams into two cones in the upper and lower parts of the target,
and ”direct drive”, by moving beams into a more symmetric arrangement. It is expected
that the laser beams will compress fusion targets to conditions to burn. Recently, there
are extensive activities to study plasmas emulating conditions of NIF [5, 6, 7, 8].

Based on the interaction between such ultra-intense laser EM waves and plasmas, it is
possible to generate the extremely high EM and electrostatic (ES) field, what never pro-
duced in the laboratory. For example, for intensity I ~ 102*W/cm? laser, the associated
electric field is E[V/m] = 2.7 x 103I'/2[W/em?] ~ 10'4V/m, which is stronger than the
electric field £ = 5 ~ 10''V/m that keeps an electron in the ground state of hydrogen
atom. The interaction between such ultra-intense laser EM waves and plasmas, there is
no doubt, can result in rich and complex nonlinear phenomena.

When an intense laser pulse propagates in a medium, the electrons in the atoms
start to oscillate. For the laser intensities beyond 10'°W/cm?, these oscillations can
become large enough to strip the electrons from the atoms [9]. For ions, they remain
almost stationary due to their much higher mass, providing an ES force. As a result,
the natural electron plasma oscillation will be caused with electron plasma frequency
wpe = (€?n/(€ome))'/?

permittivity and the electron mass, respectively. As is known, the EM waves which

, where e, n, ¢y and m, denote the electron charge, density, electric

propagate inside plasma have dispersion relation w§ = w2, + kjc?, where wy, ko and ¢



are EM wave frequency, wavenumber and the velocity of light, so the electron plasma
frequency wpe is the minimum frequency for EM waves propagation in a plasma, in other
words, in a cold and nonrelativistic plasma, EM waves cannot propagate through a
plasma of density n > 7, here, ne, = n(wg/wpe)? is the critical density or cutoff density
for laser propagation. However, at high laser intensity, the velocities of free electrons
oscillating with laser EM field close to the speed of light ¢, which causes a relativistic
increase of electron mass, namely, m, — ym,, here y = (1 — v?/c?)~V2 = (1 + ad)'/? is
the relativistic Lorentz factor and ag = Yvesc/c is the normalized vector potential. The
relativistic increase of electron mass will result in the decrease of the electron plasma
frequency.

The ratio between the quiver velocity v,s. and the speed of light ¢ defines the laser
amplitude,

6E10 Vose

= 0.85 x 107 \[um] T2 [W/cm?] (1.1)

a =
mwye c

where FEjy is the amplitude of the laser electric field.

1.2 Instabilities in laser-plasma interaction

The interaction of high intense laser EM waves with plasmas has been the subject of
experimental investigations for many years [10]. Many experiments have been focused
on measuring a broad range of phenomena, such as resonance and collisional absorption,
filamentation, density profile and particle distribution modification, and the growth and
saturation of various parametric instabilities. These phenomena depend on both the
properties of the laser (its intensity, wavelength, pulse length coherence, etc.) and the
composition of the plasma. Motivated by laser-driven ICF, experimental studies of laser-
plasma instabilities have become particularly important in recent years. The success of
ICF depends partly on mitigating the undesirable effects of two particular parametric
instabilities, stimulated Raman scattering and stimulated Brillouin scattering.

These two instabilities are of particular importance because both degrade the target
compression efficiency in a spherical implosion experiment. Electron Landau damping
from the stimulated Raman scattering (SRS) instability produces fast electrons that can
preheat the core of an imploding sphere prior to the arrival of the compression shock
front [11]. The stimulated Brillouin scattering (SBS) instability can scatter a substantial
fraction of the incident laser light, causing an overall reduction in the laser-to-X-ray drive
efficiency and modifying the X-ray drive symmetry. In addition to SRS and SBS, other
instabilities, such as, two-plasmon decay, decay of incident EM wave into an electron
plasma wave (EPW) plus an ion acoustic wave (IAW), etc., can be also excited by high-
intensity laser EM wave propagating through underdense plasmas.



These instabilities can be simply described as the resonant decay of the incident
laser EM wave into two other waves. The three-wave interaction is the lowest-order
nonlinear effect for a system approximately described by a linear superposition of discrete
waves. The frequencies and wave vectors for three-wave interaction satisfy the following
conditions.

Wo = Ws + Wp (1'2)
ko =k +k; (1.3)

where wy, ws and w, stand for the frequencies of incident EM, scattered EM and plasma
waves, while kg, ks and k, represent the their corresponding wave numbers, respectively.

When the incident laser amplitude exceeds a threshold value which corresponds to a
certain instability, the remaining two waves which are start growing at noise level initially
by absorbing energy from the incident laser EM wave. In fact, these instabilities do not
appear isolated but are often interconnected other. Laser pulse will lose large part of its
energy by these instability processes.

According to plasma density, these instabilities can be classified. For example, around
the incident laser critical density n., laser EM wave can decay into an EPW and an IAW.
When plasma density near 0.25n,,, two-plasmon decay (2w, instability) occurs by laser
EM wave decaying into two EPWs. When plasma density below 0.25n.,, stimulated
Raman scattering (SRS), a decay of incident laser EM wave into a scattered EM wave
plus an EPW, can grow. In the case of plasma density n < n, stimulated Brillouin
scattering (SBS), an incident laser EM wave coupling to a scattered EM wave plus an
IAW, can take place.

Recently, a new type of stimulated scattering, the so-called stimulated electron-
acoustic wave scattering (SEAWS), has been reported in experiment [12, 13] and studied
by particle simulation [14, 15, 16, 17].

1.2.1 Stimulated Raman scattering (SRS)

The stimulated Raman scattering (SRS) can be most simply characterized as the resonant
decay of an incident laser EM wave (wy, ko) into a scattered EM wave (ws, ks) plus an
electron plasma wave (EPW) (Langmuir wave) (Wepw, kepw). The matching conditions
for frequencies and wave numbers are as follows

Wy = W + Wepw kO = :tks + kepw (14)

where the wave numbers for the EM waves have

2
Bo= 21— L)12, g, = (1 ey (1)

c Ner c w?



Here, ”+/—" in £k in the equation (1.4), denote stimulated Raman forward and back-
ward scattering (F-SRS/B-SRS), respectively. n and ne = n(wo/wpe)® are the plasma

1/2

density and critical density, respectively. wy,. = (€*n/eom.)/? and wepw = (W2, +

3k2,, Vi) /? are the electron plasma frequency and Bohm-Gross frequency of EPW,
respectively. The vy = (T./m.)/? is the electron thermal velocity, T, is the tempera-
ture.

Since an EM wave propagating in a plasma has dispersion relation w§ = w2, + k3c?,
the minimum frequency of an EM wave in plasma is the electron plasma frequency wpe.
Thus, SRS instability requires the condition

Wy > 2wpe => N < Ner /4 (1.6)

It should be noted that this condition can be shifted to higher densities because the
high-intensity laser EM wave causes a relativistic increase of electron mass m, — yme
(7 is relativistic Lorentz factor), which reduces the frequency of EPW.

By SRS instability, w,/wo part of the incident energy is scattered and wepy/wo part
is deposited into the EPW. When EPW damps, this portion of the energy will heat the
plasma. This EPW has a very high phase velocity of the order the light velocity, so it
can produce very energetic electrons, such electrons can preheat the fuel in laser fusion
application. Therefore SRS instability is particularly significant concern in ICF research.

The phase velocity of EPW produced during SRS process can be slow enough to reach
back into the tail of the background electron Maxwellian distribution function. The tail
electrons trapped by the EPW can obtain energy from the EPW and therefore damp
it. When the phase velocity of EPW for low density is vpn & Wepw/2ko, then the B-SRS
occurs dominantly. For F-SRS, because its the phase velocity is nearly the speed of light,
in initial electron Maxwellian distribution function, a very low number of electrons have
initial energy to be trapped. When the laser EM wave propagates through a plasma for
long enough distance, a large amplitude EPW can produces a significant number of high
energetic electrons [9].

When a relativistic laser propagates in an underdense plasma, B-SRS and F-SRS can
develop [18, 19]. They do not appear isolated but are often interconnected. A nonlinear
interplay between B-SRS and F-SRS produces a strong spatial modulation of the laser
pulse and the stimulated Raman cascade in its frequency spectrum. The continuing
instability growth through stimulated Raman cascade downshifts the pulse frequency
from the fundamental to the bottom of the EM wave spectra. The spectra of F-SRS
clearly reveal the Raman cascade containing not only the first-, second- and higher-
order Stokes modes, but also the first-, second- and higher-order anti-Stokes modes. It
gets saturated by the photon condensation mechanism, related to strong depletion and
possible break-up of the laser beam. In the final stage of the cascade-into-condensation
process, the depleted downshifted laser pulse gradually transforms into a train of ultra-
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short relativistic EM solitons [18, 19].

1.2.2 Stimulated electron-acoustic wave scattering (SEAWS)

Electron-acoustic wave (EAW), as a mode of plasma waves, it has been studied by
early authors. By examining the linearized Vlasov ES dispersion relation and ignoring
particle trapping effect, they obtained EAW solutions with dispersion relation in the long
wavelength limit w & 3.6kvye, where w, k and vy, = (T,/m.)Y/? are the frequency, wave
number and the electron thermal velocity, respectively [20, 21, 22]. The phase velocity
vy = w/k of EAW is between the weakly damped slow phase velocity IAW (vg/Vihe <K 1)
and the high phase velocity EPW (vy/vhe >> 1). Since the EAW has large linear damping
with Maxwellian distributions, —I'm(w)/Re(w) > 1 [20, 22], it often were neglected.
However, other analytical studies of nonlinear Vlasov-Maxwell solutions have been found
that strong electron trapping can occur even for small amplitude ES wave, resulting in
undamped nonlinear traveling wave solutions, the so-called BGK (Bernstein-Greene-
Kruskal) modes, allowing the EAW with a lower phase velocity w ~ 1.31kvspe, which is
compared to the least-damped linear EAW solution w & 3.6kvy,, to exist [23, 24, 25].

The stimulated electron-acoustic wave scattering (SEAWS), as a novel stimulated
scattering, was proposed by Montgomery et al., in the recent single hot spot experiment
to reinterpret an underdense homogeneous plasma experiment data from the Trident laser
facility [12, 13]. In their experiments, plasma density n ~ 0.03n.,, temperature T, =~
350Ev, plasma length L, &~ 900c/wy, laser intensity I ~ 1.6 x 10'W/cm?, respectively,
where wy is laser frequency. They observed a wave signal in the backscattered spectra
with phase velocity vy, &~ 1.4v4,. besides the first backscattered EM signal which comes
from the SRS. It was shown, that among electronic instabilities, stimulated scattering
of laser light from the trapped EAW with frequency w < wy, can possibly explain the
second anomalous backscatter signal. However, in these experiments, the signal ratio of
SEAWS to SRS was reported smaller than 1073,

Similar to the SRS instability, the SEAWS can also be explained as three-wave reso-
nant decay of an incident laser EM wave (wy, ko) into a scattered (Stokes) EM wave (ws,
k) plus an EAW (wgaw, kpaw). When this instability takes place, the corresponding
matching conditions for the wave frequencies and wave numbers will satisfy as follows:

wo = wWs + wgaw, ko = ks + kpaw (1.7)

By a linearly-polarized intense laser pulse interacting with a plasma layer at a sub
critical density range, n../4 < n/y < ne (v - relativistic factor), which are overdense
for standard SRS, this novel SEAWS has been studied by means of one-dimensional fully
relativistic EM particle-in-cell (1D-PIC) simulations [14, 15, 16, 17]. In the early stage,
the frequency spectra can be well explained by a resonant 3-wave parametric decay of
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the relativistic laser pump into the slowed (~ ”critical”) Stokes light sideband ws ~ wpe
and the trapped electron-acoustic wave (T-EAW) with Weqy < Wpe-

Recently, we also put some attention on this novel SEAWS instability. We found that
in its nonlinear saturation, there is a rapid growth and strong localization of the Stokes
wave by forming narrow intense EM soliton-like structures with (downshifted) laser light
trapped inside. The train of relativistic EM solitons-like gets irradiated through the front
vacuum-plasma boundary in a form of intense coherent reflection of the downshifted
laser light. Large T-EAW excited in the plasma quickly heats up electrons to relativistic
energies which eventually suppresses the instability in our simulations.

The physics of the SRS and SEAWS instabilities are straight forward. For example
for SRS [1], consider a laser EM wave propagating through a plasma with density ripple
along the direction of laser propagation by the density fluctuation dn associated with an
EPW. Because the electrons are oscillating in the laser electric field Eq with the velocity
vy = —eEg/muwy, a transverse current 6J = evydn is generated. If the numbers and
frequencies are properly matched, this transverse current generates a scattered light wave
with an amplitude §E. In turn, this scattered light wave interferes with the incident
laser wave to produce a variation in the wave pressure: V(E?/87) = V(Eq - JE)/4r.
Variations in wave pressure act just like variations in the ordinary kinetic pressure i.e.,
plasma is pushed and density fluctuation is generated. Duo to this feed-back loop, an
instability is possible. A small density fluctuation leads to a transverse current which
generates a small scattered EM wave which can in turn reinforce the density fluctuation
via a variation in the wave pressure.

1.3 Relativistic electromagnetic solitons

1.3.1 Solitary wave (soliton)

As is well-known, solitons are nonlinear waves. As a preliminary definition, a soliton
is considered as solitary, traveling wave pulse solution of nonlinear partial differential
equation (PDE), and this solution is spatially localized and keeps its form. The non-
linearity plays a significant role. For most dispersive evolution equations these solitary
waves would scatter inelastically and lose ’energy’ due to the radiation. Apart from the
nonlinearity, the stability also plays an important role in soliton physics: after a fully
nonlinear interaction, the solitary waves re-merge, retaining their identities with same
speed and shape. This is of particular importance, it means specifically that solitons can
exist only in conservative media.

Solitons, as a localized nonlinear objects, were first discovered by Scott Russell in 1834
on the surface of liquids [28, 29], for a long time, they remained of interest only for a
small number of specialists in hydrodynamics and mathematics who tried to prove their

7




existence. In the late 50’s of last century the soliton concept penetrated into plasma

physics. Here due to work by Sagdeev [30], Gardner and Morikawa [31] and others,
solitons were successfully used to construct the theory of a fine structure of shock waves
under the conditions of rare collisions. Nowadays a great number of soliton types in
plasma are known. They are widely used for various theoretical speculations, especially
for the construction of different versions of strong turbulence theory. In order that
these speculations should be real it is necessary for the considered solitons to be stable.
Therefore the problem of soliton stability is of particular importance [32].

Solitons can be classified by two types, the simple solitons and the oscillating solitons.
Simple solitons are solitary waves whose profile with stationary localized structure; while,
for oscillating solitons, the different from that the simple solitons is, inside the oscillating
solitons, there occur oscillations characterized by definite frequency and wavelength, such
a soliton profile is, in the mean, stationary in some reference system [32].

It is well-known that a comparatively small number of mathematical models possessing
a great degree of universality play a very important role in soliton theory. Such are, for
example, the Korteweg-de-Vries (KdV) equation and the Kadomtsev-Petviashvili (KP)
equation describing simple solitons, while, the nonlinear Schrédinger (NLS) equation
which is the simplest model for defining oscillating solitons [32]. The universal nonlinear
models well-known nowadays are such as the KdV and the NLS equation [33, 34, 35, 36,
37, 38]. Their universality is explained by the fact that they describe a wide spectrum
of phenomena in various nonlinear media.

1.3.2 KdV equation

The equation describing the (unidirectional) propagation of waves on the surface of a
shallow channel was derived by Korteweg and de Vries in 1895. The KdV equation arises
when describing weakly nonlinear waves in media with a dispersion law w(k) which is
close to the linear one, in the linear approximation in the amplitude, standard form of
KdV equation is as follows:

Us + Uggy + Buuy = 0 (1.8)

The second and third terms in equation (1.8) stand for the dispersion effect and the
nonlinear effect of wave, respectively. A solution of stationary solitary wave (soliton),
u = 2k?/cosh®k(x — 4k*t — ), is the simplest solution of the KdV equation [32]. It
plays a fundamental role in the evolution problem for an arbitrary initial distribution.
The KdV equation can admit also a multi-soliton solution.

In multi-dimensional cases the well-known Kadomtsev-Petviashvili (KP) equation [39)
is a natural generalization of the KdV equation. The KP equation can be obtained if a
characteristic transverse scale of (sound) disturbances is assumed to exceed significantly
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to the longitudinal size and it has the following standard form.

%) ,, 0%u  d%*u

For ion-acoustic wave cases, in the linear approximation in the amplitude, c;(u) =
c,(1 + Bu), Bu is small as compared to unity. All changes in comparison with the
KdV equation are connected only with an additional term on the right-hand side, which

describes the acoustic wave diffraction in the transverse direction.

1.3.3 Nonlinear Schrodinger (NLS) equation

The nonlinear Shrodinger equation (NLS) is usually used for the description of the propa-
gation of wavepackets with a small amplitude, i.e., when the field weakly from a harmonic
one and nonlinear effects are small. This gives an opportunity to take into account dis-
persion and nonlinear effects separately for the derivation of the equation. The standard
form of NLS equation [40] is as follows:

iy + V3 + f([Y))p =0 (1.10)

With rather general nonlinearity f(|2|). The second term stands for the dispersion effect
of media. Here 1(x, ) is a slowly varying envelope of the electric field, and x and ¢ have
different meanings depending on the physical context.

In all cases the function f(|1/|) characterizes nonlinearity, e.g., the nonlinear correction
to the refractive index of media. For many physical problems this function can be
approximated by a power-law dependence, f(|i|) ~ |¢|?, and for the particular case of
the Kerr nonlinearity p = 1 [40].

This NLS equation has a solution in the form 1(x, t) = ezp(iA*t)g(x) with the function
g is determined by the following equation:

~Ng+vVig+g° =0

Such a type of solution with the multiplier oscillating in time is natural, because the in-
teraction leads to a nonlinear frequency shift A\? general for all harmonics. The dynamics
of solitons of NLS equation in the uniform media has been studied in detail [33, 41, 42].

