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& Abstract &

In this thesis, we study theoretically and numerically the dynamics of propagation
of (2-+1)-dimensional ion-acoustic waves in magnetized electronegative plasma made of a
significant number of negative ions, with electrons both in Boltzmann distribution and
cold mobile positive ions, under the influence of the external magnetic field. For this pur-
pose, from the hydrodynamic equations of the two-dimensional magnetized electronegative
plasma, the dynamics of the system is reduced via the standard reductive perturbation
method on the one hand, to the nonlinear Schrodinger (NLS) equation and on the other
hand, to the Davey-Stewartson (DS) equations. Through the linear stability analysis of
plane waves, an expression of the modulational instability growth rate is derived to anal-
yse the areas of the emergence of solitary waves. The existence of ion-acoustic waves in
the both models is confirmed. In the case of the NLS equation and in order to describe
the main characteristics of ion-acoustic waves, the variational method is performed involv-
ing trial function solution of this equation and the exact (input profile) and numerical
(output profile) solutions are obtained and discussed. In the case of the DS equations,
one-dromion and two-dromion solutions are investigated analytically using the Hirota’s
bilinear method, and numerically. The impact of the magnetic field is discussed in that
context, and particular attention is given to dromion interactions under different scenarios.
We noted a slowing effect on the propagation of the dromion solutions in the presence
of the external magnetic field. Elastic (inelastic) collision of two-dromion solutions is
observed during their evolution, with an acceleration of the process in the presence of
external the magnetic field.
Keywords: Magnetized electronegative plasma; Nonlinear Schrédinger equation; Davey-
Stewartson equations; Modulational instability; Variational approach; lon-acoustic waves;

Dromions like solutions.
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& Résumé &

Dans cette these, nous étudions théoriquement et numériquement la dynamique de
propagation des ondes acoustiques ioniques & (2+1) dimensions dans un plasma élec-
tronégatif magnétisé constitué d’un nombre important d’ions négatifs avec des électrons,
a la fois dans une distribution de Boltzmann et des ions positifs froids mobiles, soumis
a l'influence du champ magnétique externe. A cet effet, a partir des équations hy-
drodynamiques du plasma électronégatif magnétisé bidimensionnel, la dynamique du
systéme est réduite via la méthode de perturbation réductrice standard d’une part, a
I’équation de Schrédinger non linéaire et d’autre part, aux équations de Davey-Stewartson
(DS). Grace a l'analyse de la stabilité linéaire des ondes planes, une expression du gain
d’instabilité de modulation est dérivée pour analyser les zones d’émergence des ondes
solitaires. L’existence d’ondes acoustiques ioniques dans les deux modéles est confirmée.
Dans le cas du plasma modélisé par I’équation de NLS et afin de décrire les principales
caractéristiques des ondes acoustiques ionques, la méthode variationnelle est effectuée im-
pliquant une solution de fonction d’essai de cette équation et les solutions exactes (profil
d’entrée) et numeériques (profil de sortie) sont obtenues et discutées. Dans le cas du plasma
modélisé par les équations de DS, les solutions & un et deux dromions sont obtenues et
discutées analytiquement en utilisant la méthode bilinéaire d’Hirota, et numériquement.
L’impact du champ magnétique est discuté dans ce contexte, et une attention particuliere
est accordée aux interactions des dromions dans différents scénarios. Nous avons noté un
effet ralentissant sur la propagation des solutions dromions en présence du champ mag-
nétique externe. Une collision élastique (inélastique) des solutions & deux dromions est
observée au cours de leur évolution, avec une accélération du processus en présence du
champ magnétique.

Mots clés: Plasma électronégatif magnétisé; Equation de Schrédinger non linéaire;
Equations de Davey-Stewartson; Instabilité modulationnelle; Approche variationnelle;

Ondes acoustiques ioniques; Solutions de type dromions.
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& General introduction &

What is a plasma? Plasma is the fourth state of the matter, just like solid, liquid
and gaseous states. It is usually composed of charged particles (negative ions, positive
ions and electrons) and neutral particles (atoms and molecules). In the presence of a
significant number of negative ions, it is qualified as electronegative plasma (ENP). The
presence of negative ions in a plasma modifies its basic nature and importantly affects
wave propagation of various kinds as well as their characteristics. The charge neutrality
condition gets modified in that context, leading to the increase in the negative ion density,
while the number density of electrons decreases. This means that the shielding effect
produced by the electrons decreases and the behavior of the plasma consequently changes.
The electronegative plasma, in the presence of the external magnetic field is so-called
magnetized electronegative plasma. Moreover, the presence of the external magnetic field
can be used to control the directions, the velocity and the electrical properties of the
plasma and improve the performance of these processes by confining the plasma and
increasing the reaction rate. Plasma, in physics, not to be confused with blood plasma, is
an electrically conducting medicium and produced when the atoms in gas become ionized.
On the other hand, the blood plasma is the largest part of our blood which carries the
blood components throughout the body.

0.1 Context of the thesis

During recent years, the effect of charged particles (electrons, positive or negative
ions) on the plasma properties such as quantum plasmas [1-6|, dust plasmas [7—11], pair-
ion plasmas [15-19], electronegative plasmas [20-23], magnetized electronegative plasmas
[21-35], just name to a few, has long been the subject of significant interest. The solar
system is made up of planets surrounded by plasma with various characteristics (electron

density, temperature, collision frequency...). By supplying energy to a neutral gas, one
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can cause a formation of charged particles (electrons, negative ions, positive ions) which,
with the non-ionized atoms or the molecules of the gas, become the components of the
generated plasma. Plasma is so-called an ionized gas. The term plasma was first officially
introduced in Physics by Irving Langmuir in 1928 [30] to describe the ionized gas by its
behavior in discharge tubes. Thus, following this discovery, several scientific researchers
became interested in the study of Plasma physics. The way of energy is transferrd depends
not only on the method of production of plasma, but also on its physical properties and
potential applications, both in the laboratory and in technology. On the scale of the
Universe, plasma represents up to 99% of the available matter (Research shows that
plasma constitutes 99% of the visible universe. We belong to the rest 1% of the matter
on earth which is something different from plasma) [37,38]. Amongst its characteristics,
a plasma displays high sensitivity to electric and magnetic fields. Many scientists are
interested in studying plasma because of their temperature, density and the types of
particles they contain wich are its main characteristics.

Plasmas are considered as one of the four states of matter and they are said to be
electronegative plasmas (ENPs) [39-13] in the presence of a significant amount of negative

ions. The latter nowadays has become a fascinating topic because of fundamental scientific

interest, and it is observed in astrophysical objects (Earth’s ionosphere [14,45]), (D-
region [16-18] and F-region [19]), Solar wind magnetosphere [50,51], in industries [52]
and laboratory experiment [53|. However, Plasmas, which are nonlinear and dispersive

media, have vast opportunities to observe different nonlinear wave phenomena such as
ion acoustic solitons (IASs), shock waves and different kinds of instabilities. Due to the
suitable balance between nonlinearity and dispersion, ion acoustic waves (IAWs), and
solitons in general, can spread over long distances, keeping intact their characteristics
and shape. Various applications in plasma science and industry [54,55], and the proof
of its existence in astrophysics, space, and laboratory experiments make ENPs a subject
of growing interest as witnessed by recent contributions both in one-dimensional and
multidimensional contexts [56—-62|. In some previous works, the study of negative ions
including charge evolution in dust plasmas and ion-acoustics (IA) waves were investigated
[16,63,641]. The structure of electronegative plasmas sheath without magnetic field [20-23]
and with magnetic field [24] are investigated. For ion- acoustic waves in electronegative
plasma in the presence of the magnetic field, the solitary wave which is described by the
well-known nonlinear Schrodinger equation can propagate. The study of other aspects and

characteristics of such plasmas waves, related to their response to external magnetic fields
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using the hydrodynamic equations, in one or more dimensions [21-23| can be reduced
by introducing the reductive perturbation approximation to nonlinear Schrédinger (NLS)
equation, Davey-stewartson (DS) equations, just to name a few, modelling the dynamics
of propagation of IAWs in magnetized electronegative plasma. An analytical approach
such as the variational method can be applied to the NLS equation in order to study
the dynamics of the relevant parameters of IAWs in plasma medium. This method is
well known in classical mechanics and can be used in various contexts. To remind, in
nonlinear optics in general and the propagation of pulses in optical fibers in particular, it
was applied for the first time in 1983 by Anderson [65]. The basic physical assumption
of this approach is based on the fact that a propagating pulse retains its initial shape or
profile while only its characteristics such amplitude, width, chirp and phase can change
constinuously according to the propagation distance.

Over the past twenty years, solitonic structures have been investigated in nonlinear
physical systems and their importance has been discussed in a broad range of contexts that
include non-exhaustively optic communication [66-71|, Biophysics [72-75], Bose-Einstein
condensates [76-78] and Plasma physics [79,80]. From the seminal work of Washimi and
Taniuti [81], who first derived the KdV equation for ion-acoustic waves in the plasmas,
soliton theory has been a center of interest for the Plasma physics community with a par-
ticular interest in nonlinear phenomena related to structures, instabilities, wave interac-
tion, wave-particle interaction, and methodology related to plasma nonlinear oscillations.
Resulting from the suitable balance between nonlinear and dispersive effects, ion-acoustic
waves (IAWs), and soliton in general, can spread over long distances, keeping intact their
characteristics and shape. One of the direct mechanisms responsible for the formation
of solitonic structures in nonlinear media is the modulational instability (MI). The latter
occurs when a constant wave background becomes unstable and induces sinusoidal modu-
lations under the competitive contribution of nonlinear and dispersive effects. The result
is a self-organization of the system that leads to the emergence of nonlinear structures
and solitons. Due to its importance in satble wave propagation, the MI of different waves
modes in plasma systems has gained a great attention. Recently, the MI of IAWs in
electronegative plasma and other types of plasma has been investigated in some previous
works [1,22,82-87].

Various applications in plasma science and industry [13,55,88,89], and the proof of
its existence in Astrophysics, space, and laboratory experiments make ENPs a subject

of growing interest, as witnessed by recent contributions both in one-dimensional and
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multidimensional contexts. ENPs have been generated in the laboratory by many differ-
ent methods [53,90, 91|, which corroborates their presence in many space observations,
which include (HF—H™) and (H"—0O3) and in the D— and F—regions of the Earth’s
ionosphere [92,93]. Moreover, the dynamics and head-on collisions of TAWSs in Art—F~
plasmas have been reported experimentally [91], while Ichiki et al. [90] addressed the
propagation features of IAWs in Art—SFg plasma. Theoretically, based on such experi-
mental observations, Mamun et al. [95] have regarded the existence of IA and DIA waves
in an ENP constituted by Boltzmann negative ions, Boltzmann electrons, and cold mobile
positive ions. It was also highlighted recently by Tabi and co-workers that the negative
ion concentration ratio and the electron-to-negative ion temperature ratio importantly
affect the modulational instability (MI) both in one-, two- and three-dimensional con-
texts with (without) the presence of the external magnetic field [21-25,96]. In addition
to the above, the structure of the electronegative plasmas sheath without a magnetic
field was investigated in Refs. [20,21,23] and with magnetic field in Ref. [21]. The study
of other aspects and characteristics of such plasmas waves, related to their response to
external magnetic fields [63,64,97] in the vicinity of the Korteweg-de Vies (KdV) equa-
tions are obtained from the reductive perturbation approximation. In the context of the
present work, we show that when two- and higher dimensions are considered, magnetized
plasma can asymptotically be described by the Davey-Stewartson equations (DSEs). It
is, however, important to precise that DSEs are nonlinear partial differential equations,
as the Riemann wave system [95], the Novikov-Veselov system [99], the chemotaxis mod-
els [100], just to name a few, that were first introduced in fluid dynamics in order to
understand the evolution of three-dimensional wave packets in water of finite depth [L01].
Since then, they have found application in many areas of Physics, most notably in non-
linear optics [102] as well as related fields such as Bose-Einstein condensates [103] and
electromagnetic waves in ferromagnets [101]. A surprising and interesting property of

the DSEs is that they are among the few multidimensional systems whose inverse scat-

tering transform is well known [105, 106], and one can actually get a broad range of
exact solutions among which are rogue waves [107-109], Langmuir waves [L10-112] and
dromions [21, 113, 114]. Dromions, defined by an exact and nonlinear solution of any of

a large class of two-dimensional partial differential equations, were first time investigated
theoretically by Boiti et al. [115]. A particular and important characteristic of dromion
solutions is that they are localized wave packets in various physical systems such as plasma

physics, fluid dynamics and nonlinear optics |1 16] and the interactions of dromions for the
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(241)-dimensional equations may be elastic or inelastic [ 17-119]. On this basis, impor-
tant additional features, compared to the NLS equation, may take place and picture very
rich behaviors of the multi-dimensional MI activation and the resulting plasma modes,
especially when system parameters are suitably chosen. One feature of the present work
is to pay an attention to a comprehensive analysis of MI and additionally proposes exact
solutions to the DS equations, with the use of the Hirota’s bilinear method [113], and their
response to changing system parameters such as the electron-to-negative ion temperature

ratio, the negative ion concentration ratio and, more importantly, the magnetic field.

0.2 Problem statement and objectives of the thesis

A limited number of contributions have been devoted the unmagnetized electronegative
plasmas made of the electrons, cold positive ions and significant number of negative ions
in one and more dimensions [21-23]. In the present thesis, we extend the results of
these previous model of unmagnetized electronegative plasma studied by Panguetna et
al. [21] to include the external magnetic field. This electronegative plasma model in the
presence of the external magnetic field is so-called magnetized electronegative plasma.
We are interested by the dynamics of propagation of ion-acoustic waves in electronegative
plasma in the presence of external magnetic field, because magnetized plasmas play a very
important role in the study of plasma physics. Indeed, the introduction of a magnetic
field considerably enriches the physical phenomena that can be generated in plasmas.
One of our interests in magnetized plasma has concerned the anisotropic caracteristic of
plasma in the presence of magnetic field and the properties of waves which depend on
the direction of wave vector relative to the magnetic field vector. Moreover, the presence
of the external magnetic field can be used to control the directions, the velocity and the
electrical properties of the plasma and improve the performance of these processes by
confining the plasma and increasing the reaction rate.

The main objective of this present thesis is to analyze the impact of the physical pa-
rameters of the system on the activation of modulational instability and on the emergence
and propagation of the ion-acoustic waves in the magnetized electronegative plasma. More
precisely in our contribution, several specific objectives of the research presented in this

thesis are:

e The derivation of the two plasma models from the system consisting of continuity
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equation, momentum equation and Poisson’s equation by the using of the reductive
perturbation method, method, namely, the nonlinear Schrodinger equation and the

coupled Davey-stewartson equations.

e The analysis of the generation of the ion-acoustic waves through the models of study

using the linear stability analysis.

e The study of the evolution of the relevant parameters of IAWs propagating through

the models using the variational approach in NLS equation.

e The obtention of the exact and nonlinear dromion solutions using the bilinear Hirota’s

method in DS equations, and the study of their interactions.

0.3 Outlines of the thesis

To carry out this thesis, the dissertation is organized as follows

Chapter I is devoted to the literature review on the generalities related to plasma the-
ory. The following the concepts will therefore be addressed: history of plasmas,
type of plasmas and some of their useful properties and characteristics, ENPs and
magnetized ENPs. Finally, we present the plasmas fluid description that will be the

starting-point for studying plasmas dynamics.

Chapter II consists of presenting the models description of the governing equations
for the propagation of ion-acoustic waves along the external magnetic field in an
electronegative plasma and the method used along the thesis. Here, we present

some analytical and numerical methods used to obtain our results.

Chapter III presents the main results and discussion of this thesis. These results con-
cern the dynamics of modulated nonlinear ion-acoustic wave packets and the dy-

namics of ion-acoustic dromions, both in magnetized electronegative plasma.

We end the present thesis with a general conclusion where we summarize the main

results obtained, and give some outlook related to our future investigations.
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Litterature review
-

Introduction

Ionized gases are gases made of neutral particles (atoms, molecules) and charged par-
ticles (electrons, ions). When the proportion of charged particles is large, it is called
plasma. A plasma is therefore a highly ionized or totally ionized gas. We can also say
that an ionized gas is the union of a neutral gas and a plasma. Plasma is often described
as a state of matter (fourth state of matter), just like the solid state, the liquid state or
the gaseous state, although there is no abrupt transition from one of these states to the
plasma or vice versa. Plasma is only visible on earth at very high temperatures, when the
energy is such that it succeeds in tearing electrons from atoms. We then observe what it
is conventionally called a sort of "soup" of extremely active electrons in which the nuclei
of atoms "bathe". The nature and composition of plasma allow it to exhibit complex and
interesting behaviors. Research shows that plasma constitutes 99% of the visible Uni-
verse. We belong to the remaining 1% of the matter on earth which is something different
from plasma [38]. Plasmas are found in and around the earth, in lightning channels of
the ionosphere, in the aurora, and the earth’s magnetosphere. Plasmas are found in the
solar wind, in the magnetosphere, and in comets. Around Jupiter and Saturn, we have
plasmas in the form of gigantic plasma toroids. The sun and the other stars are nothing
but enormous plasma balls. Not only the stars but also the nebula within the galaxies is
also composed of plasma and so on. The analysis of plasma properties does not only help
to explain some natural phenomena, but also to set devices and some industrial processes.
In this chapter, we stand out the literature review on plasmas. Some useful characteris-
tics of plasma like Debye length, temperature, and so on, are presented. Space plasma,
plasma production and applications are also introduced here. Finally, we presente the

plasma fluid models with emphasis in magnetized ENPs.
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1.1 Plasma discovery history and plasma formation

1.1.1 Plasma discovery history

The word plasma comes from Greek mAdopuc, meaning something molded or fash-
ioned [37], and describes the collective behavior of the ionized atomic nuclei and the
electrons within the surrounding region of the plasma. The term plasma was first used
in physics by the American physicist Irving Langmuir in 1928 [36], when he observed the
behavior of ionized gas in gas discharge tubes. The oscillations of all the ions observed in
these tubes were reminiscent of the oscillations that can be seen in a gelatinous medium
(plasma means gelatinous matter in Greek). Except near the electrodes, where there are
sheaths containing very few electrons, the ionized gas contains ions and electrons in about
equal numbers so that the resultant space charge is very small. We shall use the name
plasma to describe this region containing balanced charges of ions and electrons [36]. The
development of plasma physics was made following these first discoveries. Originally, a
plasma designated a globally neutral ionized gas, then this definition was extended to
partially ionized gases whose behavior differs from that of a neutral gas. Today, we talk
about plasma when the matter we observe a large number of particles of different natures
which can interact with each other and with the environment: it is a soup of electrons,

cations, anions, atoms neutrals.... An example of a discharge tube is shown in Figure 1.1.

Figure 1.1: Example of a discharge lamp [120].
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1.1.2 Plasma formation

Under the usual conditions, the atoms are in neutral, atomic or molecular form. In
the rest of the Universe, however, this "fourth" state of matter is the normal state. To
create a plasma from a neutral gas, energy must be supplied to tear one or more electrons
from each atom. It is therefore necessary that a sufficient energy is supplied to the
atoms so that they are partially, or even totally ionized. The transition from one state
to another being achieved by a certain supply of energy AFE (temperature) as indicated

below Solid 2% Liquid 25 Gas 2E  Plasma in Fig. 1.2

Solid Liquid
Example: Ice Salt Example: Water, Mercury
Energy Energy
Temperature Temperature
s Gas Plasma
o OO OO% Example: Air, Helium © ® O.@ Example: Lighteninz. Sun
80 O 0O Energy € 0 O Gas molecules
0.0003 00 €| & cosmosmer
(33 DOOO Temperature O O ® O @ . G[;KIAM:
CQDOQO . O ¢ @ @ Free elecirons
f Maolecule fragment
(high-energetic)

Figure 1.2: Plasma formation by supplying energy/temperature [121].

The different phase changes between these states of the matter are as follows (see Fig.

1.3):

e Freezing: Change of a substance from liquid phase to solid phase;

Melting: Change from solid phase to liquid phase;

Vaporization: Change from liquid phase to gaseous phase;

Condensation: Change from gas phase to liquid phase;

Sublimation: Change from solid phase to a gas phase without becoming a liquid;

Deposition: Change from gas phase to solid phase without becoming a liquid;

Ionization: Change from a gaseous phase to plasma (ionized particles);

Ph.D Thesis in Physics 9] GANYOU Stéphanie® 2024



Chapter I: Litterature review

=
'._H

=

¥

=l

o5

=

AE S
AlE 2
=] =
= = =
ﬂ -
allz -
;E

=

Figure 1.3: Different phase changes between these states of the matter.

e Recombination: Change from plasma to gas.

The enthalpy is defined by the measurement of energy in a thermodynamic system. The
physical quantity of enthalpy is equal to the total content of heat of a system, and equiv-
alent to the system’s internal energy plus the the product of pressure and volume. A
gaseous medium does not allow the conduction of electricity. When this medium is sub-
jected to a weak electric field, a pure gas is considered as a perfect insulator, because it
contains no free charged particles (electrons or positive ions). Free electrons and positive
ions can appear if the gas is subjected to a strong electric field or to sufficiently high
temperatures, if it is bombarded with particles or if it is subjected to a very intense elec-
tromagnetic field. When the ionization is significant enough for the number of electrons
per unit volume to be comparable to that of neutral molecules, the gas then becomes a

highly conductive fluid called plasma.

1.1.3 Multi-photon ionization and plasma generation

For laser intensities ranging from 10 to 10 W/em?2, higher order nonlinear pro-
cesses occur, in particular multiphoton ionization (MPT). At 800 nm, 8 to 10 photons are

needed to ionize the nitrogen and oxygen molecules and produce a plasma [122]. Ioniza-
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tion by tunnel effect can also occur thanks to the very large electric fields carried by the
laser pulse. However, according to Keldysh’s theory [123], multi-photon ionization dom-
inates for intensities less than or equal to 10 W/cm?. Taken separately, beam collapse
due to Kerr self-focusing, like plasma-induced defocusing, should prohibit any long-range
propagation of high-power laser pulses through air. However, these two processes can
compensate each other and give rise to a self-guided, quasi-solitonic propagation [124].
The laser beam first self-focuses by the Kerr effect. Then, when the intensity is high

enough, a plasma is generated by MPI, which defocuses the beam.

1.2 Characteristics of plasma

To characterize a plasma, it is necessary to take into account the number of species
present and their different charge states, and study the evolution of the density, the
electronic temperature and the distribution function in space and in speed. If the recom-
bination processes between electrons and ions do not balance the ionization process, the
plasma is said to be out of thermodynamic equilibrium. The complete study of all the phe-
nomena appearing in a plasma is currently impossible, resulting in an initial simplification
necessary for the distinction and classification of plasmas. Faced with this classification
difficulty, plasmas are characterized based on their degree of ionization, their density and
their electronic temperature. Amongst its characteristics, a plasma displays high sensi-
tivity to electric and magnetic fields. Many scientists are interested in studying plasma
because of their temperature, density and the types of particles they contain wich are its

main characteristics.

1.2.1 Plasma density and degree of ionization

Degree of ionization is the number of electrons, a neutral atom has lost in an ionizing
physical process , such as radiation, shock, or collision. The degree of ionization of the
plasma is defined by:

ne
o =

(1.1)

Ne +ng’
where n, is the density of electrons and ny the density of neutral particles. « is included
between 0 and 1, which makes it possible to define three types of ionized gases:

If @ << 1, the plasma is said to be weakly ionized.

If « < 1, the plasma is said to be partially ionized. Movements are governed by an
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external electromagnetic field.
If « = 1, the plasma is said to be completely ionized. Movements are dominated by

collective interactions between particles (far Coulomb interactions).

1.2.2 Quasi-neutrality in plasma

Quasi-neutrality criterion indicates that a plasma is globally electrically neutral, that
is to say that there are as many positive as negative charges. When no external dis-
turbance like an electron or ion is present, a plasma is macroscopically neutral. This
means that under equilibrium conditions, with no external forces, in a volume of the
plasma sufficiently large to contain a large number of particles and yet sufficiently small
compared to the characteristic lengths for variation of macroscopic parameters such as
density and temperature, the net resulting electric charge in a plasma is zero. Therefore,

the equilibrium charge neutrality condition in the case of three species plasma is given by

¢iMi0 + Gnnino — €neo = 0, (1.2)

where n;9, n,0 and n.y are respectively, the unperturbed number densities of positive ions,
negative ions and electrons. ¢; = Z;e is the positive ions charge, ¢, = —Z,e is the negative
ions charge and e is the magnitude of the electron charge. Quasi-neutrality is notably the
result of the conservation of the electric charge during the ionization process. If a local
potential is imposed in the plasma, the opposite charged particles organize in order to

confine the electric field from leaking in to the plasma.

1.2.3 Plasma temperature

Plasma is a collection of many species with range of velocities in three dimensional
phase-space. When the density of particles in a velocity space is plotted against the
velocity ranging from —oo to 400, we get a peak at the centre which falls away from the
centre as described by a Maxwellian distribution [125]. The full width at half maximum
of the distribution determines the temperature of the species and is associated with the

mean velocity of the particles. The Maxwellian distribution of electrons is given by

f) =n (%)3/2 exp (-%) | (1.3)

In the above expression, m denotes mass of electron and T denotes the temperature of the

electron. The distribution function f(v) describes the number of particles (dn) in a given
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velocity interval, dn = f(v)dv. This can be expressed in terms of energy and the electron
energy distribution function, f(FE) is obtained from the velocity distribution function as

F(E) =n <£> KDY exp (-%) | (1.4)

™

One can obtain the average particle velocity, v from the velocity distribution function as

5= (8’€_T> " (15)

™m

T,, T; , T_ are generally used to denote the temperature of electrons, positive ions and
negative ions. If plasma species fulfil the condition T, = T; = T, = T., = T; = T,
where T, T;, T., T,,, Ty and T, denote respectively to gas temperature, ion temperature,
electron temperature, excitation temperature, dissociation temperature, and radiation
temperature, then the plasma is said to be in thermal equilibrium. Complete thermal
equilibrium is very difficult to observe, however, under certain laboratory conditions local
thermal equilibrium can be achieved. If the ion temperature and gas temperature is
comparable with the electron temperature, the plasma is said to be in local thermal
equilibrium. Typically for low pressure plasmas, T, > T; ~ T, and therefore, the plasma

is said to be in non-thermal equilibrium.

1.2.4 Plasma frequency

Plasma frequency is a cut-off pulse defined as the minimum value below which the wave
can not propagate in the plasma. However when the electrons in a quasineutral plasma
(the equilibrium of the plasma) are perturbed from their equilibrium positions, an electric
field will be built in such a direction such that the resulting internal space charge fields
give rise to collective particle motions that tend to restore the original charge neutrality.
As the ions are massive compared to the electrons, they form a uniform background.
Due to inertia, the electrons will overshoot and oscillate about their equilibrium positions
with a characteristic frequency, which is known as plasma frequency. Since these collective
oscillations are high-frequency oscillations, the ions, because of their heavy mass, are, to
a certain extent, unable to follow the motion of the electrons. On solving the basic fluid

equations for a plasma with singly charged ions, the electron-plasma frequency w, is [120]

ne2
_ 1.6
wp 5Ome ) ( )
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where m, stands for the mass of an electron. For the properties of the plasma to be
determined by electromagnetic rather than hydrodynamic collision, the plasma frequency

must be large compared to the ordinary collision frequency.

1.2.5 Debye length and Debye shielding

One of the most important property of a plasma is the shielding of every charge in the
plasma by a cloud of opposite charged particles and it is called the Debye Shielding. The
Debye length is an important physical parameter for the description of a plasma [127].
It provides a measure of the distance over which the influence of the electric field of an
individual charged particle is felt by the other charged particles inside the plasma. The
charged particles arrange themselves in such a way as to effectively shield any electrostatic
fields within a distance of the order of the Debye length. This shielding of electrostatic
fields is a consequence of the collective effects of the plasma particles. A Debye sphere is
a volume whose radius is the Debye length, in which there is a sphere of influence, and
outside of which charges are screened. In most types of plasma, quasi-neutrality is not
just an ideal equilibrium state, it is a state that the plasma actively tries to achieve by
readjusting the local charge distribution in response to a disturbance. A fundamental
characteristic of plasma behavior is its ability to shield electrical potentials applied to

it. Suppose we try to create by a hypothetical experiment an electric field inside a

Figure 1.4: Debye shielding of charged spheres immersed in a plasma [125].

plasma by inserting two charged balls connected to a battery [37, 128]. After a while,
as materialized in Fig. 1.4 the balls will attract plasma particles of opposite charge, and
almost immediately a cloud of ions will surround the negative ball and a cloud of electrons
will surround the positive ball. It turns out that, the potential ¢(r) of this ball after such

a readjustment has taken place, can be obtained from the solution of Poisson’s equation.
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Vip = —E(ni — Ne)- (1.7)

€o
Assuming Boltzmann distribution for the electrons (n. = ngexp(e¢/kT.) ) and for a small
change in the sheath potential (e¢p < kT, ), such that the positive ion density is fixed
(n; = ng), the equation (1.7) after Taylor’s expansion of exponent term and neglecting all
the higher order terms of ¢ gives

d2¢ . €2n0
dz?  ekT,

?, (1.8)

where ng is the plasma density far away from the charged conductor at potential ¢, and
¢ is the potential at a distance x from the conductor. The solution to this equation can

be written as

¢ = ¢ exp (—%) , (1.9)

where the Debye length is defined as

1/2
A\p = (EOkTe) . (1.10)

en,

Thus quasineutrality, which is the basic criterion for an ionized gas to be plasma, will exist
if the dimensions of the system are large compare to the Debye length. Also for Debye
shielding to be statistically valid there must be a large number of particles Np in a Debye
sphere. As mentioned before, the Debye length can also be regarded as a measure of the
distance over which fluctuating electric potentials may appear in a plasma, corresponding
to a conversion of the thermal particle kinetic energy into electrostatic potential energy.
When a boundary surface is introduced in a plasma, the perturbation produced extends
only up to a distance of the order of A\p from the surface. In the neighborhood of any
surface inside the plasma there is a layer of width of the order of Ap, known as the
plasma sheath, inside which the condition of macroscopic electrical neutrality may not be
satisfied. Beyond the plasma sheath region there is the plasma region, where macroscopic
neutrality is maintained. Generally, A\p is very small. For example, in a gas discharge,

3

where typical values for T" and n, are around 10*K and 10'®m =3, respectively, we have

Ap = 107*m. For the Earth’s ionosphere, typical values can be taken as n, = 10'2m=3
and T = 103K, yielding A\p = 10~*m. In the interstellar plasma, on the other hand, the

Debye length can be several meters long as we can see in table 1.1.
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Plasma Electron Electron Magnetic Debye
density (m?3) | temperature (K) | field (T') | length (m)

Gas discharge 1016 10% - 1074
Tokamak 10%0 108 10 1074
Ionosphere 10*2 103 107° 1073
Magnetosphere 107 107 1078 102

Solar core 1032 107 - 1074
Solar wind 108 109 107? 10
Interstellar medium 10° 104 1010 10
Intergalactic medium 1 108 - 10°

Table 1.1: The table shows the number density, the electron temperature, the magnetic

field and the Debye length of some natural and artificial plasmas [129].