The KdV equation, KP equation and NLS equation have been extensively used to in-
vestigate the existence of soliton, soliton stability against perturbations and the temporal
evolution of soliton solution [32].

It is should be noted here, the research on these problem has been extended our
attentions, our interests are concentrated on relativistic EM soliton induced in intense
laser-plasma interaction.



1.3.4 Relativistic EM solitons in laser-plasma interaction

High-intensity laser propagating in an underdense plasma, in addition to the instabilities,
causes rich and diverse nonlinear phenomena, which enrich our physics and make it more
colorful.

When a relativistically intense laser propagates inside underdense plasma, first, disper-
sion effects plays an important role due to the plasma particle mass relativistic increase
by responding to the intense laser EM field; second, the nonlinearity appears due to the
plasma density redistribution under the action of the ponderomotive force of the intense
laser EM field, that pushes the plasma particles away from the region of the maximum
EM field [43]. These effects can lead to well-known nonlinear phenomena, such as, rela-
tivistic self-focusing [26, 44, 45, 46, 47, 48, 49], relativistic transparency of an overdense
plasma [50, 51], and the generation of relativistic EM soliton [52, 53].

High-intensity laser EM wave can cause a relativistic increase of plasma electron mass
me — ym,, which reduces the critical density from n., to n./y'/2. This results in the
relativistic transparency of intense laser in overdense plasma, i.e., intense laser can also
propagate in overdense plasma density region between n., and n../v'/? [50, 51].

The power threshold for relativistic self-focusing of the laser beam is given by [26]

2,.5,,2 2
mcw 1720 Gw (1.11)

wpe

P =

e*wz2,

The simulation results have shown that the relativistic self-focusing can enhance the

laser intensity ten-fold [27]. When the laser intensity exceeds the power threshold sig-
nificantly, the laser beam can split into filaments [54].

Among nonlinear modes, solitons are of fundamental importance for basic nonlinear
science (34, 55]. EM solitons with relativistic amplitude were first investigated by V.
A. Kozlov, A. G. Litvak and E. V. Suvorov [56]. Solitons were predicted to occur in
laser produced plasmas and were found by PIC simulations. The relativistic solitons
are self-trapped, finite size, EM wave that propagates inside plasma without diffraction
spreading. Self-trapping appears because EM wave modifies the local refractive index
through the relativistic plasma particle mass increase and the plasma density redistribu-
tion [57, 58, 59]. These solitons are generated behind the front of the laser pulse and are
made of nonlinear, spatially localized low-frequency EM fields with a close to zero group
velocity. It was shown that the soliton formation is a significant channel of laser pulse
energy transformation [60]. A fairly large part of the laser pulse energy can be trans-
formed into solitons. Nearly 30 ~ 40% of the laser energy can be trapped in the solitons
[52, 53]. This fairly high efficiency of EM energy transformation indicates that solitons
which are an essential component of turbulence in plasmas together with the vortices
[61, 62, 63] can play an important role in the development of the interaction between the
laser pulse and the plasma. The research on EM soliton is active and important topic in
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laser plasma interaction. Recently the research on solitons has received much attention
because they are of fundamental importance in nonlinear science [55] and are considered
to be essential components of turbulence in a plasma [58, 18].

The mechanism of relativistic EM soliton formation and its structure were analytically
investigated and observed by particle simulation in the interaction of ultra-intense laser
radiation with underdense [64, 65, 66, 67] and overdense plasmas [68, 52, 69].

The analytical theory of relativistic EM soliton has been developed mainly within the
framework of immovable ions and including some other approximations. For example,
Lj. Hadzievshi, M. S. Jovanovi¢, M. M. Skori¢ and K. Mima, by considering a weakly
relativistic limit, cold plasma condition and neglecting ion dynamics, they obtained an
nonlinear Schrédinger (NLS) equation with two nonlocal (derivative) nonlinear terms
[58]. By using this nonlinear Schrodinger equation, the existence and stability of 1D
EM solitons formed in a relativistic interaction of a linearly polarized laser light with
an underdense cold plasma are discussed, and the standing EM soliton solutions with
maximum amplitude A, ~ 2.7 and frequency w, =~ 0.73wy, are analytically shown to be
stable in agreement with the model simulation.

An exact analytical solution of the electron Fluid-Maxwell equations representing one-
dimensional (1D) circularly polarized relativistic EM subcycle soliton obtained in Ref.
[70] is in perfect agreement with 1D-PIC simulations. When the ion dynamics is taken
into account, solitons have been found to exist by analytically research [57, 71] and by
particle simulation [72, 73].

As shown in the figure 1.1, the sketch for the plasma density n/ng and the energy
density of EM field E* + B? plots. The solitons found in 1D and 2D particle simulations
consist of slowly or non-propagating electron density cavities inside which an EM field
is trapped and oscillates coherently with a frequency below the unperturbed electron
plasma frequency and with spatial structure corresponding to half a cycle (subcycle
soliton) [70, 72]. This is the main characteristics of the relativistic EM soliton. The
interaction of two 2D solitons leads to their merging and the resulting soliton obtains
the total energy of the two merged solitons [62]. When ion dynamics is considered, 2D
soliton evolves into a postsoliton on the ion time-scale due to the ion acceleration caused
by the ES field inside the soliton. As a result, a substantial part of the laser pulse energy
can be converted into solitons which afterwords evolve into postsolitons [43, 72].

1.3.5 The acceleration of relativistic electromagnetic solitons

It is reported that solitons have been found to exist for a long time close to the regions
where they are generated in a homogeneous plasma, and with time goes on, eventually
decay due to their interaction with fast particles. In this process, the energy of solitons
is transfered to the fast particles. Since a real plasma is usually inhomogeneous, solitons
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Figure 1.1: The sketch for the plasma density n/ng and the energy density of EM field
E? + B? plots, respectively.

are accelerated with the acceleration proportional to the gradient of the plasma density
towards the low density side. When a soliton reaches some critical plasma region, for
example, the plasma-vacuum interface, it radiates away its energy in the form of a short
burst of low-frequency EM radiation [62, 74].
In a nonuniform dispersive medium, a wavepacket moves according to the well-known
equations of geometric optics equations.
L = QE and @i‘ = —B—H (1.12)
dt  Ok; di ox;
The equations have a Hamiltonian form, which is the wave frequency H (z; k) = w.
From these equations, it is found that the acceleration of the wavepacket is equal to [62].

do; ___O°H PH 9°H 8°H o
dt? 5 Bkaﬁkj aib'j Bkiaz}- 3&1 =

For the EM wave in a plasma, H(z;, ki) = (k®c* + w2,)!/2. For example, in the case
of the plasma density given by n(z,y) = no(1 + /L, + y*/2L?), it is easily to obtain
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the acceleration of soliton Z= —c?/2L, and = —c?y/L2. Therefore, the wavepacket is
accelerated along the z axis from the high density side toward low density side, and at
the same time, it oscillates in the transverse direction with frequency ¢/L, [62, 74].

In fact, the motion of relativistic EM soliton depends upon the motion of the particle
(electrons or ions) in the soliton. In the nonlinear relativistic case, basically, the longitu-
dinal particle motion is determined by the balance of the ES field and the ponderomotive
force terms [58, 18], in the normalized units,

Op, /0t = —E, — 0v/0z (1.14)

Here, p,, F, and 7 stand for the momentum, ES field and relativistic factor, respectively.

Which direction, forward or backward, the relativistic EM soliton can be accelerated,
depends upon, which term, ES field or ponderomotive force, is prevailing inside soliton.
It should be noted that the two terms are the averaged effect of all particles inside soliton.

1.3.6 Bright soliton and dark soliton

It is well-known that nonlinear downshifting of the wave frequency corresponds to the
breakup of a homogeneous wave into bright solitons. On the other hand, nonlinear
frequency upshifting manifests the possibility of dark soliton formation [71]. There,
namely, are two distinct types of localized solitons, bright soliton or dark soliton. These
two types of solitons are in fact very different. They have completely different nature
and result from quite different physics [76]. Both bright soliton and dark soliton have
a minimum of the plasma density. The difference is followings; the bright soliton has a
maximum of the EM energy density, while the dark soliton has a minimum of the EM
energy density [71]. Dark solitons are known to exist in optical system [76] and they
were also observed in the Bose-Einstein condensation [77].

In this thesis, we are only concentrated on bright ones, because of their resilient and
robust behaviors and their importance in the research of intense laser-plasma interaction.
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1.4 Particle acceleration by laser-plasma interaction

Particle acceleration by intense laser EM fields propagating in plasmas has recently
become a very attractive research topic after the advent of short-pulse and high intensity
lasers due to their many potential applications. Various concepts of laser accelerators in
a plasma, such as, beat-wave accelerator [78, 79], laser wakefield accelerator [80, 81, 82],
electron beam wakefield accelerator [83, 84] and plasma accelerator of photon beams [85,
86], are presently under discussion and investigation as possible approaches to accelerate
to ultra-high energies.

High-energy particles and high-quality, well-collimated particle beams have wide po-
tential applications, in the concept of fast ignition in ICF research [88], laser induced
nuclear reaction [89], medical treatment, radiography and so on. Stochastic heating and
acceleration of electrons by two counter-propagating laser pulses have been also studied
by some authors [90, 91, 92, 93].

In recent years, much attention on particle acceleration has been paid by theoretical
analysis, particle simulation and experiment.

When an intense laser propagates in an underdense plasma, by B-SRS/F-SRS and
other nonlinear laser-plasma interaction processes, e.g., the ponderomotive force of an
intense laser EM field, a large amplitude EPW can be excited behind the front of the laser
pulse. Such relativistic electron plasma waves (EPWs) are also generated by a beat-wave
scheme, which requires two laser beams and a plasma frequency precisely tuned to their
frequency difference. This large amplitude EPW has a very high phase velocity close
to the group velocity of the laser pulse and can be used to accelerate electrons, protons
or ions to high energies. In underdense plasma, fast electron distributions peaked in
the direction of laser propagation with the thermal energy spectra are observed. One
finds two populations with two distinct temperatures. At present, there exists no clear
understanding of above phenomenon in the literature.

Ion acceleration by soliton also has been studied. This is caused by the energy gain
during the ion interaction with the EM field and/or ES field trapped inside soliton.
Soliton propagating with high velocity provides the wakeless regions with regular electric
and magnetic fields, with which the particle can interact and gain the energy, and the
soliton energy transforms into the energy of the fast particles [57]. Ion acceleration in
a soliton produced by shock-wave decay in a plasma slab irradiated by an intense laser
pulse has been studied via PIC simulation [111].
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1.5 Particle-in-cell (PIC) simulation

1.5.1 Computer simulation

The investigation of phenomena by computer simulation is now an established and
rapidly growing practice in scientific research and engineering design. Computer simula-
tion may be regarded as the theoretical exercise of numerically solving an initial-value-
boundary-value problem [94]. By selecting the suitable mathematical models according
to the behavior of complex system and by fixing the computational box with the select-
ing initial and boundary conditions, simulation then can be done to follow the temporal
evolution of the configuration.

In order to understand complex plasma phenomena, computer simulation by using
particle codes has been thought is a very direct and powerful approach, particularly for
investigating kinetic and nonlinear effects. The approach is extremely simple, numer-
ically follow the motion of a large collection of charges in their self-consistent electric
and magnetic fields to simulate evolution for a plasma system by using mathematical
equations that basically describe the system on an accepted physical level. Computer
simulation enables us to set up a numerical plasma experiment with detailed diagnostics
to investigate plasma complexity. Such numerical experiment can help us to understand
the results from the real ones. Computer simulation also can be set-up for these experi-
ments, which can not be performed in the laboratory either due to their size or due to
the characteristic time scale of certain physical processes.

Although simulations have many advantages, they are still limited by computer capa-
bilities and by our chosen simple initial and boundary conditions, they can not become
the substitution for laboratory and space experiments and observations [9]. Neverthe-
less, computer simulations fill large gaps between theory and experiments. It is possible
to obtain more detailed information of complex plasma processes by combining three
approaches, i.e., theory, experiment and simulation.

Based on fluid or/and kinetic description of plasma system, various simulation schemes,
such as, magneto-hydro-dynamics (MHD) code, hybrid code, etc., have been introduced
and developed in plasma physics. MHD simulation code has been used to solve and
investigate the fluid equations of plasma, while, the goal of Vlasov and PIC simulation
codes are to illustrate the motion of charged particles, based on plasma kinetic (Vlasov)
equation. The hybrid code is a combination of these two approaches: fluid and kinetic
descriptions.
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1.5.2 Particle-in-cell (PIC) simulation

Vlasov simulations and PIC simulations have been developed and extensively used in
laser inertial confinement fusion (ICF) researches. The advantage of Vlasov simulation
method is, it has lower noise level than PIC simulation. However Vlasov simulations
are very expensive in the investigation of the interactions between high intensity wave
and plasma due to the large phase space required for simulation. Now one prefers to
use PIC simulations in laser-fusion researches. Relativistic EM PIC simulations are
powerful tool in intense laser-plasma interaction [95, 96]. The approach is numerically
follow the motion of a large collection of charges (electrons and ions) interacting through
their mutual electric and magnetic fields (E and B). The motion of the charge ¢ is
determined by Newton-Lorentz equation,
d(yv)

~ =F=¢(E+vxB) (1.15)

where 7, v and F are the relativistic factor, velocity and Lorentz force of charged particle,
respectively. The fields are related to the charge density p and current density j by
Maxwell’s equation, with the following vacuum form:

v.E=2 (1.16)
€9

V-B=0 (1.17)

0B
= 1.18
V xE 5 ( )

1 0E
= toj + = — 1.1

VxB=pumjt 5o (1.19)

Where €, and (i are the electric permittivity and magnetic permeability, c = (eopg) /2
is the speed of light in vacuum, respectively.

In PIC simulation, the plasma is represented by a large number of quasi-particles, by
using quasi-particles to simulate the action of a large number of physical particles. In
the simulation, the particle coordinates and particle velocities remain continuous quan-
tities, while, the electric fields, magnetic fields, charge densities and current densities are
discretized on a spatial grid. The choice of the appropriate initial and boundary condi-
tions in simulation are based on the physical problem which is under the investigation,
the simulation can be started with chosen initial conditions, i.e., the particle positions,
particle velocities and external fields, etc.

The basic simulation cycle is illustrated in figure 1.2. From the particle positions and
velocities (x,Vv) at every given time step, to compute the charge and current densities

16



(p,j) on a spatial grid sufficiently fine to resolve the collective behaviors. Then, using the
charge and current densities to compute the self-consistent electric and magnetic fields
(E, B) via Maxwell’s equations. Next, by using these fields to calculate the Lorentz force
F, after that, by using Newton-Lorentz equation to advance the positions and velocities
of the charges. Finally, by continuing to run around this basic cycle with a time step
sufficiently small, to resolve the physical problem with a accepted level.

xv) = (» J)

T cycle |
F < (E,B)
Figure 1.2. The basic cycle of particle-in-cell (PIC) simulation code.

At each time step, for the charge density and current density, some weighting schemes
are needed to assign particle charge to neighboring grid points and to calculate the cur-
rent density associated with the motion of particles. The choices of code characteristics,
i.e., time step and grid length, depend upon the physical problem. These choices should
both guarantee the needs of computational accuracy and stability and reduce computa-
tional cost. The time step At should be small enough to resolve the highest frequency
in the problem. The choice of grid length should be fine enough to resolve Debye length
ADe = Uthe/wpe. For example, if we solve the plasma oscillation of electrons, then the
following critical condition is required, because of typical length of the plasma oscillation
i8 TApe.

Az < TApe (1.20)

Furthermore, to avoid non-physical results due to the finite difference approximation
used to solve Newton-Lorentz and Maxwell’s equations, the time step At and grid spacing
Az have to satisfy the following inequality, the so-called Courant-Friedrichs-Levy (CFL)
condition.

For one-dimensional (1D) case, CFL condition is,

Az > cAt (1.21)

For three-dimensional (3D) case, CFL condition is as follows:

1 1 1

2
(cA?) (Am2 + Ay? + Az?

) <1 (1.22)

Thus, the time step and the grid spacing should be chosen in such a way that the
particles during one time step cannot cross a distance large that the size of the cell.
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Sketch 1.1. The geometry of 1D3V PIC simulation.

In Sketch 1.1, the sketch of our 1D-PIC simulation is shown. The plasma layer is
initially placed at the middle of the simulation system. When incident laser EM wave
propagating in plasma, plasma particles which enter vacuum region build a potential
both in the front and rear sides of plasma layer that prevents more particles of leaving
the plasma layer. For these particles as well as for outgoing EM waves, two additional
numerical damping regions are used at system ends.

If the length of the simulation system is taken as L, and the additional damping
regions used in both boundaries are taken as L,, for both the particle momenta p(7) at
position x(i) (¢ stands for the ™ particle) and the EM field (E, M) at position X, the
following damping conditions;

for left additional numerical damping region,

p(i) = %p(z) (1 + coslr(—L‘i;——;z(—(—Ql) (1.23)
E(X) = %E(X) (1 + cosﬂ(LdL—d_X)) (1.24)
B(X) = %B(X) (1 + cosf(—L—‘iL—;—)-(-)) (1.25)

for right additional numerical damping region,

p(i) = %p(z) <1 + cosw(x(i) +Lfd — Ls)) (1.26)
EX) = %E(X) (1 + cosW(X +fdd — Ls)) (1.27)
B(X) = —21-B(X) <1+cos7r(X +fd‘i— LS)) (1.28)

are used in our 1D-PIC simulations, respectively.

Leap-frog method is implemented in our simulation to solve both Newton-Lorentz
equation and Maxwell’s equations.
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Chapter 2

Accelerated large amplitude
relativistic electromagnetic solitons

2.1 Stimulated Raman scattering and Raman cascade-

into-condensation

When an intense laser propagates in an underdense plasma, a variety of instabilities can
be excited by these resonant coupling processes of the incident laser EM wave with the
scattered EM waves and the plasma ES waves. Among these instabilities, the stimulated
Raman scattering (SRS) is the most important one. It can be simply characterized as
the resonant decay of an incident laser EM wave (wp, ko) into a scattered Stokes EM
wave (ws, ks) plus an electron plasma wave (EPW) (Wepw, kepw) (Langmuir wave). This
process satisfy the following matching conditions for frequencies and wave numbers,

Wy = Ws t Wepw, ko = £k + kepw (2'1)

Here, + and — in £k, denote stimulated forward and backward Raman scattering (F-
SRS/B-SRS), respectively.

An EM wave propagating in a plasma has dispersion relation wj = w2, + kjc?, where
c is the speed of light. Therefore, the minimum frequency for EM wave propagating
inside plasma is the electron plasma frequency wpe, so it is clear that the SRS instability
requires that

wp 2> 2wpe = n< ’y’n’cr/4 (22)

where n and n., are the plasma density and the critical density of laser pulse, v is the
relativistic Lorentz factor, respectively.

By SRS instability process, w,/wp part of the incident laser energy is scattered and
Wepw/wo part is deposited into the EPW. When EPW damps, this portion of the energy
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heat the plasma. SRS instability is particularly significant concern because the EPW

has a very high phase velocity of the order of the light velocity, it can produce very
energetic electrons, such electrons can preheat the fuel in laser fusion applications.

In addition to the above wave triplet described (2.1) for SRS, usually, another weaker
resonant three-wave coupling process with the first anti-Stokes scattered EM wave can
be observed in experiment and simulation,

Ws = wy + Wepw, ks = k0 + kepw- (23)

By this three-wave coupling, one can obtain an upshifted frequency by the electron
plasma wave frequency wepy.

When these scattered EM waves, including Stokes and anti-Stokes modes, propagating
in a plasma in the backward or forward directions, and their intensities exceed the
corresponding thresholds of three-wave coupling processes, like the incident laser EM
wave, they become new pumps and new instabilities, thereby, can be excited. Further, the
new excited scattered EM waves excite new instabilities if the corresponding thresholds
are still exceeded. Successively, a stimulated Raman cascade process with the following
frequency and wave number matching conditions,

Wsj = Wo £ jWepw ; Thksj = kot jhepw (J=E1,£2,£3,..) (2.4)

then therefore takes place in intense laser-plasma interaction. The scattered EM waves
include, not only the first-, second-, - - -, high-order Stokes modes (j = —1,—2,---), but
also the first-, second-, - - -, high-order anti-Stokes modes (j = 1,2, - - -), respectively.

When a relativistic laser propagates in an underdense plasma, B-SRS and F-SRS can
develop, they do not appear isolated but are often interconnected. A nonlinear interplay
between B-SRS and F-SRS produces a strong spatial modulation of the laser pulse and
stimulated Raman cascade in its frequency spectra both for forward and backward scat-
tered EM waves. The continuing instability growth through stimulated Raman cascade
downshifts the power maximum from the fundamental to the bottom of the EM wave
spectra. It gets saturated by the photon condensation mechanism, related to strong
depletion and possible break-up of the laser beam. In the final stage of the cascade-into-
condensation mechanism, the depleted downshifted laser pulse gradually transforms into
a train of ultra-short relativistic EM solitons [18, 19].

In this chapter, we present and discuss the fully relativistic EM one-dimensional
particle-in-cell (1D-PIC) simulation results on the SRS, the stimulated Raman cascade-
into-condensation and the large amplitude relativistic EM solitons, induced by linearly-
polarized intense laser interacting with underdense homogeneous plasma.

Our results clearly show the SRS process and can reveal the clear physics picture on
stimulated Raman cascade and cascade-into-condensation processes. As a new result, we
found that, in addition to the inhomogeneity of plasma density, the acceleration of large
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amplitude relativistic EM soliton depends upon, not only the incident laser amplitude,
but also upon the plasma length. The electric field inside the soliton region has the half-
cycle structure in space, while the magnetic field and corresponding electrostatic (ES)
field have the one-cycle structure in space. Only from the point of view of the frequency,
during the soliton existence, it seems that this phenomenon can be explained roughly as
a 3-wave resonant coupling process.

In order to study the wave characteristics and the growth of instabilities in laser-
plasma interaction, as one of the most effective tools, it is very convenient to measure
and analyze reflectivity (R) and transmissivity (T') of EM waves in vacuum regions.

(Sr) (Se)
(Si) (S:)

where the mark () denotes time-averaged value. The S;, S, and S; stand for the longitu-

-

;T=‘

(2.5)

dinal components of the Poynting vector for incident EM wave, reflected EM wave and

transmitted EM wave, respectively. They can be easily calculated from simulation data
for EM fields as follows; )

1
S, = —(E,B, — E,B,) = S: + S, (2.6)
Ho
where )
- _ 2 2
S, = 4uoc[(Ey cB.)? + (E, + cBy)*]
_ 1 2 - 2
S; = —4M00[(Ey + ch) + (E, cBy) ]

By analyzing the reflectivity (R) and transimissivity ('), one can get clear information
to study and investigate the process of laser-plasma interaction.

2.1.1 Simulation model

One-dimensional fully relativistic EM particle-in-cell (1d3v-PIC) code is used (all quan-
tities depend on z-coordinate and the particle momenta have three components). The
geometry of simulation is shown in Sketch 2.1. The total length of simulation system
is 2700 c/wo, where c and wy are the speed of light and the laser EM frequency in vac-
uum, respectively. The plasma is 900 c/wy long, it begins at x=0 and ends at 900¢/wy.
In the front and rear side of the plasma layer, there are two 900c/w, long vacuum re-
gions. The plasma density and temperature are n = 0.032n., and T, = 350eV/, where
Ner = wWime/4me? is the critical density for incident laser propagating in a plasma. Ions
are initially placed as a neutralizing background and are kept immobile. The number of
cells is 10 per 1 ¢/wo and 80 particles are put in each cell. The incident laser is linearly-
polarized with the electric field Ey along the y-direction and the normalized amplitude
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Sketch 2.1. The geometry of 1D3V PIC simulation.

a = eEy/mewyc, it is launched at the left position where 500c/wp long distance before
plasma, where e and m, are the electron mass and charge, respectively. By taking the
EM field at the left position and the EM field at the right position both are 100¢/wq long
distance away from plasma, the reflectivity and transmissivity are calculated, respec-
tively. The electrons which enter vacuum region build a potential barrier that prevents
electrons of leaving the plasma. For these electrons as well as for outgoing EM waves,
two 100c/wy long additional numerical damping regions are used at system ends.

It should be noted, in the following parts of this thesis, the time, electric field and
magnetic field are normalized to the laser period 27 /wy, mwoc/e and mwy/e, respectively;
the time is taken zero, ¢t = 0, when the laser arrives at the left vacuum-plasma boundary.

2.1.2 Simulation results

The plasma is initially uniform in density and the intense laser pulse is radiated con-
tinuously in our simulations. There is enough time for the growth of instabilities and
rich interplay between many relativistic electronic parametric instabilities, such as F-
SRS, B-SRS and relativistic modulational instability (RMI) [18]. When an intense laser
propagates in underdense plasma, SRS can be first excited by the intense laser EM
wave coupling into a scattered EM wave plus an EPW. In such a low plasma density
n = 0.032n.., B-SRS has shorter growth time than that of the F-SRS, it gets saturated
efficiently at a very early stage of evolution due to plasma heating or particle trap-
ping. However, with time goes on, F-SRS and RMI can get close and merge to unique
F-SRS/RMI instability, after that, which can compete with the B-SRS instability.

For the processes dominated by B-SRS or F-SRS, they can be well-explained by three-
wave resonant coupling decay with the corresponding matching conditions for frequency
Wo = Ws + Wepy and for wave number kg = k; + ke, The dispersion relation for EM
wave is wi , = wp, + kj ¢ and for EPW is w2, = w2, + 3k2,,v},., respectively; where,
the vy = (Tp/m)'/? is electron thermal velocity.

In the case of laser amplitude a = 0.3, the frequency spectra and wave numbers for
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Figure 2.1: The frequency spectra for reflected and transmitted EM waves both measured
in vacuum regions, and the spectrum for ES wave measured inside plasma in the case
of plasma n = 0.032n,,, L = 900c/wy and laser amplitude a = 0.3. The corresponding
logarithmic plots are shown in the bottom figures.
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Figure 2.2: The wave number plots for reflected and transmitted EM wave both measured
in vacuum regions, and for ES wave measured inside plasma in the case of plasma
n = 0.032n.,, L = 900c/wy and laser amplitude a = 0.3, respectively.

reflected EM wave and transmitted EM wave both measured in vacuums, and ES wave
measured inside plasma are plotted in figure 2.1 and figure 2.2. During SRS process,
the excited dominant ES wave is EPW with frequency wy, ~ 0.18wy; the corresponding
scattered Stokes wave has its frequency w, ~ 0.82wy. The corresponding wave numbers
for both backward and forward scattered EM waves are k, ~ 0.82ky; the EPW have two
dominant peaks, the first peak with kepw = 1.82kg for B-SRS and the second peak with
kepw = 0.18kg for F-SRS, respectively.

Figure 2.3 shows the snapshots for the energy density of EM field. It demonstrates
the spatial distribution of transverse EM wave energy density. B-SRS has shorter growth
time than F-SRS, it gets saturated efficiently at a very early stage of evolution. From
figure 2.3 (top), one can see, in its early stage, B-SRS radiates its EM energy through
soliton-like structures, which corresponds to the peaks in the reflectivity plot of EM
wave as shown in figure 2.4. As has been stated before, with time goes on, F-SRS and
RMI can get close and merge to unique F-SRS/RMI instability, which can compete with
the B-SRS instability. As a result, the strong spatial self-modulation of the order of
Ape = 2m¢/wye = 5Ag which comes from F-SRS /RMI instability and the depletion of the
laser pulse are taken place and observed from figure 2.3.
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Figure 2.3: The snapshots for energy density of EM field Eg + B? averaged over the
laser period (top) and electron density (bottom) in the case of plasma n = 0.032n,,,
L = 900c/wy and laser amplitude a = 0.3, respectively.
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Figure 2.4: The reflectivity of EM wave measured in vacuum region in the case of plasma
n = 0.032n,,, L = 900c/w, and laser amplitude a = 0.3, respectively.
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B-SRS and F-SRS with the Stokes wave components in frequency spectra are far dom-
inant over the anti-Stokes components in a linear regime. There is a clear stimulated
forward Raman cascade process as shown clearly in figure 2.1 and figure 2.2 for the fre-
quency spectra and wave numbers for transmitted EM wave. The scattered Stokes EM
waves include the first-, second-, third- and fourth-Stokes modes with their correspond-
ing frequencies and wave numbers (0.82wy, 0.82k), (0.64wyq, 0.64ko), (0.46wy, 0.46kq) and
(0.28wy, 0.28kg), respectively. In addition to Stokes modes, the first anti-Stokes mode
with (1.18wy, 1.18k0) can be also observed, from the logarithmic plots for transmitted EM
wave, one even can observe the second anti-Stokes mode (1.36wy, 1.36ky), the third anti-
Stokes mode (1.54wy, 1.54kp) and the fourth anti-Stokes mode (1.72wy, 1.72kg). Both for
Stokes and anti-Stokes modes, from the lower-order to higher-order mode, the intensity
of scattered EM wave become weaker and weaker. The stimulated forward Raman cas-
cade is eventually halted near the electron plasma frequency 0.18wq. It should be noted
here, sometimes, the stimulated forward Raman cascade is dominated by the first anti-
Stokes mode with its power peaks for frequency and wave number even larger than that
of the laser mode. From frequency spectra and wave numbers of backscattered EM wave,
stimulated backward Raman cascade still can be observed, which include both Stokes
and anti-Stokes EM modes, however, it does not reveal a clear Raman cascade process
as shown in stimulated forward Raman cascade process. The another interesting feature
is that, there is the broadening of the backscattered EM spectra, from laser frequency to
electron plasma frequency. In the meantime, the reflectivity exhibits a spiky behavior,
as shown in figure 2.4, which is a result of condensation and modulational instability
generating spiky turbulence [18].

In the later time, for both forward and backward EM wave spectra, one can find that
continuing instability growth through stimulated Raman cascade downshifts a power
maximum from the fundamental to the bottom of the EM wave spectra. They clearly
reveal a tendency of a transition from the Raman cascade regime to the regime of energy
accumulation at about the electron plasma frequency which is the cutoff frequency for
EM wave propagating in a plasma, the so-called photon condensation. The cascade-
into-condensation transition becomes more pronounced with increasing laser intensity or
increasing electron plasma density [18].

By above processes, a large amplitude EPW can be excited. Large part of the incident
laser energy is deposited into EPW. The excited EPW has a very high phase velocity of
the order of the light velocity. When the EPW damps, its energy can heat bulk plasma
and also produce very energetic electrons. In figure 2.5, the electron phase-space T — p,
snapshots and electron energy distribution f(vy) snapshots are plotted. We can see that,
with the laser EM wave penetrating into and propagating in the plasma, first an EPW
will be excited, and then, it grows and saturates with time. After these process, due
to its breaking, electrons are trapped and accelerated to high momentum or energy by

26




t= -9.67 t= 130.23 t= 230.16

-0.1

PSR W) R PP N ) TN T
0 300 600 900 0 300 600 900 0 300 600 900

t= 350.08 t= 509.97 t= 659.87

P,/mec

P TR B
0 300 600 900

t= 130.23 t= 230.16
s F T T 1 4 E T T T
E 103 !\\» -! 103 F -!
) 102 r \\\ 1 102 !'\\m L
I 10° | N . 10 r L
: 0N 1 10 F T 1
100 E 100 F . L 1 3 100 S| NI
0.004 0.008 0.2 0.4 1 2 3
(’Y) t= 350.08
M L L 1
10 f
103 i'\
102 E\“‘“W
10" I' ey,
100 Ba Lo

5 10

Figure 2.5: The snapshots for electron phase-space  — p, (top) and the snapshots for
energy distribution f(v) — v (bottom) from 1D-PIC simulation in the case of plasma
n = 0.032n., L = 900c/w, and laser amplitude a = 0.3, respectively.

obtaining energy from EPW. From the data of the figure 2.5, one can get the maximum
electron momentum and energy of p™** /m.c =~ 15 and E]*** ~ 8MeV, respectively.

2.2 Large amplitude relativistic EM soliton

When an intense laser propagates in a underdense plasma, first, dispersion effects play
an important role because plasma particle masses relativistically increase by their re-
sponding to the intense laser EM field; second, the nonlinearity appears due to the
plasma density redistribution under the action of the ponderomotive force of intense
laser EM field, which pushes the plasma particles away from the region of the maximum

27



EM field [43]. Therefore, in addition to the various instabilities, these effects can lead
to well-known nonlinear phenomena, such as, relativistic self-focusing [44, 45], relativis-
tic transparency of an overdense plasma [50, 51], and the generation of relativistic EM
soliton [52, 53]. Diverse nonlinear phenomena enrich the process of the laser-plasma
interaction and therefore make it more complicated.

It is reported that, in a homogeneous plasma condition, solitons have been found to
exist for a long time, close to the regions where they were generated; while, in inho-
mogeneous plasmas, solitons are accelerated with the acceleration proportional to the
gradient of the plasma density towards the low density side. When a soliton reaches
some critical plasma region, for example, the plasma-vacuum interface, it radiates away
its energy in the form of a short burst of low-frequency EM radiation [62, 74].

Recently, we have put some attention into the research on the relativistic EM soli-
tons. As a new point on the acceleration of soliton, we found that, in addition to the
inhomogeneity of plasma density, the acceleration of relativistic EM solitons can depend
upon, not only the incident laser amplitude, but also upon the plasma length [75].

In following sections, we will concentrate on the large amplitude relativistic EM soli-
tons, which are generated after SRS and Raman cascade-into-condensation processes.

2.2.1 Large amplitude standing relativistic EM soliton

For the laser amplitude a = 0.3 case, the first stage is dominated by the SRS interactions
which evolve into a complex nonlinear dynamical phenomenon. Parametric down-cascade
of the laser pulse into the higher-order SRS harmonics saturates into the Photon Con-
densate at the bottom of the light spectrum, followed by strong electron heating. As the
time goes on, as in figure 2.6 for the electron density n/ng and the energy density of EM
field E§ + B? snapshots; a spatially localized, non-propagating inside plasma, a spatially
localized, non-propagating electron density cavity is created. Inside the density cavity,
an EM field is trapped and oscillates coherently, that is, a large amplitude localized
standing relativistic EM soliton forms.