It is convenient to define a Debye sphere as a sphere inside the plasma of radius equal
to Ap. Any electrostatic field originated outside a Debye sphere is effectively screened by
the charged particles and do not contribute significantly to the electric field existing at
its center. Consequently, each charge in the plasma interacts collectively only with the
charges that lie inside its Debye sphere, its effect on the other charges being effectively

negligible. The number of electrons Np, inside a Debye sphere, is given by

4, 4 [ kT \*?
ND == §7T/\Dne = g'ﬂ' <m> . (111)

The Debye shielding effect is a characteristic of all plasmas, although it does not occur in
every medium that contains charged particles. A necessary and obvious requirement for
the existence of a plasma is that the physical dimensions of the system be large compared
to Ap. Otherwise there is just not sufficient space for the collective shielding effect to
take place, and the collection of charged particles will not exhibit plasma behavior. If L
is a characteristic dimension of the plasma, a first criterion for the definition of a plasma

is therefore
L> Ap. (1.12)

Since the shielding effect is the result of the collective particle behavior inside a Debye
sphere, it is also necessary that the number of electrons inside a Debye sphere be very

large. A second criterion for the definition of a plasma is therefore

neAdh > 1= Np > 1. (1.13)
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This means that the average distance between electrons, which is roughly given by n. Y 3,

must be very small compared to Ap.

1.2.6 Plasma parameter

Plasma parameter is the quantity defined by

1
g=——, (1.14)
neAd
and the condition ¢ < 1 is called the plasma approximation [1258|. This parameter is

also a measure of the ratio of the mean interparticle potential energy to the mean plasma
kinetic energy. Note that the macroscopic neutrality is sometimes considered as a third

criterion for the existence of a plasma.

1.2.7 Ciriteria for ionized gas to be a plasma

We have given two conditions that an ionized gas must satisfy to be called a plasma.
A third condition has to do with collisions. Plasma oscillation is an example of collective
response of plasma particles. In case of weakly ionized gases plasma particles may make
frequent collisions with neutral atoms and then the notion of collective response fails.
So for an ionized gas to be a plasma, the period of typical plasma oscillation must be
much smaller than the mean time (7) between collisions with neutral atoms. So we

require [37,38, 130]
w,r > 1, (1.15)

where w,, is the frequency of typical plasma oscillation. Finally, the three conditions a

plasma must satisfy are therefore:

L> )\D; Np > 1, WpT > 1. (1.16)

1.2.8 Particle interactions and collective effects

The properties of a plasma are markedly dependent upon the particle interactions. The
existence of collective effects is one of the basic features that distinguish the behavior of
plasmas from that of ordinary fluids and solids. Due to the long range of electromagnetic
forces, each charged particle in the plasma interacts simultaneously with a considerable
number of other charged particles, resulting in important collective effects that are respon-

sible for the wealth of physical phenomena that take place in a plasma [37]. The particle
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dynamics in a plasma is governed by the internal fields due to the nature and motion of
the particles themselves, and by externally applied fields. The basic particle interactions
are electromagnetic in character. Quantum effects are negligible, except for some cases
of close collisions. In a plasma, we must distinguish between charge-charge and charge-
neutral interactions. A charged particle is surrounded by an electric field and interacts
with the other charged particles according to the coulomb force law, with its dependence
on the inverse of the square of the separation distance. Furthermore, a magnetic field is
associated with a moving charged particle, which also produces a force on other moving
charges. The charged and neutral particles interact through electric polarization fields
produced by distortion of the neutral particle’s electronic cloud during a close passage
of the charged particle. The field associated with neutral particles involves short-range
forces, such that their interaction is effective only for interatomic distances sufficiently
small to perturb the orbital electrons. It is appreciable when the distance between the
centers of the interacting particles is of the order of their diameter, but nearly zero when
they are farther apart. Its characteristics can be adequately described only by quantum-
mechanical considerations. In many cases this interaction involves permanent or induced
electric dipole moments. A distinction can be made between weakly ionized and strongly
ionized plasmas in terms of the nature of the particle interactions. In a weakly ionized
plasma the charge-neutral interactions dominate over the multiple coulomb interactions.
When the degree of ionization is such that the multiple coulomb interactions become dom-
inant, the plasma is considered strongly ionized. As the degree of ionization increases,
the coulomb interactions become increasingly important so that in a fully ionized plasma

all particles are subjected to the multiple coulomb interactions.

1.2.9 Collisions in plasmas

Collisions between charged particles in a plasma differ fundamentally from those be-
tween molecules in a neutral gas because of the long-range character of the Coulomb
force. In fact, binary collision processes can only be defined for weakly coupled plasmas.
However, that binary collisions in weakly coupled plasmas are still modified by collective
effects. Nevertheless, for large A, where A is the typical number of particles contained in
a Debye sphere, we can speak of binary collisions, and therefore of a collision frequency,
denoted by vy [1206]. Here, vsy measures the rate at which particles of species s are

scattered by those of species s'. When specifying only a single subscript, one is generally
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referring to the total collision rate for that specie, including impacts with all other species.

Very roughly,
Vg ™ Z Vgg! . (1.17)

The species designations are generally important. For instance, the relatively small elec-
tron mass implies that for unit ionic charge and comparable species temperatures, we
have

Ve ~ (ﬂ)mw. (1.18)

me

Furthermore, the collision frequency v measures the frequency with which a particle tra-
jectory undergoes a major angular change due to Coulomb interactions with other parti-
cles. Coulomb collisions are, in fact, predominately small-angle scattering events, so the
collision frequency is not the inverse of the typical time between collisions. Instead, it
is the inverse of the typical time needed for enough collisions to occur that the particle
trajectory is deviated through 90°. For this reason, the collision frequency is sometimes

termed the 90°-scattering rate. It is conventional to define the mean-free-path
Amfp = Ut/ V. (1.19)

Clearly, the mean-free-path measures the typical distance a particle travels between colli-

sions (i.e., scattering events). A collision-dominated, or collisional plasma is one in which

Amtp < L, (1.20)

where L is the observation length-scale. The opposite limit of large mean-free-path is said
to correspond to a collisionless plasma. Collisions greatly simplify plasma behaviors by
driving the system towards statistical equilibrium, characterized by Maxwell-Boltzmann
distribution functions. Furthermore, short mean-free-paths generally ensure that plasma
transport is local (i.e., diffusive) in nature, which is a considerable simplification. The

typical magnitude of the collision frequency is

Note that ¥ < w, in a weakly coupled plasma. It follows that collisions do not seriously
interfere with plasma oscillations in such systems. On the other hand, in a strongly cou-

pled plasma, v > w,, which suggests that collisions effectively prevent plasma oscillations
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in such systems. This accords well with our basic picture of a strongly coupled plasma as
a system dominated by Coulomb interactions which does not exhibit conventional plasma

dynamics. It follows that

et InA n
Y e T (1.22)

Thus, diffuse, high temperature plasmas tend to be collisionless, whereas dense, low tem-

perature plasmas are more likely to be collisional. Note that while the collisions are
crucial to the confinement and dynamics (e.g., sound waves) of neutral gases, they play a
far less important role in plasmas. In fact, in many plasmas the magnetic field effectively
plays the role that collisions play in a neutral gas. In such plasmas, charged particles are
constrained from moving perpendicular to the field by their small Larmor orbits, rather
than by collisions. Confinement along the field-lines is more difficult to achieve, unless
the field-lines form closed loops or closed surfaces. Thus, it makes sense to talk about a
collisionless plasma, whereas it makes little sense to talk about a collisionless neutral gas.
Note that many plasmas are collisionless to a very good approximation, especially those

encountered in astrophysics and space plasma physics contexts.

1.3 Types of plasmas and Applications

1.3.1 Types of plasmas

The creation of a plasma requires a significant input of energy. This can be done by
heating, by bombardment with a very intense laser beam or even by electric discharge in
a gas subjected to a very high potential difference (in devices known as discharge tubes).
Two types of plasma are traditionally distinguished: cold plasmas, also called non-
thermal plasmas whose temperature remains below 10°K (the electrons have acquired
enough energy to carry out reactions by collision with other species) and hot plasmas,
even thermal plasmas for which the temperature exceeds 10°K (the electrons, but also
the ions are energetic enough to influence the behavior of the plasma).

In the following figure (Fig. 1.5), the logarithmic scales show the extent of the ranges
of parameters that are encountered in nature and in laboratory plasmas. Plasmas are
extremely widespread in the Universe since they represent more than 99% of the available
matter [37]. However, they pass almost unnoticed in our immediate environment, given
their conditions of appearance very far from the temperature and pressure conditions of

the Earth’s atmosphere. Examples of plasmas in nature are numerous, we can cite:
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RANGES OF PLASMAS
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Figure 1.5: Densities and electronic temperatures of the main types of plasmas (the free elec-
trons in a metal can be considered as an electron plasma), https://fr.wikipedia.org/wiki/Physique

des plasmas [Consulted on 13/09/23].

o Earth’s magnetosphere and ionosphere.
o The core of stars, an example of hot and very dense plasma.
o Neon tubes and the phenomenon of lightning (electric discharges).

o Flames (The querie of whether the flames are true plasmas is not settled: if the gas
present in the flame is luminous, it is basically because of the temperature due to
the exothermic combustion reactions (this gas behaves approximately like a black

body) and is only very partially ionized.)

Thus, we can distinguish between natural plasmas and artificial plasmas (created by
man):

B Natural plasmas: Earth’s natural plasma, Space and astrophysical plasmas:
e Flames;
e Lightning;

e The ionosphere;
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Figure 1.6: Flame (left panel), trail of shooting stars (middle panel) and Plasma lamp (right
panel), https://fr.wikipedia.org/wiki/ état plasma [Consulted on 13/09/23|.

solar Wind i . _4~Magnetic shield

Solar flare @ 4— Aurora oval

Magnetic field

Copyright. 2014, University of Waik

Figure 1.7: The sun is a ball of plasma (left panel), and the solar wind plasma and magneto-

sphere (right panel), www.sciencelern.org.nz |Consulted in 13/09/23].

e Sun

The solar wind;

Stars, gaseous nebulae, quasar, pulsar;

The aurora borealis;

The tail of comets;

the trail of shooting stars;

The panels of figure 1.6 show three examples of plasma, namely flame in the left panel,
the trail of shooting stars in the middle panel and plasma lamp in the right panel. Also,
the sun (Fig. 1.7), as well as most stars, is made of plasma. Due to the very high
temperatures found within the sun, these elements exist not in the gaseous state but as

plasma. The sun emits a vast amounts of energy due to the thermonuclear fusion reactions
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occurring within the core that convert hydrogen nuclei into helium nuclei. The energy
output from this reaction has been estimated to 3.86 x 1023k.J per second. Otherwise, the
outer atmosphere of the Sun is known as the corona. Temperatures within this region are
extremely high, giving some of the charged particles present sufficient energy to escape
from the strong gravitational pull of the Sun. This stream of charged particles emanating
from the Sun in all directions at speeds of about 400km/s is called the solar wind Fig.
1.7. It is a rapidly moving plasma that pushes out the edge of the solar system. The solar
wind is not uniform. Although it is always directed away from the sun, its intensity and
speed are dependent on the activity of the sun. For example, major solar eruptions known
as coronal mass ejections (CMEs) can increase the plasma density and speed of the solar
wind. This can impact on the Earth’s magnetic field, causing increased auroral activity
and, in extreme cases, geomagnetic storms that can disrupt communication systems and
cause power surges on electrical transmission grids.

B Artificial created plasmas: industrial plasmas or laboratory plasmas:
e Plasma screens (televisions, monitors);

e Plasma discharges (as in a high-voltage circuit breaker ), or discharge tube (lamps,

screens, cutting torch, X-ray production), see Fig. 1.8;

Plasma lighting

Figure 1.8: Plasma lighting, https://fr.wikipedia.org/wiki/état plasma [Consulted on
13/09/23).

e Plasmas processing for deposition, etching, surface modification or doping by ion
implantation;
e Plasma propulsion;

e Nuclear fusion (see also Tokamak, Stellarator and Z-pinch);
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e and many other applications which are still only laboratory experiments or proto-

types (radar, combustion improvement, waste treatment, sterilization, etc.).

The panels of Fig. 1.8 show the examples of Plasma discharges (as in a high-voltage circuit
breaker) and discharge tube (lamps) produced in laboratory. Most artificial plasmas are
generated by the application of electric and /or magnetic fields through a gas. Plasma gen-
erated in a laboratory setting and for industrial use can be generally categorized by: the
type of power source used to generate the plasma DC, AC (typically with radio frequency
(RF)) and microwave, the pressure they operate at vacuum pressure (< 10mTorr or 1Pa),
moderate pressure (=~ 1Torr or 100Pa), atmospheric pressure (760Torr or 100kPa), the
degree of ionization within the plasma fully, partially, or weakly ionized, the temperature
relationships within the plasma-thermal plasma (7. = T; = Tgas), non-thermal or "cold"
plasma (T, > T; = T,as), tThe electrode configuration used to generate the plasma and
the magnetization of the particles within the plasma-magnetized (both ion and electrons
are trapped in Larmor orbits by the magnetic field), partially magnetized (the electrons
but not the ions are trapped by the magnetic field), non-magnetized (the magnetic field

is too weak to trap the particles in orbits but may generate Lorentz forces)

1.3.2 Some applications of plasmas

The applications of plasma physics (even in the presence of the external magnetic
field) are very diverses and in full development, in fields as varied as:
Thermonuclear fusion: by producing a plasma of very high density and with very high
emperature, physicists hope to initiate nuclear fusion reactions and thus create a consid-
erable energy generator. The most exciting application of plasmas is the production of
power from thermonuclear fusion. Nuclear fusion is the process of recombining nuclei to
form different nuclei and release vast amounts of energy.This is the process that powers
the sun. The presence of an external magnetic field can be used to control the direction
and velocity of the plasma, improving the efficiency of the propulsion system.
Plasma-based electronics: the use of cold plasmas makes it possible to produce elec-
tronic circuits integrated, for example in the plasma screens of some televisions, see Fig.
1.9. Tt can be used in plasma-based electronics for displays, lighting, and energy genera-
tion. Plasma is also being used in many high technology industries. It is used in making
many microelectronic or electronic devices such as semiconductors. It can help make fea-

tures on chips for computers. Plasma is also used in making transmitters for microwaves
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Figure 1.9: Plasma screen of TV [121].

or high temperature films. It can even be used in work with minerals such as diamond,
and in extracting economically valuable metals from rock. The presence of an external
magnetic field can be used to control the electrical properties of the plasma, allowing for
more efficient and flexible electronic devices.

Materials processing: plasma etching and deposition in semiconductor technology are

a very important related enterprise.

Figure 1.10: Surface treatment (first two panels), materials for plasma spray coating (third

panel) and welding-plasma-cutting (last panel) [121].

Plasmas used for these purposes are sometimes called process plasmas. Plasmas are used
to destroy, transform (modify, see Fig. 1.10), analyze, weld, create, ...matter. For exam-
ple, plastic fibers can be plasma treated to become waterproof. A whole field of plasma
chemistry exists where the chemical processes that can be accessed through highly excited

atomic states are exploited, see Fig. 1.11. The presence of an external magnetic field can
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Figure 1.12: Plasma modification of biomedical surfaces: plasma based Decontamina-
tion/Sterilization, direct therapeutic plasma application (left panel) and teeth whitening with

Plasma (right panel) [121].

improve the performance of these processes by confining the plasma and increasing the
reaction rate.

Plasma medicine: plasmas have been shown to have antimicrobial properties and can
be used in medical applications such as wound healing and sterilization. It is an emerg-
ing field that combines plasma physics, life sciences and clinical medicine. It is being
studied in disinfection, healing, and cancer [131]|. It uses ionized gas (physical plasma)
for medical uses or dental applications |132], see the right panel of Fig. 1.12. Generally,
the plasma sources used for plasma medicine are generally low temperature plasmas, and
they generate ions, chemically reactive atoms and molecules, and UV-photons. the use of
cold plasmas at atmospheric pressure for biomedical applications is a young and promis-
ing field of research in which active species (molecular or ionic) are generated in plasmas
to treat biological tissues, making it possible in particular to carry out local treatment.
The plasma sources developed generally take the form of plasma jets, micro discharges

or dielectric barrier discharges and the applications studied concern the sterilization of
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plates (like subjecting human body or internal organs to plasma treatment for medical
purposes, see the left panel of Fig 1.12), tissue regeneration or even the treatment of can-
cer cells (apoptosis induced by plasma treatment). Currently, most Most of the research
is in vitro and in animal models. This possibility is being heavily investigated by research
groups worldwide under the highly-interdisciplinary research field called plasma medicine.
The presence of an external magnetic field can enhance the effectiveness of the plasma on

targeted areas.

1.4 Electronegative plasma concept

Electronegative plasmas can be defined as those formed in electron attaching gases
and having such a density of negative ions that they must be taken into account. By
contrast the properties of conventional electropositive plasmas owe much to the large

mass difference between the positive and negative charge carriers.

1.4.1 Electronegative plasma description

Considered as one of the four states of matter, just like solids, liquids, and gas, plas-
mas are composed of positive ions in addition to negative ions and electrons, and, when a
significant amount of negative ions is involved, they are known as electronegative plasma
(ENP). The self-consistent electric field acting in a plasma retards the most mobile charged
particles, which usually leads to a Boltzmann distribution of electrons. If negative ions
cross the discharge volume several times during their lifetime in the volume processes,
these particles also obey the Boltzmann distribution. It is demonstrated that this con-
dition is usually satisfied when the characteristic time of electron attachment is small
as compared to the time of ambipolar diffusion of the negative ions (ion diffusion at an
electron temperature). In the opposite case, the profiles of electrons and negative ions
are similar. An assumption that is frequently made in plasma physics is that when the
plasma is contained in a potential well that confines the negative particles, it accelerates
the positive ones so that the fluxes of particles of opposite sign are equal throughout the
volume all the way to the boundary wall. In the absence of negative ions, this gives rise
to the concept of ambipolar diffusion at higher pressure [133]. In situations where there

are a significant number of negative ions and the plasma is essentially collisionless, it is
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permissible to set

Ne = Neo €Xp(0), (1.23)

eV

where n, is the electron density, n.y the unperturbed density of electron and ¢ = T

(where V is the electrostatic potential and 7, the electron temperature) measured relative
to the potential at the center (k is Boltzmann’s constant and e the electronic charge) and

to set

Ny = Mo €Xp(0,0), (1.24)

where n,, is the negative ion density and en o, = T./T,, (where T, is the negative-ion
temperature). This follows from their respective equations of motion to the walls under

the potential gradient.

1.4.2 The technological interest of electronegative plasmas

Electronegative plasmas have been used for decades in fundamental plasma physics
studies and for various applications, including etching for micro-electronics, thermonuclear
fusion and more recently, spacecraft propulsion [134,135]. These plasmas can be formed
using many different types of electrical discharges powered by the electronegative gases
(such as Hy, O, CFy, SFs, Cly, I5) [135,136]. For example Cly based discharges are
found to be a good source of etchant for platinum and aluminium [137]. The active
chlorine atoms are produced in the plasma by electron impact dissociation of chlorine
molecule according to the reaction 2e~ + Cly — 2C1~. Along with the formation of
reactive species the electronegative gases also produces negative ions mainly through
dissociative attachment. The role of negative ions in plasmas is important as their presence
in the discharge can modify the Bohm speed that affects the positive ion flux at the
substrate. With an abundance of negative ions, the electron population may reduce
significantly in the plasma.On the other hand, the effective temperature of the plasma
may increase as low energy electrons are lost via attachments with neutrals to form
negative ions. The discharge impedance also increases with the increase of negative ions.
Very electronegative, or ion-ion (also called pair-ion), plasmas where the ratio between
the negative ion and electron densities (referred to as the electronegativity) reaches values
of a few thousand or more, have potential use in the majority of the above-mentioned
applications because of the reduced impact of electrons on wall sheath formation, and

similar responses of the plasma to positive or negative voltage biases.
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1.5 Magnetized plasma concept

A plasma in which the magnetic field is strong enough to influence the movement of
the charged particles is called magnetized plasmas. A general quantitative criterion is
that an average particle completes at least one gyration around the magnetic field before
it collides (i.e. wee/Veony > 1 [38], where w,. is the electron gyrofrequency and v. is
the electron collision rate). It is often the case that the electrons are magnetized while
the ions are not. Magnetized plasmas are anisotropic, meaning their properties in the
direction parallel to the magnetic field differ from those perpendicular to them. While
the electric field in plasmas is usually small due to its high conductivity, the electric field
associated with a plasma moving in a magnetic field is given by E = —v x B (where E is
the electric field, v is the speed, and B is the magnetic field) and is not affected by the
Debye shield.

Lorentz Force: The amalgamation of the electric force and magnetic force on a point
charge produces electromagnetic force, which is also known as Lorentz force. It happens
because of the electromagnetic field. The equation of motion is

dv
m—; =F=¢(E+v xB), (1.25)
where m and ¢ are the charge of the particle and particle mass, respectively.
Gyrofrequency and Gyroradius: Let us consider that particle is moving in a homo-

geneous and stationary magnetic field which is working along the z-axis. Let E = 0 and

B = (0,0, B,). From 1.25, we obtain

B,
o = 141B: (1.26)
m

which is known as cyclotron frequency or gyrofrequency and it is always positive.

1.6 Magnetized electronegative plasma

The electronegative plasma (referring to a type of plasma that has a significant pres-
ence of negative ions) with the presence of the external magnetic field is so-called magne-
tized electronegative plasma. This plasma is made of negative ions, electrons, cold mobile
positive ions and the external magnetic field. The practical existence of the model is
characterized by its potential to enhance several applications across various fields such

as plasma etching, surface treatment, ion implantation, and fabrication of semiconductor
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devices [138-110]. Moreover, the presence of the external magnetic field can be used to
control the directions, the velocity and the electrical properties of the plasma and improve
the performance of these processes by confining the plasma and increasing the reaction

rate.

1.7 Waves in plasma

In a plasma, the existence of the electric charges which constitute it, cannot be con-
sidered independently of the electric and magnetic fields which reign within it. One of
the characteristics of this domain is the need to treat on an equal footing the dynamics
of particles and those of fields. In order to group plasmas into different classes, certain
parameters must be defined characteristics of the behavior of particles in a plasma sub-
jected to electromagnetic fields: ionization degre, plasma frequency, temperature, density
of plasma particles. Waves in plasmas can be classified as electromagnetic or electrostatic
according to whether or not there is an oscillating magnetic field. Applying Faraday’s law
of induction to plane waves, we find wB = k x E equation implying that an electrostatic
wave must be purely longitudinal. An electromagnetic wave, in contrast, must have a
transverse component, but may also be partially longitudinal [111, 112]. It is well known
that plasma is a dispersive media. Again from the study of plasma oscillation it is obvious
that plasma waves can propagate in a dispersive media. So in plasma medium, plasma
particles and waves can coexist and they can interact with each other and the oscillation
can occur. It is also used in the communication technology. As the information between
the human beings is exchanged by the radio waves, so plasma has great applications in
this field. Waves are also important for large-scale processes in nature. These waves
helped in the propagation of light from sun to earth. The light waves present in the solar
radiation heat the earth, but effect of this heating is balanced by cooling due to emission
of long wavelength thermal wave radiation from the earth. Plasma waves are accelerating
the ionized particles to speeds above the escape velocity. In space plasma, the study
of plasma is dealing with the reorganization of basic properties of the plasma like effect
of magnetic field and density etc. It also involves the measurement of the characteris-
tic frequencies of the plasma to understand these basic properties. Strong interactions
can occur between these plasma waves because the charged in plasma respond to static
and oscillatory electromagnetic fields. These strong interactions are often referred as in-

stabilities. Langmuir waves named after the scientist Irving Langmuir are an example
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of these plasma oscillations. These are the rapid oscillations of the electron density in
conducting media such as plasmas or metals. These plasma waves and instabilities are
sometimes important to study the energy evolution and flux of plasma in its magnetized
phase. These are also beneficial to predict the state of plasma and can also apply to other

plasma related phenomenon.

1.7.1 Electromagnetic electron waves

In plasma physics, an electromagnetic electron wave is a wave in a plasma which has
a magnetic field component and electrons are the main particles that oscillate. In an
unmagnetized plasma, an electromagnetic electron wave is simply a light wave modified
by the plasma. In a magnetized plasma, there are two modes perpendicular to the field,
the O and X modes (ordinary and extraordinary modes), and two modes parallel to
the field, the R and L waves (right-hand circularly polar wave and left-hand circularly
polar wav). These are transverse in nature. In these waves the electric and magnetic
field vectors are perpendicular to each other and also perpendicular to the direction of

propagation of wave.

1.7.2 Electrostatic waves

Electrostatic waves are longitudinal waves produced in plasma. They occur due to
local perturbations of the electric neutrality, which accelerate charged particles in the
plasma’s neighbourhood, resulting in charge oscillations. These plasma oscillations can
be produced by a local pulse [113] due to a probe or a grid launcher excitation [1441,115].
Electrostatic waves are longitudinal and have no electric field component perpendicular
to the direction of propagation (k x E = w = 0). Since, k is in direction of propagation,

E and k are parallel. Thus, the magnetic field of the wave is zero.

1.7.3 Ton-acoustic waves

In plasma physics, an ion acoustic wave is one type of longitudinal oscillation of the ions
and electrons in a plasma, much like acoustic waves traveling in neutral gas. However,
because the waves propagate through positively charged ions, ion acoustic waves can
interact with their electromagnetic fields, as well as simple collisions. In plasmas, ion
acoustic waves are frequently referred to as acoustic waves or even just sound waves. These

waves can propagate through collisionless medium while sound waves do not do the same.
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This is the main difference between these two types of waves. A second difference is that
plasma also contains electrons which have their effect on the wave dispersion equation.
Electrons are very mobile due to their small size and mass so they quickly follow the
ion motion trying to maintain the charge neutrality in the medium. Motion of these
electrons is due to a small electric field that are generated by the plasma as a result of
variations in the local ion density. Ion acoustic wave is the low frequency plasma wave.
Here, the electron and ion fluids must be considered together. According to [144], the
ordinary acoustic waves and ion acoustic waves can differentiate on the basis of the electric
field induced by a slight charge separation. The electron component of the ion acoustic
wave tends to propagate faster than the ion component. The electric field retards the
electron motion, forcing the two species to propagate together. They commonly govern
the evolution of number density, for instance due to pressure gradients, on time scales
longer than the frequency corresponding to the relevant length scale. Ion acoustic waves
can occur in an unmagnetized plasma or in a magnetized plasma parallel to the magnetic
field. For a single ion species plasma and in the long wavelength limit, the waves are

dispersionless (w = vsk) with a speed given by

\/%Z/CBTe + vikgT;
Vg =

- , (1.27)

where kp is Boltzmann’s constant, M is the mass of the ion, Z is its charge, T, is the
temperature of the electrons and 7; is the temperature of the ions. Normally . is taken
to be unity, on the grounds that the thermal conductivity of electrons is large enough
to keep them isothermal on the time scale of ion acoustic waves, and ~; is taken to be
3, corresponding to one-dimensional motion. In collisionless plasmas, the electrons are
often much hotter than the ions, in which case the second term in the numerator can be

ignored.

1.7.4 Ion-cyclotron waves

An electrostatic ion cyclotron wave, in plasma physics, is a longitudinal oscillation of
the ions (and electrons) in a magnetized plasma, propagating nearly (but not exactly)
perpendicular to the magnetic field. The angle (in radians) between the direction of

propagation and the direction perpendicular to the magnetic field must be greater than

about the square root of the mass ratio , /"<, in order that the electrons can move along

)
(3

the field lines from crest to trough to satisfy the Boltzmann relation. The dispersion
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relation is
w? = O + k0 (1.28)

where (2. is the ion cyclotron frequency and v, is the ion sound speed. This relation is
the result of restoring forces due to the Lorentz force (case of the upper hybrid oscillation
i.e when the magnetic field is perpendicular to the wave vectors), the electrostatic force

(T, term in vy), and the ion pressure (7; term in vy).