In figure 2.7 (top), the frequency spectra |E,(w)|? for EM wave and |E,(w)? for ES
wave which trapped inside the soliton are plotted. In addition to the laser fundamental
and the excited perturbed EPW, the EM component with the frequency close to 0.13wy
and the ES component with the frequency near to 0.87wy are observed. Only from the
point of view of the frequency, it seems that, one can explain this phenomenon roughly
by a 3-wave resonant coupling process during the existence of EM soliton. The size of
the soliton is about 5A¢ (A is laser wavelength in vacuum), close to the electron plasma
wavelength Aoy = 27c/wepy. Figure 2.7 (bottom) shows the structures of the EM and
ES fields inside plasma, we can see that, the ES field E, which trapped inside soliton
has one-cycle structure, the corresponding transverse electric field E, is the half-cycle

28



t= 2418.66 t = 2498.61 t = 2528.59
0.04 —r—r e 0.04 e —— 0.04 ——r—
0.03 P '”V“ Ak o.osF“" il e V“% 0.03 F ‘/W“ Al

A Y L " 2 L " " i 2 L " 2 [] i L L " L L " 2
i 0.02 =500 900 %2 306 600 goo %%%0 300 600 900

(=]

= t= 2558.57 t = 2608.53 t = 2648.50

= 0.4 ———7T—T— 0.04 ——————T1— 0.04 — T+
0.03 ™ V“ e '“““ﬁ 0.03 [/ ety q 0.03 WM/ULWW

L L 1 " 2 L L i L " 1 L . 1 " L " n L i Lo
0.02 —— 500 900 220300 600 g00 %020 300 600 900
x(c/my)
t=2418.66 = 2498.61 = 2528.59
C — T T T ] [ 1 3 SRR —T E
0.15F 3 o5k 3 oasf 3
0.10f A 4 o1k i s o10F j\_ 3
0.05F 4 oosf 3 oosf 3
SN I B S B B SV T
‘;51 0.005——356"""600 900 °%% o0 600 o0 %% 300 600 900
& t= 2558.57 t= 2608.53 t = 2648.50
m>’ T T T T e T o — T T
0.15F j\ 3 oisf 0.15F
0.10E 4 o010 0.10F
0.05 3 oosf 4 oosf 3
P R SN TN PN N B
0.00 ——=5 500 900 %% 306 600 00 > 300 600 900

X (c/wyg)

Figure 2.6: The snapshots for electron density n./no (top) and for energy density of
EM field EZ + B? averaged over the laser period (bottom) in the case of plasma length
= 0.032n,,, L = 900c/wy and laser amplitude a = 0.3, respectively.

structure and the magnetic field B, is the one-cycle structure in space, respectively.
And the spatial EM field structure is oscillatory in time, while the ES field structure
is not. The explanation comes directly from Maxwell’s equations. The Faraday law
gives B, ~ OE,/9dr; indeed, the z-derivative of the Gaussian soliton profile E, gives B,
in figure 2.7. Similarly, from the Poisson equation, integration over z of the Gaussian
density cavity (figure 2.6) leads to the ES field E, in figure 2.7. Moreover, PIC data
and analytics, e.g., equations (4-7) of [58], show that zero-harmonic term dominates the
electron density perturbation (ponderomotive term). Therefore, the Poisson equation
gives the corresponding non-oscillatory ES field structure, like E; in figure 2.7.

It should be stated that the the frequency of EM component inside soliton 0.13wp
is smaller than the unperturbed electron plasma frequency wp. ~ 0.18wq. Electron
acceleration causes relativistic electron effective mass increase from m, to ym,. This,
thereby, reduces the electron plasma frequency from wp, to wye/y*/2. Therefore, the EM
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waves, which have frequencies smaller than the unperturbed electron plasma frequency
wpe, can exist and propagate inside plasma.

This large amplitude relativistic EM soliton is a standing one. After its formation,
it exists within our simulation time, close to the regions where it was generated. It
can be explained by [62, 74], namely, the acceleration of EM soliton depends upon the
inhomogeneity of plasma density and in the case of homogeneous plasma, the EM soliton
belongs to the standing one.

From the characteristics of the relativistic EM soliton what we stated before and will
show in the following parts in this chapter, they are similar to that of the results in the
Ref. [58]. In Ref. [58], Lj. HadZievshi, M.S. Jovanovié, M.M. Skori¢ and K. Mima,
by considering a weakly relativistic limit, cold plasma condition and neglecting ion dy-
namics, they obtained an nonlinear Schrédinger equation with two nonlocal (derivative)
nonlinear terms [58]. By using this nonlinear Schrédinger equation, the existence and
stability of 1D EM solitons formed in a relativistic interaction of a linearly polarized
laser light with an underdense cold plasma are discussed, and the standing EM soliton
solutions with maximum amplitude A, ~ 2.7 and frequency w; = 0.73wy are analytically
shown to be stable in agreement with the model simulation.

From this point of view, perhaps, we can subsume our large amplitude relativistic EM
solitons in the class of the “nonlinear Schrédinger soliton”, at least, they belong to the
type of "nonlinear Schrodinger soliton-like”.

However, if we keep all the simulation parameters as used before in the case of laser
amplitude a = 0.3, only by increasing laser amplitude, from the new simulations, we
found that, the scenarios about the acceleration of soliton appears different from the
standing case, not only the backward-accelerated EM solitons but also the forward-
accelerated EM solitons are observed in our simulations.

2.2.2 Large amplitude backward-accelerated EM soliton

By increasing the laser amplitude to a = 0.4 and a = 0.5, the soliton dynamics appear
different to that for a weak pump, e.g. a = 0.3, which is the standing soliton case. In
two higher amplitude cases, observed large localized solitons are accelerated in backward
direction towards the plasma-vacuum interface. ’

As shown in figure 2.8 for the electron plasma density n/no and the energy density
of EM field E§ + B2 snapshots for the laser amplitude a = 0.4 case; the soliton dynam-
ics appears different to that in the standing soliton, i.e., laser amplitude a = 0.3 case.
The observed large amplitude localized relativistic EM soliton is accelerated in the back-
ward direction towards the plasma-vacuum interface. As the EM soliton approaches the
plasma-vacuum interface it starts to radiate its energy away in the form of low-frequency
intense EM burst, due to a non-adiabatic interaction with the plasma-vacuum boundary.
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Figure 2.8: The snapshots for electron density n./ny (top) and for energy density of EM
field EZ + B? averaged over the laser period (bottom) in the case of plasma n = 0.032n,,

L = 900c/wy and laser amplitude a = 0.4, respectively.
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Figure 2.9: The reflectivity plot for EM wave (top) and the spectra for reflected EM
wave and transmitted EM wave measured in vacuum regions (bottom) in the case of
plasma n = 0.032n,,, L = 900c/wp and laser amplitude a = 0.4, respectively.

As a result, one can observes a very high transient reflectivity, much larger than in the
SRS backscattering process.

In figure 2.9, the reflectivity of EM wave and frequency spectra both for backward and
forward EM waves are shown. After its radiation, by analyzing the frequency spectra of
the backward-scattered EM wave in the vacuum regions, we found that, see the last plot
” ¢ = 1374.04 to 1487.74” in figure 2.9, the EM soliton has its EM frequency in vacuum
regions is nearly 0.5wp., i.e., about half of the electron plasma frequency. As we have
stated before, because of strong relativistic effect, it is possible that a relativistic EM
soliton with its EM frequency smaller than unperturbed electron plasma frequency wp.
to form and propagate inside plasma; and after this backward-accelerated EM soliton
arrives at the plasma-vacuum interface and there it radiates its energy away in the form
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of intense EM burst, one can obtain the EM frequency of soliton which smaller than

unperturbed electron plasma frequency wy, in vacuum regions.

Before the formation of the EM soliton, as have been shown in the laser amplitude
a = 0.3 case, from figure 2.9, we also can observe the SRS process, which then evolves into
stimulated Raman cascade and cascade-into-condensation. Parametric down-cascade of
the laser pulse into the higher-order SRS harmonics (backward and forward) saturates
into the photon condensation at the bottom of the light spectrum, followed by strong
electron heating. However, in the case of laser amplitude a = 0.4, high laser intensity
make all above processes more shorter than that in the case of laser amplitude a = 0.3,
although we can still discern the peaks in the positions of Stokes and anti-Stokes modes,
it is difficult to get clear spectra for both frequency and wave number as shown in the
laser amplitude a = 0.3 case. A fact can be obtained that, with increasing laser ampli-
tude, the Raman cascade-into-condensation transition becomes more pronounced; this
phenomenon can be seen clearly from the frequency spectra of reflected and transmitted
EM waves, there, one clear frequency peak can be observed nearly 0.5wpe.

In the higher laser amplitude a = 0.5 case, as shown in figure 2.10, the story is the
same as for the laser amplitude a = 0.4 case; a backward-accelerated large amplitude rel-
ativistic EM soliton begins to form, followed that SRS, Raman cascade-into-condensation
and electron acceleration. However, due to the larger acceleration, the ”lifetime” of EM
soliton in a plasma is shorter than that in laser amplitude a = 0.4 case. This result
can be seen directly from figure 2.11, the plot for the EM soliton position z(t) for laser
amplitude a = 0.4 and 0.5 cases. Actually, in the unit normalized with the appropriate
soliton (low-) frequency, the soliton amplitude greatly exceeds the laser pump (more
than wy/w, times) and corresponds to a type of ultra-relativistic EM solitons [18, 58].
Similar to that laser amplitude a = 0.4 case, after this backward-accelerated EM soliton
arrives at the plasma-vacuum interface, where radiating its energy away in the form of
intense EM burst, as a result, a very high transient reflectivity larger than that in B-SRS,
can be observed during its radiation. We also can obtain the EM frequency of soliton is
about 0.5wy, in vacuum regions. However, for laser amplitude a = 0.5 case, as shown in
figure 2.12, the transition from Raman cascade to photon condensation becomes more
pronounced than that in the case of laser amplitude a = 0.4; clear peaks around 0.5wpe
in frequency spectra for both the reflected and the transmitted EM waves.

In the backward-accelerated EM soliton cases, the EM and ES field structures inside
soliton are the same as that of the standing soliton, i.e., in the case of laser amplitude
a = 0.3. As shown in figure 2.13, both for laser amplitude a = 0.4 (top) and a = 0.5
(bottom), respectively, the ES field E, trapped inside soliton has one-cycle structure,
and the corresponding transverse electric field E, is the half-cycle and the magnetic
field B, is the one-cycle structure, respectively. And the spatial EM field structure is
oscillatory in time, but the ES field structure is not. The size of the soliton is about 5,
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Figure 2.10: The snapshots for electron density n./ng (top) and for energy density of EM
field EZ + B? averaged over the laser period (bottom) in the case of plasma n = 0.032n,,
L = 900¢/wp and laser amplitude a = 0.5, respectively.
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Figure 2.11: The plots for soliton orbits, red line for the case of laser amplitude a = 0.4
and blue line for the case of laser amplitude a = 0.5, respectively.
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Figure 2.12: The reflectivity plot for EM wave (top) and the spectra for reflected EM
wave and transmitted EM wave measured in vacuum regions (bottom) in the case of
plasma n = 0.032n,,, L = 900c/w, and laser amplitude a = 0.5, respectively.

close to the electron plasma wavelength A.,,. It is difficult to analyze the ES frequency
spectra of the solitons due to their acceleration inside plasma. However, the frequency
spectra for ES field by taking the ES field at the position, where is close to the soliton
region during our analyzing time inside plasma, are still given in figure 2.14. In the two
cases, one can find the peaks with ES frequencies are about 0.85 ~ 0.9wy, together with
their EM frequencies 0.5wp = 0.1wy what detected in vacuum regions, it seems that, we
can still explain this phenomenon roughly by a 3-wave resonant coupling process.
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Figure 2.15: The transmissivity of EM wave (top) and the spectra for reflected EM wave
and transmitted EM wave measured in vacuum regions (bottom), in case of plasma
n = 0.032n,,, L = 900c/wy and laser amplitude a = 0.6, respectively.

2.2.3 Large amplitude forward-accelerated EM soliton

If we still keep the same simulation parameters as used in the laser amplitude a = 0.3
case and continue to increase the laser amplitude to a = 0.6 and a = 0.7, the most
interesting phenomenon is that, in the two cases, the observed large amplitude relativistic
EM solitons are neither the standing ones nor the backward-accelerated ones, the large
amplitude relativistic EM solitons are accelerated forward.

The stories before the formation of EM solitons are the same as the above cases. As
the transmissivity and frequency spectra plots in figure 2.15 for laser amplitude a = 0.6
case and in figure 2.16 for laser amplitude a = 0.7 case shown us, followed that SRS, Ra-
man cascade-into-condensation and electron acceleration, the forward-accelerated large
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Figure 2.16: The transmissivity of EM wave (top) and the spectra for reflected EM wave
and transmitted EM wave measured in vacuum regions (bottom), in case of plasma
n = 0.032n., L = 900c/wp and laser amplitude a = 0.7, respectively.

amplitude relativistic EM solitons then begin to form inside plasma. Similarly, in the
two cases, with the laser amplitude increasing, the transition from Raman cascade to
photon condensation becomes more pronounced; more noticeable peaks around 0.5wp,
in frequency spectra for both reflected and transmitted EM waves can be observed.

As shown in figure 2.17 the electron plasma density n/ny and the energy density of
EM field E} + B? snapshots for laser amplitude a
localized EM soliton can be still detected. However, the interesting feature is that the

= 0.6 case; very large amplitude
observed soliton are now accelerated in the forward direction. Again, the soliton at the
plasma-vacuum (rear) interface radiates its energy away in the form of low-frequency
EM waves. As expected, very high transient transmissivity during the soliton radiation
can be detected (see figure 2.15). The trajectory z(t) of the EM soliton for the case of
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Figure 2.17: The snapshots for electron density n./ny (top) and for energy density of EM
field E} + B? averaged over the laser period (bottom) in the case of plasma n = 0.032n,,
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Figure 2.18: The plots for EM soliton orbits, the red line for the case of laser amplitude
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Figure 2.19: The snapshots for electron density n./no (top) and for energy density of EM
field E2 + B2 averaged over the laser period (bottom) in the case of plasma n = 0.032n.,
L = 900c/wp and laser amplitude a = 0.7, respectively.

laser amplitude a = 0.6 is given in figure 2.18 (red line).

Like in the backward-accelerated EM soliton cases, the story for laser amplitude a =
0.7 case is the same as that for laser amplitude a = 0.6 case, as the plasma density
snapshots n/ng and the energy density of EM field E2 + B? snapshots in figure 2.19 and
the trajectory z(t) of the EM soliton in figure 18 (blue line) for plasma n = 0.032n,,
L = 900c/wyp and laser amplitude a = 0.7 case shown.

After the forward-accelerated EM solitons arrive at the plasma-vacuum interface, they
radiate their energy away in the form of intense EM burst. By analyzing the frequency
spectra of the forward-scattered EM waves in the vacuum regions (see the last frequency
spectra plots for transmitted EM waves, "t = 1290.77 to 1404.47” in figure 2.15 and ”
t = 1263.01 to 1376.71” in figure 2.16 ), similarly, we again obtained the EM frequency
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of the forward-accelerated EM solitons in vacuum regions are nearly 0.5wp., which are

the same as the backward-accelerated soliton ones.

Similarly, in the forward-accelerated soliton cases, they have the same EM and ES field
structures as that in the standing and the backward-accelerated ones. As shown in figure
2.20, both for laser amplitude a = 0.6 (top) and a = 0.7 (bottom), respectively, the ES
field E, trapped inside soliton has one-cycle structure, and the corresponding transverse
electric field E, is the half-cycle structure and the magnetic field B, is the one-cycle
structure, respectively. The spatial EM field structure is oscillatory in time, but the ES
field structure is not. The size of the soliton is about 5\, close to the electron plasma
wavelength A.p,. For the same reason with the backward-accelerated ones, it is difficult
to analyze the ES frequency spectra of solitons due to their acceleration inside plasma.
However, here, the frequency spectra of the ES field by taking the field at the position
where is close to soliton region during analyzing time inside plasma, are also given in
figure 2.21. In the two cases of the forward-accelerated EM solitons, the peaks with
ES frequencies about 0.9wy still can be observed, together with their EM frequencies
0.5wpe = 0.1lwy what detected in vacuum regions, perhaps, one also can explain this
phenomenon roughly by a 3-wave resonant coupling process.

For both standing and accelerated solitons, the EM energy density profile shows a
difference between the front and rear side of the soliton, the front value is always large;
with the laser amplitude increasing, the difference becomes larger and larger. This is
because in the large laser amplitude case, the amplitude of the observed EM soliton is
larger than that in the lower laser amplitude case. The difference of EM energy density
is mainly converted into the EM energy of the soliton. The steep EM energy density
gradient in the short transition layer of the soliton length (¢/w, — classical skin depth)
corresponds to the ponderomotive force which acts on plasma electrons.

Furthermore, for same simulation parameters, by varying the laser amplitude, in the
ranges of laser amplitude a < 0.3 or a > 1.0, this sort of large amplitude localized
relativistic EM solitons are not observed in our 1D-PIC simulations.

2.3 Influence of plasma length on the acceleration of
large amplitude EM soliton

Up to now, we are mainly concentrated ourselves on the SRS, Raman cascade-into-
condensation and large amplitude relativistic EM solitons, induced by linearly-polarized
intense laser pulse propagating inside underdense homogeneous plasma. In all above
simulations, besides the laser amplitude is taken as one control parameter, other simula-
tion parameters are kept same. Namely, in the case of plasma density n = 0.032n., and
length L = 900c/wy, by changing laser amplitude, the standing-, backward-accelerated
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Figure 2.20: The snapshots for EM field structure (averaged over laser wavelength Ag)
and ES field structure (averaged over EPW wavelength Ay, ) in the case of plasma density
n = 0.032n,, and length L = 900c/w,. The top plots for the case of laser amplitude
a = 0.6 and bottom plots for the case of laser amplitude a = 0.7, respectively.
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Figure 2.21: The plots for frequency spectra of ES wave measured inside plasma in
the case of plasma n = 0.032n., and L = 900c/wy. The left one for the case of laser
amplitude a = 0.6 and right one for the case of laser amplitude a = 0.7, respectively.
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and forward-accelerated large amplitude relativistic EM solitons are observed.

One may ask, if we keep the laser amplitude unchangeable, only by changing plasma
length, what kind of different results on the acceleration of the EM soliton can we obtain
from PIC simulations? The following paragraph will answer this question by omitting
the physics details before the formation of the EM soliton.

Besides two parameters, the linearly-polarized laser amplitude a and plasma length L,
are taken as two control parameters, all the other simulation parameters are the same as
used before. In the simulations, the simulation system length 3L(c/wp), plasma length
is L, it begins at x = 0 and ends at £ = L, in the front and rear side of the plasma
layer there are two vacuum regions with the same length L. Plasma length L changes
from 400c/wp to 1300c/wy by taking the same length interval 100c/wp. Plasma density
and temperature are n = 0.032n., and T, = 350eV/, respectively. Still, ions are typically
kept immobile as a neutralizing background.

The results on the acceleration of relativistic EM soliton for several different simula-
tions are tabulated in Table 2.1. In the following sections, we will explain the simulation
results by using the case of laser amplitude a = 0.5.

Table 2.1: The acceleration of EM soliton for different plasma length and laser amplitude,
the other simulation parameters are the same as the above simulations.

L(c/wo) | 500 | 600 [ 700 | 800 | 900 | 1000 | 1100 | 1200 | 1300 1400
a=0.3 | No | No | No| No S B No B+S*| B B+B —+ B
a=05| B | B | F |[B+F|B+F*| B |F*+F* | B+F | F F
a=07| F F | F* F F No No F No F

Here 'No’, ’S’, ’F’ and 'B’ stand for no, standing-, forward- and backward-accelerated
EM solitons, respectively. The soliton with the mark * demonstrates the amplitude of the
EM soliton is too weak to see. The total simulation time is wot < 17000.

2.3.1 Backward-accelerated large amplitude EM soliton

In the three cases for plasma length L = 500¢/wy, 600c/wy and 1000¢c/wy, after the SRS,
Raman cascade-into-condensation and electron acceleration, with time goes on, the spa-
tially localized large amplitude backward-accelerated relativistic EM solitons eventually
form. As the backward-accelerated EM solitons approach the plasma-vacuum interface,
they start to radiate their energy away in the form of low-frequency EM wave due to a
non-adiabatic interaction with the plasma-vacuum boundary, as a result, again one can
observe very high transient reflectivity than that of the B-SRS. Here, the energy density
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Figure 2.22: The snapshots for energy density of EM field Ej + B? averaged over the
laser period for the case of plasma density n = 0.032n.,, length L = 500c/w, and laser
amplitude a = 0.5, respectively.

of EM field E? + B? snapshots for the case of plasma length L = 500c/wo and laser
amplitude a = 0.5 is shown in figure 2.22.

However, in the plasma length L = 400c/w, and laser amplitude a = 0.5 case, we did
not observe this kind of the EM soliton within our simulation time.

2.3.2 Forward-accelerated large amplitude EM soliton

By performing simulations for the cases with plasma length L = 700c/wp, 1300c/wy,
1400c¢/w, as the energy density of EM field snapshots for the case with L = 700c/wq
and a = 0.5 in figure 2.23 shown; the EM soliton dynamics appear different to that the
backward-accelerated ones, i.e., for plasma length L = 500¢/wy, 600c/wo and 1000c¢/wp
cases. In the three simulations, the observed EM solitons are now accelerated forward.
Again, the EM soliton arrives at the plasma-vacuum (rear) interface radiates its energy
away in the form of low-frequency EM wave. Similarly, one can expect to detect a very
high transient transmissivity of EM field energy during the soliton radiation.

2.3.3 Coexistence of backward and forward accelerated EM
solitons

In another three simulations for plasma length L = 800c/wy, 900c/wy and 1200c¢/wq
cases, we found that, both the backward-accelerated and the forward-accelerated large
amplitude relativistic EM solitons are successively observed. The more details is that,
one backward-accelerated EM soliton is first formed, after the backward-accelerated EM
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Figure 2.23: The snapshots for energy density of EM field Ez + B? averaged over the
laser period for the case of plasma density n = 0.032n,,, length L = 700c¢/wy and laser
amplitude a = 0.5, respectively.

soliton accelerate backward in plasma or it disappear in plasma-vacuum boundary, an
another EM soliton then begins to emerge in plasma, after the new soliton formed, the
difference to that first backward-accelerated one is, it is accelerated forward into the
plasma-vacuum interface.

In order to understand the formation and acceleration of solitons, we have plotted the
energy density of EM field snapshots for plasma length L = 1200c/wy in figure 2.24; the
first three plots for backward-accelerated EM soliton and another three plots for forward-
accelerated one. As a result, as shown in figure 2.25 the plots for the reflectivity and
transmissivity of EM wave, after the backward-accelerated soliton arrived at left plasma-
vacuum interface, one can observe a very high transient reflectivity, after that, a very
high transient transmissivity can then be detected during the forward-accelerated soliton
radiation at the right plasma-vacuum interface. However in the cases of L = 800c¢/wp and
900c/wy, the second forward-accelerated EM solitons have too weak amplitude compared
with that of the first backward-accelerated ones.

In the all soltion cases, for the backward-, the forward- and the coexistent-accelerated
EM solitons, the ES and EM field structure inside the soliton are the same as before,
namely, the ES field structure E, is the one-cycle structure in space, while the corre-
sponding EM structure, for electric field E, is the half-cycle structure and magnetic field
B, is the one-cycle structure in space, respectively. The spatial EM structure is oscilla-
tory in time, but the ES structure is not. The size of the EM soliton is about 5 ~ 12},
which approximately equal to 1 ~ 2).,,. Similarly, the EM frequency of the solitons in
vacuum are measured nearly about 0.5wp,.
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Figure 2.24: The snapshots for energy density of EM field E‘g + B? averaged over the
laser period in the case of plasma density n = 0.032n,,, length L = 1200c/w, and laser
amplitude a = 0.5, respectively.
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Figure 2.25: The reflectivity and transmissivity of EM wave plots for the case of plasma
n = 0.032n,,, L = 1200c/w, and laser amplitude a = 0.5, respectively. To calculate the
reflectivity and transmissivity, the EM fields at the left position and at right position
both are 100c/wp long distance away from plasma is used in the simulation.
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Figure 2.26: The snapshots for energy density of EM field E; + B? averaged over the
laser period from 1D-PIC simulation in the case of plasma density n = 0.032n,,, length
L = 1400c/wy and laser amplitude a = 0.3, respectively.

2.4 The merging of two large amplitude EM solitons

By performing many simulations, we also found that, in the case of plasma length L =
1400c/wpe and laser amplitude a = 0.3, as shown in figure 2.26, two large amplitude
relativistic EM solitons emerge and co-exist inside plasma. After their formation, the
two EM solitons both are accelerated backward with different accelerations, with time
goes on, the back one can overtake the front one; after that, the two EM solitons then
merge together to form a new EM soliton with the large amplitude nearly equals to the
sum of two EM solitons. This new formed large amplitude EM soliton exists and does
not separate again within our simulation time.
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2.5 Discussion on the acceleration of large ampli-
tude relativistic EM solitons

In this section, we will briefly discuss the mechanism of the acceleration of relativistic
EM solitons, electron acceleration by large amplitude relativistic EM solitons, and the
influences of plasma temperature and ion dynamics on the formation of the EM solitons.

2.5.1 The acceleration of large amplitude EM solitons

The acceleration of the relativistic EM solitons has been studied by many authors. And
up to now, it is reported that, in the homogeneous plasmas, solitons have been found
to exist for a long time, close to the regions where they were generated; however, in
inhomogeneous plasmas, solitons are accelerated with the acceleration proportional to
the gradient of plasma density towards the low density side [62, 74]. When a soliton
reaches some critical plasma region, for example, the plasma-vacuum interface, it radiates
away its energy in the form of a short burst EM radiation.

From this point of view, apart from the standing relativistic EM soliton, we can not
explain our accelerated ones. In all our simulations, the plasma density in the front
and back of the soliton regions is nearly homogeneous during the lifetime of the EM
solitons. Recently, we have put some attention into the research on the relativistic EM
solitons. As a new point on the acceleration of relativistic EM soliton, we noted that,
in addition to the inhomogeneity of plasma density, the acceleration of relativistic EM
soliton depends upon, not only the incident laser amplitude, but also upon the plasma
length [75].

In fact, the motion of relativistic EM soliton depends upon the motion of the elec-
trons inside soliton. In the nonlinear relativistic case, basically, the longitudinal electron
motion is determined by the balance of the ES field and the ponderomotive force terms
[58, 18], in the normalized units,

ot~ T ° oz

Here, p,, E, and v stand for the momentum, ES field and relativistic factor, respectively.

s _ _p 0 (2.7)

Which direction, forward or backward, that the soliton can be accelerated, it depends
upon, which term, the ES field or the ponderomotive force, is prevailing. It should be
noted that, the two terms are the averaged effect for all electrons inside soliton region.

For both backward- and forward-accelerated solitons, the EM energy density profile
shows a difference between the front and rear side of the soliton, the front value is always
larger; with the laser amplitude increasing, the difference becomes larger and larger. This
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is because in large laser amplitude case, the amplitude of the observed relativistic EM

soliton is larger than that in the lower laser amplitude case. The difference of EM energy
density is mainly converted into the EM energy of the soliton. The steep EM energy
density gradient in the short transition layer of the soliton length (¢/w, — classical
skin depth) corresponds to the ponderomotive force which acts on plasma electrons.
The resulting ponderomotive acceleration pushes the electron cavity with the soliton
in the forward direction. Basically, the longitudinal electron motion is determined by
the balance of the ES field and the ponderomotive force terms [58]. The large flow of
relativistic electrons generated in forward direction (due to SRS, etc.) which drives ES
fields, gets compensated by a cold (bulk) return current which

moves plasma electrons backwards. Possibly, this is why moderately large solitons are
found to accelerate backwards. However, if at very large amplitudes, the ponderomotive
term prevails, the acceleration of the EM soliton is reversed and solitons are pushed
forwards.

2.5.2 Electron acceleration by large amplitude EM soliton

Particle acceleration by soliton has been studied by some authors. This is caused by
the energy gain during the ion interaction with the EM field and/or ES field trapped
inside soliton. Soliton propagating with high velocity provides the wakeless regions with
regular electric and magnetic fields, with which the particle can interact and gain the
energy, and the soliton energy transforms into the energy of the fast particles [57].

From our simulation data, we found that, at appropriate laser amplitude case, the ES
field and EM field trapped inside soliton have fine spatial structures. Especially, its ES
field nearly keeps unchanging during its lifetime. In figure 2.27, we plotted the ES field
snapshots for the case of the plasma length L = 500¢/wy and laser amplitude a = 0.5. In
this case, the ES field trapped inside soliton has a very fine sine function structure and
has almost unchanged amplitude with time. Its ES field inside soliton can be expressed
Ey(z) &~ —Eypqp sin(2mzs/ L) approximately, where L, & 75¢/wy is soliton spatial length
(size) and Epq, & 0.12mwgc/e is its amplitude, respectively; coordinate variable changes
from z = 0 to x = L,. Although the total area under the curve is zero, there is no net
energy gain from the ES field when electrons traveling the whole soliton region; however
we can use the positive part of ES field to accelerate electrons backward, or accelerate
electrons forward by using negative part of ES field. It is easy to estimate the maximum
electron net energy gain, which comes from the electron acceleration backward or forward
by half ES field of the soliton region, that is, ™ & | [{*/? ¢E(z)dx| = eEmaLs/m. By
substituting the values of L, and E,,,;, one can estimate that, the maximum energy of an
electron accelerated by half ES field inside soliton is E™* ~ 1.46MeV, approximately.
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Figure 2.27: The snapshots for ES field E, averaged over electron plasma period in the
case of plasma n = 0.032n,, L = 500¢/w, and laser amplitude a = 0.5, respectively.

2.5.3 Influences of plasma temperature and ion dynamics on
the formation of large amplitude EM soliton

The plasma temperature and ion dynamics also have some influences on the formation
and the acceleration of the large amplitude relativistic EM soliton.

In order to investigate the plasma temperature effect, we choose the plasma length L,
the laser amplitude a and the plasma temperature T, as three control parameters, the
other simulation parameters are kept the same as before. Several different simulations are
performed and the results are tabulated in Table 2.2. For the three cases of L = 500¢/wo,
a = 05 and T, = 1keV, 2keV and 5keV, the backward-accelerated relativistic EM
solitons are observed as obtained in the case of T, = 350V . For the another three cases
of L = 900c/wq, a = 0.5 and T, = 1keV, 2keV and 5keV, besides the T, = bkeV case,
the observed EM solitons are the same as T, = 350eV case, i.e., the backward-accelerated
relativistic EM soliton. However, in the T, = 5keV case, a large initial thermal pressure
could have lead to a different physical regime, perhaps, for the simulation parameters
we took, the condition for the soliton formation was not satisfied. For the last three
cases of L = 900c/wy, a = 0.7 and T, = 1keV, 2keV and 5keV, the forward-accelerated
relativistic EM solitons are observed, as has been shown in the case of T, = 350eV .

Table 2.2: Temperature effect on EM soliton dynamics.

T.(eV) | 350 1000 2000 5000

500(c/wp), @ = 0.5 | Backward | Backward | Backward | Backward
900(c/wq), @ = 0.5 | Backward | Backward | Backward | No soliton
900(c/wp), a = 0.7 | forward | forward | forward forward

L
L
L
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The ion dynamics may have some influence on the formation of the relativistic EM

soliton because the observed relativistic EM solitons are formed at a little later moment.
By choosing the plasma length L and laser amplitude a as two control parameters, three
simulations with electron and ion temperature Tj,, = T, = 350eV, the mass ratio of
ion to electron M;/m, = 1836, are performed and the simulation results are tabulated
in Table 2.3. All results are the same as that of the immobile ion cases. In the case
of plasma length L = 500c/wy and laser amplitude a = 0.5, we found that, the ion
dynamics (motion) could reduce the EM energy density of the soliton (amplitude) and
slightly change the size of the EM soliton. The same type, i.e., the backward-accelerated
large amplitude localized relativistic EM solitons, could still be observed. In the case of
plasma length L = 900c/wy and laser amplitude a = 0.3, the standing large amplitude
localized relativistic EM soliton; while, in the case of plasma length L = 900c/w, and
laser amplitude ¢ = 0.7, the forward-accelerated large amplitude localized relativistic
EM solitons, could still be observed with reduced amplitude and slightly-changed size.
In the three cases, large ion density cavities are also formed during the formation and
existence of the relativistic EM solitons.

Table 2.3: Ion effect on the EM soliton dynamics

T, = Tion(eV) 350 350
Mion/me 1836 oo (motionless ions)
L = 500(c/wp) and a = 0.5 | Backward Backward
L =900(c/wp) and a = 0.3 | Standing Standing
L =900(c/wp) and a = 0.7 | Forward Forward
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Chapter 3

Generation of ion-vortices in ion
phase-space

Electron-acoustic wave (EAW), as a mode of internal plasma ES waves, has been studied
by early authors. By examining the linearized Vlasov ES dispersion relation and ignoring
particle trapping effect, EAW solutions in the long wavelength limit are obtained [20, 21,
22]. However, other analytical studies of nonlinear Vlasov-Maxwell solutions have been
found that strong electron trapping can occur even for small amplitude ES wave, resulting
in undamped nonlinear traveling wave solutions, the so-called BGK (Bernstein-Greene-
Kruskal) modes allowing the EAW with a lower phase velocity to exist [23, 24, 25].

The stimulated electron-acoustic wave scattering (SEAWS), as a novel stimulated scat-
tering, was proposed by Montgomery et al., in the recent single hot spot experiment to
reinterpret an underdense homogeneous plasma experiment data from the Trident laser
facility {12, 13]. In their experiment, plasma density n ~ 0.03n, plasma temperature
T, ~ 350eV, plasma length L, ~ 900c/wp, laser intensity I ~ 1.6 x 10'W/cm?, respec-
tively, they observed a wave in the backscattered spectra with phase velocity vp, = 1.4vsse
besides the backscattered EM signal which comes from the stimulated Raman scattering
(SRS). It was shown that, among electronic instabilities, stimulated scattering of laser
light from the trapped EAW (T-EAW) with frequency w < wp, can possibly explain the
second anomalous backscattered signal apart from the first one comes from SRS.

Recently, this novel SEAWS has been studied by means of fully relativistic EM one-
dimensional particle-in-cell (1D-PIC) simulations [14, 15, 16, 17]. In their simulations, a
linearly-polarized intense laser pulse and a plasma layer at a subcritical density range,
i.e., Ner /4 < nJy < ne (7 is relativistic factor), which are overdense for standard SRS,
are used. In the early stage of the SEAWS, the spectrum can well-explained by a resonant
three-wave parametric decay of the relativistic laser pump into the slowed Stokes light
sideband with w, ~ wy,. and the T-EAW with weey < wpe. They stated that the ion
dynamics does not play a significant role in the growth of SEAWS instability. Here,
it should be noted that the plasma layers used in their simulations are shorter than
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100¢/ wp.

Similar to that SRS instability, the SEAWS instability can also be explained as three-
wave resonant decay of an incident laser EM wave (wy, ko) into a scattered (Stokes) EM
wave (ws, ks) plus an EAW (wequw, Keaw) With the corresponding matching conditions for
frequencies and wave numbers as follows:

Wy = Ws + Wequw kO = ks + keaw (31)

We also put some efforts on the research of this novel SEAWS by using plasma layer
length L = 100c/wy, which is longer than that in the previous simulations [14, 15, 16, 17].
Similarly, the frequency spectra in the early stage of the SEAWS can be well-explained
by a resonant three-wave parametric decay of the relativistic laser pump into the slowed
Stokes light sideband with w; ~ wp, and the T-EAW with wegy < wpe.

Additionally, we also found, in nonlinear saturation of SEAWS instability, there is a
rapid growth and strong localization of the Stokes EM wave by forming narrow intense
EM soliton-like structures with (downshifted) laser light trapped inside. The train of
relativistic EM solitons-like gets irradiated through the front vacuum-plasma boundary
in a form of intense coherent reflection of the downshifted laser light. Large T-EAW
excited in the plasma quickly heats up electrons to relativistic energies which eventually
suppresses the SEAWS instability. In the case of long plasma layer, the ion dynamics
does not play a significant role on SEAWS in its early stage. Its early physics behaviors
are almost the same whether the ion dynamics is taken into account or not. As time goes
on, an ion ES wave can be excited and ion ES wave breaks. At the breaking position,
there appear large amplitude relativistic EM soliton and ion-vortex (ion-hole) in ion
phase-space due to the ion acceleration and trapping by the formed EM soliton. As this
EM soliton moves backwards, several ion-vortices (ion-holes) successively are formed.

The generation of the ion-vortices, as a new research results, will be the kernel of
this chapter. In the following parts of this thesis, we put a term ”T (trapped)” before
SEAWS, namely, ”T-SEAWS”, because of the EAW belongs to the strong trapped one.