1.7.5 Nonlinearity and wave structures

Nonlinear science is believed by many to be the most deeply important frontier for
understanding nature since they are of great importance in the physical world. Non-
linear waves are present in a large quantity around us. These involve the disasters like
tidal waves, explosions and sonic blasts. These problems are occurring due to the distur-
bances in our natural environment as well as with human activities. Due to which they
respond beyond their linear regions or limits. Inspite of these disadvantages, they are
very popular in many phenomena of physics. They have many applications in different
regions of physics like these waves are responsible for describing the plasma behaviour and
also help in energy transport in biological molecules. Nonlinear waves are also used in
art technology, communication technology and femtosecond pulsed lasers. Nonlinearities
can not be ignored, when the amplitudes of the waves are sufficiently large. There are
many factors due to which the nonlinearities come into play. These nonlinearities comes
from the harmonic generation involving fluid advection, the nonlinear Lorentz force, trap-
ping of particles in the wave potential, ponderomotive force and so on. Moreover, the
nonlinearity in plasmas contributes to the localization of waves, involving the different
and nonlinear coherent structures, such as the solitary structures, the shock waves, the
vortices, double layers, etc. Study of these structures is very important from both theo-
retical and experimental points of view. The nonlinear structures take away the plasma
from the thermodynamic equilibrium. These structures are either impulsively produced
in laboratory and space plasmas because of free energy sources or superficially launched

in laboratory plasmas under controlled conditions.
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1.7.6 Summary of elementary plasma waves

The various plasma wave modes can be classified as electromagnetic or electrostatic

according to whether they propagate in an unmagnetized plasma or parallel, perpendicu-

lar, or oblique to the stationary magnetic field. Finally, for perpendicular electromagnetic

electron waves, the perturbed electric field can be parallel or perpendicular to the sta-

tionary magnetic field. Due to its electrical conductivity, a plasma couples to electric and

magnetic fields. The following table 1.2 presents the different types of plasma oscillations.

EM character denote de the electrostatic and electromagnetic characters and the subscript

0 denotes the static part of the electric or magnetic field, and the subscript 1 denotes the

oscillating part.

EM character || oscillating conditions name
species
electrostatic electrons || By =0 or k||By | plasma oscillation (Langmuir wave)
~ ~ k L By upper hybrid oscillation
~ ions By =0 or k||Bg ion acoustic wave
~ ~ k L By (nearly) electrostatic ion cyclotron wave
~ ~ k L By (exactly) lower hybrid oscillation
electromagnetic || electrons By=0 light wave
~ ~ k 1 By, E1||Bo ordinary (O) wave
~ ~ k L By, E; L By extraordinary (X) wave
~ ~ k||Bg right-hand (R) circularly
polar wave (whistler mode)
~ ~ k|| By left-hand (L) circularly polar wave
~ ions By;=0 none
~ ~ k||By Alfvén wave
~ ~ k 1 By magnetosonic wave

Table 1.2: Summary of elementary plasma waves, https://en.wikipedia.org/wiki/ Waves

in plasmas [Consulted on 13/09/23|.
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1.7.7 Solitary waves, soliton and dromions

Much type of nonlinear waves is seen in the space plasmas. A solitary wave is a hump
or dip shaped nonlinear wave of permanent profile. It is formed due to the balance be-
tween nonlinearity and the dispersion, where these latter cancel the effect of each other
and balance one another. The same has been done only in the case when the effect of
dissipation is negligible compared to those of the effects of nonlinearity and dispersion.
While when the dissipative effect is greater than or comparable to the dispersive effect
then these shock structures are encountered. Solitons are a specific type of solitary waves
with the remarkable feature that, when two (or more) of them collide, they do not scatter
but emerge with the same shape and velocity. The word soliton was coined by Zabusky
and Kruskal [116] to emphasize that a soliton is a localized entity which may keep its
identity after an interaction. In the absence of nonlinearity, dispersion can destroy a
solitary wave as the various components of the wave propagate at different velocities. In-
troducing nonlinearity without dispersion again rules out the possibility of solitary waves
because the pulse energy is continuously injected into high frequency modes. But with
both dispersion and nonlinearity, solitary waves can again form. The history of solitons
is an interesting one [117], with solitons first being seen as water waves in canals in Eng-
land [148]. By studying the nature of waves, Russell claimed that the propagation of
isolated wave was a consequence of the property of the medium rather than the circum-
stances of the wave generation. Since then, it took rather a long time to establish that
somespecial nonlinear wave equations admit solutions consisting of isolated wave that
can propagate and undergo collisions without losing their respective identities. The first
theoretical work describing solitons was done by Rayleigh in 1879, and in 1895, Korteweg
and de Vries [119] found the first equation describing a solitary wave [119] (the KdV
equation). Special solution of the KdV equation leads to the solitary wave. It means that
the soliton wave becomes an important tool in the mathematical examination of KdV
equation. The concept of soliton has had a significant effect and consequences in various
branches of mathematics, physics, and engineering. This becomes possible only after the
discovery of the inverse scattering transform [150]. This discovery contributes to exact
solutions of nonlinear partial differential equations. In the last stage of the 20th century,
soliton theory made its impact in industry also. When the term soliton is mentioned in
the history of science, numerical simulations played an important role. Along with the

inverse scattering transform, numerical simulations have been powerful tools to reveal the
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mysterious characteristics of solitons. Zabusky and Kruskal [110] investigated a numerical
study of KdV equation. They observed that a single solitary wave behaves like a particle
in its interaction with another one. They also observed that under certain conditions
any initial pulse can break up into a number of solitons which can move in plasma with
different phase velocities. Also the solitons interact with each other and after the inter-
action they emerge out without any change in their shape and velocity. Some important
nonlinear equations which give rise to solitary waves in plasma are KdV equation, mod-
ified KdV equation, Gardner equation, nonlinear Schrodinger equation etc. Moreover,
it exists another exact and localized solutions of nonlinear PDEs, namely dromions. By
definiton, dromions are exact and nonlinear localized solutions of any of a large class of
two-dimensional partial differential equations, and were first time investigated theoreti-
cally by Boiti et al. [L15]. The basic concept behind the dromions is the exixtence of ghost
solitons which are not physical themselves, but whose interaction creates a physical local
effect. A particular and important characteristic of dromion solutions is that they are
localized wave packets in various physical systems such as plasma physics, fluid dynamics
and nonlinear optics |1 16] and the interactions of two dromions for the (2+1)-dimensional
equations may be elastic or inelastic [117-119]. Hietarinta et Hirota constructed dromion
solutions by the bilinear method, which yieds more general solutions than those obtained

by any other method, Blackliind and Darboux transformation method for example

1.8 Theoretical description of plasma phenomena

For the theoretical description of plasma phenomena, there are basically four principal
approaches with several different choices of approximations, each of which applies to dif-
ferent circumstances. One useful approximation, known as particle orbit theory, consists
in studying the motion of each charged particle in the presence of specified electric and
magnetic fields. This approach is not really plasma theory, but rather the dynamics of
a charged particle in given fields. Nevertheless it is important, since it provides some
physical insight for a better understanding of the dynamic processes in plasmas. It has
proven to be useful for predicting the behavior of very low density plasmas, which is
determined primarily by the interaction of the particles with external fields. This is the
case, for example, of the highly rarefied plasmas of the Van Allen radiation belts and the
solar corona, as well as of cosmic rays, high energy accelerators, and cathode ray tubes.

Since a plasma consists of a very large number of interacting particles, in order to provide
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a macroscopic description of plasma phenomena it is appropriate to adopt a statistical
approach. This implies a great reduction in the amount of information to be handled.
In the kinetic theory statistical description it is necessary to know only the distribution
function for the system of particles under consideration. The problem consists in solving
the appropriate kinetic equations that govern the evolution of the distribution function in
phase space. One example of differential kinetic equation is the Vlasov equation, in which
the interaction between the charged particles is described by smeared out internal elec-
tromagnetic fields consistent with the distributions of electric charge density and current
density inside the plasma, and the effects of short-range correlations (close collisions) are
neglected. When collisions between the plasma particles are very frequent, so that each
species is able to maintain a local equilibrium distribution function, then each species can
be treated as a fluid described by a local density, local macroscopic velocity and local tem-
perature. In this case the plasma is treated as a mixture of two or more interpenetrating
fluids. This theory is called two-fluid or many-fluid theory, depending on the number of
different species considered. In addition to the usual electrodynamic equations, there is
a set of hydrodynamic equations expressing conservation of mass, of momentum, and of
energy for each particle species in the plasma. Another approach consists in treating the
whole plasma as a single conducting fluid using lumped macroscopic variables and their
corresponding hydrodynamic conservation equations. This theory is usually referred to
as the one-fluid theory. An appropriately simplified form of this theory, applicable to the
study of very low frequency phenomena in highly conducting fluids immersed in magnetic

fields, is usually referred to as the magnetohydrodynamic (MHD) approximation.

1.9 Fluid description of plasma and basic equations

Plasma can be considered as a fluid with several components. The various compo-
nents of plasma are the electrons, the different species of ions, and possibly the neutrals.
Practically, it is impossible to predict the behaviour of plasma because of the complicated
trajectory of each of these particles [130]. Fortunately, majority of plasma phenomena
observed in laboratory can be explain by a fluid model. Here, identity of the individual
specie is neglected and only the motion of fluid particles is considered as in fluid me-
chanics. In the fluid approximation, it is assumed that each plasma particles is able to
maintain a local equilibrium, as for example n; = n, = n for a plasma comprising two

components: electrons (density n.), ions (density n;).
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1.9.1 Continuity equation

The continuity equation expresses the conservation of the number of particles. In fact,
the motion of a fluid is described by a vector velocity field v4(r), the mean velocity of all
the individual particles which make up the fluid at r. In addition, the particle density
n(r) is required. We are here discussing the motion of fluid of a s type of particle of mass
ms and charge ¢,, so the charge and mass density are gsn, and mgng, respectively. The

conservation equation of a one type particle thus reads:

ong
ot

+ V(nsvy) =0. (1.29)

1.9.2 Momentum equation

The momentum equation brings out the conservation of the quantity of motion of
particles. In fact, Several forces generally interact in plasmas, but three of these forces
strongly determine their behavior. It is the Lorentz force, the pressure gradient force and
the collision effects. Unlike neutral fluids where the dominant external force is gravity,

the force to be taken into account for plasmas is the electromagnetic force defined by:
F,=¢(E+vs xB), (1.30)

where ¢, and v, are the charge and velocity of the particle s, respectively. E and B
are the electric and magnetic fields, respectively. As a plasma component can exchange
momentum with the other components k of the plasma during collisions, it is appropriate

to add a frictional force (elastic collision case) which is generally written in the form:

F.=—m, Z Vs (Vs — Vi), (1.31)
k#s

where m is the mass of the particle s, vy, is the velocity of the particle k£ and vy, denote to
the collision frequency between species s and species k. On the other hand, the viscosity
contributions are generally negligible for electrons and ions (but not always for neutrals)

so that
F, = —-Vp, = —V(nskpTs). (1.32)

Here, kg is the Boltzmann constant, m, and T, are the mass and velocity of the particle
s. For the cold plasmas approximation, 7y = 0 and then ps = 0. This means that

the effects due to thermal motion of plasma particles are neglected. For the isothermal
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approximation, Z—z = cst. For the adiabatic approximation, % = cst, with v = g—i the

ratio of specific heats at constant pressure and at constant volume.
Thus, we can immediately generalize using Eqgs. (1.30), (1.31) and (1.32) the momentum

equation for species k to

= qsns(E4+v,xB) =V (nskpTy)—mgns Z Vst (Vs— V).

k#s

dv, ovy
dt ot

MNg—— = MNg {— 4+ v,.Vv,

(1.33)

1.9.3 Poisson’s equation

The Poisson’s equation expresses the conservation of the electric charges in the plasma.
It makes it possible to express the link between the spatiale distribution of charge and
the electrical field. The electric field that exist in this plasma may obey Maxwell-Gauss

equations

VE="’, (1.34)
€0

where E = —V ¢, with ¢ is the electric potential and p = > gsn, and the Eq. 1.34 leads

to the following Poisson’s equation
V2¢ - _i Z qsNs, (135)
o .

For example, let’s consider a three-component ENP made by of positive ions, negative

ions and electrons. The quasi-neutrality condition of charche at is given by
Zinyg = Z-n_g+ nNeo, (1.36)

where Z_ and Z, are, respectively, the atomic numbers of negative and positive species,
N.g, Nio and neg are the number densities of positive and negative species and electrons,
respectively at equilibrum. Finally, the equation 1.35 leads to
e
Ap=——(Ziny —Z_n_—n,). (1.37)
€o

Here, e is the magnitude of the electron charge.

1.9.4 Closed system of fluid equations

The continuity equation (1.29) relates two macroscopic variables, namely number den-

sity n and flow velocity v,. To determine these two variables, we need two independent
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macroscopic transport equations. The momentum conservation equation or the equation
of motion (1.33) relates v, ns and pressure ps (the variables E and B being provided
by Maxwell?s equations). Therefore, the two transport equations (1.29) and (1.33) relate
three independent variables. We may go to the next higher order transport equation,
namely the Poisson’s equation or the energy conservation equation (1.35). But it is found
to relate four variables, vy, ng, ps and heat flow. Then one gets three independent equa-
tions for four variables. Thus, we find that transport equations do not form a closed set
in the sense that number of equations is not sufficient to determine all the variables that
appear in them. Thus one needs to introduce some simplifying assumptions. In order to
get a complete set of fluid equations generally there are two widely used approximations

the so-called cold and warm plasma models.

1.9.5 Cold plasma model

The cold plasma model uses only the continuity equation and the equation of motion.
The effects due to thermal motion of plasma particles are neglected and the force due
to pressure gradient term is taken equal to zero. This cold plasma model has been
successfully applied, for example, in the investigation of wave propagation in plasma with

phase velocities much larger than the thermal velocity of the particles.

1.9.6 Warm plasma model

In warm (hot) plasma model the heat flux term that appears in the energy transport
equation is taken to be zero. This means that the processes occurring in plasma are such
that there is no heat flow. This approximation is also called adiabatic approximation.
In addition neglecting the effects of viscosity and energy transfer due to collision it can
be shown that the energy equation reduces to the following adiabatic equation of state

relating pressure to density:
ppm” = C, (1.38)

where C' is a constant, pm is the mass density and v = Cp/CYy is the ratio of specific
heats at constant pressure and at constant volume. The parameter v is related to the
number of degrees of freedom f of a gas by the relation

T=1+ 7 (1.39)
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The equation of continuity, equation of motion and the adiabatic equation of state Eq.
(1.38) form a closed set of equations. Compared to cold plasma model the warm plasma

model gives a more precise description of various plasma phenomena.

Conclusion

This chapter was devoted to the litterature review and has provided an overwiew of
the generalities and the dynamics on some theoretical aspects of plasmas and magnetized
elctronegative plasma. We have also presented the historical background on plasmas and
highlighted some properties and characteristics of plasma which will be useful in this
work. Finally, we have presented, in a succinct but detailed way, the fluid description of
plasma that will be the starting-point for studying the dynamics of plasmas. We intend
to use this fluid model in the next chapter to present different methods that we use in

this work in the particular case of cold magnetized ENPs.
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Models description and methods

Introduction

The present chapter is devoted to the models description of the governing equations for
the propagation of ion-acoustic waves along the external magnetic field in an electronega-
tive plasma and the methods used along the thesis. Theoretical methods concerning both
analytical and numerical methods are presented: the reductive perturbation method used
to derive NLS equation and DS equations, the linear stability analysis for planar wave
to derive the modulational instability grouth rate, the Hirota’s bilinear method to derive
one- and two-dromion solutions, the fourth-order Runge- Kutta (RK4) method and the

Split-Step Fourier method for numerical resolution.

2.1 Governing equations in (2+1)-dimensions

In this section, we present the (24 1)-dimensional mathematical model for the propa-
gation of positive ion-acoustic waves along the external magnetic field B = Bz in an elec-
tronegative plasma. For that, we use a plasma system composed of electrons and negative
ions, both in Boltzmann distribution, in addition to cold mobile positive ions [151, 152].
In plasma systems, the charge neutrality condition (Z,n, = Z,n, + n.), is modified by
the presence of negative ions, with n., n,, and n,, the electron, positive, and negative ions
densities, respectively. Z, and Z,, are the charge number of positive and negative ions.
Let’s consider the following fluid continuity, momentum and Poisson’s equations for the

positive ions:

on,

E + V.(npvp) = 0, (21)
Noy vy Vv, = —2ve 4 Ty« B) (2.2)
ot b P m, my P ’
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V20 = —dre(Zyn, — Zyn, — ne). (2.3)
e on—22_ . . .
Here, n. = neoe*s%, n, = nye "*87 with the electron-to-negative ion temperature

ratio o, = %, the positive ions charge ¢, = +Z,e of mass m,, the negative ions charge
gn = —Zpe of mass m, and the electrons charge ¢ = —e, mass m.. v,, g,, m, and
E = —V® are the positive ion mean velocity, ion charges, ion mass and the electric
field derived from the electrostatic potential ®, respectively. We also assume that in
plane (z,z), V = (%, 0, %) and the normalized ion continuity, momentum and Poisson’s
equations take the form of a system of (scalar) equations:

on N d(nvy) N d(nv,)

ot ' Ox 0. 24)
% (vr% + Uz%)vx = —% + Wy, (2.5a)
% (vma% + v,z%)vy = —WyUs, (2.5b)
%U; + (vx% + Uz%)vz = —%, (2.5¢)
% + % =1+ 16+ 2¢? + 3¢ — n, (2.6)

where n = :—”0 is the normalized number-density of positive ions, with charge neutrality
P!
condition at equilibrium defined by Z,ny,y = Z,npo + neo, v = (g, 0y, 0,) = % is the
1

normalized velocity of positive ions, with Cy = (%)2 the characteristic speed scale
ed

kBTe ?

used for velocity normalization, ¢ = The space (z,z) and time (¢) variables are

1
. o kBTe 3 o wy .
normalized by the Debye length Ap. = (7%= anpoe2) ) Wp = - 18 the normalized parameter
4 Z2e? 3
. . . . ™ €
of ion cyclotron and ion plasma frequency ratio, with w,, = (—==2—)" and w; = eBo
m; mic

2 3 . .
ue+gnan and ¢3 = n are obtained by using

The constants ¢ = e + fn0p, Co = %

the power series expansion of the exponential factor around zero in n, and n.. Here,

_ Ne _ 1 J— ZnnnO — & 1 1 1t1
He = Zompo = Thar M0 = Zono = Tta which assumes the neutrality condition of the
ZnNno
Ne0

electronegative plasma: . + p, = 1, where ao = being the density ratio of negative

ion to electron (negative ion-to-electron density ratio).
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2.2 The reductive perturbation method and derivation

of NLS equation and DS equations

2.2.1 The reductive perturbation method

The reductive perturbation method is a very powerful way of deriving simplified mod-
els describing nonlinear wave propagation and interaction. It is considered as a method
that reduces a set of nonlinear (PDEs) to a single solvable nonlinear evolution equation.
Starting from fluid equations (hydrodynamic equations), the evolution equation is ob-
tained in two steps or more. In the first step, the original coordinates z or/and (y, 2)
and t are transformed to new stretched coordinates £ or/and (7, ¢) and 7 (say) depending
on the nature of the problem. Then, the perturbation parameter ¢ is introduced which
has a connection with the wavenumber (and hence, with the frequency and the disper-
sion relation). In the second step, the same ¢ is used as a perturbation parameter where
the dependent variables are expanded as a power series of € in the neighbourhood of the
equilibrium point. The perturbation of the parameters is considered at a near-equilibrium
point not for finding the solution but for obtaining an evolution equation. It can be ap-
plied to various systems that include dissipation/dispersion or both. It shows that for long
waves, the set of equations can be reduced to Burgers’ equation or the KdV equation, for
a system with dissipation or dispersion, respectively and if we consider the propagation
of a modulated wave of small amplitude, then the evolution equation would be a NLSE

equation or DS equations [38, 153].

2.2.2 Derivation of the nonlinear schrodinger equation

In order to investigate the dynamics of propagation of positive IAWs and derive the
nonlinear Schrodinger (NLS) equation , we employ the standard reductive perturbation

expansion. The stretched coordinates in space and time may be introduced as [21, 153]:
E=cx, n=c(z—v,), T=c, (2.7)

where v, is the group velocity that will be found later by the solvability condition of
equations (2.4)-(2.5¢). ¢ is a small expansion parameter (0 < £<1) that measures the
strength of nonlinearity |3, 80, 154=156]. The condition about e implies that the plasma

dimension must be much larger than the Debye length, which is satisfied in most cases
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of interest [157]. The dependent physical variables around their equilibrium values are

expanded as follows [52, 158]:

n 1 n\P (&, n,7)

o ol . | e

v | =0 [+ D | WPenn [AE). (2.8)
p=ll=moo b (p)

Vy 0 Uzl (577777-)

¢ 0 &P (&, n,T)

We note that the above series include A'(z,t) = e**=“%) up to order p. These are
generated by the nonlinear terms, which means that the corresponding coefficients are of
maximum order eP. The state variables n, vy, vy, v, and ¢ must satisfy the following
condition (nf”)" = n), (08)7 = o), @R) = o, (09 = o, (@) = 6%,
respectively. The asterisk (*) denotes the complex conjugate. Substituting the trial
solutions (2.8) into Egs. (2.4)-(2.6), and equating the quantities with equal power of ¢,
we obtain several coupled equations in different orders of ¢.

At the first harmonic of perturbation ('), we obtain the following relations:

For | = 0, we obtain
) =l = off =8 = o =0 29

For [ =1, we find

1 2 (1
()—%gbg)

nl —
o =o® =0 (2.10)

1 k(1
Uil) - Eqbg )a
under the condition that the dispersion relation

2 k2

= 2.11
“ k% + C1 ’ ( )
is verified, leading to the first harmonic of perturbation.
At the second harmonic of perturbation (¢?), we obtain the following relations:
For [ =0,
2 2
U;O) = 3(10) =0,

, (2.12)
n — 108 = 26|01
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For [ =1,
( 2 . oglY
D= (k2 + 1) oY — 2k %L
O R I
xl T T 202 fE
(2) oy 080 (2.13)
Uy1 = T wl-wZ TaE
@ _ k i () K a9{"
[ Va1 = ;¢1 w (ng 1) “on -

The group velocity is

Vg = C1—=- (2.14)

(2.15)

\

with ag = 25 — 2, = (4K + 1) g + €2, @, = £ (ay, — (K2 + ¢1)?).

In the case of the third-order of perturebation (£2), we obtain
For [ =0

3

—vuyn? +0% = 2|2,
2

—Ugv io)‘*‘(bo = E|¢1 |

Using the last relation of Eq. (2.12) from the order (¢?, [ = 0) and the Eq. (2.16), we

(2.16)

obtain
2 1
"= Balot" 2,
0@ = g, |#V2, (2.17)
0 = aslor” P

202 C2— (k +3c1)

with 6¢ = T Bn = Clﬂd) + 202, sz Ugﬁn — %(kﬁz + Cl)Q.
For [ = 1, we find the following equation
.3¢§1) 2¢1 82¢§1)
it P + QI oV - e = 0, (2.18)
where
10%w 3¢y WP 3w?
— =TT =TT (1 — WP
2 Ok 2 W)
w w3 3
Q =—k (a'Uz + sz) - 5 (an + Bn) + ﬁ 02(04¢ + /8¢) + 503 5 (219)

w3 1+w£—w2

2k? wf) — w?
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Introducing the notation ¢ = ¢§1), the equation (2.18) become:

O 0% o*Y

il +Qlv*y — S5er = (2.20)

or

This partial differential equation (2.20) for a complex field (wave-amplitude v) is well-
known as the (2+1)-dimensional nonlinear Schréodinger equation, with P, @ and S the
longitudinal dispersive coefficient, cubic nonlinear coefficient and the transverse disper-
sive coefficient depending on the external magnetic field, respectively. It describes the
amplitude modulation of the electronegative plasma amplitude ¢ of postive ion acoustic
wave packets in the external magnetic field. We note that the coefficients of the obtained
NLS equation depend on the system parameters specially, not only on the electronegative
parameters such as the negative ion concentration ratio and the elcectron-to-negative ion

temperature ratio (o and o, respectivetly), but also on the magnetic field (w,).

2.2.3 Derivation of Davey-Stewartson equations

In the absence of the magnetic field, the model has been extensively used in one, two,
and three dimensions to study the emergence of rogue waves, solitons, dromions and their
link to the MI phenomenon [21-23,140]. However, in the presence of a magnetic field, we
consider the same (2+1)-dimensional fluid continuity, momentum and Poisson’s equations
for the positive ions as presented in the previous section (2.1). For that, we just change

the velocity v to u and obtain the following equations:

0
M 1 ¥.(nyu,) =0, (2.21a)
ot
My V), = — Ve 4+ B, x B), (2.21b)
ot b P my m,

where u,, ¢,, m,, E = —V® and B = (0,0, B) are the positive ion mean velocity, ion

charges, ion mass, the electric field derived from the electrostatic potential ® and external
magnetic field, respectively. Variations of the electrostatic potential ® are described by

the Poisson’s equation:

V20 = —dne(Zyny, — Zyhy — ne), (2.22)

ed ed
On 17— . . .
where, n, = nee¥fsT, n, = nye “F8Te with the electron-to-negative ion temperature

ratio o, = ZLe, the positive ions charge g, = +Z,e of mass m,, the negative ions charge
Tn? p p P
n
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¢n = —Zne of mass m, and the electrons charge ¢, = —e, mass m,. We consider for
simplicity by introducing the Nabla (V) operator as V = —ex + %@, indicating that the
waves propagate in the (z,z)-plane and the normalized ion continuity, momentum and
Poisson’s equations take the form of the following system of scalar equations:

on N Jd(nuy) N Jd(nu,)

ot oz o (2.280)
8;: + (uxé% + uz%) Uy = g(b + Quy, (2.23b)
Oy (u 2, u§> uy = —Qu,, (2.230)
e (uaﬁ i uaﬁ) w=-92 (2.23d)
% -+ % =1+ a1¢ + ax¢” + azd® — n, (2.23¢)

where n = :—’; is the normalized number-density of positive ions, with charge neutrality
P!
condition at equilibrium defined by Z,n,0 = Z,nno + Neo, U = (Uy, Uy, u,) = u—p is the

normalized velocty of positive ions, with Cs = ,/Z”ZBTE the characteristic speed scale

ed
kpTe "

normalized by the Debye length A\p. = , /%, Q= wQ— is the normalized parameter
p'p p?

used for velocity normalization, ¢ = The space (z,z) and time (¢) variables are

of ion cyclotron and ion plasma frequency ratio, with w,, = \/w and ; =

mg

The constants a; = pie + fnOpn, ay = M and as = M are obtained after the

power series expansion of the exponential factor around zero in n, and n.. Here, p. =

Te0 _ Znnno __
Zones = Tra +a, and p,, = T = Tia < which assumes the neutrality condition of the plasma
e 4+ ftn, = 1, with o = 2210 heing the negative-ion concentration ratio.

Ne0o

The standard reductive perturbation expansion will be implemented in order to find
the DS equations that govern the propagation of IAWs in the proposed plasma system.

To start, we introduce the stretched variables in space and time
E=c(r —vyt), n=clz—v,ut), T=¢e%, (2.24)

where v, and vy, are the group velocities in x and z directions, respectively that will be

found later using the solvability condition of Egs. (2.23a)-(2.23d). ¢ is a small expansion
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parameter (0 < ¢ < 1) that measures the strength of nonlinearity. The dependent

physical variables around their equilibrium values are expanded via the trial solutions

n(z, z,t) 1 (p)(f n7,7)
ug(z, 2, t) 0 o e (5 n,T)
uy(zozt) [ =10 [+D D | u®nr) Al 20, (2.25)
u,(z, 2,t) 0 e ({ n,7)
¢(z,2,1) 0 P& n,7)

il(kgz+k,z—wt)

which includes all overtones A'(z, 2,t) = e up to order p, and generated by the

nonlinear terms. Here, w is the wave frequency, k, and k, are the wave numbers in  and

z directions, such that k% = k2 + k2. In other words, the corresponding coefficients of such

overtones are of maximum order . Moreover, the relations (nl(p )) = n(_pl), (u i’l’)) ui_)l,

(p)

y—0

(U(P)

ol (u(p )) u,” l, (gzﬁl ) qﬁ(_pl) should be satisfied because of reality condition

) =u 2l

of the physical variables, with the asterisk (x) denoting the complex conjugate. After
substituting the trial solution (2.25) into Eqgs. (2.23a)-(2.23e) and equating the quantities
with equal power of €, we obtain several coupled equations in different orders of ¢ that

leads, after a few calculations to the investigated DS equations. In doing so, the first

harmonic of perturbation (g!), we obtain n(() ) = uilo) = uéo) = ug)) = gbo =0for!=0and
1 @ i 1 1
Ecl) - kzw(k%—l—al)ng )7 u;l) = _lfx-w2(sl:§-&-au)ng )’ u‘g‘l) o w(k2+a1 ’ ¢1 B k’2+a 711 , for 1 =1,
under the condition that the linear dispersion relation
k? 02k?
4 2\, 2 2
— Q —— =0 2.26
¥ (k2+a1+ >“+k2+a1 , (2.26)

be verified, leading to the first harmonic of perturbation. The solution of the quadratic

equation in w? (Eq. (2.26)) is given by

1 k2 k2 2 4k2002
= 0+ Q) - = : 2.2
v 2\ k2 4+ + \/(k2—|—a1 * > 2 + a (2.27)

We note that for the case of pure perpendicular propagation and strong magnetic field

(k, = 0), we obtain the following dispersion relation

]{32
202 = )
v ]C2—|—(Z1

(2.28)

Along the same line, the second harmonic of perturbation (£2) admit the relations ug(fo) =

2 OREC) (2) 2 )
_Wgﬂu)‘ ny’ |, u = 0, and no = ady + GEiapElm | for [ = 0, while for
[ = 1, solutions are obtained as ”1 = (k* + al)gbgz) - kfj_’fn agg - inkal 83;7 , ufl) =
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811( ) 2 an(l) onlV 2 2
Um¢>¢1 + Wﬂcﬁ ag + Wy =55 o U(yl) Wyaﬁ(bl + Uye ag + Uyy 3717 , and uil) = Uz(bﬁbg)
® (1)
WUpg —5— On 86 + Uy aa under the solvability condition

kyw (M +w? — 2w (wW? — QQ)> o (0% — O — W2 (W2 — 02))
e 2wk + ar) - K20) LT T R T a) - k)
(2.29)
that gives the group velocities, with v = ng + UZZ Still at order 2, the following
solutions are obtained for | = 2: n2 = ( § )> (2) = <n§1)> u(22) = 10y, <n§1)> ,

2
2 (1) 2) 1
Ui2) = auz< n ) ) ¢2 :a¢<n§ )> :
For its part, the third-order (£3) reduced equations for [ = 0 are obtained as set of

couple equations in appendix (Eq. (59)), which after some algebra lead to the following

equation verified by the potential gb(()z)

2 2 2
82¢(()2) 82¢(2) 82¢(2) 82‘ n(l) | 62’ n(l) | 62’ n(l) ‘
5 0 0 1 1 1 —0.
o3 052 + O¢yy 85877 + 577 3772 + 09 852 + 093 (95577 + 03 3772 0
(2.30)

Here, the coefficients ¢;, d,) and d¢,, are decided by the first harmonic dynamical field and
09, 03 and 093 are decided by the zeroth harmonic static field of the plasmas. Finally,
the various expressions derived in the above calculations are considered into the (I =

1)—component of the third-order part of the equations, leading to the amplitude equation

aznl aQn(l) a2n(1)
+ Yo + e

.3n§1) i
dED on?