3.1 Simulation model

The geometry of simulation is the same as shown in Sketch 2.1. In the simulations, fully
relativistic EM 1D3V-PIC code is used. The length of simulation system is 500c/wy,
where ¢ and wy is the speed and carrier frequency of laser pulse, respectively. Plasma
length is 100c/wy, it begins at z = Oc/wy and ends at x = 100c/wy, in the front and back
sides of the plasma, there are two 200c/w, long vacuum regions. The number of cells is
20 per 1 ¢/wy, 100 electrons and 100 ions are put in each cell. Linearly-polarized laser
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with its electric field F, directed along y direction, is launched at z = —100c/wy. By
taking the EM fields at the left and the right positions both are 50c/w, long distance
away from plasma, the reflectivity and transmissivity are measured, respectively. The
electrons entering the vacuum region build a potential barrier that prevents electrons of
leaving the plasma. For these electrons as well as for outgoing EM waves, two 50c/wo
long additional numerical damping regions are used at the ends of the system. The
time, electric field and magnetic field are normalized to 27/wy, m.woc/e and mewo/e,
respectively; time is taken as zero, t = 0.0, when laser pulse arrives at left vacuum-plasma
boundary.

3.2 Stimulated trapped electron acoustic wave scat-
tering (T-SEAWS)

The first simulation has been done by using plasma length L = 100c/wj, plasma density
n = 0.6n,,, electron and ion temperatures 7, = 5T;,, = lkeV, mass ratio of ion to
electron M;/m, = 1836 and the normalized laser amplitude a = 0.6, where n, is the
critical density of laser pulse.

In our simulations, plasma density are taken as n > 0.25n,,, where the standard SRS
is forbidden. It is found that when the laser amplitude a > 0.4, the T-SEAWS instability
begins to take place. At the linear stage of the T-SEAWS instability, as shown in figure
3.1, the plots for frequency spectra of reflected EM wave in vacuum and ES wave inside
plasma, the frequency spectra can be well explained by a resonant 3-wave parametric
decay of intense laser pump into the slowed Stokes EM sideband and the T-EAW. The
backscattered EM wave in vacuum regions is found to be driven and grows at frequency
w, = 0.64wy, which is approximately equals to the perturbed electron plasma frequency
wWpe/7H? ~ 0.69wy, where v = (1 + a?)¥/? is relativistic factor, while the corresponding
EAW detected inside plasma is wegqw =~ 0.40wp. Note that the natural EPW mode
Wpe/ Y172 22 0.69wy is also driven weakly in this process. In figure 3.2, the plots for the
wave number of the EM wave and ES wave both measured inside plasma are given. One
can observe that the wave number of the EM wave inside plasma have two peaks, one
kP ~ 0.12ko and another k§ = 0.80ky correspond to backscattered EM wave and laser
EM wave which propagates inside plasma, while the corresponding wave number for
EAW inside plasma is keqw = 0.92kg, where kg = wp/c is the wavenumber of laser EM
wave in vacuum. The perturbed electron plasma frequency wy, ~ 0.61wg is smaller than
Wpe/YH? 22 0.69wy, because in the regions of strong EM wave stronger relativistic effect
results in the electron plasma frequency decreasing more noticeable. In the early stage of
the T-SEAWS instability, the corresponding resonant matching conditions for frequency
Wy = Wy + Wear and for wave number kb = —kP + k.4, are well satisfied. The EM waves
for both pump and Stokes satisfy standard dispersion relation wf, = w2 /v + (kg ).
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Figure 3.1: The plots for the frequency spectra of reflected EM wave measured in vacuum

region and ES wave measured inside plasma in the case of plasma length L = 100c¢/wy,

density n = 0.6n.. and laser amplitude a

IE,(x)P

%o

t= 84.76
T ¥ T T
L L 1
05 10 15 20
k/ko

[Ex(x)P

= 0.6, respectively.

t= 84.76
T T T T
0.04} .
0.02| -
0095 o? 0 15 20
k/ko

(a). Both electron component and ion component are considered. In the simulation,

the mass ratio M;/m, = 1836 and temperature T, = 5T},

(b). Only electrons are considered. Ions as neutralized background are kept immobile.

[E k)

t= 77.57
T T T L)
2 _/\
0t5 1.0 175 2:0
k/k,

B0

1.0keV are used.

t= 77.57
L) T ¥ T
002} .
0.01} .
1 1
009505 10 15 20
k/k,
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Figure 3.3: The phase-space x — p, snapshots for both electron component and ion
component in the case of plasma length L = 100c/wp, density n = 0.6n., and laser
amplitude a = 0.6, respectively.

During the stage of the T-SEAWS instability, as shown in figure 3.3, the phase-space
x — pgy snapshots, large parts of electrons are trapped by the potential of trapped EAW.
This is the reason why we put a term ’trapped’ before 'SEAWS’, namely, T-SEAWS.

To illustrate the onset and growth of the T-SEAWS instability, in figure 3.4, the plots
for the temporal evolution of dominant backscattered EM mode | Ey(k) |* and EAW mode
| E,(k) |? both measured inside plasma, are given. We then can see its temporal evolution
process clearly, the linear process in its early stage, following nonlinear process.
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Figure 3.4: The temporal growth plots for backscattered EM mode and EAW ES mode
both measured inside plasma in the case of plasma length L = 100c/wy, density n =
0.6n., and laser amplitude a = 0.6, respectively.

If we assume that both EM mode and ES modes approximately satisfy FEj(t) ~
E(0)e™, by using the data of figure 3.4 one can approximately calculate their cor-
responding growth in the linear stage of T-SEAWS instability. The growth rate for
backscattered EM mode is v, & 0.176w, ~ 0.113wq, the corresponding growth rate for
EAW iS Yeqw = 0.267weqqy ~ 0.107wy, respectively.

In nonlinear saturation, as shown in figure 3.5 for the energy density of EM field Eg—f—
B2 plots, there is a rapid growth and strong localization of the Stokes EM wave by forming
narrow intense EM soliton-like structures with downshifted laser light trapped inside. In
the early stage of the T-SEAWS instability, the train of relativistic EM solitons-like
gets irradiated through the front vacuum-plasma interface in a form of intense coherent
reflection of the downshifted laser light. With time goes on, the large trapped EAW
excited in the plasma quickly heats up electrons to relativistic energies, strong electron
heating tends to suppress the further growth, eventually the T-SEAWS process will be
suppressed by these heated relativistic energetic electrons.

In figure 3.6, the plots for reflectivity of reflected EM wave, are shown. The reflectivity
is characterized by a large several peaks due to the radiation of the soliton-like structures.
The process of T-SEAWS instability is mainly taken place within 100 laser pulse periods
and very large portion of laser energy was reflected.
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Figure 3.5: The snapshots for the energy density of EM field E; + B? averaged over
the laser period in the case of plasma length L = 100c/wy, density n = 0.6n., and laser

amplitude a = 0.6, respectively.
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(a). Both electron component and ion component are considered. In the simulation,
the mass ratio M;/m, = 1836 and temperature T, = 5T;,, = 1.0keV are used.
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(b). Only electrons are considered. Ions as neutralized background are kept immobile.

Figure 3.7: The energy distribution f(y) — - snapshots in the case of plasma length
L = 100¢/wy, density n = 0.6n., and laser amplitude a = 0.6, respectively.

As shown in figure 3.7, the energy distribution f(y) — v snapshots, the strong trapped
EAW heats up some electrons up to the energy about 3MeV. A confirmation of strong
electron heating is also coming from figure 3.8, where the longitudinal distribution func-
tion f(vg/c) is plotted for different time. As we can see, the T-SEAWS instability is
so strong that can destroy the bulk of an initial Maxwellian electron distribution and
produce a relativistic far-from Maxwellian distribution, namely, the ” waterbag-like” dis-
tribution.
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(b). Only electrons are considered. Ions as neutralized background are kept immobile.

Figure 3.8: The longitudinal distribution function v, — f(v,) snapshots in the case of
plasma length L = 100c/wy, density n = 0.6n,, and laser amplitude a = 0.6, respectively.
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In order to clarify the growth of such T-SEAWS instability, we discuss a simple model
for parametric coupling between three waves a;(z, t)exp[i(k;x — w;t)], satisfying the fre-
quency and wave number resonant matching conditions, which for weakly varying en-
velopes [112, 113] in dimensionless units [114, 115] reads.

8a0 8a0
T +V08x MyasQequ (3.2)
Oa, Oa,
—_— —_— * 3-3
5~ Vogg = Ms@3ea (3.3)
Oa o Ja aw *
aetw + ‘/eaw aex + 1_‘ean,uaemu = eaw@ols (34)

where V; > 0 is the group velocity (i = 0, s, eaw denoting pump EM, backscattered EM
and EAW waves), Iy, is the damping rate for EAW, the damping rates for pump and
backscattered EM waves I'g = I's = 0 are used. M; > 0 are the coupling coefficients
and a; are the wave amplitudes. With standard open boundary conditions a¢(0,t) =
Ey and ay(L,t) = Geaw(0,t) = 0, the backscattering grows as an absolute instability,
only if L/Ly > m/2, where Ly = (V,Vaaw)/?/7 is the interaction length and v, =
Eo(M3Meg,)'/? is the uniform growth rate [112, 113].

As we have stated before, the group velocity of the backscattered EM wave is V, =
?ks/ws =~ 0.19¢c, even that we assume the group velocity for EAW is so large that
Veaw = ¢ and a very small uniform growth rate vy =~ 0.lwy (the growth rates for both
backscattered EM wave and EAW are greater than 0.1wy as have shown before), then
the Ly ~ 4.3c/wp. For the plasma length L = 100c/wy we used, so the the condition
L/Ly > m/2 which for the instability taking place, is readily satisfied, that means this
new type of T-SEAWS instability can take place in our simulation conditions.

In all above figures, as have been noted, we have plotted all the corresponding figures
what the ion dynamics are not considered. These figures are almost the same as what the
ion dynamics are considered ones. Therefore, one can say that, the T-SEAWS instability
can appear and its physics behavior in early stage are almost the same whether the ion
dynamics is taken into account or not.

€s

However, from the plots in figure 3.1(a) the frequency of ES wave wg = 0.023wy
and the plots for ion phase-space snapshots in figure 3.3 (a), the ion ES wave is excited
in the meantime. If the ion dynamics are considered in our simulations, in addition to
the excitation of ion ES wave, what kind of new physics phenomena will show us? The
answer will be given in the following sections.
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3.3 Large amplitude EM soliton and ion-vortices in

homogeneous plasmas

When ion dynamics are considered, in addition to T-SEAWS, an ion ES wave is also
excited at early stage and still exists with time. One can see this clearly from figure
3.9, the phase-space plots for ion component. However its peak in the spectrum is hard
to discern in the early stage due to this ion ES wave is suppressed by strong TEAW.
When the T-SEAWS instability finished, as in the figure 3.1, the frequency spectra of
ES wave inside plasma, shown us, an ion ES wave with frequency wj;, =~ 0.023wp, which
approximately equals to natural ion plasma wave frequency wy; =~ (mey/m;) Y wpe =
0.021wy, can be observed clearly, where v = (1 +a2)1/ 2 is relativistic factor. Like trapped
EAW, ion ES wave will eventually be suppressed, because of plasma heating and particle

acceleration.

The ion ES wave will propagate inside plasma forward after its excitation. As time
goes on, at the time about t ~ 21.82, as shown in figure 3.9(a), the phase-space plots for
ion component, this ion ES wave breaks at the position of nearly z = 40c/wy. After this
ion ES wave breaking, as shown in figure 3.9(b), the energy density of EM field snapshots,
one relativistic EM soliton begins to emerge at the same position. This new formed EM
soliton then grows with time and saturates at ¢ ~ 251.94 with its maximum energy
density of EM field E§ + B? ~ 2.5 without changing its position. During its growing,
large part of electrons and ions inside the EM soliton region are pushed away from the
high EM field region by the large ponderomotive force of this high EM field. Therefore, in
the meantime, plasma density cavities both for electrons and ions are created, as shown
in figure 3.9(c) the electron density and ion density snapshots, respectively. At the rear
edge of soliton z ~ 40c/wy, as in figure 3.9(c), the ion density plots at t = 214.18, shown
us, because of the large ion inertia, ions pile up and one sharp ion density peak then
formed. At the front edge of soliton, there are no ion density peak to form, perhaps, this is
because the most of ions are accelerated forward by ion ES breaking, or at the front edge
of soliton has lower plasma density than that the rear edge of soliton. As the electron
density plot shown, in the same time, electrons does not pile up to form an electron
density peak at the front and rear edges of soliton due to its small inertia. Therefore,
at a narrow region around the soliton rear edge x = 40/wy, a net positive charge region
then forms, as shown in figure 3.9(d) the left one for the (n; — n¢)/no plots. Behind
the ion density peak, i.e., inside the EM soliton region, in order to keep the electrical
neutralization, more electrons will be accelerated to close the ion density peak region by
the electric field of charge separation (Coulomb force), as a result, there will form a net
negative charge region. This charge distribution can result in an ES field structure as
shown in figure 8.9(d), the right plot one for ES field E, plots. Both the large amplitude
EM soliton and the formed E, can interplay each other and they can together accelerate
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Figure 3.9: The snapshots for ion phase-space, energy density of EM field averaged over
laser period, plasma density and ES field E, in the case of L = 100¢/wp, n = 0.6n
and a = 0.6, respectively. In the simulation, both electrons and ions with mass ratio

M;/m. = 1836 and temperatures T, = 5T; = 1.0keV are considered.
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or decelerate ions. For these ions with negative velocity inside soliton or reflected by
right sharp ion density peak, they will first experience a deceleration process, most of
these decelerated ions will eventually be stopped in time, after that, they are accelerated
again by EM soliton and ES field E,; while for these ions with positive velocity, they
experience just reverse processes. As a result, as shown in figure 3.9(a), the right one at
t = 214.18, eventually, a trapped ion-vortex (ion-hole) structure in phase-space, which
like two-stream instability, can be formed.

When intense laser pulse enters and passes through plasma layer, with the formation of
sheath ES fields at both boundaries, ions will leave from boundaries with time, electrons
then follows ions in order to keep electrical neutralization. As a result, the plasma density
decreases from the middle part to front and rear boundaries gradually with time. In this
formed inhomogeneous plasma, the saturated EM soliton will be accelerated with an
acceleration proportional to the gradient of plasma density towards the low density side
[62, 74]. When soliton reaches plasma-vacuum interface, it radiates away its energy in
the form of short burst EM radiation. By some other simulations, it is found that,
this kind of large amplitude relativistic EM soliton often appears in the front region of
plasma layer which side laser pulse enters, and it eventually accelerated backward to the
plasma-vacuum boundary.

As large amplitude EM soliton propagates in the plasma-vacuum boundary, by large
amplitude EM field and large charge separation inside the soliton region, the energy
exchange between ions and soliton takes place in the meantime. Since large part of ions
then gain energy from EM soliton continuously, they are accelerated and trapped inside
soliton region. Because of the continuous energy exchange among the kinetic energy of
the accelerated and trapped ions, the EM soliton accelerates backward towards plasma-
vacuum interface. In the path of soliton acceleration, as shown in figure 3.10(a) the
energy density of EM field snapshots and in figure 3.10(b) the phase-space snapshots for
jon-component, several ion-vortices (ion-holes) then successively form and persist with
time. On the other hand, by continuous energy exchange with ions, EM soliton will lose
the large part of its EM energy to ions and its EM amplitude become weaker and weaker.
After the soliton arrives at plasma-vacuum boundary or disappears in bulk plasma, the
corresponding ion acceleration and trapping then finish, therefore, the formation of new
ion-vortex will stop. After that, these formed ion-vortices in phase-space will blur and
become hard to see with time. Eventually, they will disappear in bulk plasma due to the
plasma heating and other complex nonlinear processes.
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(c). The ion phase-space x — p, snapshots.

Figure 3.10: The snapshots for ES field, energy density of EM field averaged over laser
period and ion phase-space, in the case of L = 100c/wy, n = 0.6n. and a = 0.6,

respectively. In the simulation, both electrons and ions with mass ratio M;/m. = 1836

and temperatures T, = 5T; = 1.0keV are considered.
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Figure 3.11: The snapshots for electron phase-space in the case of L = 100¢/wp, n =
0.6n., and a = 0.6, respectively. In the simulation, both electrons and ions with mass
ratio M;/m,. = 1836 and temperatures T, = 5T; = 1.0keV" are considered.

In figure 3.11, the phase-space snapshots for electron component is also given. We
can see that, during the formation of ion-vortices, for electrons inside soliton region,
by obtaining energy from soliton, they are also accelerated and trapped like what the
ions did. However, due to small electron mass, they will soon merge into bulk electron
component, therefore, there is no clear electron-vortices to form in electron phase-space.

Figure 3.12 shows the EM field structure of the large amplitude EM soliton (averaged
over laser wavelength ), its transverse electric field E,, is the half-cycle structure, while
the corresponding magnetic field B, is the one-cycle structure, respectively. The spatial
EM structure of the EM soliton is oscillatory in time. The explanation comes directly
from Maxwell’s equations. The Faraday law gives B, ~ 0E, /Ox; indeed, the z-derivative
of the Gaussian soliton profile E, gives B, in figure 3.12.

The size of ion-vortices AZyortez approximately equals to the size of EM soliton
AZsoiiton. From figure 3.12, one can measure the size of EM soliton, it is about Azseiton =
AZyorter = 1 ~ 2Ape, Where Ap, = 27c/wp, is the wavelength of electron plasma wave.
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Figure 3.12: The EM field snapshots for electric field E, and magnetic field B, both
are average over laser period, in the case of L = 100¢/wy, n = 0.6n, and a = 0.6,
respectively. In the simulation, both electrons and ions with mass ratio M;/m,. = 1836
and temperatures T, = 5T; = 1.0keV are considered.

Some other simulations are also performed in order to investigate the above physics
processes. We found that, when plasma density n > 0.25n.,, which are overdense for
standard SRS, by choosing appropriate laser amplitude and taking account into the
ion dynamics, the T-SEAWS instability, the formation of one large amplitude backward-
accelerated relativistic EM soliton and the consequent ion-vortices can often be observed.