1

or T ae

2
+ <73\ ngl) | + ’y4q§é —k uzo) M _q,
(2.31)

We recall that all the different coefficients of equations (2.30) and (2.31) are given in
appendix (Egs. (60) and (61)). The terms with coefficients v;, v, appear due to wave
group dispersion and the (2-+1)D evolution of the ITAWSs, these with ;5 is due to the oblique
modulation. The cubic nonlinearity (Kerr) -3 is due to the carrier wave self-interaction
originating from the zeroth harmonic modes (or slow modes), and the nonlocal nonlinear
(quadratic) one 7y, appears due to the coupling between the dynamical field associated
with the first harmonic (with a cascaded effect from the second harmonic) and a static
field generated due to the mean motion (zeroth harmonic) in plasmas. Further adopting

the notation ¥ = nl ) and Wy = gzﬁéz), k. =0, vy, = 0 for case of pure perpendicular, the
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set of Egs. (2.30) and (2.31) reads

0P, 0% 0%

i5r T g t g + (sl v ) ¥y =0, -
P o |2+6 O |
1 oE2 on? 2 oE2 3 o> '

which is known as the DS equations [101] that couples a complex field, for the wave-

amplitude ¢y, and a real field, for a mean-flow 1. Seminally, the DS equations was
derived to describe nonlinear evolution of (2+1)-dimensional waves packets in water of
finite depth [101]. It has thereafter found applications in diverse areas of physics, including
nonlinear-optics [102]| as well as related fields such as the study of matter waves in Bose-
Einstein condensates [103] and the study of the propagation of electromagnetic waves in
ferromagnets [101]. Moreover, in the context of nonlinear propagation of gravity-capillary
surface waves under tension, a rigorous derivation of the DS equations was proposed in
Ref. [159]. Without being exhaustive, we may also point out various contributions devoted
to multi-dimensional classical plasma systems in Refs. [160-163]. Specifically, DSEs were
shown in Ref. [160] to arise in multi-dimensional plasmas under the assumption that ion
waves were parallel to the magnetic field. More recently, Panguetna et al [21,90] derived
the DS equations both in two- and three dimensions and used then to establish the strong
relationship between MI and dromion solutions, even during collision. In the context of
the present thesis, one should notice that the different coefficients for Eq. (2.32) depend
on the system parameters. This renders easier the evolution of the contribution of both

nonlinear and dispersive effects to the emergence of nonlinear waves.

2.3 Analytical methods

It is well known that the NLS equation and DS equation are a nonlinear PDEs that
could not be solved, at least not exactly. However, in order to study the dynamics of
such system, various technics (include analytical, and numerical) have been developed.
The variational method [65, 164, 165], the Hirota’s bilinear method [113, 166] have been
investigated and some special types of exact and localized solutions for these have also
been obtained by means of different approaches. The direct way to emerge solitons and
localized structures from nonlinear systems is through the activation of modulational

instability [1,82].
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2.3.1 Linear stability analysis of plane wave solutions in NLS
equation

One of the direct mechanisms responsible for the formation of solitons in nonlinear
media is modulational instability. The latter occurs when a constant wave background
becomes unstable and induces sinusoidal modulations under the competitive contribution
of nonlinear and dispersive effects. Otherwise, under such effects, a plane wave solution
breaks up into trains of solitonic objects. Nonlinear evolution equations admit plane wave
solutions that may be stable or unstable, depending on the system parameters.

Let’s consider the following NLS equation in plasma system [18, 167]

a¢ P00 ¢ 82¢> _

To study the modulation instability of waves in Eq. (2.33), we first consider the develop-

ment of small modulation d¢ according to
b = [0+ 60(Kel + Koy + K¢ — Qr)]el =147, (2.34)

where the constant 1 is the amplitude of the carrier wave. Substituting Eq. (2.34) into
Eq. (2.33), collecting and linearizing terms in the first order, we obtain A = —Q |¢o|*,

and

9o 825
0 pis

2 2
i + Q|po* (66 + 6¢*) — R (a ¢ + 0 ¢) 0, (2.35)

0¢?

with 0¢*, the complex conjugate of d¢.

Introducing 81 = U + iV, with (U, V) = (Uy, Vp)e!EetH Kt KeC=07) 1 ¢ ¢ in Eq. (2.33),
where (K¢§ + K,n+ K:( — Qr)u is the modulation phase with 2 the frequency of the
modulation and K¢, K, and K. the modulation wave numbers in z, y and z directions,
respectively, and separating the real and imaginary parts, we obtain the coupled equations

as follows:

iQVy + [2Q160l” + R(KE + K7) = PEZUp = 0, (2.36)
iQUy + [~ R(K? + K2) + PE2Vy = 0.

From Eq. (2.36), we obtain the following nonlinear dispersion relation for the amplitude

modulation of the ion acoustic waves modes:

2Q| o)

0 = [PK} — R(K; + K))* |1 - PR?— R(KZ 5 I2)
n

(2.37)
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The MI will be set in if the following condition is satisfied:

2Q)| o
PK? — R(K? + K2)

> 1. (2.38)

Letting K* = K¢ + K} 4+ KZ, the modulation wave number and oy = K the

~ VR

parameter related to the modulational obliqueness 6 (6 = arctan(ay)) and the nonlinear

dispersion relation Eq. (2.37) reduces to

Pa? — R\* 2do|2(1+2) Q/P
02 =4 (=) |- 250 0 . 2.
( 1+ a} ) { K2 ai— R/P (2.39)

From Eq. (2.39), we find that there exists a critical wave number K, such that

_Qr > K? (2.40)

K2:2 21 2
c |¢0‘ ( +a6)a3_R/P )

and the instability grouth rate I' (2 = ¢I) is given by

Po2 — R\ [K? 1/2
Fr=K?>[—2 ") |=<—-1| . 2.41
( 1+ a3 > {K"’ } (2:41)

From Eq. (2.37), the maximum growth rate I',,4, = Im(€)nq: can be obtained as I'y40 =
Ql1o|? provided Q[¢o|* = PKZ — R(KZ + K7) is satisfied.

The MI may be observed if one of the following two conditions is verified
QP >0, «a;>R/P, (2.42)
or
QP <0, a;<R/P. (2.43)

The critical value of 6 is 6. = arctan(R/P)Y? resulting from Eq. (2.42) and Eq. (2.43)
such that the MI occurs when either PQ) > 0 and 6 > 6. or PQ) < 0 and 6 < 6. holds and

also indicate that w > w, and w < w,, respectively.

2.3.2 Linear stability analysis of plane wave solutions in DS equa-
tion
In this subsection, we consider the modulational instability of a plane wave solutions
of the DS system [21, 168, 169)]

?Q  ,0%Q Al
518_52+528_772:ﬁ3 |8§2|

2 2
AAL_ 0, (2.44a)

B =
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A A F
zg—+%9—+af 1 og] APA+ 0,QA =0, (2.44b)
or 0&?

The plane wave solution is given by

A = Agelmétrn=9m+0) 5 — (2.45)

where Ay, Qo, p1, p2 and 6 are real constants. Indubitably, such plane wave solutions will

propagate in the system if the condition
Q = aqp? + agps — as A2 — a,Qo, (2.46)

is satisfied. Here, 2 obtained by substituting Eq. (2.45) in the DS system, is so-called
linear dispersion relation or unperturbated dispersion relation. To further proceed, we

study the stability of the plane wave solution by introducing small perturbations so that
A — (AO 4 A/) i(p1€+pan—Qr+0= 9/)’ Q= 0Q+ Q/7 (2.47)

where the small perturbations A’, Q" and 6’ are taken to be

Al AA
g | =1 A6 Re( eilm&tpan=—vr) ) (2.48)
Q' AQ

with AA, Af, AQ, u1, 9 being real constants. Inserting Eqs. (2.47) and 2.48 into (2.44)
and making use of the dispersion relation (2.46), we obtain a homogeneous system in AA,
Af and AQ, which admits non-trivial solutions if its determinant is non-zero. This leads

to the following nonlinear dispersion relation:

(v — 201 upr — 200p9p)? = (plon + plas) ( pan + paan — 203A3 + 2142044—“152+”2553 ) )

(2.49)

If the right hand side of Eq. (2.49) is negative, v should have an imaginary part, and then
the solution (2.45) becomes unstable under the modulation (2.47). Hence the stability

condition is given by

(o + psan) ( pian + pian — 203 A% + 2A3a4% ) > 0. (2.50)

Obviously, the stability/instability condition of the plane wave only depends on the terms

( 1—242% (Brpf+1u5)— a4(52“1+53“2 ), which also fixes the threshold amplitude above which
(o‘1#1+0‘2#2)( /81)

the plane wave is expected to break up into solitary structures, i.e.,

o __ (oydtoyd)(Bd+p3) (2.51)

0 2a5(p3 — 12B1) — 204(Bapi? + Bapl)
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For the above, one can deduce the MI growth rate I' = y/—v3, with vy = v — 2a3u1p; —

200122

2.3.3 Variational approach

A variational approach is the method used to describe the main characteristics of pulse
evolution involving the trial functions. This method is well known in classical mechanics
and used in various contexts. Speaking of nonlinear optics in general, and particularly of
the propagation of a pulse in optical fibers, it was applied for the first time in 1983 by
D. Anderson [65]. The basic physical assumption (the main advantage) of this approach
rests on the fact that a propagating wave retains its initial shape or profile while only its
characteristics such as amplitude, width, chirp, and phase change continuously according
to the propagation distance. The most important single parameters characterizing the

pulse evolution are the first three characteristics.

2.3.3.1 Mathematical description of this approach

in this subsection, we use the standard variational approach [67, , | for the
analysis of the following NLS equation [65]

200

2

Mathematically, this variational approach makes use of the Lagrangian density L defined

by:

0p V" aw*)_ (2.53)

L=1L (o282 ¥
<¢’w’0x’ ox ' or’ Or

Here, v, %, %7 %, g—f and 68% are the generalized coordinates and the principle

of least action applied to this functional Lagrangian is written in the following form:

. 0P Oyt Oy Oy _

oL
S*

0 oL 19) oL oL
oz <6w;) Tor (fw:) T (2:55)

where the first two terms designate respectively the acceleration along the direction of

=0<:

Let’s consider the following Fuler-Lagrange equation

propagation x and the temporal coordinate 7, and the last term represents the gradient
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of the potential along the coordinate 7. This last equation is equivalent to Eq. (2.52).
Using Eq. (2.55), we find the following Lagrangian density of Eq. (2.52)

o o |?
L_2<¢ LA —w)—a‘a—f‘ +g|¢|4. (2.56)

We now proceed by assuming a trial function solution of Eq. (2.52) of the form

P, 7) = Alr)e” = OO (2.57)

where A(x) is the complex amplitude, a(x) the temporal width, and 2b(z)7 the frequency
chirp of the carrier wave.
Inserting the trial solution Eq. (2.57) into Eq .(2.56), we obtain the following reduced

Lagrangian

<L>=["2Ldr i[m (AZE — A 94) 4 [A]P a® 22 — ad® |A]” (& + 40%) + Tsra o[ ]
(2.58)

with § [ < L > dz = 0.

2.3.3.2 Variational equations for (Gaussian parameters

Now, we can find the variation of < L > with respect to the various characteristic of
Gaussian parameters of the carrier wave A(7), a(z) and b(x). Using the Euler-Lagrange

equations for each parameter, we obtain progressively:

6<L>_ﬁ(8<L>)_a<L>:0©

SA* Oz \ 0A 0A*

(2.59a)
0 0A ob 1
pe —(iaA) = —zaa—x + Aa 3% —aa’A <$ + 462) +V2ka| A A,
S _ 9 (90N _ 9L
JA Oz \ 0A, 0A
0 8A* 0b 1 (2.59D)
ax( iaA*) = a—- A*a38_x — aa®A* (E + 4b2> +V2ka|A]PA",
6<L> a 3 2\ 3 2
5 ( ) o (a®|A]") = —8aba®|Al7, (2.59¢)
o(L) _
da 8%
. |A|2 X (2.59d)
A%E 408N L sa Al'=0.
(4% - 45, ) AP Al =0
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2.3.3.3 Determination of the equations governing the dynamics of test function

parameters and the potential

Multiplying the Eqgs. (2.59a) and (2.59b) by A*(x) and A(x), respectively, we obtain
the following equations:

A*ag(iaA) —zaA*gA ]A|2a38b

T

aa®|A]? ( —|—4b2>+\/_fia|A\4 (2.60a)

HA* 2 500
A 3
K

A 8( iaA*) =iaA

5 aa’| AP < +4b2>+fm|A|4A (2.60D)
X

By subtracting and adding the Egs. (2.60a) and (2.60b), respectively, we obtain the

following equations:

5 (L) 5 (L) d .
e _ @ _ 2.61
A A A T O@dw (|A]"a) =0, (2.61a)
LOA DA ,0b , (1 ) )
<A o A ) |A? { il <a4 + 4b ) +V2k|A| } . (2.61b)

Equation (2.61a) implies a constant of motion, which express the fact that the energy of

wave does not change:
|A|Pa = const = Ey = |Ao|*ao, (2.62)

where ay = a(0) and Ay = A(0) at = = 0, with Ej the conserved quantity related to the
wave energy. This result (Eq. (2.62)) could also have been obtained from the wel-known

invariant of the NLS equation:

“+oo
/ [i(z,7)|* dr = const. (2.63)
From Eq. (2.59d) and (2.59¢), using the fact that |A|*a is constant, we obatin:
jz = —4aab (2.64)

By comparing Eqgs. (2.59d) and (2.61b), we obtain:

db e K| A|? KkFEy

Dy L — dab? 4+ 2 , 2.65

dr ab” + X4 2\/5@2 ab” + X4 2\/5&3 ( )
By deriving Eq. (2.64) and using Eq. (2.65), we obtain:

d*a B 402 B \/§/$|A|2 _ 402 B \/§/<0E0. (2.66)

dz? Xa3 a Xa3 a?
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Considering the complexe amplitude A(x), as follows: A(z) = |A(z)|eli¢(x)) and A*(z) =

| A(x)|e(=*=)) its complexe conjuguate, we have:

dA dlAl . doY dA* diAl . dot\
o2 A= ) e, = [ 2 a1 9 2.
dx ( dx +il |d:1:) 0w ( dx il dz ) © (2.67)

By inserting Eq. (2.67) into Eq. (2.61b) and using Eq. (2.65), we obtain:

dp o 5v2k |A o 5v2KE

= 2.68
dex a2 8 a? 8a ( )
Equations (2.62), (2.64), (2.65) and (2.68) lead to the following system:
[A? @ = Eo = |ao| a,
d?a B 402 \/§I€|A|2 B 402  /2KE,
dz?2  Xa3 a - Xa3 a2 (2.60)
db Al E :
—:4a62+i—l€| | :4ab2+i—&,
dx X4 2\/2q2 X1 2y2a3
dp « 5v2k |Al? _a  5V2kE,
\ dr a2 8 e 8a '

where Ey = fj;o > dr = |A]*a = |Ay|” ao is the constant linked to the energy of the
wave, with Ay = A(0), Ay = A(0). The differential equations of the set of Eq. (2.69)
represent the dynamic equations of the amplitude, widths, shirps and phase of the ion
acoustic waves in electronegative plasma in the presence the external magnetic field. The

associated potential of this system can be expressed as

Vi(a) = —% (%)2- (2.70)

Inserting the third relation of Eq. (2.69) into Eq. (2.70), using the normalized variables

y(x) = a(x)/ag, we finally obtain the following scalar potential of the system

2 2arE
V(a) = = _ % + const ===V (y) =

= AR ' (2.71)

vy
describing the motion of particles in the potential well, where the constants 1 and v are
defined as follows p = 2—2‘;, v = —ﬁ‘;‘—éfEO and K = %%St Assuming that [%]xZO = 0 and

a(0) = ap, we obtain K = —(u +v).

2.3.4 The Hirota’s bilinear method

The Hirota’s bilineaire method was introduced for the first time by Hirota |?] to con-
struct multisoliton solutions of integrable nonlinear evolution equations. The idea was

to make a transformation into new variables, so that in these new variables multisoliton
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solutions appear in a particularly simple form. The method is an algebraic one, based
on the bilinear form of the nonlinear equation, used to solve nonlinear partial differential
equations (PDEs). The main feature of the method is the derivation of multi-soliton
solutions of some physical systems [?, 7,7, ?]. Research on exact solutions for nonlin-
ear evolution equations has attracted a lot of interest during the last decades. In this
regard, a collection of analytical methods for investigating exact solutions to nonlinear
partial differential equations (PDEs) have been proposed, amongst which are the inverse
scattering method [170], the Backliind and Darboux transformation method [171], the
Hirota bilinear method [113, 166], pseudo-spectral method [172], the hyperbolic func-
tion method [173,174], the homogeneous balance method and formal variable separation
method [175—177], the generalized Riccati equation method [1 78] unified algebraic method
and varied Jacobi elliptic function methods [179, 180]. Interestingly, the Hirota bilinear
method [113,166] has been used to construct dromions-like solutions to a system of equa-
tions similar to the DS system. We should indicate that there exist types I and II DS
equations depending on the sign of their coefficients |81, 182]. However, from the results
of Sec. 2.3.2, one may obtain the two types of systems. It has been shown that the
system of Eq. (2.32) may display DS-I behaviors if the conditions /v, > 0 and 3 > 0

are satisfied [183, 184].

Let consider the following Davey-Stewartson equations [21], similar to [160]
8F O*F 82
g ThgE T g + (| F [* +uG) F =0, (2.72a)

2 2 2 2 2 2
510@ G _ PIFP_OF

5 o 5 57 =" (2.72b)

We used the Hirota’s bilinear method to obtain one- and two-dromion solutions for this
DS system of equations. Such solutions are investigated by first studying their domain of

existence. Therefore, we first rescale dependent and independent variables as follows:

£ =Gommms 1= g Q=7 F P +uG - (2.73)

We also introduce the following new independent variables through a coordinate axis

rotation by 45°:

X = (5 +7), Y =—=(~-7). (2.74)

SI
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Substituting the relations (2.73) and (2.74) into Eqgs. (2.72), we obtain the following set

of equations

1Fr + a(FxX + Fyy) +bFxy + FQ =0, (2.75&)

d'(Qxx + Qvy) +VQxy = 2(] F [*)xv, (2.75b)

where a, b, a’ and b’ are constants given by,

0 1 < 28! L ) - 1 ( g8 e >
2 51’73 - 5274 5374 — 73 , 2 5173 - 5274 5374 — 73 ’

o1 ( 5 1 ) b1 < oo, 1 )
a = — — y = — .
2 5173 - 5274 5374 — 73 2 5173 - 5274 5374 — 73

Solutions for system (2.75) are investigated by introducing the new dependent variable

(2.76)

transformations f (real) and g (complex) so that

F= (%) , and Q = c(In f)xy- (2.77)
This leads with the D-operators to the bilinear form

(iDT + a(DXX + Dyy))(g . f) =0, (278&)

Dxyf.f=mg-g", (2.78b)

where D is an operator defined by

D;Lg ’ f = (aﬂfl - aﬂ?z)ng<ml)f(m2) |$2=901=967 (279&)

Di"Dyg - f = (0 — 01,)" (0ny — 02,)"9(21) f(22) |t=tr =t 00=21 = (2.79D)

which is known as the Hirota bilinear operators and also called Hirota derivatives, with
m,n =0,1,2,3,.... For example
Dig- =g =9t
D2g- f = 9af — 9/z,
DiDyg - [ = guuf — gefo — 9ot + 9fia, (2.80)
D39+ f = guaf =200 fo + G fue
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We further expand the new variables F' and G in the power series of small arbitrary
parameter 0 as
g=0g1 4093+ ...,

f=1+0f+8fi+ ..,

(2.81)

in order to obtain the dromion-like solutions [21,183]. The new variables f and g in Eq.
(2.81) are introduced into (2.78) to find g1, g3, fo and fy by collecting the terms with

same power in J:

d: (D, +a(Dxx + Dyy))g1 -1 =0, (2.82a)
0% : Dxy(1- fo+ fo- 1) = mgi - g}, (2.82b)
8% (iD; + a(Dxx + Dyy))(g1 - fa+g3-1) =0, (2.82¢)
6" Dxy(fo- fo+ 1 fat fo-1)=m(g1- g5+ g5 97), (2.82d)

and so on. Now, solving (2.82a) to generate the line solitons, g; to be in the form

N

go=Y expny, = pX + Y +ia? + )+, (2.83)
=1

with pj;, ¢;, and 7y; being the complex constants. To construct the one soliton solution,

we take N = 1 in (2.83) and so we have

gr=expm m=pX+aqY +ia(p] + ¢)T + o1 (2.84)

Substituting (2.84) in (2.82b), we obtain
1

leQ1R7

fo=exp(m +ni +2B), exp2f = (2.85)

where pig,q1r being the real part of py, ¢, respectively. Using ¢; and fy from Egs.
(2.82a) and (2.82b) into Eqs. (2.82c) and (2.82d), one can show that gy = 0 for j > 3
and f;) = 0 for j > 4, respectively. Now, substituting (2.84) and (2.85) in (2.77), the

physical quantities F and G take the following form

F =] @sech(nm + ) exp(iny), (2.86a)
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Q = 2cqigsech®(mp + B), (2.86Db)

where 7,7 is the imaginary part of n;. This treatment can be extended to generate N-line

soliton solutions as well.

2.3.5 Construction of one-dromion solutions

To construct one-dromion solution, we use the ansatz 182, 185-187]

fip =14 Jexp(m +n7) + Kexp(na +n3) + Lexp(n + 17 + n2 +153), (2.87)
m = pX +iap*t + 101, M2 = qY +iag>T + noa,

where J, K and L are real constants, p = p; and ¢ = ¢;. Substituting Eq. (2.87) into
(2.82b), we obtain

gip = pexp(m +112), | p = 2L(p + p)(q + ¢*) = 8Lprys. (2.88)
The generalized form of one-dromion solution is obtained as

P9 _ pexp(m + 12)
1D — — )

Jip { L+ Jexp(m + ;) + K exp(nz + 13) + Lexp(n + 07 4 n2 + 1)) }

m = pX +iap*T + 101, M2 = qY +1iaq’T + oo
(2.89)

Similar solutions have already been reported in the work of Panguetna et al. [21] as the

excitation of ion-acoustic waves in unmagnetized electronegative plasmas.

2.3.6 Construction of two-dromion solutions

Moreover, one can proceed in a similar way and construct multidromion solutions. For

example, to generate two-dromion, we take the ansatz [21, 187]:

fop =1+ Aexp(m +ny) + Bexp(nz +n3) + Cexp(ns + n3)

+ Dlexp(n: +n3) + exp(n2 + 17)]

+ Elexp(m + 5 +n3 +n3) + exp(nz + 07 + 03 + n3)] (2.90a)
+ Fexp(n +mny +n2 +13) + G exp(nz + 13 + 13 +13)

+ Hexp(m + 07 +n3 +n3) + Lexp(m +n7 + 02 + 105 + 03 +13),
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m =X +iapiT + 01,  n2 = paX +iap3T +no2, M3 = @Y +iag;T 4+ nos, (2.90b)

where A, B, C, D, E, F', G, H and [ are real, positive constants. Now, substituting
(2.90a) with (2.90b) in (2.78b) and choosing pa; = p17, we obtain

G2p = p11exp(m + n3) + p12 €xp(n2 + 13) + par exp(m + 05 + 02 + 103) (2.91)
+ pazexp(my + m2 + 15 + 13),

where the real parameters pi1,p12,021 and pee can be chosen appropriately in terms of the
parameters A, B, C, D, E, F', G, H, I, pi1r, par and g1g. Thus, the two-dromion solution

can be expressed as

p11exp(n + 13) + pr2 exp(nz + n3) + pa1exp(ny + 0y + 12 +13)

92D + pag exp(m + n2 + 15 + 13)

:
1+ Aexp(m +n7) + Bexp(ne +n3) + C exp(ns + n3)
+ Dlexp(n1 + n3) + exp(n2 + n7)]

§ + Elexp(m +n5 +n3 +n3) +exp(ne + 07 + 13 +n3)]

+ Fexp(n +ny +m2 +n5) + Gexp(nz +n5 + 13 +n3)

|+ Hexp(m + 07 + 15+ 1) + Lexp(nn + 07 + 1+ 15 + 13 +115) |
(2.92)

where 7, = p1 X +iap?T + 101, N2 = p2X +1apiT + N2, 13 = 1Y +1aq?T + nos. Interaction
properties of these localized structures (two-dromion like structures) which are expected

to be quite similar to that of the DSI equation [188-190] can be analysed in the same way.

2.4 Numerical methods

The nonlinear Schréodinger equation (NLS) obtained in the previous section (equation
(2.20)) is a nonlinear partial differential equation which generally does not admit of an
analytical solution except for certain well-specified cases such as solitons for which the
effects dispersion are compensated by the optical Kerr effects. Similarly, the equations
governing the dynamics of the parameters of the test function do not admit analytical
solutions, except for fairly simple cases. A numerical approach is often necessary to
describe the studied systems. There are several numerical models: pseudo-spectral meth-

ods, Runge-kutta (RK4) methods, finite difference methods, etc. The use of a numerical

Ph.D Thesis in Physics GANYOU Stéphanie® 2024



Chapter II: Model description and Methodology of investigations

method depends on the equation to be solved. A numerical approach is therefore often
necessary for an understanding of nonlinear effects in magnetized electronegative plasma.
A large number of numerical methods can be used for this purpose [191,192|. These can
be classified into two broad categories known as: (i) the finite-difference methods; and
(ii) the pseudospectral methods. Generally speaking, pseudospectral methods are faster
by up to an order of magnitude to achieve the same accuracy [193]. The one method that
has been used extensively to solve the pulse-propagation problem in nonlinear dispersive
or dissipative media is the split-step Fourier method [191,195]. The relative speed of this
method compared with most finite-difference schemes can be attributed in part to the
use of the finite-Fourier-transform (FFT) algorithm [196]. This section describes various
numerical techniques used to study the IAWs-propagation problem with emphasis on the

split-step Fourier method and its modifications.

2.4.1 Fourth-order Runge-Kutta method

In this subsection, we use the fourth-order Runge-Kutta method to study the dy-
namics of gaussian function parameters numerically. It is a single-step method, directly
derived from Euler’s method and very commonly used for the numerical resolution of
differential equations. This methode is easy to program and stable enough for common
physcics functions. Numerically, it requires only the knowledge of the initial values, but
quite consuming calculation time. The idea of this method is to try to distribute the
places where the function f(z) is evaluted between the abscissas x and z + h of iterartion
step h, rather than to calculate the successive derivatives up to a certain order n in one
point. Overall, this method is based on the principle of iteration, i.e. a first estimate of
the solution is used to calculate a second, more precise estaimate, and so on.

Consider the following problem defined by the first derivative form and the iniatial con-
ditition:

dy
o=y =@y, y(zo) = yo. (2.93)
x
The fourth-order Runge-Kutta method is given by the following equation

1
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where z(i + 1) = x(i) + h with The iteration algorithm 7 of this method is as follows:

Ky = hf(x(i), y(2)),

((2),

= hf(x(i) +h/2,y(0) + K1 /2),
((7)
((7)

(2.95)
K3 = hf(2(i) + h/2,y(i) + K»/2,)

Ky =hf(z(i) + h,y(i) + K3).

Here, the slope is obtained by a weighted average of slopes:
e K is the slope at the beginning of the interval;

e [, is the slope in the middle of the interval using the slope K; to calculate the value

of y at the point z(i) + h/2 through the Euler’s method;

e K3 is the slope in the middle of the interval, but this time obtained by using the

slope K5 to calculate the value of y;

e K, is the slope at the end of the interval, with the value of y calculated using the
slope K3.

2.4.2 Split-step fourier method

The Split-step Fourier method (SSFM) is based on the pseudo-spectral method and
used to solve time dependent nonliner partial differential equation. The nonlinear PDE
is divided into related sub-problems of the original equation involving calculating the
dispersive and nonlinear terms in the dynamical equations governing the propagation
of TAWs in magnetized electronegative plasma. The method is easy to understand and
with the use of MATLAB the implementation is straight forward [197,198]. This method
provides an excellent methodology for learning and teaching how to solve time dependent
PDEs. In numerical analysis, the Split-step Fourier method is a pseudo-spectral numerical
method used to solve nonlinear PDEs like the NLS equation [199,200]. However, the
split-step method provides a numerical solution to the problem. It is the most popular
algorithm because of its good accuracy and relatively modest computing cost. Overall,
the Linear and Nonlinear Schrédinger Equation and with the aid of MATLAB [197]. Here,
below, is the description of the method.