They have the same scenarios as the case we have stated before. From now on,
we will neglect all the discussion on the T-SEAWS, the generation of EM soliton and
the formation of ion-vortices by EM soliton. Here another two simulation results are
given, the first simulation is performed in the case of plasma length L = 100c¢/wy,
density n = 0.4n., mass ratio of ion to electron M;/m, = 1836 and temperatures
T, = 5T;pn, = 1keV and laser amplitude a = 0.6; the second simulation is done in the
case of plasma length L = 100¢/wy, density n = 0.7n.,, mass ratio of ion to electron
M;/m, = 1836 and temperatures T, = 5T},, = lkeV and laser amplitude a = 0.8,
respectively. The corresponding energy density of EM field and phase-space for ion-
component snapshots are plotted in figure 3.13 and figure 3.14, respectively. From the
two simulation results, the generation of large amplitude relativistic EM soliton and the
formation of ion-vortex structures in phase space by EM soliton are also observed.
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Figure 3.13: The snapshots for energy density of EM field averaged over laser period and
ion phase-space in the case of L = 100c/wy, n = 0.4n,, and a = 0.6, respectively. In the
simulation, both electrons and ions with mass ratio M;/m, = 1836 and temperatures
T, = 5T; = 1.0keV are considered.
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Figure 3.14: The snapshots for energy density of EM field averaged over laser period and
ion phase-space in the case of L = 100c/wy, n = 0.7n.. and a = 0.8, respectively. In the
simulation, both electrons and ions with mass ratio M;/m. = 1836 and temperatures
T, = 5T; = 1.0keV are considered.
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Figure 3.15: The reflectivity and transmissivity in the case of L = 100c/wp and T, =
5T; = 1.0keV, respectively. In simulations, both electrons and ions with mass ratio
M;/m, = 1836 and temperatures T, = 51; = 1.0keV are used.

In figure 3.15, we plotted the time-integrated reflectivities and transmissivities of EM
waves for the above three simulation models. It is should note here, that, in the case
of n = 0.6n. and a = 0.6, there is only about 55% of laser pulse energy transmits
within 500 laser periods while propagating through the 100c/wp thick uniform plasma
layer. In the case of n = 0.4n.. and a = 0.6, about 65% of laser pulse energy, and in
the case of n = 0.7n, and a = 0.8, about 60% of laser pulse energy are transmitted
while propagating through 100c/wy thick uniform plasma layer within 500 laser periods,
respectively. In the above three cases, large part of laser pulse energy, about 40% of
total laser pulse energy, are reflected and absorbed by plasma layer.
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Figure 3.16: The energy density of EM field EZ + B? averaged over laser period and
ion phase-space  — p, snapshots. Plasma length is L = 100c/wy and density increases
linearly from n = 0.3n,, to 0.9n.,, electron and ion temperatures are T, = 5T;,, = lkeV
with mass ratio M;/m. = 1836 and laser amplitude is a = 0.6, respectively.

3.4 Large amplitude EM soliton and ion-vortices in

inhomogeneous plasmas

All the simulations showed before are performed in homogeneous plasma condition, in
fact, not only in the interaction between intense laser EM wave and subcritical ho-
mogeneous plasmas, by our some other simulations, in the interaction between intense
laser EM wave and subcritical inhomogeneous plasma layers, the T-SEAWS process, the
generation of large amplitude relativistic EM soliton and the consequent formation of
ion-vortices in phase-space are also be observed.

Two simulations have been performed in inhomogeneous plasma conditions. In the

72



t= 387.02

t= 473.57 t= 526.83

WAL L I S R [T T T T T T SERRN REARE LAAAE AR

2.n 2
E;“+B,

W

N

N

o

©

[¢)]

0.10¢ 0.10¢
0.05 - 005
0.00 F /7 Hbarhis 0.00 £ /- jyghahnin
-0.05F -0.05F :
% 0.10 010 01055640 60 80 100
Ny
x t= 526.83
S o0 0.10¢ 0.10¢
0.05F 0.05F 0.05F
0.00E 0.00 0.00F
-0.05E ] -008F 3 -005F
N P P DY PUTIN SREE . ST TUT PIT FTRTE T _ SN P PEVTY PR AT
0105564060 80 100 19620 46 60 80 100 % 20740 60 80 100

x (c/m,)

Figure 3.17: The energy density of EM field E2 4+ B2 averaged over laser period and ion
phase-space x — p, snapshots. The plasma length is L = 100c/w, and density increases
linearly from n = 0.35n., to 1.05n,,, electron and ion temperatures are T, = 5T, =
1keV with mass ratio M;/m. = 1836 and laser amplitude is a = 0.6, respectively.

first simulation, plasma density is taken from n = 0.3n. to 0.9n.., while, in the second
simulation, plasma density is taken from n = 0.35n. to 1.05n,, the laser amplitude
is @ = 0.6 for the two simulations. The other simulation parameters are the same as
used before, for example, the mass ration of ion to electron is M;/m. = 1836 and the
temperatures are T, = 5T, = 1keV, etc. Here, only the energy density of EM field
Ez + B? snapshots and the phase-space x — p, snapshots for ion-component are given
in figure 3.16 and figure 3.17, respectively. From the two simulation results, the same
scenarios as observed in homogeneous plasma conditions, i.e., the generation of large
amplitude EM soliton and the consequent formation of ion-vortices in ion phase-space
are also observed in inhomogeneous plasmas.
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(a). The pattem of the Raylcigh-Taylor (R-T) instability

(c). The Ying-Yang pattern of the K-H mstability.

Figure 3.18: The patterns of the R-T and K-H instabilities.

3.5 Kelvin-Helmoholtz ion-vortices in phase-space

From the topological point of view it is remarkable that the flow instabilities and wakes
often take on one or another of two basic scroll patterns. The first scroll pattern is
epitomized by the Kelvin-Helmholtz (K-H) instability as shown in figure 3.18(a) and the
second scroll pattern is epitomized by the Rayleigh-Taylor (R-T) instability as shown
in figure 3.18(b) [116]. The conventional perspective presumes that the wake is ap-
proximated as a tangential discontinuity, defined as a vortex sheet. The basic physical
mechanism for wake production is assumed to be associated with the fact that all real
fluids have a finite speed of sound, hence a finite compressibility. Therefore, there can
exist domains in every (perhaps slightly) compressible fluid where the system of partial
differential equations (PDEs) describing the fluid evolution is hyperbolic. Hyperbolic
domains have the feature that they can be associated with topological limit sets upon
which the solutions to the PDFs are not unique. Therefore topological discontinuities
are admissible in such dynamical systems. Such discontinuities are of two types: shock
waves and tangential discontinuities. It is this set of limit points associated with the
tangential discontinuities that can be put into correspondence with the two basic insta-
bility patterns describe above. In the Kelvin-Helmholtz instability pattern, if the wave
pattern describes a curve exhibits double tangency, the pattern is named after Ying-Yang
pattern as shown in figure 3.18(c) [116]

From the above point of view, it seems that, for the structure of ion-vortices we
observed in our simulations, they can be classified as the Kelvin-Helmholtz instability
pattern. More precisely, if we think the formation of ion-vortices in phase-space is due
to topological defect, i.e., plasma density cavity in relativistic EM soliton region, the
ion-vortex structures should belong to the class of Ying-Yang pattern.
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Chapter 4

High-quality and well-collimated
return relativistic electron beam

Particle acceleration by high-intensity laser pulse propagating in plasmas has recently
become a very attractive research topic after the advent of short-pulse and high-intensity
lasers, due to their many potential applications. Up to now, various concepts of laser
accelerators in plasma, such as, beat-wave accelerator [78, 79], laser wakefield accelerator
[80, 81, 82], electron beam wakefield accelerator [83, 84] and plasma accelerator of photon
beams [85, 86], are presently under discussion and investigation as possible approaches
to accelerate particles to ultra-high energies.

High-energy particles and/or particle beams with high-quality and high-energy have
wide potential applications, for example, in the concept of fast ignition of inertial con-
finement fusion (FI-ICF) [88], laser induced nuclear reaction [89], radiography and so on.
Stochastic heating and acceleration of electrons by two counter-propagating laser pulses
are also studied by some authors [90, 91, 92, 93].

Much attention on particle acceleration, induced by high-intensity laser-plasma in-
teraction, has been put by theoretical analysis, particle simulation and experiment in
the past years. In our recent works, by means of fully relativistic EM one-dimensional
particle-in-cell (1D-PIC) simulations, a new phenomenon of short high-quality and well-
collimated return relativistic electron beam with thermal energy spread, in the opposite
direction to the laser propagation, by intense laser pulse interacting with an underdense
plasma layer is observed [87)].

4.1 Laser wakefield acceleration

When an intense laser EM wave enters into and propagates in an underdense plasma, by
stimulated backward and forward Raman scattering (B-SRS/F-SRS) and other nonlinear
laser-plasma processes, e.g., the ponderomotive force of an intense laser EM field, a large
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amplitude electron plasma wave (wakefield) can be excited behind the front of the laser
EM pulse. Such a relativistic electron plasma wave (wakefield) can also be generated by
a beat-wave scheme which requires two laser beams and a plasma frequency precisely
tuned to their frequency difference. This large amplitude plasma wave (EPW) has very
high phase velocity close to the group velocity of laser pulse and can be used to accelerate
electrons, protons or ions to high energies.

4.2 High-quality and well-collimated return relativis-

tic electron beam

From now on, we will pay our attention to the simulation and observation of the new
phenomenon of electron acceleration, i.e., the generation of short high-quality and well-
collimated return relativistic electron beam with thermal energy spread in the direction
opposite to incident laser propagation, which induced by intense laser pulse interacting
with an underdense plasma layer.

4.2.1 Simulation model

One-dimensional fully relativistic EM 1d3v PIC code is used as before. The length of
the simulation system is 5L(c/wp), where ¢ and wy are the speed and carrier frequency of
laser pulse in vacuum, respectively. The plasma length is taken as L, it begins at x = 2L
and ends at £ = 3L. At the front and rear sides of plasma layer, there are two 2L long
vacuum regions. The number of cells are 10 per 1 ¢/wy, 70 electrons are put in each cell.
The ions are initially placed as a neutralizing background and are kept immobile. The
plasma density is n = 0.01n,,., which means wy/wpe = 10, where wy, is the electron plasma
frequency, n, = wim.ey/e? is the critical density for laser propagation in a plasma. The
plasma temperature is T, = 1keV. The laser pulse is linearly-polarized with the electric
field Ey along y-direction and launched at the position between x = L and x = 2L. The
normalized amplitude of the incident laser electric field is a = eEy/mewoc, where e and
me are the electron charge and mass, respectively.

The electrons which are blown-off into vacuum, build a potential barrier that prevents
electrons to leave from bulk plasma. For fast escaping electrons as well as for EM waves,
two additional numerical damping regions at system ends are used.

The time, electric field and magnetic field are normalized to 27/wy, Mmewoc/e and
mewo /€, respectively, and the time is taken zero, t = 0, when laser pulse arrives at the
front (left) vacuum-plasma boundary.
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Figure 4.1: The electron energy distribution f(7)—y plots for six simulations in the case
of plasma density n = 0.01n,, and temperature T, = 1.0keV. The plasma length L and
laser amplitude a are inserted in each plot, respectively.

4.2.2 Electron acceleration by stimulated Raman scattering

As has been stated before, when an intense laser EM wave enters and propagates in
an underdense plasma, by stimulated Raman scattering (SRS), and other nonlinear pro-
cesses, e.g., the ponderomotive force of an intense laser EM field, a large amplitude EPW
can be excited. The resulting large EPW grows and saturates quickly with time until it
reaches the wave-breaking limit, after which, large number of background electrons are
self-trapped and accelerated to high energies.

In order to study particle acceleration by an intense laser pulse, as shown in figure
4.1 for the electron energy distribution f(y) ~ < plot, six different simulations have
been performed by varying plasma length L and laser amplitude a. Here 7 is electron
relativistic Lorentz factor. The maximum momentum and energy of an electron after
the breaking of large amplitude EPW for different plasma length and laser amplitude
are tabulated in Table 4.1.

In the same plasma length L = 1000¢/wy, for the cases of laser amplitude a = 1.0, 1.5,
2.0 and 3.0, the maximum obtained electron momentum goes up to are p™**/mec = 91,
151, 219 and 246, corresponding to maximum electron energy: E™** ~ 46, 77, 112 and
126 MeV, respectively. As a result, the maximum energy of an electron increases with
increasing laser amplitude, i.e., E™*®  a, approximately.

In addition to the above simulation runs, by changing the plasma length L = 500, 1000
and 1500c/wy, and fixing the laser amplitude to a = 1.0 and other plasma parameters,
we get the maximum relativistic factor 7™** = 41, 91 and 134, with the corresponding
maximum electron energy E™%® = 21, 47 and 68MeV/, respectively. A fact is found that,
that is, the longer the plasma length, the larger the Lorentz factor.
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Table 4.1: Six simulation results for different plasma length L and laser amplitude a.
The ”I” stands for laser intensity for wavelength A\g = 1um laser, p™** and E™* stand
for the maximum obtained electron momentum and energy, respectively.

Simulation No. I 1 2 3 4 5 6

L(c/wy) 1000 1000 1000 1000 500 1500
a 1.0 15 20 30 10 1.0
I(10%W/cm?) | 1.37 3.09 549 124 137 137
P [mec 91 151 219 246 41 134
Em™=(MeV) | 46 77 112 126 20 68

An electron interacting with a plane EM wave (laser field) acquires the energy equal to
E. = m.c®a?/2, for example, a = 2.0, E, ~ 1.0MeV . From this point of view, one cannot
expect that energetic electrons obtained in our simulations are directly accelerated by
an ultra-intense laser EM field.

The self-modulated regime of laser-plasma interaction is defined by a laser pulse with
a normalized vector potential of the order of unity a = eEy/me.woc =~ 1, pulse length
of several times the electron plasma wave periods and the laser frequency of several
times the electron plasma wave frequency. In the one-dimensional limit, the interaction
between such intense laser pulses and a low-density plasmas is dominated by the stimu-
lated forward Raman scattering (F-SRS) instability [97, 98, 99]. As shown in the above
paragraphs about the stimulated Raman scattering and cascade-into-condensate, F-SRS
modulates incident intense laser pulse at the plasma frequency with a corresponding
modulation of the plasma density. The resulting large EPW grows quickly with time
until it reaches the wave-breaking limit (standard dephasing limit). After that, large
number of background electrons are self-trapped by EPW and are accelerated to high
energy level. The self-modulated laser wakefield accelerator (SM-LWFA) utilizes this
mechanism to generate a beam of highly energetic electrons.

The large amplitude electron plasma waves (EPWs) are generated by a self-modulation
or stimulated forward Raman scattering instability with a phase velocity v,, near the
group velocity v, of the laser pulse, i.e., v, & vy, so the relativistic Lorentz factor corre-
sponding to the phase velocity v, of EPW is v, = (1 — vZ/c?)™2 = (1 — 02/ ~
wo/wpe. According to Ref. [79], in the two-dimensional cold plasma theory, the critical
amplitude of the electron plasma wave (plasmon) is determined by the wave-breaking
limit (standard dephasing limit), the maximum energy of an electron, trapped by the
potential of a relativistic EPW, having an amplitude ep™* = y,m.c?, is given by
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E™ = 292m,c? (4.1)

By taking the parameter wy/wpy. = 10 we used, the maximum energy of an electron
obtained is £™** ~ 102MeV .

For the same plasma length L = 1000c/wy, in the two cases of laser amplitude a = 1.0
and a = 1.5, the maximum relativistic factor of an electron obtained are y™** = 91
and 151, the corresponding maximum energy E™® = 46 and 77MeV, respectively,
which are less than 102MeV; this means that the large amplitude EPWs do not exceed
the wave breaking limit (standard dephasing limit). However, for the same plasma
length L = 1000c/wy, in another two cases of laser amplitude ¢ = 2.0 and a = 3.0,
the maximum relativistic factor of an electron obtained are y™* ~ 219 and 246, the
corresponding maximum energy E™% =~ 112 and 126 MeV, respectively, the maximum
electron energies are exceeding the wave-breaking limit (standard dephasing limit).

In recent years, large efforts have been made to understand why the maximum electron
energy can exceed the standard dephasing limit. It was also reported in experiments
[100, 101] and studied by PIC simulations [102, 103] that maximum relativistic electron
energies observed are in an excess of the standard dephasing limit ™% = 27§mec2. For
example, in Ref. [104], by including the space-charge field due to self-channeling, it was
shown that the maximum energy gain E™® = 4y2m.c?, which is greater by a factor
of > 2. A new kind of mechanism that leads to efficient acceleration of electrons in
underdense plasma by two counter-propagating laser pulses may help to explain how the
maximum energy gain can possibly exceed the standard dephasing limit, as suggested
by some authors [92, 93].

In this thesis, we do not want to study why the maximum electron energy can exceed
the standard dephasing limit and will leave this problem in the next paragraphs. Our goal
is to focus on a generation of a pulsed high-quality and well-collimated return relativistic
electron beam; and to study the ultra-relativistic beam characteristics, the mechanism
of beam formation and the time-history of the beam electrons in phase-space x — p;.

4.2.3 High-quality and well-collimated return relativistic elec-
tron beam and two-stage electron acceleration

To show this phenomenon, in figure 4.2, the electron phase-space x — p, snapshots are
plotted for four simulation runs, where the incident laser amplitude are a = 0.5, 1.0,
2.0 and 3.0. One can see that, besides the laser amplitude a = 0.5 case, a short high-
quality and well-collimated return relativistic electron beam propagating in the direction
opposite to laser propagation is created. We also found that, when laser amplitude
between a = 1.0 and @ = 2.0, the quality of the return relativistic electron beam is
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Figure 4.2: The electron phase-space x — p, snapshots in the case of plasma length L =
1000c/wp and temperature T, = 1.0keV. Four simulations are performed for different

laser amplitude (a) a = 0.5; (b) a = 1.0; (¢) a = 2.0; and (d) a = 3.0, respectively.
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better than that of other laser amplitude cases under the condition of our simulation
parameters.

As an example, from now on, we will concentrate on the case of plasma length L =
1000c/wp and laser amplitude a = 1.0, to study and explain the details of the high-quality
and well-collimated return relativistic electron beam.

In figure 4.3, the snapshots for electron longitudinal momentum in phase-space T — px,
is given. Physics of electron acceleration by intense laser interacting with underdense
plasma can be seen clearly and directly. At an early stage, large part of the background
electrons start to interact with a forward propagating relativistic EPW generated mainly
by F-SRS and are accelerated to large positive momenta p,. As has shown in figure 4.1
and Table 4.1, in this case, the maximum electron momentum and energy obtained
are pM /mec &~ 91 and E™*® ~ 46MeV, respectively. The accelerated electrons move
forward to the right plasma-vacuum boundary, where they escape from plasma layer
into vacuum region to build a potential barrier, as shown in figure 4.4 for the snapshots
of ES field E,, a large ES field that is formed quickly. This sheath ES field structure
gradually decreases from plasma-vacuum interface to vacuum region. The accelerated
electrons entering this region experience deceleration to be eventually stopped. Further,
these electrons reverse their motion to be accelerated backwards into the bulk plasma.
However, some ultra-fast electrons overcome the potential barrier and eventually are lost
in the numerical-damping region, that we introduced.

Electrons travelling backward through the bulk plasma will be additionally accelerated
by the ES sheath at the front interface. As time progresses, a mono-energetic well-
collimated relativistic electron beam bunch (energy about 12 — 17MeV is eventually
formed. When these electrons get through the front interface into vacuum, they again
experience deceleration and reverse acceleration by the ES sheath potential. Most of
the electrons returning into the bulk plasma are moving forward to the rear boundary.
However, in the meantime, the high-quality well-collimated relativistic electron beamlet
will gradually separate from the rest of the beam. Since the sheath ES field at the
plasma-vacuum boundary still exists, electrons which arrive at the rear side experience
the similar process as before. Moving back and forth energetic electrons recirculate
through the bulk plasma. In time, due to electron beam interaction with the bulk
plasma, relativistic beam features will be lost via thermalization with the rest of the
heated bulk plasma.

Why at appropriate intense laser amplitude condition, for example, a = 1 ~ 2, this
kind of high-quality and well-collimated relativistic electron beams can be formed? We
think that, perhaps, this result comes from the mutual-modulation between the acceler-
ated electrons and the large sheath ES field formed at right vacuum region. Possibly, at
lower laser amplitude condition, because of no strong electron acceleration by SRS and
the small sheath ES field formed at right vacuum region which keeps its structure too
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Figure 4.3: The snapshots for electron phase-space x — p, in the case of plasma length
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Figure 4.5: The snapshots for electron longitudinal momentum distribution p, — f(p.) in
the case of plasma length L = 1000c/wq, temperature T, = 1.0keV and laser amplitude
a = 1.0, respectively.

long time not to be changed, while, at higher laser amplitude condition, strong electron
acceleration due to SRS and large sheath ES field with fast-changed structure at right
vacuum region; as a result, in the two cases of lower and higher laser amplitudes, the
mutual-modulation between the accelerated electrons and the sheath ES field formed
right vacuum region are not properly satisfied the condition which for the high-quality
and well-collimated relativistic electron beam to form.

In Figure 4.5, the snapshots of electron longitudinal momentum distribution p; — f(pz)
is shown. The peaked distributions can tell us about the formation of the relativistic
electron beam and its energy distribution in the opposite direction to the laser propaga-
tion. The relativistic electron beam is formed as the accelerated electrons are reflected
and pulled into the bulk plasma from the right plasma-vacuum interface. This formation
of high-quality and well-collimated return relativistic electron beam is characterized by
the peak around the electron longitudinal momentum pg/m.c ~ —35.

Based on the above simulation results, we propose that, electron acceleration by
intense laser EM wave interacting with underdense plasma layer, plasma density n <
Yner /4 for SRS taking place, can be divided two phases, i.e., the initial rapid electron
acceleration by F-SRS and the second electron acceleration due to large sheath ES field
at right vacuum region. The electron acceleration in the second phase corresponds to
the formation of high-quality and well-collimate return relativistic electron beam. This
two-phase electron acceleration operates just like a two-stage accelerator.

In order to see the process of high-quality and well-collimated relativistic electron
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Figure 4.6: The snapshots of electron phase-space z — p, for these selected electrons
which have negative momenta between —20 < p,/mec < —90 during the time interval
of 239 <t < 955 in the case of plasma length L = 1000¢/wp, temperature T, = 1.0keV
and laser amplitude a = 1.0, respectively.

beam formation clearly, we select test electrons which have negative momenta between
—20 < py/mec < —90 during the time interval of 239 < ¢t < 955. The time interval
corresponds to the start and the end for this high-quality and well-collimated return
relativistic electron beam to form. These two conditions almost include all beam elec-
trons. About 1.3% of the total number of electrons satisfy the two conditions in our
simulation. This means that, at least 1.3% of total electrons are accelerated to v > 20
in the case of laser amplitude a = 1.0. These test electrons almost cover the whole range
of the accelerated electrons that we discussed above. By introducing test electrons, we
can trace back their earlier time history easily and vice versa.

In Figure 4.6, we have plotted the snapshots of longitudinal momentum in phase-space
T — pg for these test electrons. Clear physics pictures for electron acceleration, deceler-
ation, and the formation of high-quality and well-collimated return relativistic electron
beam, are shown directly. We can also see that the number of accelerated electrons come
from the electrons which have positive initial velocities in an initial Maxwell distribution.

For the plasma length of L = 1000c/wy, intense laser pulse propagates in a plasma
and arrives at the right plasma-vacuum interface at t ~ 159; after that, although the
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239 < t < 955 in the case of plasma length L = 1000¢/wy, temperature T, = 1.0keV and
laser amplitude a = 1.0, respectively.

laser pulse still propagates in a plasma, the electron acceleration by large amplitude
EPW is almost finished by this time. Nearly all of the forward accelerated electrons are
accelerated by the transient electron plasma wave before laser pulse arrives at the right
plasma-vacuum boundary.

As in figure 4.7 the angular-energy distribution v ~ tan™'(p,/ps) of test electrons
shown, the initial number of electrons which will be accelerated, which has angular-
energy distribution between —90° and 90° (moving forward, initially) is greater than that
of between 90° and 270° (moving backward, initially). When these electrons accelerated
in time, the electron angular-energy distribution is mostly concentrated around two
angles 90° and —270°, that means,

|pm| > \py| (4-2)

The accelerated electrons have larger longitudinal momentum p, than that of transverse
momentum p,, in other words, it demonstrates that electrons are accelerated mainly by
longitudinal waves, not by transverse waves.

In order to better visualize, electron orbits in space are shown for these accelerated
electrons. The time history of orbits z(¢) and momentum p,(t) for six representative
test electrons selected from all of the accelerated electrons, are plotted in figure 4.8. The
scenarios shown in the figure are consistent with our above discussions.
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Figure 4.8: The time history of orbits z(¢) and momentum p,(t) for six representative
test electrons selected from all of the accelerated electrons in the case of plasma length
L = 1000c¢/wp, temperature T, = 1.0keV and laser amplitude a = 1.0, respectively.

When intense laser propagates in the low-density plasma, a large amplitude EPW
is generated mainly by SRS [18]. Rapid SRS heating in forward direction produces a
massive electron blow-off into vacuum region. The large sheath ES fields build up to
drive return currents and accelerate the background electrons to high energies. As shown
in figure 4.4, for the electrostatic field E, plots, at time t = 196.99 (the laser pulse has
passed through the right boundary) SRS driven large amplitude EPW is propagating.
At later times, as SRS gradually saturates, an intense narrow sheath ES field structure
(Debye sheath) with a steep gradient forms at each plasma interface. The maximum
ES field goes up to EJ**® =~ 0.18mewgc/e. The electrons get accelerated by this sheath
electric field, which spreads over the hot-electron Debye length [105]. Assuming that the
electron experiences the Dirac delta-function field, E(z) ~ 6(x); the maximum electron
energy estimate is E™ = [led(z)dz = 46MeV which well agrees with the result
E™® o~ 46 MeV , measured above. This leads to impressive effective accelerating electric
fields of the order of few hundreds GV /m.
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4.2.4 Influences of ion dynamics and numerical-damping region
on electron acceleration

In this section, we will briefly discuss the influences of the ion dynamics and the numer-
ical damping region on the formation of short high-quality and well-collimated return
relativistic electron beam.

In our simulations, the plasma density is taken as n = 0.01ln,,, i.e., the ratio of the
laser to the plasma frequency wy/wpe = 10, that is, the electron plasma period T;, = 10T,
where T, is laser pulse period. As known, due to large ion inertia M; = 1836m,, the
ion plasma frequency is only about wie, = (Me /Mz-)l/ 2Wpe & Wpe/43, the corresponding
ion plasma period T}, ~ 437, = 4307, i.e., 430 times the laser pulse period. Our
total simulation time is about tgm, =~ 13007, ~ 3T,. The high-quality and well-
collimated return relativistic electron beam has been already formed before the time of
900T,. Therefore, it seems plausible to neglect the ion dynamics. Our additional PIC
runs, as shown in figure 4.9, both the electron phase-space x — p, snapshots (top) and
the electrostatic field E, snapshots (bottom), has proved that above assertion is correct.

In order to study the influence of numerical-damping region, another simulation has
been performed for long vacuum regions both in front and rear side of plasma layer
by increasing the vacuum region from 2L = 2000c/wo to 3L = 3000c/wy, the other
simulation parameters are the same as before, i.e., in the case of plasma length L =
1000c/wy, temperature T, = 1000eV and laser amplitude a = 1.0, etc. By this new
simulation results, as shown in figure 4.10, both the electron phase-space x —p, snapshots
(top) and the electrostatic field E, snapshots (bottom), we can say that the numerical-
damping region which we introduced does not have influence on the formation of high-
quality and well-collimated return relativistic electron beam. In fact from figure 4.3 and
figure 4.10, one can clearly see during the formation of this electron beam, for these
electrons which overcome the sheath ES field enter numerical-damping region, they have
no enough time to come back to the region of plasma vacuum interface, i.e., the region
of large sheath ES field, so we need not worry these electrons come back to influence the
formation of this high-quality and well-collimated return relativistic electron beam.
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Figure 4.9: The electron phase-space x — p, and electrostatic field £, snapshots in the
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dynamics is considered with the mass ratio of electron to ion is taken as M;/m, = 1836
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and temperature T; = T, /2 = 500eV, respectively.
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Figure 4.10: The electron phase-space z — p, and electrostatic field E; snapshots in the
case of plasma length L = 1000c/wy, temperature T, = 1.0keV and laser amplitude
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3000c/wy, which is longer than that used in above simulations 2000c/wo.
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Chapter 5
Conclusions and Summary

The interaction between ultra-intense laser EM waves and plasmas now is a basic and
important topic due to the rich physical phenomena both in wave-wave and wave-particle
interaction and its widespread applications ranging from astrophysics to fusion science.

ICF, as an attractive energy source, has become one of the most challenging goals
in current energy research, which motivates many scientists to pay more attentions to
the research of laser-plasma interactions. Laser-plasma interaction is a source of various
instabilities, and the study of instabilities is of an essential importance for the success of
ICF. In particular, the most of researches have been put into the studies of SRS and SBS,
concerning their ability to reflect laser energy and produce energetic particles that can
preheat the core of a fusion pellet in laser fusion applications, which reduce the energy
gain of laser-fusion targets. Recently, SEAWS instability was proposed in experiment and
was also studied by particle simulation. Although much effort has been devoted to this
subject, many aspects of scattering instabilities remain unresolved and observations and
theoretical models are rarely in good agreement. In addition to the various instabilities,
ultra-intense laser pulse propagating in a plasma, dispersion effects come into play due
to the finite inertia with which plasma particles respond to the high laser EM field,
while the nonlinearity appears due to the plasma density redistribution under the action
of the ponderomotive force that pushes the plasma particles away from the region of
maximum EM field. These effects can lead to well-known nonlinear phenomena such as
self-focusing, transparency of an overdense plasma, and the generation of EM soliton.
After the advent of short-pulse, high-intensity laser pulse, particle acceleration by intense
laser interacting with plasma has also become a very attractive research topic due to its
widespread applications, such as photon acceleration, in the concept of fast ignition of
ICF, medical treatment, radiography and so on.

In the thesis, our researches are mainly concentrated on instabilities, relativistic EM
soliton and electron acceleration, induced by linearly-polarized intense laser interacting
with underdense plasmas, by means of fully relativistic EM 1D-PIC simulations.
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(1). The first part is the generation of accelerated large amplitude rela-
tivistic EM solitons in long underdense homogeneous plasma

In simulations, ions are initially placed as a neutralizing background and are kept
immobile. In the case of low plasma density n = 0.032n,,, the physical phenomena take
place according to the temporal series as follows.

1.1. SRS takes place, which can be described as a resonant decay of an incident laser
EM wave (wp, ko) into a scattered EM wave (w;, ks) plus an EPW (Wepw, Fepw), With
following matching condition for frequencies and wavenumbers are well-satisfied;

Wy R Ws + Wepw 5 ko =~ Fks + kepw (51)

1.2. After B-SRS and F-SRS, there is typically the stimulated Raman cascade process
with the following dominant frequencies and wave numbers,

Ws,3 = Wo == jwepw ; :st,j = ko % jkepw (.7 = =x1,+2, 43, ) (52)

The scattered EM waves include not only the Stokes modes (j = —1,—2,---) but also
the anti-Stokes modes (j = 1,2, - --), respectively.

1.3. After Raman cascade, the transition from Raman cascade into photon condensa-
tion takes place. It becomes more pronounced with increasing laser intensity. It down-
shifts the power maximum from the fundamental to the bottom of EM wave spectra,
i.e., the EM energy accumulation at perturbed electron plasma frequency wpe.

1.4. The standing, backward- and forward-accelerated large amplitude relativistic EM
solitons are observed after the photon condensation process. As a new research result,
we found that, in homogeneous plasma condition, the acceleration of soliton depends not
only upon the incident laser intensity but also upon the plasma length. The accelerated
solitons arrive at the plasma-vacuum interface, where radiating their energy in the form
of low-frequency intense EM bursts. In the region of soliton, the transverse electric,
magnetic and ES fields have half-, one- and one-cycle structure in space, respectively.
Only from the point of view of frequency, this phenomenon can be roughly explained as
a three-wave resonant coupling process.

(2). The second part is the generation of ion-vortices in phase-space in
subcritical density plasmas (n./4 < n/vy < nc, v is relativistic factor).

2.1. When laser enters the plasma layer, a novel T-SEAWS instability takes place.
It can be well-explained by a resonant 3-wave parametric decay of the relativistic laser
pump into the slowed Stokes EM wave with w, ~ wp, and the T-EAW with weqw < wpe,
with following matching condition for frequencies and wavenumbers are well-satisfied;

Wo = Ws + Weaw 3 kO ~ —ks + keaw (53)

In nonlinear saturation, there is a rapid growth and strong localization of the Stokes
wave by forming narrow intense EM soliton-like structures with downshifted laser light
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trapped inside. The train of soliton-like structures gets irradiated through the front

vacuum-plasma boundary. Large trapped EAW quickly heats up electrons to relativistic
energies which eventually suppresses the T-SEAWS instability. The ion dynamics does
not play a significant role on the early physics behaviors of T-SEAWS.

2.2. When ion dynamics are considered, an ion ES wave is excited. As time goes on,
ion ES wave breaks, accompanying with the generation of a large amplitude EM soliton
in its breaking place, and therefore the formation of large ES field inside.

2.3. As a new physics phenomenon, an ion-vortex in phase-space forms because the
large part of ions are accelerated and trapped by the regular EM and ES fields inside
large amplitude soliton. As the soliton accelerating backwards, several ion-vortices form
due to the continuing ion acceleration and trapping. Not only in homogeneous but
also in inhomogeneous plasma at subcritical density, at appropriate laser amplitude, the
ion-vortices can form due to the large amplitude EM soliton.

2.4. From the topological point of view, the ion-vortex structure can be classified
as the Kelvin-Helmholtz instability pattern. More precisely, if we think the formation
of ion-vortices is due to topological defect, i.e., plasma density cavity in the region of
soliton, the ion-vortex structure should belong to the class of Ying-Yang pattern.

(3). In the third part of this thesis, the formation of high-quality and
well-collimated return relativistic electron beam is studied.

3.1. When an intense laser propagates in a long underdense homogeneous plasma, an
EPW can be excited by SRS and the resulting EPW grows and saturates quickly with
time until it reaches the wave-breaking limit. Large number of background electrons are
trapped and accelerated to high energies due to the breaking of the large EPW;

3.2. The novel point is that, at appropriate laser intensities, a new phenomenon
of pushed short high-quality and well-collimated return relativistic electron beam, is
observed in the direction opposite to laser propagation;

3.3. Based on our research result, we propose that, electron acceleration by intense
laser interacting with underdense plasma, can be divided two phases, i.e., the initial rapid
electron acceleration by SRS and the followed electron acceleration due to large sheath
ES field at right vacuum region which corresponds to the formation of high-quality and
well-collimated return relativistic electron beam. This two-phase electron acceleration
operates like a two-stage accelerator.

Although the above results presented in this thesis are based on 1D ge-
ometry, they can serve as useful background to investigate multi-dimensional
plasma complexity in the further research on parametric instabilities, nonlin-
ear phenomena and particle acceleration, etc., which induced by ultraintense
laser EM waves interacting with underdense plasmas.
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Abbreviations

EM: Electromagnetic

| ES: Electrostatic

ICF': Inertial confinement fusion

PIC: Particle-in-cell

1D-PIC: One-dimensional particle-in-cell

EPW: Electron plasma wave

IAW: Ion acoustic wave

SRS: Stimulated Raman scattering

SBS: Stimulated Brillouin scattering

B-SRS: Stimulated backward Raman scattering
F-SRS: Stimulated forward Raman scattering

RMI: Relativistic modulational instability

EAW: Electron acoustic wave

T-EAW: Trapped electron acoustic wave

SEAWS: Stimulated electron acoustic wave scattering
T-SEAWS: Stimulated trapped electron acoustic wave scattering
MHD: Magneto-hydro-dynamics
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