Let us consider for example, the NLS equation [197]

ou 1 /0%u O%*u ou 1 (0% 0O%u .
Za = —= (@ + 9 2) +V(l’ y)u - E = 5 (@ + a_y2> —zV(:c,y)u, (296)
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where u(t,z) is a complex valued function, V(z,y) a real function and > = —1. The

Split-step Fourier method is employed by letting

170> 02
I = 5 <@ + 8_y2) ’ (2.97a)
N = —-V(z,y), (2.97b)

where L and N time independent linear and nonlinear operators, respectively. Consider
a small interval of time, say [t,t + At]. Now assume that u(¢,z,y) is known and assume

that L is negligible, that is u,, ~ 0 and wu,, ~ 0. Then Eq. (2.96) reduces to

ou

n =iNu. (2.98)

This approximation leads to an ordinary differential equation (ODE) in time. The solution

to this ODE is known and the solution at time ¢ =t + At is given by
u(z,y,t+ At) = exp(iAtN )u(z, y, ). (2.99)

Next, we redo the problem but neglect the contribution of N. For this case the PDE is

linear with no variable coefficients,

ou

n = iLu. (2.100)

This equation will be solved in the interval [t, ¢ + At] and use u(z,y,t + At) as the initial

condition. An analytical solution to this equation can be by taking the Fourier Transform

ou B 0*  0? 0 e
e =iF(Lu) =iF ( (@ + @)) = —i(k; + k,)u. (2.101)

The following Fourier and Inverse Fourier Transform definitions have been used

/f; / / o 2im( /Icg:ac+/’<:yy)dggdy7 (2.102&)

h(z) = F(h) = / / 2imkarthoy) re . (2.102b)

The partial derivatives are now gone and the equation becomes an ODE. The analytical

solution can be computed and value of u(k,, k,, t + At) is given by

Uk, by, t + At) = exp —i(k} + k) u(ky, ky, t). (2.103)
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The solution in the z domain can be calculated by inverse of the Fourier Transform:
Uz, y,t+ At) = F~ exp (—i(k2 + k) At)u(ky, ky, t + At)). (2.104)
The entire procedure can be stated in a single equation:
U(z,y,t + At) = F~ ' (exp —i(k} + k). F(|expi AtV (z, y)u(z, y,t))). (2.105)

The essence of the split method is to think of advancing in time and applying L and N
one at a time to complete each time step.

A variation on this method is the symmetrized split-step Fourier method, which takes
half a time step using one operator, then takes a full time step with only the other,
and then takes a second half time step again with only the first. This method is an
improvement upon the generic split-step Fourier method because its error is of order dt?
for a time step dt. The Fourier transforms of this algorithm can be computed relatively
fast using the Fast Fourier Transform (FFT). Compared to the typical finite difference

methods [201], the split-step Fourier method can therefore be much faster.

Conclusion

This chapter was devoted to the presentation of the fluid model equations governing
the dynamics of magnetized ENP system composed of electrons and negative ions, both
in Boltzmann distribution, in addition to cold mobile positive ions and the external mag-
netic field. We have also presented analytical methods used in this thesis. Asymptotic
expansion techniques, like the reductive perturbation and the multiple-scale expansion
methods, have been presented. Using these methods, we have derived the amplitude
equations (NLS and DS equations). We note that, coefficients of these equations do not
depend only on electronegative parameters of the plasma, also on the magnetic field. Sta-
bility conditions have been discussed, using the MI analysis of the planar wave solution for
these amplitude equations. Also, we have described the analytical and numerical methods
of investigations. For example, we have performed the Hirota’s bilinear method to show
to derive the line solitons solutions. This last method allowed us to solve the DS-Equation

and construct one- and two- dromion like structures.
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Results and discussion
-

Introduction

This chapter is devoted to the results and discussion on the work carried out in this
thesis. We mean to address comprehensively in (2+41)-dimensional cases, the response
of ion-acoustic waves to the effects of the electronegative parameters (the negative ion
concentration ratio and the electron-to -negative ion temperature ratio) and magnetic
field. We also show that under certain conditions, new classes of waves like ion-acoustic
soliton, one- and two-dromions solutions may emerge. Solitonic structures have long been
an attractive topic in nonlinear physics, since they arise in nonlinear physical systems
and their importance has been discussed in a broad range of contexts that include non-
exhaustively optic communication [66-71], Biophysics [72-75], Bose-Einstein condensates
[76-78] and Plasma physics [79,80]. In magnetized ENPs, the nonlinearity of the system
is considerably affect and consequently the characteristics of ion-acoustic waves [202—

|. For instance, it has been well-established that they may appear in physical systems
as the consequence of the interplay between nonlinear and dispersive effects, leading to
the modulational instability phenomenon. Otherwise, under such effects, a plane wave
solution breaks up into trains of solitonic objects. These investigations will allow us to
have a precise idea of how plasma electronegative parameters and magnetic field impact

the emergence, the propagation and the stability of solitary waves in such media.
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3.1 Dynamics of modulated nonlinear IAW packets in

magnetized ENP

3.1.1 Evolution of wave frecquency of IAWs in NLS equation

The following partial differential equation (2.20) for a complex field (wave-amplitude
1) obtained in the previous chapter

w 8% Py
182w 361 (,U5 3w3
Py~ 2w )
w w3 3
Q= —k(aw, +6..) — 9 (an + Bn) + k2 (62(0% + Bg) + 503) ) (3.2)

g w_3 1+ wz — w?

2k2 w2 —w?

is well-known as the (2+1)-dimensional nonlinear Schrodinger equation, with P, @ and
S the longitudinal dispersive coeflicient, cubic nonlinear coefficient and the transverse
dispersive coefficient depending on the external magnetic field, respectively. It describes
the amplitude modulation of the electronegative plasma amplitude v of postive ion acous-
tic wave packets along the external magnetic field. We note that the coefficients of the
obtained NLS equation depend on the system parameters specially, not only on the elec-
tronegative parameters such as the negative ion concentration ratio and the elcectron-to-
negative ion temperature ratio (« and o, respectivetly), but also on the magnetic field
(wp). In Eq. (3.2), n = ;= is the normalized number-density of positive ions, with charge

P!

Q.

neutrality condition at equilibrium defined by Z,n,0 = Z,n,,0+ne0, 2 = .- is the normal-
pi

. . . . . dmtnyoZ2e2
ized parameter of ion cyclotron and ion plasma frequency ratio, with w,, = \/%
1

and Q; = £2. ¢ = pe + fin0On, 3 = M and c3 = % are constants. Here,
T
— Ned — 1 _ Znnno _ & ] 111
fle = Zas = Tiar and p, = Ty = Tia which assumes the neutrality condition of
Znnno

the plasma p, + pu, = 1, with a = being the negative ion-to-electron density ra-

C2 w
2’“—24 — 5, O = (4k* 4+ 1) ag + €2, @, = 2 (an — (k2 4 ¢1)?),

tio. The parameters ag = 5

U2C - 2 C
By = %, Bn = 1B + 2¢a, Bu, = Vy0n — 27“(162 + ¢1)? depend on the following
g
wave frequency Egs. (3.3) and the group velocity Eqs. (3.4) of carrier wave (see Egs.

(2.11) and (2.14) obtained in the previous chapter): the dispersion relation is

2 k2
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and the group velocity is

w3

Vg = Clﬁ.

(3.4)

In Fig. 3.1, we present the wave frequency w given by Eq. (3.3) and the group velocity

3 05¢}

0.8 —_—, =5
—, = 10
0.6f —, = 15 |
> (d)
= 04f
0.2t
. 0
0 5 10 0 5 10
k k

Figure 3.1: Plot of the frequency w against k in panels (a) and (c), and the group velocity vg
versus k in panels (b) and (d) of wave packets for different values of o (upper panels for o,, = 5)

and o, (down panels for o = 0.1).

v, given by Eq. (3.4) against the wave number k for different values of the electroneg-
ativity parameters (negative ion-to-electron density ratio « and electron-to-negative ion
temperature ratio 0,). From the two panels (Fig. 3.1a and 3.1c¢), which allow to explain
the linear dispersion of features ion-acoustic waves, we find that as k increases, the wave
frequency w increases and it approaches an asymtotic value around 1 at higher wavenum-
ber k. It approaches a zero frequency value for the values of k tending towards zero.
Moreover, for a fixed value of o, («), as the values of the negative ion-to-electron density
ratio a increase, the wave frequency w decreases. This implies that to maintain the charge
neutrality, the equilibrium negative ion density value will increase as the electron density

increases. Moreover, this curve represents the relationship between the wavelength and
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the frequency of the wave, and it is useful in understanding the behavior of wave parkets
in the plasma system. Physically, the system gained more energy with greater values of
the wavenumber, and this energy has a limit value for highest wavenumber. Such negative
ion-to-electron density ratio « (0,) has also a significant effect on the group velocity of
waves as shown in the two other panels (Fig. 3.1b and 3.1d). The group velocity of waves
(vy) decreases and approaches the zero value with increasing wave number (k) for different
values of v (0,,). One can see that v, decrases with an increasing value of a (0,,) and its
behavior continues until reaching a certain value of k£ (k = 1.12), and then, (v,) turns to
increase by increasing a (0,,). This leads to improve the speed of the information carried

by the propagating wave packets in our plasma system.

3.1.2 Modulational instability analysis of IAWs in NLS equation

In this section, we are interested on the study of modulational instability (MI) consider-
ing (2+1)-dimensional ion acoustic waves governed by the nonlinear Schrodinger equation

Eq. (3.1). The plane homogeneous solution of this equation is given by [I,82-85]
P = el @vol'n), (3.5)

where the constant ¢y represents the amplitude of the carrier wave. The stability of the

solution (3.5) is studied by adding the small modulation 6% in the amplitude according

to :

b= (Yo + 5¢)6i(le/}o|27)_ (3.6)
Substituting Eq. (3.6) into Eq. (3.1), collecting and linearizing terms in the first order,
we obtain

D&y 0Py p o P00

i + P e + Qlvol” (09 + 09*) — S e =0, (3.7)

with d1*, the complex conjugate of d1).

Introducing 6y = U + iV, with (U, V) = (Up, V) e!FEet+K:n=07) 1 ¢ ¢ in Eq. (3.1), where
K.¢ + K.,n — Qr is the modulation phase with €2 the frequency of the modulation and
K., K, the modulation wave numbers in x and z directions, respectively, and separating

the real and imaginary parts, we obtain the coupled equations as follows:

iV + [2Q|¢* + SK? — PK?|U, = 0, 539
iQUy + [-SK2 4+ PK]]Vy = 0.
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From Eq. (3.8), we obtain the following nonlinear dispersion relation for the amplitude
modulation of the ion acoustic waves modes:
2Qho/?
02 =[PK?—-SK?)?* |1 - —A 2| . 3.9
PR? = SKEP 1= (39)

The MI will be set in if the following condition is satisfied:

2Q1o|?
PK? — SK?

> 1. (3.10)
Letting K = K7? 4 K?Z, the modulation wave number and oy = £= the parameter related
to the modulational obliqueness 6 (6 = arctan(cy)) and the nonlinear dispersion relation
Eq. (3.9) reduces to

Pa2 —S\? 2> (1 +a2) Q/P
2 _ g4 o _ 2% 0
=K ( 1+aj > [1 K? ai—S/P|" (3:11)

From Eq. (3.11), we find that there exists a critical wave number K. such that

0y =9 a=01
I I 20 T T T
w, =01
=, =0.2
10} w, =03 1
“ 0
20t (b)
-20 1 1 1

Figure 3.2: Panels show P/Q against the carrier wave number k for different values of negative
ion to electron density ratio o (a) as in Fig. 3.1 and S versus the carrier wave number k for

different values of plasma frequency wj, (b).

P
0

and the instability grouth rate I' (2 = ") is given by

Pa2 — S\ [K? 1/2
r=K?(—2 -~ < 1| . 3.13
() ] 19

Ph.D Thesis in Physics GANYOU Stéphanie® 2024



Chapter III: Results and discussion
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0 0.2 0.4 0.6 0.8
W

Figure 3.3: The stable/unstable regions for fixed values of the system parameters @ = 0.1,
on = 5 and w, = 0.2 is shown by the contour plots of P/@Q = 0 against the wave frequency w

and the modulation angle 6.

From Eq. (3.9), the maximum growth rate I';,0p = Im(2) 42 can be obtained as I'yp0 =
Q|vo|? provided Q|vp|*> = PK? — SK? is satisfied. The MI may be observed if one of the

following two conditions is verified

1+w]2,—w2

3(w? = 1)(w2 —w?)’

QP >0, a;>S/P= (3.14)

or

14w} —w?
3(w? = 1)(w2 — w?)’

QP <0, aj<S/P= (3.15)

It is clear that there also exists a critical value of 0, as 6, = arctan(S/P)Y/? resulting from
Eq. (3.14) and Eq. (3.15) such that the MI occurs when either PQ) > 0 and 6 > 6. or
P@ <0 and 6 < 6. holds and also indicate that w > w, and w < w,, respectively. Hence,
the instability condition depends on the sign of the product PQ and Figs. 3.2(a) and
3.2(b) show numerically the variations of the coefficients S and P/Q given by Eq. (3.2)
with the different physical parameters (o, w, and o,). According to the choice of these
physical parameters, one can see that the coefficient S gains its sign. The expression of
S clearly shows that there is a cutoff at w = w,, corresponding to the simple ion cyclotron
oscillations (dimensional form) in electronegative plasma, which does not participate in

the wave group dynamics and that w, plays a decisive role in the propagation dynamics
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Figure 3.4: Plot of the modulational instability growth rate against the modulation wave
number K for different values of w,, and fixed values of a and 0,,: @ = 0.1 and o, =5 ( see the
panel (a)), @« = 0.1 and o, = 10 (see the panel (b)), & = 0.3 and o, = 5 (see the panel (c)) and
a = 0.3 and o, = 10 (see the panel (d)).

of the nonlinear ion acoustic waves [37]. The curves of P/Q in (w, 6)-plane presented
in Fig. 3.3 show the information about the positive and negative regions of product PQ
according to the analytical expressions given in Eqgs. (3.14) and (3.15) and the stable/
unstable regions for fixed values of the system parameters. One can see that dispersion
coefficients P, S and nonlinearity coefficient () are related to «, o, and w,. It turns
out that these physical parameters could significantly affect the stability characteristics
of IAWs in our plasma system. Therefore, the modulation instability can be studied
numerically. For that, the MI grouth rate is shown in Fig. 3.4. The panels of Fig. 3.4
show the evolution of the growth rate of the MI for different values of the magnetic field
wp in the case of some values of o and o,,. As it increases, one clearly notices an extension
of the zone of instability in the plane and the increasing of the maximum grouth rate. We
find that effect of increasing values of a and o, is to increase the modulational instabilty
growth rate with cutoffs at higher wave numbers of modulation for different values of
wp. We should precise that some studies were carried out recently that showed the strong
impact of parameters such as the negative ion to electron concentration ratio and electron-

to-negative ion temperature ratio [20-23,52|. It is therefore, of high importance here to
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insist on the combined effects due to such parameters and the magnetic field. Therefore,
this implies that the unstable regions will also be modified with the changing of «, o, and

Wp.

3.1.3 Dynamics of IAWs characteristic parameters

In this section, we follow the standard variational approach [65,164,165] for the analysis
of Eq. (3.1). Mathematically, this approach makes use of the Lagrangian density L defined
by:

< 0 81/} 0w Ut O 0v" n) (3.16)

¢w7_ 8578578_77787]”’

W, P*, g—f, aa%, g—f, aa—lf, g—;/;, 6567 7,& and 7 are the generalized coordinates and the principle

of least action applied to this functional Lagrangian is written in the following form:

op Y7 oY N7 0y W _
R G s o T DR 0

Let’s consider the following Euler-Lagrange equation:

0 (0L 0 ( 0L 0 ([ OL 0L
o (5:) * o (aw;;> "o (wg) "o (319

where the first three terms designate respectively the acceleration along the direction

of propagation 7 and the spatial coordinates £ and 7, and the last term represents the
gradient of the potential along the coordinate 7. This last equation is equivalent to Eq.

(3.1). Using Eq. (3.18), we find the following Lagrangian of Eq. (3.1)

oy Lo ’ Q

L= ) il IR el 4
( e ) ‘ I ‘ 9¢

2
We now proceed by assuming a trial function solution of Eq. (3.1) of the form

ol (3.19)

2 . .

V(& n,1)=C(r)e R Fia(n)Et b Hie(r) (3.20)
where C(7) is the complex amplitude, (X (7) , Y (7)) the spacial width, (a(7), b(7)) the
frequency chirp and ¢(7) the phase of the carrier wave.

Inserting the trial solution Eq. (3.20) into Eq .(3.19), we obtain the following reduced

Lagrangian

< L>= [T [T Ldgdn
i (Cac* C*aC) XY + |¢|2 8aX3Y
=5 |+ LXY? - S|P (3 + 4d?) XPY
+P [ (3 +40%) XY2 - Qy' XY

(3.21)
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Now, we can find the variation of < L > with respect to the various characteristic of
Gaussian parameters of the carrier wave C(7), X (1), Y(7), a(7), b(7) and o(7).
Using the Euler-Lagrange equations for each parameter, we obtain progressively:

S(Ly 8 (L)) (L) 0 . ;
o = 5 (ac: —5pe =0 5 (iICXY) = ~iC:XY + Ca- X*Y

(3.22)
1

+Cb, XY? — SC(ﬁ + 4a*) XY + PO(W +40*)XY? - 2|CPCXY

§(Ly 9 (0(L) o(L) _ . - . 3

50— 9 (GCT 50 0< 87'( iC*XY)=iC:XY + C*a, X°Y .

+C*, XY? - SC (ﬁ +4a*)X*Y + PC (W + 40 XY? - 2|C]PC* XY

0(L) 0 (9{L)\ 9{L) _ O 2 vsvy 2 13

6(L) 9 (o{L)\ o{L) _ O (1 2 yy3y 2, 3173

% =3 ( W) o - 0& - (ICIFXY?) = —=8S|C|"bXY (3.25)
S(Ly 0 (0(L)\ 0o(L) S, 2 2 2, 2
5% " o <0X X =0&i(CC:—C*C,) +3|C['a, X* + |C|°b, Y 526,
—35|C (—+4a ) X2 4 48|CJ ( ~)+ P|C)? (—+4b2) QICI* =0
(LY 0 [(O(L)\ 0O(L) , 5 o 2, 12

- _ 9 — — " X Y
% 87’ < oY, 5y 0 i (CCr—C"Cr) + |C a. X7 + 3|C|°, s

1
— S|C? ( — +4a®)X* 4+ 3P|C[? ( +4b?)Y? — 4P|O\2(ﬁ) —Q|CI*=0
Now, multiplying the Eqgs. (3.22) and (3.23) by C*(z) and C(z), respectively, we obtain
the following equations:

1

+P]C|( -+ 40°)XY? = 2|C1* XY
(3.28a)

05( ZC*XY) =iCC*XY + |Cla. X?Y +|C|*b, XY? — S|C|2(% + 4a*) XY

+P]C|( -+ 40°)XY? = 2|C1' XY
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(3.28h)

By subtracting and adding the Eqs. (3.28a) and (3.28b), respectively, we obtain the

following equations:

5 (L) 5 (L) d /o

—C - il — 3.29

C=e —C 50 0@d7(|0\ XY)=0 (3.29a)
5 (L) LO(L) . €\ 12 2 27 y2

C—a + 055 =0=i(C°C - C0)) = |CPa- X + |C1b,Y

) . (3.29b)
4
- S\C!Q(ﬁ +4a*) X% + P\CP(W +4b%)Y? - 2|C|

Equation (3.29a) implies a constant of motion, which express the fact that the energy of
wave does not change:

|IC’XY = const = Ey = |Cy|* X, Yo, (3.30)

where Xy = w(0), Xo = w(0) and Cy = C(0) at 7 = 0, with Ey the conserved quantity
related to the wave energy. This result (Eq. (3.30)) could also have been obtained from

the wel-known invariant of the NLS equation:

+oo +o0

/ / (€, m,7)|> dédn = const. (3.31)
From Eq. (3.24) and (3.25), using the fact the |C|°XY is constant, we obatin:

X
X _ —4SaX (3.32a)
dr
dy
— = 4PbY .32b
dr (3:32)

By comparing Eqgs. (3.26) and (3.29b), Eqgs. (3.27) and (3.29b), respectively, we obtain:

da S QlcP S QE,

804542 2 =480 — — — L :

o WX oy T TN T oy (3.332)
db P Q|cP P QEF,

— = 4P+ — — = 4Py + — — 22 :33b
dr Ui oy Ty T axys (3.33b)

By deriving Egs. (3.32a) and (3.32b) and using Egs. (3.33a) and (3.33b), we obtain:

d2X 482 20S|C*  4S8? 20QSE
+Q||: +Qo

dr? X3 X X3 X?Y

(3.34a)
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2 2 2 2

4P?  2QPE
Y _4P® 2QP|C° _ 2QPEy (3.34b)
dr2 Y3 Y y3 XY?

Considering the complexe amplitude C(7), as follows: C(7) = |C(7)|elig(7)) and C*(7) =

|C(7)|el — i) its complexe conjuguate, we have:

ac d|C’| ac* — (diC] qzﬁ

dar < & O > ©odr ( dr (3.35)
By inserting Eq. (3.35) into Eq. (3.29b) and using Eqs. (3.33a) and (3.33b) , we obtain:

dp_ S P 3QICF_ S P 3QK (3.36)

dr — X? Y? 2 X? Y2 2XY ‘

Equations (3.30), (3.33a), (3.33b), (3.34a), (3.34b) and (3.36) lead to the following dy-

o
S

Figure 3.5: Plot of the potential function given by Eq. (3.39) versus the (S,Q)-plane for o = 0.1,

op =5 and w, = 0.2.

namic system:

[ |CPXY = |Cy)? XoYe,

da S QEO
— 4 .
d’]‘ Sa* + X4 2X3Yy’
db P QFEy
= —4PV* + — —
V4 3’
dr Y 2XY <3.37)

Y 9°X 45 25QE,
or? X3 XY
Y 4P>  2PQE,

or2 Y3 Xy? '

(& xe Ty T oaoxye

where Ey = [ [T > dédn = |C|? XY = |Cy|* XoYy is the constant linked to the
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Figure 3.6: Evolution of Gaussian parameters: amplitude C(7), spatial widths X (7), Y (1),
spatial chirps a(7), b(7) and phase .

energy of the wave, with Cy = C(0), Xo = X(0) and Yy = Y'(0). The differential equations
of the set of Eq. (3.37) represent the dynamical equations of the amplitude, widths, chirps
and phase of the ion acoustic waves in electronegative plasma in the presence the external

magnetic field. The associated potential of this system can be expressed as

V(X,Y) = —% (%)2 - % (%)2. (3.38)

Inserting the fourth and fifth relations of Eq. (3.37), using the normalized variables
Z(1) = X(1)/Xo, T(1) = Y(7)/Yy, we finally obtain the following scalar potential of the

system describing the movement of particles in the potential well:

A A A+

V(Z,T)= 72 + T2 o7 (A1 + b1+ A2+ Ba), (3.39)
where the constants A\, 5, Ay and (3, are defined as follows \; = QXif, 1= 2}%2, Ao = 2;%?—50
0 0 0+0

and [ = —%. Moreover, Fig. 3.5 shows the plot of the potential function given by Eq.
(3.39). The figure presents a potential well of almost parabolic shape with a fairly steep
slope. We note that a stable dynamical behavior can be obtained when considering values
of nonlinear and magnetic field parameters (Q,S) around the bottom of the potential

well. Consequencely, a stable propagation of ion-acouistic wave can be achieved in the

plasma. The time evolution of the solution parameters has been numerically investigated
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Figure 3.7: Exact solution (input profile) in left panel, numerical solution (output profile) in

right panel and relative error in down panel of modified NLS Eq. (3.1).

using the fourth-order Runge-Kutta computational method, which allows to integrate the
system of equations obtained through the variational approach. Panels of Fig. 3.6 show
the evolution of the Gaussian parameters using Eq. (3.37) as a function of the direction
of propagation 7: the amplitude C(7), the spatial widths X (7), Y (7), the spatial chirps
a(7), b(7) and the phase ¢(7) of the carrier wave. In this figure, when the amplitude C(7)
decreases, the spatial widths X (7), Y(7) increase, this leads to the fact that such wave
can propagate in our plasma model. In order to confirm the results from the variational
approach, we studied the system numerically using the Split Step Fourier Method (SSFM).
For this numerical simulation, the solution obtained using the variational approach was
used as the input solution. Fig. 3.7 presents the exact (input profile), numerical (output

profile) solutions and relative error of Eq. (3.1). These two profiles are almost similar in
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amplitude, but with a spatial spreading of soliton in the zone of modulational instability.
Therefore, a good agreement between analytical and numerical results are observed. We
can clearly see that the ion-acoustic wave can propagate through the plasma system
maintain its profile. Basically, this arises under the interplay between dispersion and

nonlinearity for the system parameters taken in the modulational instability zone.

3.2 Dynamics of propagation of ion-acoustic dromions

in a magnetized ENP

3.2.1 Evolution of wave frecquency of IAWs in the DS equations

The following partial differential equations (2.32) for a complex field (wave-amplitude

1), and a real field, for a mean-flow v, obtained in the previous chapter

0P, 0%y 01y

o +m 9ez + 72 o + (3| 1 [P+ ath2) ¥1 = 0, 0
P i R K R i K U '
1 oE2 on? 2 oE2 3 on? '
are known as the DS equations [101] that couples a complex field, for the wave-amplitude

1, and a real field, for a mean-flow 1)5. Seminally, the DS equations was derived to
describe nonlinear evolution of (2-+1)-dimensional waves packets in water of finite depth
[101]. The first equation this set of equations is called Potential equation and the second
equation is Amplitude equation. We note that all the coeffients of theses eqautions are
given in appendix (Eq. (61)). Specifically, DSEs were shown in Ref. [160] to arise in multi-
dimensional plasmas under the assumption that ion waves were parallel to the magnetic
field. In the context of the present thesis, one should notice that the different coefficients
of DS equations (Eq. (3.40)) depend on the system parameters. This renders easier the
evolution of the contribution of both nonlinear and dispersive effects to the emergence of
nonlinear waves and solitons. In the meantime, it should be noted that the dispersion
relation (Eq. (2.28)) and the group velocity v, (Eq. (2.29)), respectively represented in
Figs. 3.8(a) and 3.8(b), are very sensitive to the changes in the magnetic field reflected
by €. In general, the frequency w is an increasing function of the magnetic field, while
the group velocity shows a reverse behavior. However, there has been little discussion on
the effect of a magnetic field on the nonlinear evolution of ion-acoustic waves governed by

the Davey-Stewartson equations.
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@ |, ®

Figure 3.8: Panel (a) shows the variation of the wave frequency w versus the wavenumber k,
and panel (b) the variation of the group velocity, both under the changing effect of the magnetic
field. The electron-to-negative ion temperature ratio o, and the negative-ion concentration ratio

« take the respective values o, = 2.5 and o = 0.01.

3.2.2 Modulational instability analysis of IAWs in the DS system

One of the direct mechanisms responsible for the formation of solitons in nonlinear
media is MI. The latter occurs when a constant wave background becomes unstable and
induces sinusoidal modulations under the competitive contribution of nonlinear and dis-
persive effects. Otherwise, under such effects, a plane wave solution breaks up into trains
of solitonic objects. In this section, we consider the DS system (2.32) with the trial plane

wave solutions [21, 168, 169)]

Wy = thyoet @O =RTHO) g — 4o, (3.41)

where 119, Y90, a1, s and ¢ are real constants. Indubitably, such trial solutions will

propagate in the system if the condition

R = ma? + vp02 — y3%, — yathao, (3.42)

is satisfied. Here, R obtained by substituting Eq. (3.41) in the DS system (3.40), is so-
called linear dispersion relation or unperturbated dispersion relation. To further proceed,
we study the stability of the plane wave solution by introducing small perturbations so

that

Yy = (1o + 51?1)6“&1&&2”71%”%%@)7 o = 1o + 02, (3.43)
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Figure 3.9: Panels show the MI growth rate in the (u1, puo)—plane for a fixed value of a@ = 0.2
and the ion cyclotron frequency taking the values: (a) 2 = 0.17, (b) © = 0.25 and (c) 2 = 0.3.
The other parameters are: o, = 20.5, k = 2.4, a1 = 2.5, ag = 2.5, Y19 = 0.06, and 9y = 0.025.

where the small perturbations dv1, 0105 and dp are taken to be

0t A
0y | = | Ay, | Re ( gl tpzn—vr) ) ; (3.44)
oy Ap

with Ay, Ae, Ap, pi, po being real constants. Inserting Eqs. (3.43) and 3.44 into
(3.40) and making use of the dispersion relation (3.42), we obtain a homogeneous system
in Ay, Ay and Ay, which admits non-trivial solutions if its determinant is non-zero.
This leads to the following nonlinear dispersion relation:

Sopu2 48312
(Np)? = (yf + yapi3) ( Yk e — 2300 + 20 ) : (3.45)

where Np = v — 2y1aq 47 — 2y2a2/15. The plane wave solutions (3.41) will be unstable if

N3 < 0, which amounts to the explicit condition

2 2y2 2 Y3(61p3+p3)—a(S2p3+0313)
(s + 7o) (1 - 20, mefredimbnisnd ) <o (3.46)

Obviously, the stability/instability condition of the plane wave only depends on the terms

_ 92 Y3013 +n3) —va (8243 +05013) ) : . .
( 1 — 297, o ﬁ% -~ 722%) ( 61u%1+ 5 2) ) which also fixes the threshold amplitude above which
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Figure 3.10: Panels show the growth rate of MI versus the electron-to-negative ion temperature
ratio o, and the frequency {2 when the negative-ion concentration ratio « takes the respective
values (a) a = 0.01, (b) @ = 0.05 and (c¢) o = 0.2, with the other parameter values being:
on =205, k=24 a1 =25, asg = 2.5, P19 = 0.06, and 199 = 0.025.

the plane wave is expected to break up into solitary structures, i.e.,

(V1T + vop3) (01463 + p13)
2793(01 103 + p3) — 2794 (o3 + O3443)

For the above, one can deduce the MI growth rate I' = y/—N? that will be used in

(3.47)

2
1/)10,07“ =

this section to characterize the emergence of unstable wave patterns in the magnetized
ENP under study. It is, therefore, of high importance here to insist on the combined
effects due to such parameters and the magnetic field. The panels of Fig. 3.9 show, for
example, how changing the frequency €2 influences the instability domain. As it increases,
one clearly notices a reduction of the zone of instability in the (pq, u2)—plane, with fixed
values of the other control parameters o,, = 20.5 and o = 0.01. Recent contributions in
2D and 3D showed that the two later parameters could control ENP plasma instability.
Under relativistic effects, the negative ion-electron concentration ratio and electron-to-
negative ion temperature ratio were found to contribute to a suitable balance between
nonlinear and dispersive effects for rogue waves to appear. At this point, one question
arises: what could be the behaviors of the MI growth rate under the influence of changing
a and 0,7 Comprehensive answers to the previous question are given by the plots of

Figs. 3.10-3.12. In Fig. 3.10, the MI growth rate takes place in the (2, 0,,)—plane with
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Figure 3.11: Panels show the growth rate of MI versus the frequency 2 for two sets of the
wavenumbers (a) p1 = po = 0.85 and (b) u1 = pe = 0.15. In each of the panels, the negative-ion
concentration ratio a takes increasing values, while the other parameters are fixed as: o, = 20.5,

k= 2.4, ] = 2.5, Qg = 2.5, 1/)1[) = 0.06, and 1/)20 = 0.025.

panels corresponding to different values of the negative ion concentration ratio. It is
for example observed that for « = 0.01, there are two regions of instability (see Fig.
3.10(a)) that merge with increasing a. Interestingly, most of the instability occurs for
high values of o, while instability is possible in a very restrained area of small magnetic
field values. This is drastically modified for a« = 0.05 and 0.2, where after merging, the
common single region of instability expands. However, instability does not still occur for
small values of the electron-to-negative-ion temperature ratio o,,. However, the growth
rate maximum takes place for high values of both o, and the magnetic field. In Fig. 3.11,
for two sets of the wavenumber p; and o, the effect of the negative-ion concentration
ratio a on the MI growth rate appears clearly and concords with the instability windows
obtained in Fig. 3.10. Additional information on the appearance of instability due to
the plasma parameters and the magnetic field is recorded in Fig. 3.12, this time in the
(Q, a)—plane with changing the electron-to-negative ion temperature ratio o,,. Contrarily

to the features of Fig. 3.10, there is only one region of instability for all values of o,.
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Figure 3.12: Panels show the MI growth rate versus the negative-ion concentration ratio a and
the frequency €2 when the electron-to-negative ion temperature ratio takes the respective values:
on = 12.5, (b) 0, = 17 and (c) o, = 21.5. The other parameter values are: k = 2.4, ay = 2.5,
as = 2.5, 1109 = 0.06, and 199 = 0.025.

However, increasing the latter’s value increasingly involves small values of « in the MI
process. Nevertheless, the zone of instability gets reduced for high values of o,, even
though the growth rate intensity increases. Indeed, such results confirm the existence
of IAWs in the studied plasma system, especially in the presence of the magnetic field,
which probably will contribute to the emergence of more complex patterns under the
simultaneous effect of nonlinearity and dispersion. Therefore, when this is fulfilled, a
random amplitude perturbation will grow, leading to the generation of IAWs. This is
supported in the background by the physical information contained in the coefficients
of the DS equations, which are functions of relevant plasma parameters as indicated by
the above parametric analysis of MI. In such regions, exact solutions exist and can be
obtained using different methods for different applications. In what follows, we propose

solutions to the DS system (2.32) using Hirota’s Bilinear method.
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Figure 3.13: Panels show the plotted of 71, 72 and ~y3 versus k (Egs. (61b), (61d)) and (61e))
for « = 0.01, and o, = 5.5 and different values of €.

3.2.3 Omne- and two-dromion solutions of the Davey-Stewartson

equations

During the last decades, the research on exact solutions for nonlinear evolution equa-
tions has attracted a lot of interests. In this regard, a collection of analytical meth-
ods for investigating exact solutions to nonlinear PDEs have been proposed, amongst
which are the Backliind and Darboux transformation method [171], the inverse scattering
method [170], the Hirota bilinear method [113, 166], pseudo-spectral method [172], the
hyperbolic function method [173,174], the homogeneous balance method and formal vari-
able separation method [175—177], the generalized Riccati equation method [178] unified
algebraic method and varied Jacobi elliptic function methods [179, 180]. Interestingly,
The Hirota bilinear method [113, 166] has been used to construct dromions-like solutions
to a system of equations similar to the DS system. More recently, Panguetna [21] used
the Hirota’s bilinear method to obtain one- and two-dromion solutions for the DS system
of equations. We should indicate that there exist types I and II DS equations depending
on the sign of their coefficients [181, 182]. However, from the results of Sec. 3.1.2, one
may obtain the two types of systems. It has been shown that the system of Eq. (3.40)
may display DS-I behaviors if the conditions 7, /72 > 0 and 3 > 0 are satisfied [183, 181].
The Fig. 3.13 shows the parameters v, 72 and 3 versus k. For any k > 0, all the values
of v1 and 7, are positives, y3 > 0 for DS-I, while 73 < 0 gives the DS-II equations. The
solutions of Eq. (2.32) are exponentially localized and called dromions. Using the Hi-

rota’s bilinear method, we will proceed to find the solutions of the system. Such solutions
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are investigated by first studying their domain of existence. Therefore, we first rescale

dependent and independent variables as follows:

¢ =Gommms 1= g = P e (3.48)

We also introduce the following new independent variables through a coordinate axis

rotation by 45°:

1 / / _i r
Zﬁ(é“ﬂtn), Y = 2(5 n). (3.49)

Substituting the relations (3.48) and (3.49) into Eqs. (3.40), we obtain the following set

X

of equations

i1 + a(Yixx + Yiyy) + bhixy +P1p = 0, (3.50a)
c(Uxx +dyy) + dbxy =2(] 1 |?)xv, (3.50b)
where,
_ 1 1 2 _ 1 1 2 _ 1 01 1
a =3 (51%15274 + 6371*%)’ b =3 (51“7316274 - 6371*73)’ €=3 (5173*5274 - 5374*'73)’

_ 1 o1 1
d= 2 <51’73—5274 - 5374—"13)'

We note that the above constants depend on the magnetized electronegative plasma pa-
rameters such as ), 0, and «. Solutions for system (3.50) are investigated by introducing

the new dependent variables F' (real) and G (complex) so that
G
Yy = V2bd <F> , and ¥ = 2b(In f)xy. (3.51)

This leads to the bilinear form, with assumption

71 — Y2

d1v3—0274 v3—0374

(iDT + a(DXX + Dyy))(G . F) =0, (352&)

DxyF.F = 4G - G*, (3.52b)
where D is an operator defined by
D:G = (awl - 6$2)RF(:BI)G(:L‘2> |w2:$1:m (353)

which is also known as the Hirota bilinear operator. We further expand the new variables
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Figure 3.14: Panels show the behaviors of the one-dromion solution with increasing the mag-
netic field. For (a), the negative ion concentration ratio is fixed as @ = 0.01, while (b) corresponds
to a = 0.08, with € taking the increasing values 0, 0.01 and 0.2 in each of the panels. The other

parameters are o, = 5.5, and J=K =L = 1.

F and G in the power series of small parameter § as G = 0G; + 0G5 + ..., and F =

1 + &*Fy + 6*F, + ... in order to obtain the dromion-like solutions |21, 183]. This is
introduced into (3.52) to find Gy, G3, F, and Fy. Taking G to be in the form
N
Gi=> eV g =pX+qY +ialp + )T+ 1m0, (3.54)
j=1

with p;, ¢;, and ng; being the complex constants, the generalized form of one-dromion

solution is obtained as

brip = Gip pexp(n + n9)
1D — -
Fio L0 g Jexplm +n) + K oxpln +15) + Lexpln + 115 + 2+ 13) )

Y

m = pX +iap*T + o1, M2 = qY +iag’T + oo
(3.55)

Moreover, in Eq. (3.55), J, K and L are real constants, p = p;, ¢ = ¢ and | p |*=
2L(p + p*)(q + q*) = 8Lpryr.

It is interesting to see now if the presence of the magnetic field in the system impacts
the structure and the propagation of the dromions in such a system. In Fig. 3.14, for
example, the one-dromion solution is plotted versus X, with panels (a) and (b) corre-
sponding, respectively to a = 0.01 and o = 0.08. In each of the cases, the solution
decreases with increasing the value of the magnetic field, with the value €2 = 0 cor-
responding to the unmagnetized plasma. On one hand, a behavior that was already

obtained is the increase of the base width of the solution with increasing the negative-ion
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Figure 3.15: Panels show the propagation of one-dromion solutions (3.55) for increasing values

of the magnetic field 2 and at different instants 7 when a = 0.01, 0, = 5.5, and J =K =L = 1.

concentration ratio a. Additionally, the same base width gets decreased, together with
the wave amplitude, when the strength of the magnetic field increases. In general, with
increasing the magnetic field, dispersive effects get dominated by the nonlinearity effects
leading to more spiky dromions in the studied plasma system. The panels of Fig. 3.15
show the propagation of the one-dromion solution of Eq. (3.40) for different values of the
magnetic field at different instants. We observe that in the absence of the magnetic field,
the dromion can propagate with speed v,. The speed of propagation decreases when the
value of the magnetic field increases. For example, at the instant ¢ = 150, the peak of the
dromion is at position X = 9.4 (see Fig. 3.15(c)) for Q = 0.2, while at the same instant
and for 2 = 0.3, the peak of the dromion is at position X = 8.2. Therefore, it is clear that
the presence of the magnetic field has a slowing effect on the propagation of the dromion

solution. Similarly, we can proceed and find the two-dromion solutions in the form
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Figure 3.16: Panels show elastic collision of the two-dromion solution (3.56) in a moving frame,
where panels (aj);j—1,234 display results in the absence of the magnetic field (2 = 0) and panels
(bj)j=1,2,34 show results in the presence of the magnetic field. In the process, two identical
dromions interact and keep their shapes after collision. However, the presence of the magnetic

field accelerates such a collision, with the other parameters being o = 0.01, o, = 20.5, and

A=B=C=D=FE=F=G=H=1=1.

p11exp(m +n3) + p12exp(nz + 13) + pa1 exp(n + 7 + 12 +13)
_ Gap + paz exp(n1 + n2 + 15 +13)

(

1+ Aexp(m +ny) + Bexp(na + n3) + Cexp(ns + n3)
+ Dlexp (1 + 13) + exp(n2 + ny)]
+ Elexp(ny + 15 + 13 +n3) + exp(n2 + 0y + 03 + 13)]

+ Fexp(n +n7 +n2 +13) + Gexp(na + 15 + 13 +n3)

|+ Hexp(m + 07 + 05+ 1) + Lexp(ny + 17 + 12+ 15 + 13+ 113) |
m=piX +iapiT + o1, 12 =peX +iapsT + 02, M3 = @Y +iag;T + nos,

(3.56)

where A, B, C, D, E, F, G, H and I are real, positive constants.

The panels of Fig. 3.16 show the evolution of two dromions solutions and their elastic
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Figure 3.17: Panels show elastic collision of two dromions with energy exchange both in absence
(panels (aj);j=1,2,34) and in presence (panels (bj)j=12,34) of the magnetic field. The colliding
objects involve two dromions of different amplitudes which, after collision, give rise to entities
with equal amplitudes. The parameters are « = 0.01, 0, =205, and A= B=C =D =F =
F=G=H=1=1.

collision in the absence and presence of the magnetic field. Obviously, in the absence of the
magnetic field, the collision happens with a delay [see Fig. 3.16(aj);=1,23,4], while in the
presence of the magnetic field, the collision process is accelerated [see Fig. 3.16(bj) =1,2.3,4]-
However, in the two cases, the colliding objects keep their initial characteristics after the
collision, implying no energy exchange. Nevertheless, it should be indicated that when two
dromions interact, there might be energy exchange which may affect their amplitude and
some other characteristics [21,205]. This is for example the case in Fig. 3.17, where the two
dromions of unequal amplitudes collide, share energies, and end up displaying the same
features. The dromion with the highest amplitude has shared its energy with the small
dromion, which resulted in identical objects under elastic collision. We notice that even
in this context, the impact of the magnetic field in the collision process, similar to what
was already discussed in Fig. 3.16. Another possibility in the process of wave collision is
that the colliding entities merge into one, a phenomenon that is also known as an inelastic

collision. This is depicted in Fig. 3.18, where initially, there are two dromions of different
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Figure 3.18: Panels show inelastic collision of two dromions both in absence (panels (aj)j=123.4)
and in presence (panels (bj)j—1,2,3.4) of the magnetic field. In both cases, the dromions after
collision combine and give rise to one soliton, but the presence of the magnetic field accelerates
such a process. The parameters are « = 0.01, 0, =20.5,and A=B=C=D=F=F =G =
H=1=1.

amplitudes that interact and form a single solitonic object. This particular case is typical
in plasma systems where several components are involved, which is useful in producing
plasma particles in a process known as energy recombination. This is inherently facilitated
by the presence of different dynamical modes [206,207]. However, the results obtained
here confirm that such the recombination process is accelerated by the magnetic field,
which enhances the collision process. Many other scenarios can be explored, especially
when plasma parameters change, as was already reported by Panguetna et al. [21] who
showed that dromions and their interactions were very sensitive to changes in the electron-
to-negative-ion temperature ratio and the negative-ion concentration ratio. Some other
contributions also introduced the modulation angle, an important factor to be included
when three-dimensional components are involved, a scenario that may enrich the features
inherent to the presence of the magnetic field applied to two-negative ion plasmas such

as Xet-F~-SFg and Art-F~-SFg, for example.
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Conclusion

This chapter was devorted to the presentation of the main results and discussion of
this thesis. These results concern the (2+1)-dimensional modulated nonlinear ion-acoustic
soliton packets and two-dimensional dynamics of ion-acoustic dromions, both in magne-
tized electronegative plasma. We have presented the influence of MI in NLS equation.
The variational approach involving trial functions to describe the main characteristics of
pulse evolution has been investigated. Numerically, the exact solution (input profile) and
numerical solution (output profile) have been also discussed. Moreover, the MI analysis
has been performed in DS equations. Results are presented based on the competitive
effects between the magnetic field and the other essential system parameters, namely
the electron-to-negative-ion temperature ratio and the negative-ion concentration ratio.
Dromion-like solutions for the DS equations have also discussed along with their response
to the change of parameters. As some previous theoretical studies conducted in elec-
tronegative plasma, the present work has also the potential to enhance in the real world,
several applications across various fields such as plasma etching (dry etching) or thin film
deposition, ion implantation (semiconductor doping), surface treatment (cleaning of sur-
faces by sputtering), and fabrication of semiconductor devices [58,138—110]. Moreover, the
performance of these processes can be improved by confining the plasma and increasing

the reaction rate due to the presence of the magnetic field.
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Summary and Contributions

In this thesis, we have investigated the dynamics of propagation of (2-+1)-dimensional
nonlinear ion-acoustic solitons and dromions in magnetized electronegative plasma made
of a significant number of negative ions, with electrons both in Boltzmann distribution,
cold mobile positive ions and the external magnetic field. Specific analytical and numer-
ical analysis methods have been formulated to evaluate the response of the system. In
our contribution, we have started with the system of four equations namely: continuity
equation, momentum equation and Poisson’s equation describing the response of the non-
linear medium to the ion-acoustic wave. Then we have reported on the derivation of the
(241)-dimensionanl NLS equation on the one hand and DS equations on the other hand
by using the standard reductive perturbation method. To understand the process of the
emergence and propagation of [AWs in such system, it was necessary to explain in detail
the different notions that we have used in our investigations. The main results obtained
in this work are summarized as follows:

In chapter I, we have presented the litterature review on the generalities related plasma
theory and some of their useful properties and charateristics. We have also discussed the
plasma fluid models with emphasis on magnetized ENPs that have been the starting-point
for studying plasmas dynamics.

In chapter II, we have derived the model description of the governing equations for the
propagation of ion-acoustic waves along the external magnetic field in an electronegative
plasma by using the reductive perturbation method. We have also presented the analyti-
cal and numerical method used along the thesis.

In chapter III, we have presented and discussed the results reported in this thesiscon-
cerning (2+1)-dimensional modulated nonlinear ion-acoustic soliton packets and two-

dimensional dynamics of ion-acoustic dromions, both in magnetized electronegative plasma.
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We have also investigated analytically and numerically the modulational instability of in
nonlinear media. Indeed, in the case of the NLS equation, the modulational instability
of planes waves has been investigated based on the magnetiec field, the negative ion con-
centration ratio and the electron-to-negative temperature ratio. The effect of increasing
values of o and o, is to increase the modulational instabilty growth rate with cutoffs
at higher wave numbers of modulation of different values of the magnetic field. There-
fore, it comes that this plasma system can support propagation of ion-acoustic solitons
as informations carrier. The variational method has been performed in order to describe
the main characteristics of IAWs, involving trial function solution of NLS equation. It
shows that when the amplitude C(7) decreases, the spatial widths X (7), Y'(7) increase,
this leads to the fact that such wave can propagate in our plasma model. In addition,
the exact solution (input profile) and numerical solution (output profile) have been also
discussed. These solutions have been investigated and the emergence and propagation of
stable ion-acoustic wave have been confirmed in electronegtive plasma in the presence of
the external magnetic field.

In the case of DS equation, the linear stability analysis of MI has been adopted to discuss
the existence of solitonic-like structures. The MI growth rate behaviors have mainly been
discussed based on the system parameters. Principally the joined effects of the electron-
to-negative ion temperature ratio o,, and the negative-ion concentration ratio a have been
confronted to the change in the external magnetic field to show that MI can take place
in some interval of such parameters under the suitable balance between nonlinear and
dispersive effects. Under specific conditions, we have shown, using the bilinear Hirota
method, that the solutions for the derived DS equation can be found as one- and two-
dromion ion-acoustic solutions. The combined effects of various physical parameters such
as the electron-to-negative-ion temperature ratio, the negative-ion concentration ratio,
and the strength of magnetic field have been studied on the existence regions and propa-
gation properties of ion-acoustic dromions. We have noted that the shape of the obtained
solutions depends both on the system parameters and the magnetic field. Increasing the
values of the magnetic field magnitude has generated solitonic profiles such as dromions-
like shapes. The parametric analysis has been extended to two-dromion dynamics under
different interaction scenarios. We have noticed the strong impact of the magnetic field
on the energy exchange and recombination processes.

The current findings are useful for understanding the propagation characteristics of ion-

acoustic solitons in the magnetized electronegative plasma. This present work can be
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useful in various fields such as plasma etching, surface treatment, ion implantation, and

fabrication of semiconductor devices.

Open problems and future directions

Although very significant results on the impact of the electronegative plasma parame-
ters and the magnetic field have been obtained in this present work, possible development

may be done in near future:

e In this present work, we considered in the case of the (2-+1)-dimensional plasma anal-
ysis. However, we believe that the extension of this analysis to (3+41)-dimensional
space will make it possible to better appreciate the impact of the electronegative
parameters and the magnetic field on the emergence and propagation of ion-acoustic

waves.

e Future research should be devote to the development of a magnetized electronegative

plasma model, in the case of magnetized dusty electronegative plasma.

e More suitable electronegative plasma environments with multi-compenents in the
non-relativistic and the relativistic context should be extended to include the exter-

nal magnetic field.

e Since the ion or electron acoustic waves in plasmas are strongly influenced by elec-
tronegative parameters the magnetic field, it is interesting to analyze the behavior of
these waves in one or more dimensional unmagnetized plasma by considering other

distribution than the boltzmann distribution.
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.1 Various coeflicients

The coefficients appearing in various equations are defined as follows

b= (K +a) = k2, = (4R +a) — k2,

T kw0 T W e kpw?’
u _ 2w + Bl _ ﬂQUga:

% k2 + ai k’%w(kQ + CL1) kacw2<k2 + al) 7

2k, w 2k, Bov, (57)

Ugy = — + — :

" k(K2 +a1)  kew(k24a1)  kew?(k2 4+ ap)’

2€) 5192 2k2Qu,,

Uye =

k2 4a, + k2w?(k? + ay) B kpw?(k? +ay)’

kvge 1 k., ]
Uze = 5775 s Upm = =775~ | Ugz— — y
T W2k + a) ! wk?+a) \ T w

(4w® — O (2(k* + a1)*w® + K2 (k* + a1) — 2a,w?)

+ 261 (K* + a1) (2w + Q)

to = 20k + a1)? (Ba(da? — O2) — 4120?) ! (58)
a w k.
oy = (4]€2 + Cll) (6% + (k2—|-—2a1)2’ Ay, = k—w(Oén — 1) — k—xOéuZ,
T kw4 a)) " w Y 2wk 4 ar)

.2 Equations and other coefficients

The third-order (¢3) reduced equations for [ = 0 are obtained as set of couple equations

2) 2) 2) 1) 2 (1) |2
R R
o (2) O (2) o (2) o 1) 2 o (1) |2 (59)
— uzO_U “z0+ o - B | n4 |—|—B [ni” |
o T o an TS T o
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2vg;ca . 1 kz”gz

where A¢ = 79255, B, = m [% (B2 — 51)};

2042 2 . k. kz'U z
Ay = (k2ia12)2 B w(k22k+a1)’ Be = (k2+2a1)2 [_ kzﬁé + Rk + m(ﬁl + 52)]
The coefficients of Eq. 2.30 are as follows

0 = —vgxal, den = —204004.a1, Oy =1 — vgzal, 0y = —VgzAg, (60)

523 = —ngAn — UgZAg — Bg, 63 = _ngAn + Bn.
.3 Coefficients of DSEs

The coefficients of Eq. (2.31) are as follows
2
Yr = a (Q4U€Q -+ 0,1) + kZQQ) s (61&)

—2k,w(w? — Q2) + kow? (k* + a1)uge + kewQ(k? + ay)uye
1 x
M= e (w? — Q) (K2 + ar)use , (61b)
—w(w? = D) (k* + a1)uze — w?(w? — Q?)

—2w(w? — Q) (K* + a1) (kovge + kovgs) — w(w? — Q) (K + ay) (U

1
Yi2 = 7 + Use) + kpw 2(k? + a1) (VgzUzn + VgalUze) + kwQ(k? + ay) (Vga iy, (61c)

T

+ ngymﬁ) + kz<w2 - 92)(1{:2 + al)(vgmuz'ﬂ + U!]Zuz§>

—2kw(w? — Q%) + k,w?(k? + a1)ug, + kewQ(k? + a1)uy,
1 2z
Yo = — ko (w? — Q) (K 4 a1)uz, , (61d)
—w(w? = D) (k* + a1)uz, — w?(w? — QF)
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L e el B OIS
)
77' +kxw kz/BlQauz
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2&1 k? 21{77;61 kmkzau
kz 2 QZ — = _Z z
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ARTICLE INFO ABSTRACT

Keywords:
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The dynamics of propagation of (2+1)-dimensional ion-acoustic wave (IAW) packets in magnetized electroneg-
ative plasma made of negative ions with electrons, both in Boltzmann distribution and cold mobile positive ions
is studied. For this purpose, the standard reductive perturbation method is used to derive the (2+1)-dimensional
nonlinear Schrodinger (NLS) equation, which governs the modulation of positive IAW packets. The coefficients
of the obtained NLS equation do not only depend on the system parameters specially the electronegative

parameters such as the negative ion concentration ratio and the electron-to-negative ion temperature ratio («
and ¢,, respectively), but also on the magnetic field (,). The modulational instability is studied to analyze the
areas of the emergence of waves. In order to describe the main characteristics of IAWs, the variational method
is performed involving trial function solution of NLS equation and the exact (input profile) and numerical
(output profile) solutions are also discussed.

Introduction

During recent years, the effect of positive (negative) ions on the
plasma properties such as quantum plasma [1-3], dust plasma [4-8],
pair-ion plasma [9-13], electronegative plasma [14-17], magnetized
electronegative plasma [18-25], just to name a few, has long been the
subject of significant interest. The solar system is made up of planets
surrounded by plasma with various characteristics (electron density,
temperature, collision frequency...).

Plasmas are considered as one of the four states of matter, just
like solids, liquids, and gas. They are composed of positive ions in
addition to negative ions and electrons. In the presence of a significant
amount of negative ions, they are said to be electronegative plasmas
(ENPs) [26-30]. The latter nowadays has become a fascinating topic
because of fundamental scientific interest, and it is observed in astro-
physical objects (Earth’s ionosphere [31,32]), (D-region [33-35] and
F-region [36]), Solar wind magnetosphere [37,38], in industries [39]
and laboratory experiment [40]. However, Plasmas, which are nonlin-
ear and dispersive media, have vast opportunities to observe different
nonlinear wave phenomena such as ion acoustic solitons (IASs), shock
waves and different kinds of instabilities. Due to the suitable balance
between nonlinearity and dispersion, ion acoustic waves (IAWs), and
solitons in general, can spread over long distances, keeping intact
their characteristics and shape. Various applications in plasma science
and industry [41,42], and the proof of its existence in astrophysics,

* Corresponding author.

space, and laboratory experiments make ENPs a subject of growing
interest as witnessed by recent contributions both in one-dimensional
and multidimensional contexts [43-49]. In some previous works, the
study of negative ions including charge evolution in dust plasmas and
ion-acoustics (IA) waves were investigated [33,50,51]. The structure
of electronegative plasmas sheath without magnetic field [14-17] and
with magnetic field [18] are investigated. For ion-acoustic waves in
electronegative plasma in the presence of the magnetic field, the soli-
tary wave which is described by the well-known nonlinear Schrédinger
equation can propagate. The study of other aspects and character-
istics of such plasmas waves, related to their response to external
magnetic fields using the hydrodynamic equations, in one or more
dimensions [16,17] can be reduced to nonlinear Schrédinger (NLS)
equations by introducing the reductive perturbation approximation.

One of the direct mechanisms responsible for the formation of
solitons in nonlinear media is the modulational instability (MI). The
latter occurs when a constant wave background becomes unstable and
induces sinusoidal modulations under the competitive contribution of
nonlinear and dispersive effects. The result is a self-organization of the
system that leads to the emergence of nonlinear structures and solitons.
Due to its importance in stable wave propagation, the MI of different
waves modes in plasma systems has gained a great attention. Recently,
the MI of IAWs in electronegative plasma and other types of plasma has
been investigated in some previous works [1,16,52-57].
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In this work, we used the standard reductive perturbation tech-
nique in order to obtain the (2+1)-dimensional NLS equation modeling
the dynamics of propagation of IAWs in magnetized electronegative
plasma. An analytical approach such as the variational method can
be applied to NLS equation in order to study the dynamics of the
relevant parameters of IAWs in plasma medium. This method is well
known in classical mechanics and can be used in various contexts. To
remind, in nonlinear optics in general and the propagation of pulses in
optical fibers in particular, it was applied for the first time in 1983 by
Anderson [58]. The basic physical assumption of this approach is based
on the fact that a propagating pulse retains its initial shape or profile
while only its characteristics such amplitude, width, chirp and phase
can change continuously according to the propagation distance.

In our investigation, we are interested by the dynamics of propaga-
tion of ion-acoustic solitons in electronegative plasma in the presence
of external magnetic field, because magnetized plasmas play a very
important role in the study of plasma physics. Indeed, the introduction
of a magnetic field considerably enriches the physical phenomena that
can be generated in plasmas. One of our interests in magnetized plasma
has concerned the anisotropic characteristic of plasma in the presence
of magnetic field and the properties of waves which depend on the
direction of wave vector relative to the magnetic field vector. Moreover,
the presence of the external magnetic field can be used to control the
directions, the velocity and the electrical properties of the plasma and
improve the performance of these processes by confining the plasma
and increasing the reaction rate. Working with the electronegative
plasma in the presence of external magnetic field, we study the dynam-
ics of propagation of ion-acoustic solitons in the system. We analytically
show that the electronegative plasma hydrodynamical equation can
lead to the (2+1)-dimensional nonlinear Schrodinger equation, where
the transverse dispersive coefficient depends on the external magnetic
field. Thereafter, we pay attention to wave modulation via the acti-
vation of modulational instability using the linear stability analysis of
plane wave solutions, which allows obtaining an expression for the
MI growth rate. The descriptions are made taking into account some
physical system parameters such as the negative ion concentration
ratio, the electron-to-negative ion temperature ratio and the magnetic
field. In addition, in order to describe the main characteristics of IAWS,
the variational method is performed involving a function solution of
NLS equation. The evolution of relevant parameters is presented. The
practical existence of the model is characterized by its potential to en-
hance several applications across various fields such as plasma etching,
surface treatment, ion implantation, and fabrication of semiconductor
devices [59,60].

We organize this present paper as follows: in Section “Problem
formulation”, we describe the problem and we perform the reductive
perturbation method in (2+1)-dimensional magnetized electronegative
plasma model to derive the nonlinear (2+1)-dimensional Schrodinger
equation. In Section “Modulational instability analysis of IAWs in NLS
equation”, we present the influence of MI in NLS equation. We employ
a variational approach involving trial functions to describe the main
characteristics of pulse evolution in Section “Variational approach for
NLS equation”. The paper ends with concluding discussions in Section
“Conclusion”.

Problem formulation

In this section, we present the (2+1)-dimensional mathematical
model for the propagation of positive ion-acoustic waves along the
external magnetic field B = Byz in an electronegative plasma. For
that, we use a plasma system composed of electrons and negative
ions, both in Boltzmann distribution, in addition to cold mobile pos-
itive ions [61,62]. In plasma systems, the charge neutrality condition
(Zn, = Z,n, +n,), is modified by the presence of negative ions,

with n,, n,, and n, the electron, positive, and negative ions densities,
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respectively. Z, and Z, are the charge number of positive and negative
ions.

Let us consider the following fluid continuity, momentum and Pois-
son’s equations for the positive ions:

0n

0— +V.(n,v,) =0, )
v, 9 p

Lo, -V =LV +-L(v,xB), )
ot ? 4 m, m, b

V2@ = ~dze(Z,n, - Z,n, —1n,). 3)

[ e

Here, n, = nye*s fe np = "poe “"%Te | with the electron-to-negative ion
temperature ratio o, = -2, the positive ions charge g, = +Z e of mass

), the negative ions charge q, = —Z,e of mass m, and the electrons
charge q, = —e, Mass m,. v,, q,, m, and E = ~V@ are the positive ion
mean velocity, ion charges, ion rnass and the electrostatic potential
respectively. We also assume that in plane (x,z), V = ( ;x ) and the
normalized ion continuity, momentum and Poisson’s equatlons take the

form of a system of (scalar) equations:
on  dmvy)  dnv,)

— =0, 4
ot * 0x * 0z “@
%+( i+v i)v = 0¢+a)v (5a)
ot Yox oz Y Py

dy, 9 9

a—: + (U-‘E + UZE)Uy = -0, (5b)
dv, 9 9 d¢

— — — = —— 5
ot +x 0x L 0z)vz 0z (5)
Pp P s

—t+t—==l+cd+ed tad —n 6
s ltagtad tod ®)

where n = n"—" with charge neutrality condition at equilibrium defined
0

1
= (v,.v, v)——w1thC (FrBe fn’”) WthhlS

the characteristic speed scale used for velocrty normalization, ¢ = k T ,
The space (x,z) and time (1) variables are normalized by the Dehye

kBTe ;
47[anpoez

by P = =Z 0T e0s ¥

)2, o, = :’—‘ is the normalized parameter of ion
»

length 1), =(

o=

danyy Zze2

cyclotron and ion plasma frequency ratio, with wpi = (—) and

eB, oty 0,
o, = =2, The constants ¢; = i, +,6,, ¢; = and¢; = % are
obtamed by using the power series expansion of the exponential factor
210 .

Z
around zero in n, and n,. Here, s, = zi] = 1+a = e = T

which assumes the neutrahty condition ofﬂ the electronegatlve plasma:
e+, =1, Where a = " being the density ratio of negative ion to
electron (negative ion-to- eiectron density ratio).

In order to investigate the dynamics of propagation of positive IAWs
and derive the nonlinear Schrddinger (NLS) equation, we employ the
standard reductive perturbation expansion. The stretched coordinates
in space and time may be introduced as [15,63]:

Het ﬂn,,
2

{=ex, n=e(z-ut), 1= e, (%))

where v, is the group velocity that will be found later by the solvability
condition of Egs. (4)-(5¢). ¢ is a small expansion parameter (0 < ¢ < 1)
that measures the strength of nonlinearity [3,56,64-66]. The condition
about ¢ implies that the plasma dimension must be much larger than
the Debye length, which is satisfied in most cases of interest [67].
The dependent physical variables around their equilibrium values are
expanded as follows [39,68]:

|

nPEn.0)
- o)
+Zﬁ2 oEn,7)
=l I=—x

oD n.7)

#PEn)

= s

=

Al(z,1). ®

<
<

<
™

(==l
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We note that the above series include A'(z, 1) = /*==®", up to order
p. These are generated by the nonlinear terms, which means that the
corresponding coefficients are of maximum order ¢”. The state variables
Hy Uys Uy, Uy and ¢ must satisfy the following condition n; )> = n(_”l),
(v(ﬁ))* = vi"_)l, (U(y’;)) = v(p)[, (v “f) (Z")I, (d);")) = d)(_[, respectively.
The asterisk («) denotes the complex conjugate. Substituting the trial
solutions (8) into Eqgs. (4)-(6), and equating the quantities with equal
power of ¢, we obtain several coupled equations in different orders of
€

At the first harmonic of perturbation (¢'), we obtain the following
relations:
For | =0, we obtain

) _ (1) M _ (M _ 0 _
My =0 =V =V =¢," =0 ©)

For I = 1, we find

(1)
= w_¢

fl) o) =0 (10)

o0 = kg0

zl w'l
under the condition that the dispersion relation
)_ K

0 = 11
B+ an

is verified, leading to the first harmonic of perturbation.
At the second harmonic of perturbation (¢2), we obtain the follow-
ing relations:

For 1 =0,
@ _ @ _
Uy =V = 0 12
10 = 6,62 = 20,0
0~ 1Yo T2
For /=1,
26
= (K4 ey) o -2k
U(z) _ o ﬂ
x1 T 2ot 0f
0=, a¢(l) (13)
Do %
y1 wz—w% 0¢
)
O_kg® i, k_\ %L
U = m¢l +w (Ugw 1) an
The group velocity is
3
[O)
Ug = CIF. (14)
For /=2
2 (O]
ety
@ _ 2
v, =0,=0
x2 2
=g (¢(1))2 (15)
2~ o\

2
C
with ¢, = 24 Sk” a, = (4K +c1)a¢+c2, ” =%(an—(k2+cl)2).

In the case of the third-order of perturbatlon (¢°), we obtain
For/=0

2) 2)
<+< |¢|

16)
vm = 7|¢“|.

Using the last relation of Eq. (12) from the order (¢2, / = 0) and the
Eq. (16), we obtain
2
n =619}
2
oy =, 19| an
2
gy = aylé)|
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Fig. 1. (Color online) Plot of the frequency o against k in panels () and (c), and the
group velocity v, versus k in panels (b) and (d) of wave packets for different values
of a (upper panels for ¢, =5) and 5, (down panels for a =0.1).

. Zuzc (K2+3¢;) )
with ﬁ¢—ﬁ,ﬂn—clﬁ¢+2c2, By, = Ughy = 2K+ )
For I =1, we find the following equation
9 (] 02 (]) 02¢<1)
) _ o "1
_ P_ = 0? 18
i a + +0l9) )y ¢ a§2 (18)
where
1o _ 340 _ 30 )
T -
- 2w et
Q:—k(avz +/iL,:) - %’ (a,+5,)
(19

o’ 3
+ k_ (Cz a¢ +ﬂ¢ —C3)

)
C031+a)p 1)

s=2 __°
2 gl
2k v, = o
Introducing the notation y = d)(l), Eq. (18) become:
o Py Py
—+ P— + S— =0. 20
PR Olyly - 22 (20)

This partial differential equation (20) for a complex field (wave-
amplitude y) is well-known as the (2+1)-dimensional nonlinear
Schrodinger equation, with P, Q and S the longitudinal dispersive
coefficient, cubic nonlinear coefficient and the transverse dispersive
coefficient depending on the external magnetic field, respectively.
It describes the amplitude modulation of the electronegative plasma
amplitude y of positive ion acoustic wave packets along the external
magnetic field. We note that the coefficients of the obtained NLS
equation depend on the system parameters specially, not only on
the electronegative parameters such as the negative ion concentration
ratio and the electron-to-negative ion temperature ratio (« and o,,
respectively), but also on the magnetic field (@)

In Fig. 1, we present the wave frequency w given by Eq. (11) and
the group velocity v, given by Eq. (14) against the wave number k
for different values of the electronegativity parameters (negative ion-
to-electron density ratio o and electron-to-negative ion temperature
ratio ¢,). From the two panels (Fig. 1a and 1c), which allow to explain
the linear dispersion of features ion-acoustic waves, we find that as k
increases, the wave frequency w increases and it approaches an asymp-
totic value around 1 at higher wavenumber k. It approaches a zero
frequency value for the values of k tending towards zero. Moreover,
for a fixed value of o, (a), as the values of the negative ion-to-electron
density ratio « increase, the wave frequency w decreases. This implies
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that to maintain the charge neutrality, the equilibrium negative ion
density value will increase as the electron density increases. Moreover,
this curve represents the relationship between the wavelength and the
frequency of the wave, and it is useful in understanding the behavior
of wave packets in the plasma system. Physically, the system gained
more energy with greater values of the wavenumber, and this energy
has a limit value for highest wavenumber. Such negative ion-to-electron
density ratio « (s, has also a significant effect on the group velocity of
waves as shown in the two other panels (Fig. 1b and 1d). The group
velocity of waves (v,) decreases and approaches the zero value with
increasing wave number (k) for different values of a (s,). One can see
that Vg decreases with an increasing value of « (s,) and its behavior
continues until reaching a certain value of k (k = 1.12), and then, (v,)
turns to increase by increasing « (,,). This leads to improve the speed of
the information carried by the propagating wave packets in our plasma
system.

Modulational instability analysis of IAWs in NLS equation

In this section, we are interested on the study of modulational insta-
bility (MI) considering (2+1)-dimensional ion acoustic waves governed
by the nonlinear Schrodinger equation Eq. (20). The plane homoge-
neous solution of this equation is given by [1,52-55]

y = ype@nl @1)

where the constant y;, represents the amplitude of the carrier wave. The
stability of the solution (21) is studied by adding the small modulation
Sy in the amplitude according to:

v =G+ dypeele (22)

Substituting Eq. (22) into Eq. (20), collecting and linearizing terms
in the first order, we obtain
Wy oy 5 %5y
i— +P—+ Sy +oy*)-S—— =0 23
i o o Olwyl Gy +oy™) P (23)
with dy*, the complex conjugate of Sy.

Introducing oy = U +iV, with (U, V) = (U, V)e'KstKan=27) 4 ¢
in Eq. (20), where K,& + K,n — Qr is the modulation phase with Q
the frequency of the modulation and K|, K, the modulation wave
numbers in x and z directions, respectively, and separating the real and

imaginary parts, we obtain the coupled equations as follows:
iQVy + 201y > + SK* - PK*|U, = 0 o0
iQUy +[-SK? + PK§]VO =0

From Eq. (24), we obtain the following nonlinear dispersion relation
for the amplitude modulation of the ion acoustic waves modes:

? 2
@ = (P2 - S |1 - 2wl | 25)
T PK2 - SK?
The MI will be set in if the following condition is satisfied:
2 2
Olwyl . 26)
PK? - SK?

Letting K2 = K* + K2, the modulation wave number and a, = g— the
parameter related to the modulational obliqueness 6 (6 = arctan(ay))
and the nonlinear dispersion relation Eq. (25) reduces to

2 2 2 2
Pkt Paa -8 - 2yl (1 +a9) Q/P @)
I +a; K g-s/P

From Eq. (27), we find that there exists a critical wave number K, such
that

o/p > K2, (28)
ag—S/P

K2 =20y /(1 + o))
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Fig. 2. (Color online) Panels show P/Q against the carrier wave number k for different
values of negative ion to electron density ratio « (a) as in Fig. 1 and S versus the carrier
wave number  for different values of plasma frequency w, (b).

and the instability growth rate I' (2 = iI') is given by

r2-s\[x2 1"
r=k*{ —2L—)|=<-1 (29)
1+ aﬁ K?
From Eq. (25), the maximum growth rate I, = Im(),,, can be

obtained as I, = Oly,|* provided Qlyy|* = PK? - SK is satisfied.
The MI may be observed if one of the following two conditions is
verified
5 1+ a)ﬁ -’

P>0, o«>8/P=————, 30
0 0> S/ 3@ - (@2 - o?) (30)
or

2_ 2
1+ w0, =

OP<0, a)<S§/P= 3 (1)

(@ = 1@ -0?)
It is clear that there also exists a critical value of 6, as 6, =
arctan(S / P)'/2 resulting from Eqs. (30) and (31) such that the MI occurs
when either PQ > 0 and 6 > 6, or PO < 0 and 9 < 6, holds and also
indicate that © > w, and © < w,, respectively. Hence, the instability
condition depends on the sign of the product PQ and Figs. 2(a) and
2(b) show numerically the variations of the coefficients S and P/Q
given by Eq. (19) with the different physical parameters (¢, , and
6,). According to the choice of these physical parameters, one can
see that the coefficient S gains its sign. The expression of S clearly
shows that there is a cutoff at @ = @, corresponding to the simple
ion cyclotron oscillations (dimensional form) in electronegative plasma,
which does not participate in the wave group dynamics and that o,
plays a decisive role in the propagation dynamics of the nonlinear



S. Ganyou et al.

0 0.2 0.4 0.6 0.8
w

Fig. 3. The stable/unstable regions for fixed values of the system parameters « = 0.1,
0, =5 and w, = 02 is shown by the contour plots of P/Q = 0 against the wave
frequency » and the modulation angle 6.

ion acoustic waves [57]. The curves of P/Q in (w, 6)-plane presented
in Fig. 3 show the information about the positive and negative re-
gions of product PQ according to the analytical expressions given in
Egs. (30) and (31) and the stable/unstable regions for fixed values of
the system parameters. One can see that dispersion coefficients P, S
and nonlinearity coefficient Q are related to «, o, and ,. It turns out
that these physical parameters could significantly affect the stability
characteristics of [AWs in our plasma system. Therefore, the modulation
instability can be studied numerically. For that, the MI growth rate is
shown in Fig. 4. The panels of Fig. 4 show the evolution of the growth
rate of the MI for different values of the magnetic field v, in the case
of some values of « and ¢,. As it increases, one clearly notices an
extension of the zone of instability in the plane and the increasing of
the maximum growth rate. We find that effect of increasing values of
a and o, is to increase the modulational instability growth rate with
cutoffs at higher wave numbers of modulation for different values of
,. We should precise that some studies were carried out recently that
showed the strong impact of parameters such as the negative ion to
electron concentration ratio and electron-to-negative ion temperature
ratio [14-17,39]. 1t is therefore, of high importance here to insist on
the combined effects due to such parameters and the magnetic field.
Therefore, this implies that the unstable regions will also be modified
with the changing of ¢, 0, and @,

Variational approach for NLS equation

In this section, we follow the standard variational approach
[58,69,70] for the analysis of Eq. (20). Let us consider the following
Euler-Lagrange equation:

i@Lv +i JoL +i oL _0_L=0 (32)
ot \ oy* on dq/n* o€ ()u/g oy*

Using Eq. (32), we find the following Lagrangian of Eq. (20)

Lo (|l |
2\"or ot an o
We now proceed by assuming a trial function solution of Eq. (20)

of the form

2 2
—S‘ 2y 33)

-8 R Hibe o)
y(&n,1)=Clr)e 20 20 : (34)

where C(z) is the complex amplitude, (X(z), Y(r)) the spacial width,
(a(r), b(r)) the frequency chirp and ¢(z) the phase of the carrier wave.

Results in Physics 52 (2023) 106821

a=01, 0,=5 a=03, 0,=5
1 0.8
(a) w,=0.1 (C)
0.4 = =021 g
w, =03
= 04
0.2
0.2
0- 0
0 5 10 0 5 10
a=01 0,=10 a=03, 0,=10
(b) )
1
2
=~
0.5 1
0 . 0
0 5 10 0 5 10
K K

Fig. 4. (color online) Plot of the modulational instability growth rate against the
modulation wave number K for different values of @, and fixed values of « and o,
a=01and 6, =5 (see the panel (a)), a =0.1 and o, = 10 (see the panel (b)), a =03
and o, =5 (see the panel (c)) and « =0.3 and 6, = 10 (see the panel (d)).

Inserting the trial solution Eq. (34) into Eq. (33), we obtain the
following reduced Lagrangian

(L)=[23 [ Ldzdn

i(C% —C*%)XY+ vl 2 X%y
=z +|W|2%XY3—S|W|2<% +4a2)x3y =2
+P Iyl (& +45) XY - Iyl XY

Now, we can find the variation of (L) with respect to the various
characteristic of Gaussian parameters of the carrier wave C(r), X(z),
Y(z), a(z), b(r) and ¢(t).

Using the Euler-Lagrange equations of each parameter, we find the
following dynamic equations:

2
ICP XY = |C|” XX,
da _yqp24 8 0E,

=4 _ -
dr DS €4
E
db _ —4pp? P _ ﬂ
dr Y4 2Xxy3
PX 482 2SQE, (36)
o X3 Xy

Py _4p> 2POE,
ot Y3 Xyr’
do__S P 30K
dr X2 y? 22Xy

)

where E, = f::’ /f;" lw|>dédn = |C]* XY = |C0|2X0Y0 is the constant
linked to the energy of the wave, with C; = C(0), X, = X(0) and
Y, = Y(0). The differential equations of the set of Eq. (36) represent
dynamical equations of the amplitude, widths, chirps and phase of
the ion acoustic waves in electronegative plasma in the presence the
external magnetic field. The associated potential of this system can be
expressed as

1/dX\?> 1 /dY\?
ven=-3(5) -3 (%) G7)
Inserting the fourth and fifth relations of Eq. (36), using the normalized
variables Z(r) = X(r)/X,, T(r) = Y(r)/Y,, we finally obtain the
following scalar potential of the system describing the movement of
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Q 5.5 S S
Fig. 5. Plot of the potential function given by Eq. (38) versus the (S, Q)-plane for

@=0.1,0,=5and w, =0.2.

particles in the potential well:

Mook A+A
Lo Ath

V(Z,T)= ?+ 7t 77 (bt +h) (38)
where the constants 4;, f, 4, and f, are defined as follows 4, = ﬁ,
X()
272 25QE, 2PQE, .
b=k = X3Y0° and §, = - x0y30' Moreover, Fig. 5 shows the

plot of ‘the potentigl function given byoEq. (38). The figure presents a

potential well of almost parabolic shape with a fairly steep slope. We
note that a stable dynamical behavior can be obtained when consider-
ing values of nonlinear and magnetic field parameters (Q, S) around the
bottom of the potential well. Consequently, a stable propagation of ion-
acoustic wave can be achieved in the plasma. The time evolution of the
solution parameters has been numerically investigated using the fourth-
order Runge-Kutta computational method, which allows to integrate
the system of equations obtained through the variational approach.
Panels of Fig. 6 show the evolution of the Gaussian parameters using
Eq. (36) as a function of the direction of propagation r: the amplitude
C(r), the spatial widths X(z), Y(r), the spatial chirps a(z), b(r) and
the phase ¢(r) of the carrier wave. In this figure, when the amplitude
C(r) decreases, the spatial widths X(r), Y(r) increase, this leads to
the fact that such wave can propagate in our plasma model. In order
to confirm the results from the variational approach, we studied the
system numerically using the Split Step Fourier Method (SSFM). For
this numerical simulation, the solution obtained using the variational
approach was used as the input solution. Fig. 7 presents the exact (input
profile) and numerical (output profile) solutions of Eq. (20). These two
profiles are almost similar in amplitude, but with a spatial spreading
of soliton in the zone of modulational instability. Therefore, a good
agreement between analytical and numerical results are observed. We
can clearly see that the ion-acoustic wave can propagate through the
plasma system maintain its profile. Basically, this arises under the in-
terplay between dispersion and nonlinearity for the system parameters
taken in the modulational instability zone.

Conclusion

In this work, the nonlinear propagation of ion acoustic waves in
magnetized electronegative plasma have been studied. Using the reduc-
tive perturbation method, the nonlinear Schrodinger equation modeling
the evolution of (2+1)-dimensional ion-acoustic waves in electronega-
tive plasma in the presence of external magnetic field has been obtained
and analyzed. Indeed, the modulational instability of planar waves
has been investigated based on the magnetic field, the negative ion
concentration ratio and the electron-to-negative temperature ratio. The
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instability areas have been studied via analytical and numerical inves-
tigation of modulational instability. The effect of increasing values of
a and o, is to increase the modulational instability growth rate with
cutoffs at higher wave numbers of modulation of different values of
the magnetic field. Therefore, it comes that this plasma system can
support propagation of ion-acoustic solitons as informations carrier.
The variational method has been performed in order to describe the
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main characteristics of IAWs, involving trial function solution of NLS
equation. It shows that when the amplitude C(r) decreases, the spatial
widths X(r), Y(r) increase, this leads to the fact that such wave
can propagate in our plasma model. In addition, the exact solution
(input profile) and numerical solution (output profile) have been also
discussed. These solutions have been investigated and the emergence
and propagation of stable ion-acoustic wave have been confirmed in
electronegative plasma in the presence of the external magnetic field.
The current findings are useful for understanding the propagation char-
acteristics of ion-acoustic solitons in the magnetized electronegative
plasma. This present work can be useful in various fields such as
plasma etching, surface treatment, ion implantation, and fabrication of
semiconductor devices.
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Abstract. We consider a plasma model made of negative ions and electrons in Boltzmann distribution and cold
mobile positive ions, under the influence of an external magnetic field, to study the propagation of ion-acoustic waves
(IAWs). From the hydrodynamic equations of the two-dimensional (2D) electronegative plasma, the dynamics of
the system is reduced via the reductive perturbation method to the Davey-Stewartson (DS) equations. Using the
linear stability analysis of planar waves, an expression of the modulational instability growth rate is derived, and its
response to system parameters, such as the negative ion concentration ratio, the electron-to-negative ion temperature
ratio and the magnetic field is discussed. It comes out that the instability occurs for high values of the negative ion
concentration ratio and in a very restrained area of small magnetic field values. The growth rate is maximum for
high values of both the electron-to-negative ion temperature ratio and the magnetic field. The existence of [AWs in
the model is confirmed. One-dromion and two-dromion solutions are investigated analytically using the Hirota’s
bilinear method and numerically. The impact of the magnetic field is discussed in that context, and particular
attention is given to dromion interactions under different scenarios. We noted a slowing effect on the propagation of
the dromion solutions in the presence of the magnetic field. Elastic collision of two-dromion solutions is observed
during their evolution, with an acceleration of the process in the presence of the magnetic field.

Keywords. Magnetised electronegative plasma; Davey-Stewartson equations; modulational instability; dromions

solutions.

PACS Nos

1. Introduction

Over the past 20 years, solitonic structures have been
investigated in nonlinear physical systems and their
importance has been discussed in a broad range of
contexts that include non-exhaustively optic communi-
cation [1-6], biophysics [7-10], Bose—Einstein conden-
sates [ 11-13] and plasma physics [14,15]. By supplying
energy to a neutral gas, one can cause a formation of
charged particles (electrons, ions), which with the non-
ionised atoms or molecules of the gas, become the com-
ponents of the generated plasma. Plasma is an ionised
gas. The term plasma was first officially introduced in
physics by Irving Langmuir in 1928 [16] to describe the
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52.35.Fp; 52.25.Xz; 52.35.Sb; 52.35.Mw

ionised gas by its behaviour in discharge tubes. Follow-
ing this discovery, several scientific researchers became
interested in the study of plasma physics. The way the
energy is transferred depends not only on the method
of production of plasma, but also on its physical prop-
erties and potential applications, both in the laboratory
and in technology. On the scale of the Universe, plasma
represents up to 99% of the available matter. One of its
most important characteristics is that it displays high
sensitivity to electric and magnetic fields. Many scien-
tists are interested in studying plasma because of their
temperature, density and the types of particles they con-
tain which are its main characteristics. For many years
now, the effects of charged particles (electrons, positive
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or negative ions) on plasmas, such as quantum plas-
mas [17-19], dusty plasmas [20-25], electronegative
plasmas [26-28], magnetised electronegative plasmas
[29-38], just to name a few, have long been the sub-
ject of significant interest. From the seminal work of
Washimi and Taniuti [39], who first derived the KdV
equation for ion-acoustic waves (IAWs) in the plas-
mas, soliton theory has been the centre of interest for
the plasma physics community with a particular interest
in nonlinear phenomena related to structures, instabil-
ities, wave interaction, wave-particle interaction and
methodology related to plasma nonlinear oscillations.
Resulting from the suitable balance between nonlinear
and dispersive effects, [AWs and solitons in general, can
spread over long distances, keeping intact their char-
acteristics and shape. Considered as one of the four
states of matter, just like solids, liquids and gas, plasmas
are composed of positive ions in addition to negative
ions and electrons and when a significant amount of
negative ions is involved, they are known as electroneg-
ative plasma (ENP). Various applications in plasma
science and industry [40-43] and the proof of its exis-
tence in astrophysics, space and laboratory experiments
make ENPs a subject of growing interest, as witnessed
by recent contributions both in one-dimensional and
multi-dimensional contexts. ENPs have been generated
in the laboratory by different methods [44-46], which
corroborate their presence in many space observations,
which include (HT—H™) and (H*-05) and in the D-
and F-regions of the Earth’s ionosphere [47,48]. More-
over, the dynamics and head-on collisions of IAWs in
Art—F~ plasmas have been reported experimentally
[49], while Ichiki ef al [44] addressed the propagation
features of [AWs in Ar™—SF plasma. Theoretically,
based on such experimental observations, Mamun et
al [50] regarded the existence of ion-acoustic (IA) and
dust ion-acoustic (DIA) waves in an ENP constituted by
Boltzmann negative ions, Boltzmann electrons and cold
mobile positive ions. It was also highlighted recently by
Tabi and co-workers that the negative ion concentration
ratio and the electron-to-negative ion temperature ratio
affect the modulational instability (MI) in one-, two-
and three-dimensional contexts [27,28,51,52]. In addi-
tion to the above, the structure of the electronegative
plasma sheath without a magnetic field was investigated
in refs [26-28] and with magnetic field in ref. [29]. The
study of other aspects and characteristics of such plas-
mas waves, related to their response to external magnetic
fields [53-55] in the vicinity of the Korteweg—de Vies
(KdV) equations are obtained from the reductive per-
turbation approximation. In the context of the present
work, we show that when two and higher dimensions are
considered, magnetised plasma can asymptotically be
described by the Davey-Stewartson equations (DSEs).
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It is, however, important to recall that DSEs are non-
linear partial differential equations, as the Riemann
wave system [56], the Novikov-Veselov system [57],
the chemotaxis models [58], just to name a few, that
were first introduced in fluid dynamics to understand the
evolution of three-dimensional wave packets in water of
finite depth [59]. Since then, they have found applica-
tion in many areas of physics, most notably in nonlinear
optics [60] and related fields such as Bose-Einstein
condensates [61] and electromagnetic waves in ferro-
magnets [62]. A surprising and interesting property
of the DSEs is that they are among the few multidi-
mensional systems whose inverse scattering transform
is well known [63,64], and one can actually get a
broad range of exact solutions among which are rogue
waves [65-67], Langmuir waves [68-70] and dromions
[27,71,72]. Dromions, defined by an exact and nonlin-
ear solution of any of a large class of two-dimensional
partial differential equations, were first time investi-
gated theoretically by Boiti et al [73]. A particular and
important characteristic of dromion solutions is that they
are localised wave packets in various physical systems,
such as plasma physics, fluid dynamics and nonlinear
optics [74] and the interactions of dromions for the
(24 1)-dimensional equations may be elastic or inelas-
tic [75-77]. On this basis, important additional features,
compared to the NLS equation, may take place and
describe very rich behaviours of the multidimensional
MI activation and the resulting plasma modes, espe-
cially when system parameters are suitably chosen. The
present paper pays attention to a comprehensive analysis
of MI and additionally proposes exact solutions to the
DS equations, using the Hirota’s bilinear method [71],
and their response to changing system parameters, such
as the electron-to-negative ion temperature ratio, the
negative ion concentration ratio and more importantly,
the magnetic field. The Hirota’s method was introduced
for the first time by Hirota 78] to construct multisoliton
solutions of integrable nonlinear evolution equations.
The method is an algebraic one, based on the bilinear
form of the nonlinear equation, used to solve nonlinear
partial differential equations (PDEs). The main feature
of the method is the derivation of multisoliton solutions
of some physical systems [79-82].

In the present work, we extend the results of a previous
model of electronegative plasma studied by Panguetna
et al [27] by including the external magnetic field. This
electronegative plasma, in the presence of the external
magnetic field, is the so-called magnetised electroneg-
ative plasma. Made of a significant number of negative
ions, with electrons both in Boltzmann distribution, cold
mobile positive ions and the magnetic field, the dynam-
ics of the system is reduced to the DS equations via
the reductive perturbation method. Through the linear
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stability analysis of planar waves, an expression of the
modulational instability growth rate is derived, enabling
the determination of instability/stability zones where
the generation of stable solitary solutions is possible.
Using the MI, the response to physical system param-
eters, such as the negative ion concentration ratio, the
electron-to-negative ion temperature ratio and the mag-
netic field is investigated. Another major point of this
work is the investigation of the impact of the magnetic
field on the dromion-like solutions and their interac-
tions under different scenarios. In addition, one-dromion
and two-dromion-like solutions are studied analytically
using the Hirota’s bilinear method. Like some previous
theoretical studies conducted in electronegative plasma,
the present work also has the potential to enhance
in the real world, several applications across various
fields, such as plasma etching (dry etching) or thin film
deposition, ion implantation (semiconductor doping),
surface treatment (cleaning of the surfaces by sputter-
ing) and fabrication of semiconductor devices [83-85].
Moreover, the performance of these processes can be
improved by confining the plasma and increasing the
reaction rate due to the presence of the magnetic field.
The presented results are obtained using the Matlab soft-
ware for numerical simulations and plotting.

The rest of the paper is outlined as follows. In §2, we
present the governing model equations, and the reduc-
tive perturbation method is used to find its corresponding
DS equations. In §3, the MI analysis is performed.
Results are presented based on the competitive effects
between the magnetic field and the other essential sys-
tem parameters, namely the electron-to-negative-ion
temperature ratio and the negative-ion concentration
ratio. Dromion-like solutions for the DS equations are
discussed in §4, along with their response to the change
of parameters. Section 5 is devoted to some concluding
remarks.

2. Model description

Plasmas consisting of positive ions, electrons and a
significant number of negative ions have been the sub-
ject of intense theoretical and experimental interest
over the last few years [40,42,86,87]. The so-called
electronegative plasmas, which are generated in both
laboratory and space environments [40,42,49,85-91]
are of particular interest. Electronegative plasmas are
contaminated in most cases by solid impurities, and
are not practically neutral because they are charged by
absorbing electronegative plasma electrons and posi-
tive as well as negative ions. Electronegative plasmas
are, in fact, dusty electronegative plasmas [22,92-97],
in which the density of heavy negative ions is much
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larger than the electron density, by a factor of ~10-
1000. The particle velocity distributions play crucial
roles in characterising the fundamental physical prop-
erties of the nonlinear phenomena in plasma systems.
For instance, to understand the dynamics of collisionless
and correlated particle systems, which are characterised
by non-Maxwellian particle distribution, three-particle
distributions, such as Vasyliunas distribution or kappa
distribution [98], Cairns ef al [99] and Tsallis [100]
distributions, have been proposed. In this work, we
have considered an electronegative plasma contain-
ing Boltzmann electrons and Boltzmann negative ions.
The main physical reason is that the experimental and
theoretical understandings of the interaction and colli-
sion between plasma particle species in plasma physics
have shown that they exchange their momentum and
kinetic energy to maintain thermal equilibrium during
their collisions. As it is well-known, for systems that
are in thermodynamical equilibrium, the distribution
function to describe these plasma particles is the promi-
nent Maxwell-Boltzmann distribution function which
depends exponentially on the velocities of the plasma
particles. In addition, the inertia of the electron and nega-
tive ions is neglected because the phase velocity of IAWs
is much higher than the thermal speed of the positive
ions and in turn, much lower than the thermal speeds
of the electrons and negative ion. The self-consistent
electric field acting in a plasma retards the most mobile
[50,101,102] charged particles, which usually leads to
a Boltzmann distribution of electrons.

In the absence of the magnetic field, the model has
been extensively used in one, two and three dimensions
to study the emergence of rogue waves, solitons and
their link to the MI phenomenon. Also, the dust plasma
period is assumed to be much lower than the time scale of
the [AWs, which makes the dust to be stationary. How-
ever, in the presence of a magnetic field, we consider the
following fluid continuity and momentum equations for
the positive ions:

any
FT V- (npu,) =0, (L)

where u,, gp, mp, E = -V® and B = (0,0, B) are
the positive ion mean velocity, ion charges, ion mass,
the electrostatic potential and external magnetic field,
respectively. Variations of the electrostatic potential
are described by the Poisson’s equation

V2D = —dme(Zyny — Zyny — o), (2)

where

ed P ed
n
Ne = neOCkBTe , Ny =Nyt kple s
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with the electron-to-negative ion temperature ratio o, =
T, /T,, the positive ions charge g, = +Z ,e of mass m ,
the negative ions charge g, = —Z,e of mass m, and
the electron charge g, = —e, mass m,. We consider for
simplicity by introducing the Nabla (V) operator as

\Y ! + !
=—e,+ —e,,

o az
indicating that the waves propagate in the (x, z)-plane
and the normalised ion continuity, momentum and Pois-
son’s equations take the form of the following system
of scalar equations:

n | Blows) | Bleks) _ G
ot ax 0z

dty d d¢

E-I— an—‘l-uza—z Uy —a‘l‘guya (3b)
3Lty _|_ 3 -|- a Q (3 )
- U, — U,— | Uy = —Nill ) Y
ot Yox - Caz) '

du; J 0 ¢

ouz v e -, 3d
o + (anx +uzaz>uz 9z ( )
g 9

—q;+—f =l+ap+ae’ +ap’ —n, (o)
0x dz

where n = n,/n 0, with charge neutrality condition at
equilibrium defined by Zpnpo = Zynyo + neo, u =
(uy,uy,uz) =up/Cy with

which is the characteristic speed scale used for velocity
normalisation, ¢ = e® /kpT,. The space (x, z) and time
() variables are normalised by the Debye length

kB Te

Ape= | ——
27

Q2 = Q;/wp; is the normalised parameter of ion
cyclotron and ion plasma frequency ratio, with

242
4nnp0Zpe
m;

and Q; = eB/m;c. The constants

2
He + 1n0
m=m+M%,@:i7fi
and
3
I’Le + l’l/non
@n=—"

6
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are obtained after the power series expansion of the
exponential factor around zero in n, and n,. Here,

e 1
He = Zpnpo 4o
and

_ Zynyg o

which assume the neutrality condition of the plasma
e + i = 1, with @ = Z,n,0/n0 being the negative-
ion concentration ratio.

The standard reductive perturbation expansion will
be implemented to find the DS equations that gov-
ern the propagation of IAWs in the proposed plasma
system. To start, we introduce the stretched variables
E=e(x —vgt),n=¢(—vgt)and 7t = 2t in space
and time, where v, and v, are the group velocities
in x and z directions, respectively that will be found
later using the solvability condition of eqs (3a)-(3d).
¢ 1s a small expansion parameter (0 < ¢ « 1) that
measures the strength of nonlinearity. The dependent
physical variables around their equilibrium values are
expanded via the trial solutions

n(x,z,t) 1
Uy (x,z,1) 0 400 400
w20 | = [0+ " )
uz(x,z,1) 0 p=l  I=—00
d(x,z,1) 0
n? €. 7)
u (&, n,7)
x| uf€n.0 [Awzn @
(€ n,7)
0" (€, 1)

whichincludes all overtones A’ (x,z,t) = gil tkxxthez—wr)

up to order p and generated by the nonlinear terms. Here,
w is the wave frequency, k, and k. are the wave numbers
in x and z directions, such that k* = k)% + kzz. In other
words, the corresponding coefficients of such overtones
are of maximum order £”. Moreover, the relations

"y =n"), @)y =ul,

WPy =ul,

, (Lt(p))* _ u(P) (d)l(P))* — ¢(P)

d /T R -l

should be satisfied because of the eality condition of
the physical variables, with the asterisk () denoting the
complex conjugate. After substituting the trial solution
(4) into eqs (3a)—(3e) and equating the quantities with
equal power of ¢, we obtain several coupled equations in
different orders of ¢ that leads, after a few calculations,
to the investigated DS equations. In doing so, the first
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harmonic of perturbation (e1), we obtain

(1) (M _ 0 _ () _

ny —“xo—” —”zo—%
for/ =0 and

o P

xl 2 1

kew (k= +ay)

UM Q0

O Tt ay) !

m_  k m_ Lo

for [ = 1, under the condition that the linear dispersion
relation
21,2

k? Q%

4 21 2 z
- Q — =0, 5
<k2-|-a1+ )w +k2-|-a1 )
be verified, leading to the first harmonic perturbation.

The solution of the quadratic equation in w* (eq. (5))is
given by

21 K
2| k2 + ai
k2 2geQ2
Q% + Q) - =
* \/(k2 +a ) k2 +ay

We note that for pure perpendicular propagation and
strong magnetic field, we obtain the following disper-
sion relation:

k2
K +a
Along the same line, the second harmonic of pertur-
bation (s2) admit the relations

0t — Q=

(7

O 28 mE o _
Uy = k (k2-|-d)| 1 | MyO_O
and
2612 (1 2
=t + e
for [ = 0, while for [ = 1, solutions are obtained as
. 1) . )
2ik dn 2ik on
(2):(k2+(11)¢§2)— ; | 3 1 ,
k*+a; 06 k*+ap 0n
an(l) an(l)

2)
u( —ux¢¢1 +lux§¥+luxn 81

) (1
on on
(2) 2 1 1
Uyp = llypP)” + ity T Tty 377

and
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() (M
an, an,

2)
( —u2¢¢1 —I—lu15¥+luzna

under the solvability condition

2_02
kxw (ﬂl(wkz—g ) + w2 _ 26()2(0)2 QZ))
Voy = . ,
& 20*(k? +a1) - k2Q) @)
k.w (a)2 -2 — X e? - Qz))
BT R -kY)
that gives the group velocities, with v§ = vgx + vgz.

Still at order &2, the following solutions are obtained for
| =

2 1 2 1
ny —an(nﬁ Wl =, ()
2 (1 v 1
;2) = lauy( 1))25 u 2) =0y, (n(1 ))27
1
0 = ap(nl)?.

For its part, the third-order (¢%) reduced equations
for [ = () are obtained as a set of coupled equations in
“Appendix B” (eq. (B.1)), which after some calculations
lead to the following equation verified by the potential

2
¢()

2 2 2 12
o) : S gan T g Y a2
E gdn n 3
2 2
—I—(S 32|n§1)| +3 82|n§1)| 0 (9)
23 90 3 e .

Finally, various expressions derived in the above calcu-
lations are considered in the (/ = 1)-component of the
third-order part of the equations, leading to the ampli-
tude equation

82 (1) 92,

O] 2. (1)
ian1 +vy + Y o
ot 852 IEI an?

2 |
+ (V3|”1 | + V4¢() - kz”i(f) ”i = 0.

We recall that all the coefficients of various equations
are given in Appendices A and B. Further, adopting the
notation | = nﬁ and ¥y = ¢(2) k; = 0,0, =0
for case of pure perpendicular (i.e., when the wave in
perpendicular to the magnetic field (ky = 0)), the set of
eqs (9) and (10) reads as

+v2

(10)

Iﬁl 0%y 0%
s tTVM—s 72 Tt 0P
Hyslvil* + yav)v =0, (11)
i) 32¢2 R 2T KA
) 5 ) =0,
g2 ot 02 03 o2

which are known as the DS equations [59] that cou-
ple a complex field, for the wave amplitude v/; and a
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Figure 1. (a) The variation of the wave frequency o with the wave number k and (b) the variation of the group velocity with
wave number £, both under different magnetic fields. The electron-to-negative ion temperature ratio o, and the negative-ion
concentration ratio « take the respective values o, = 2.5 and o = 0.01.

real field, for a mean flow . Seminally, the DS equa-
tions were derived to describe nonlinear evolution of
(2 + 1)-dimensional waves packets in water of finite
depth [59]. It has thereafter found applications in diverse
areas of physics, including nonlinear-optics [60] as well
as related fields, such as the study of matter waves in
Bose—Einstein condensates [61] and the study of the
propagation of electromagnetic waves in ferromagnets
[62]. Moreover, in the context of nonlinear propaga-
tion of gravity-capillary surface waves under tension,
a rigorous derivation of the DS equations was pro-
posed in ref. [103]. Without being exhaustive, we may
also point out various contributions devoted to multidi-
mensional classical plasma systems in refs [104-107].
Specifically, DSEs were shown in ref. [104] to arise in
multidimensional plasmas under the assumption thation
waves were parallel to the magnetic field. More recently,
Panguetna et al [27,52] derived the DS equations both
in two and three dimensions and used then to establish
strong relationship between MI and dromion solitons,
even during collision. In the context of the present paper,
the reader should notice that different coefficients for
eq. (11) depend on the system parameters. This ren-
ders easier the evolution of the contribution of both
nonlinear and dispersive effects to the emergence of
nonlinear waves and solitons. In the meantime, it should
be noted that the wave frequency w and the group
velocity, respectively represented in figures la and 1b,
are very sensitive to the changes in the magnetic field
reflected by 2. In general, the frequency w is an increas-
ing function of the magnetic field, while the group
velocity shows a reverse behaviour. However, there has
been little discussion on the effect of a magnetic field
on the nonlinear evolution of [AWs governed by the DS
equations.

3. Modulational instability analysis in the DS
system

Ml is one of the direct mechanisms responsible for the
formation of solitons in nonlinear media. This occurs
when a constant wave background becomes unstable and
induces sinusoidal modulations under the competitive
contribution of nonlinear and dispersive effects. Other-
wise, under such effects, a plane-wave solution breaks
up into trains of solitonic objects. In this section, we
consider the DS system (11) with the trial plane-wave
solutions [27,108,109]

Uy = e 18 Torn—RTEe) (12)

Y2 = ¥,
where V10, Y20, @1, @ and ¢ are real constants. Indu-
bitably, such trial solutions will propagate in the system
if the condition

R= Vla% + V20l§ - V3¢120 — Y40, (13)

is satisfied. Here, R obtained by substituting eq. (12) in
the DS system, is the so-called linear dispersion relation
or unperturbated dispersion relation. To further proceed,
we study the stability of the plane-wave solution by
introducing small perturbations so that

Y1 = (Yo + by el @E R,
V2= Y0 +8Y,

where the small perturbations §11, 61, and d¢ are taken
to be

(14)

0y Ay _
SUy | = Ava | Re (el(méﬂm—vr)) ’ (15)
b¢ Ay
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Figure 2. MI growth rate in the (i1, u7)-plane for @ = 0.2 and the ion cyclotron frequency taking the values: (a) Q = 0.17,

(b) 2 = 0.25 and (c) 2
Y0 = 0.025.

with Ayr1, AYa, Ag, 11, up being real constants.
Inserting eqs (14) and (15) into (11) and using the dis-
persion relation (13), we obtain a homogeneous system
in Ay, Ay and Ag, which admits non-trivial solu-

tions if its determinant is non-zero. This leads to the
following nonlinear dispersion relation:
(Np)* = (117 + van))
yin + vau3 — 2nv i,
) 52#% + 33//% ) (16)
+ V4¢10 2 2
81“1 + 1
where Np = v — 2y1101 — 2y»002. The plane-

wave solutions (12) will be unstable if le) < 0, which
amounts to the explicit condition

(i} + yapd)?

» BOud+1d) — yaGond+833)
1-294, <0
(V1] + 7213) G1pd + 13)

(17)

Obviously, the stability/instability condition of the
plane wave only depends on the terms

1-292, y3(61p4 -I-Mz) 2)/4(525% -I-iw%)
V2 Vvl + v212) 1y + 13)

= 0.3. The other parameters are: o, = 20.5, k = 2.4, a1 = 2.5, @y = 2.5, Y10 = 0.06 and

which also fixes the threshold amplitude above which
the plane wave is expected to break up into solitary struc-
tures, 1.¢.,

(V1] + a3) (G1pd + 13)
238113 + 13) = 2ya(8op? + 8313)

1p%O,cr = : (18)

For the above, one can deduce the MI growth rate

[= ,/—le) that will be used in this section to charac-

terise the emergence of unstable wave patterns in the
magnetised ENP under study. We precise that stud-
ies carried out recently showed the strong impact of
parameters, such as the negative ion-electron concen-
tration ratio and electron-to-negative ion temperature
ratio [26-28]. It is, therefore, of high importance here
to insist on the combined effects due to such param-
eters and the magnetic field. The panels of figure 2
show, for example, how changing the frequency 2 influ-
ences the instability domain. As it increases, one clearly
notices a reduction of the zone of instability in the
(@1, u2)-plane, with fixed values of the other control
parameters 0, = 20.5 and @ = (.01. Recent contribu-
tions in 2D and 3D showed that the two latter parameters
could control ENP plasma instability. Under relativistic
effects, the negative ion-electron concentration ratio and
electron-to-negative ion temperature ratio were found
to contribute to a suitable balance between nonlinear
and dispersive effects for rogue waves to appear. At this
point, one question arises: what could be the behaviour
of the MI growth rate under the influence of chang-
ing & and o,,? Comprehensive answers to the previous
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Figure 3. The growth rate of MI vs. the electron-to-negative ion temperature ratio o, and the frequency € when the nega-
tive-ion concentration ratio o takes the respective values (a) @ = 0.01, (b) & = 0.05 and (¢) & = 0.2, with the other parameters

being: 0, =20.5, k = 2.4, o

question are given in figures 3-5. Figure3 shows the
MI growth rate against the (€2, 0,,)-plane with panels
corresponding to different values of negative ion con-
centration ratio. For example, it is observed that for
o = 0.01, there are two regions of instability (see figure
3a) that merge with increasing «. Interestingly, most
of the instability occurs for high values of o, while
instability is possible in a very restrained area of small
magnetic field values. This is drastically modified for
o = 0.05 and 0.2, where after merging, the common
single region of instability expands. However, instability
does not still occur for small values of electron-to-
negative-ion temperature ratio o,. However, the growth
rate maximum takes place for high values of both o, and
the magnetic field. In figure 4, for two sets of wave num-
bers 111 and py, the effect of o on the MI growth rate
appears clearly and concords with the instability win-
dows obtained in figure 3. Additional information on the
appearance of instability due to the plasma parameters
and the magnetic field is recorded in figure 5, this time
inthe (2, )-plane by changing the electron-to-negative
ion temperature ratio o,. Contrary to the features of fig-
ure 3, there is only one region of instability for all values
of o,,. However, increasing the o, value increasingly
involves small values of « in the MI process. Neverthe-
less, the zone of instability gets reduced for high values
of o, even though the growth rate intensity increases.
Indeed, such results confirm the existence of [AWSs in
the studied plasma system, especially in the presence of
the magnetic field, which probably will contribute to the
emergence of more complex patterns under the simulta-

=2.5,ay = 2.5, Y10 = 0.06 and o9 = 0.025.

neous effect of nonlinearity and dispersion. Therefore,
when this is fulfilled, a random amplitude perturbation
will grow, leading to the generation of [AWs. This is
supported in the background by the physical informa-
tion contained in the coefficients of the DS equations,
which are functions of relevant plasma parameters as
indicated by the above parametric analysis of ML In
suchregions, exact solutions exist which can be obtained
using different methods for different applications. In
what follows, we propose solutions to the DS system
(11) using Hirota’s bilinear method.

4. One- and two-dromion solutions of the DS
equations

Research on exact solutions of nonlinear evolution equa-
tions has attracted a lot of interest during the last
decades. In this regard, many analytical methods for
investigating exact solutions to nonlinear partial differ-
ential equations (PDEs) have been proposed, amongst
which are the inverse scattering method [110], the Back-
lind and Darboux transformation method [111], the
Hirota bilinear method [71,112], the pseudospectral
method [113], the hyperbolic function method [114,
115], the homogeneous balance method and formal
variable separation method [116-118], the generalised
Riccati equation method [119], unified algebraic method
and varied Jacobi elliptic function methods [120,121].
Interestingly, the Hirota bilinear method [71,112] has
been used to construct dromions-like solutions to a
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Figure 4. The growth rate of MI vs. the frequency Q for
two sets of wave numbers (a) u; = wuy = 0.85 and (b)
w1 = pa = 0.15. In each panel, the negative-ion concentra-
tionratio « takes increasing values, while the other parameters
are fixed as: 0, = 20.5, k = 24, a; = 2.5, ap = 2.5,
V10 = 0.06 and 159 = 0.025.
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system of equations similar to the DS system. More
recently, Panguetna et al [27] used the Hirota bilinear
method to obtain one- and two-dromion solutions for
the DS system of equations. We should indicate that
there exist types [ and II DS equations depending on the
sign of their coefficients [122,123]. However, from the
results of §3, one may obtain the two types of systems. It
has been shown that the system of eq. (11) may display
DS-I behaviours if conditions y;/y» > 0 and y3 > 0
are satisfied [124,125]. Figure 6 shows the parameters
Y1, ¥2 and 3 vs. k. For k > 0, all the values of y; and
¥ are positive, y3 > 0 for DS-I, while y3 < 0 gives the
DS-II equations.

The solutions of eq. (11) are exponentially localised
and called dromions. Using the Hirota bilinear method,
we will proceed to find the solutions of the system. Such
solutions are investigated by first studying their domain
of existence. Therefore, we first rescale dependent and
independent variables as follows:

1
= —¢,
(813 — 8aya) 12
, 1
=<,
(8374 — y3)1/?

U =yl + yan. (19)

We also introduce the following new independent vari-
ables through a coordinate axis rotation by 45°:

5 5
Q Q

Figure 5. The MI growth rate vs. the negative-ion concentration ratio & and the frequency Q when the electron-to-negative
ion temperature ratio takes the respective values: (a) o, = 12.5, (b) 0, = 17 and (c) g, = 21.5. The other parameters are:

k=24,a1 =2.5,09 =2.5, 910 = 0.06 and yp9 = 0.025.
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Figure 6. Plots of y1, y» and y3 vs. k (egs (C.2), (C.4) and (C.5) for @ = 0.01 and o, = 5.5 and different values of 2.
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Substituting relations (19) and (20) into eqs (11), we
obtain the following set of equation:

Vi +a(ixx + Vivy) + bvixy + ¥y =0, (21a)
c(Wxx + Yyy) +d¥xy = 21D xy, (21b)

where

(20)

&m—m)
33)/4 - 3)

&m—m

511/3 - 52)/4

(
(

813 — 82v4

2
I
2
I
2
I
2

d-( Yt )
S1y3 — b2ya 533/4—)/3

We note that the above constants depend on the mag-
netised electronegative plasma parameters, such as €,
o, and «. Solutions for system (21) are investigated by
introducing the new dependent variables F (real) and G
(complex) so that

Y1 =2bd (g) and ¥ = 2b(In f)xy

This leads to the bilinear form, with assumption

(22)

Vi R
b= -y
(iD: +a(Dxx + Dyy))(G - F) =0, (23a)
DyyF - F =4G - G*, (23b)
where D is an operator defined as
DG - F = 3y = 05,)" F(x1)G(x2)lymry=es (24)

which is also known as the Hirota bilinear operator. We
further expand the new variables F and G in the power
series of small parameter § as G = §G| +6°G3 + - --
and F = 14+ 8%F, 4+ §*F; +- - - to obtain the dromion-
like solutions [27,124]. This is introduced in (23) to find
G1, G3, F and Fy. Taking G to be in the form

N
G1:Ze'7/,
j=1

nj=p;X+q;Y +ia(p; +¢7)r+n;,

(25)

with p;, g; and no; being the complex constants,
the generalised form of the one-dromion solution is
obtained as

Yip = Fip
pexp(n + )
1+ Jexp(ni +n}) + K exp(n2 + n3)
+ Lexp(n + 1} +m +n3)

m = pX +iap*t + 101,

» (20)

m=qY+ iaqzt + 0.

Moreover, in eq. (26), J, K and L are real constants,
p=pi.q=q and |p]* = 2L(p + px)(g + ¢%) =
8LpRryR.

These types of solutions have already been reported
by Panguetna et al [27] as the excitation of IAWs in
unmagnetised electronegative plasmas. It is interest-
ing to see now if the presence of the magnetic field
in the system impacts the structure and the propaga-
tion of the dromions in such a system. In figure 7, for
example, the one-dromion solution is plotted vs. X,
with figures 7a and 7b corresponding, respectively to
a = 0.01 and & = 0.08. In each of these cases, the
solution decreases by increasing the magnetic field, with
the value € = 0 corresponding to the non-magnetised
plasma which agrees with the earlier findings [27].
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Figure 7. The behaviours of the one-dromion solution with increasing magnetic field. For (a), the negative ion concentration
ratio is fixed as & = 0.01, while (b) corresponds to o = 0.08, with Q taking values 0, 0.01 and 0.2 in each of the panels. The

other parameters are 0, =5.5and J =K =L = 1.
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Figure 8. The propagation of one-dromion solutions (26) for increasing values of the magnetic field Q2 at different instants

whena =0.01,0, =55andJ =K =L =1.

On the one hand, a behaviour that was already seen
is the increase of the base width of the solution with
increasing negative-ion concentration ratio «. Addition-
ally, the same base width gets decreased, together with
the wave amplitude, when the strength of the magnetic
field increases. In general, with increasing magnetic
field, dispersive effects get dominated by the nonlin-
earity effects leading to more spiky dromions in the

studied plasma system. The panels of figure 8 show
the propagation of the one-dromion solution of eq. (11)
for different values of the magnetic field at different
instants. We observe that in the absence of the magnetic
field, the dromion can propagate with speed v,. The
speed of propagation decreases when the magnetic field
increases. For example, at the instant 1 = 150, the peak
of the dromion is at position X = 9.4 (see figure 8c) for
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Q = 0.2, while at the same instant and for 2 = 0.3, the
peak of the dromion is at position X = 8.2. Therefore,
it is clear that the presence of the magnetic field has
a slowing effect on the propagation of the dromion
solution.

Similarly, we can proceed and find the two-dromion
solutions in the form

Viap = ——
2D FZD

P11 exp(n1 +13) + pr2exp(nn + n3)
+ parexp(m + 0y +m+1m3)
+ poexp(n +m+ 15 +m)

Pramana - J. Phys. (2024) 98:30

where A, B, C, D, E, F, G, H and [ are real, positive
constants. The panels of figure 9 show the evolution
of two dromion solutions and their elastic collision in
the absence and presence of the magnetic field. Obvi-
ously, in the absence of the magnetic field, the collision
happens with a delay (see figure 9(aj)j=1,2,3,4), while
in the presence of the magnetic field, the collision
process is accelerated (see figure 9(bj) j=1,2,3,4). How-
ever, in the two cases, the colliding objects keep their
initial characteristics after the collision, implying no
energy exchange. Nevertheless, it should be indicated
that when two dromions interact, there might be an
energy exchange which may affect their amplitude and
some other characteristics [27,126]. This is for example
the case in figure 10, where the two dromions of unequal

* *
L Aexpln + Zl) + Bexp(n + 1) amplitudes collide, share energies and end up display-
+ Cexplrs +1n3) ing the same features. The dromion with the highest
+ Dlexp(n +n3) +exp(n + 17)] amplitude has shared its energy with the small dromion,
+ Elexp(n +n; + 13 +13) 27) which resulted in identical objects under elastic colli-
+exp(m + 17+ 13 + )] sion. We nqtice thalt even in t.hi.s context, the iI.np.act of
- Fexp(ny + 1 + 1y + 1) the magnetic field in the collision process is similar to
PUR 1y 12 712 what was already discussed in figure 9. Another possi-
+Gexp(m +ny +n3 4 173) bility in the process of wave collision is that the colliding
+ Hexp(n 407 +n3 +1n3) entities merge into one, a phenomenon that s also known
+lexpn+ni+m+m+m+1) as inelastic collision. This is depicted in figure 11, where
oy initially, there are two dromions of different amplitudes
m = piX +iapyt+ o, that interact and form a single solitonic object. This par-
m=mX+i ap%f + 102, ticular case is typical in plasma systems where several
m=at + iaqlzr +os, components are involved, which is useful in producing
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Figure 9. Elastic collision of the two-dromion solution (27) in a moving frame, where panels (aj) =1 2,3 4 display results in the
absence of the magnetic field (€ = 0) and panels (bj) =1 2,34 show results in the presence of the magnetic field. In the process,
two identical dromions interact and keep their shapes after collision. However, the presence of the magnetic field accelerates
such a collision, with the other parameters being « = 0.01,0, =205andA=B=C=D=E=F=G=H=1=1.



Pramana - J. Phys. (2024) 98:30 Page 130of 18 30

(al) 7=-20, Q=0 (a2) 7=-3,0=0 (a3) =0, 0=0 (a4) =20, 0=0
03 - 03
0.2
o 02 0.2 0.2
= o 0.1 ” 0.1

0
20

0

20 20

20 20 20

20
y 0

=<

o

o
no
S o

-20 20 20 -20 20 20 X 20 -20

(b1) 7=-20,0=0.2 (b2) 7=-3,0=02  (b3) 7=0,0=02 (b4) 7=20,0=0.2
03

0.3 0.3

0.2 0.2

0.1 0.1
0 0
20 20 20

20 20

yo Oy y?o 0 y o

0
20 20 02 X 20 2 X 20 2 X
Figure 10. Elastic collision of two dromions with energy exchange both in the absence (panels (aj)j=1,2,34) and in
the presence (panels (bj) ;=123 4) of the magnetic field. The colliding objects involve two dromions of different ampli-
tudes which, after collision, give rise to entities with equal amplitudes. The parameters are « = 0.01, o, = 20.5 and
A=B=C=D=E=F=G=H=I1=1.
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Figure 11. Inelastic collision of two dromions, both in the absence (panels (aj)j1234) and in the presence (panels
(bj)j=1,2,34) of the magnetic field. In both cases, the dromions after collision combine and give rise to one soliton,
but the presence of the magnetic field accelerates such a process. The parameters are & = 0.01, o, = 20.5 and
A=B=C=D=E=F=G=H=I1=1.

plasma particles in a process known as energy recom-  results obtained here confirm that such a recombina-
bination. This is inherently facilitated by the presence  tion process is accelerated by the magnetic field, which
of different dynamical modes [127,128]. However, the  enhances the collision process. Many other scenarios
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can be explored, especially when plasma parameters
change, as was already reported by Panguetna et al [27]
who showed that dromions and their interactions were
very sensitive to changes in the electron-to-negative-
ion temperature ratio and the negative-ion concentration
ratio. Some other contributions also introduced the mod-
ulation angle, an important factor to be included when
three-dimensional components are involved, a scenario
that may enrich the features inherent to the presence of
the magnetic field applied to two negative ion plasmas
such as Xe™-F~-SF and Ar™-F~-SF, for example.

5. Concluding remarks

To summarise, we have used the reductive perturbation
method to study the propagation of IAWs in a magne-
tised ENP. After showing that the generic fluid-Maxwell
equations can be reduced to a set of Davey-Stewartson
(DS) equations, the linear stability analysis of MI has
been adopted to discuss the existence of solitonic-like
structures. The behaviour of MI growth rate has mainly
been discussed based on the system parameters. Princi-
pally, the joined effects of the electron-to-negative ion
temperature ratio o, and the negative-ion concentration
ratio o have been compared to the change in the exter-
nal magnetic field to show that MI can take place in
some interval of such parameters under the suitable bal-
ance between nonlinear and dispersive effects. Under
specific conditions, we have shown, using the bilinear
Hirota method, that the solutions for the derived DS eq.
(11) can be found as one- and two-dromion ion-acoustic
solutions. The combined effects of various physical
parameters, such as the electron-to-negative-ion tem-
perature ratio, the negative-ion concentration ratio and
the strength of magnetic field have been studied on the
regions of existence and propagation properties of ion-
acoustic dromions. We have noted that the shape of the
obtained solutions depends both on the system param-
eters and the magnetic field. Increasing the magnetic
field has generated solitonic profiles such as dromions-
like shapes. The parametric analysis has been extended
to two-dromion dynamics under different interaction
scenarios. We have noticed the strong impact of the mag-
netic field on the energy exchange and recombination
processes.

Data Availibility Statement The datasets generated and

analysed during the current study are available from the cor-
responding author on reasonable request.

Appendix A: Various coefficients

The coefficients appearing in various equations are
defined as follows:
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Appendix B: Equations and other coefficients

The third-order (&) reduced equations for [ = ( are
obtained as set of couple equations
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