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ABSTRACT

The central objective of this thesis is to examine the fundamental nature of electrostatic wave
phenomena in magnetized dusty plasma systems. A detailed understanding of dusty plasma
behavior is essential for interpreting a wide range of physical processes occurring in both
controlled laboratory experiments and natural space environments. In contrast to ordinary
electron—ion plasmas, dusty plasmas contain micron- or submicron-sized solid particles
immersed within the plasma, a feature that fundamentally alters the collective dynamics of the
system. The presence of these dust grains introduces additional degrees of freedom, leading to
richer and more complex wave and instability characteristics.

The investigation begins with an exploration of the basic physical principles underlying dusty
plasma systems, focusing on the coupled interactions among charged dust particles, electrons,
and ions under the influence of an external magnetic field. Particular attention is given to the
generation, propagation, and stability of electrostatic waves, as well as to the physical
mechanisms responsible for their excitation. Through this approach, the complex nature of
electrostatic wave dynamics and instability formation in dusty plasmas is systematically
analyzed.

The theoretical insights obtained from this study are relevant to a broad spectrum of
applications, including plasma-based materials processing, geophysical and atmospheric
phenomena, astrophysical systems, microelectronic fabrication, fusion research, and solar wind
dynamics. The overarching objective is to elucidate how the interplay between charged dust
grains, the surrounding plasma medium, and the magnetic field collectively governs the
behavior of electrostatic waves.

To achieve these goals, several theoretical frameworks are developed using fundamental
plasma fluid description. The governing equations namely the continuity and momentum
equations, and Poisson’s equation are employed to derive analytical expressions for wave
frequencies and instability growth rates. The dependence of these quantities on key plasma
parameter is then examined in detail. Generalised Hydrodynamic Model (GHD) has been used
for the description of strongly coupled dust grains as they are in a fluid like state for a wide
range of strong coupling parameter. The effects of strong coupling among dust particles on the
dispersion characteristics of longitudinal mode and the novel shear mode have been studied.
Furthermore, the effect of cylindrical geometry, magnetic field, collissions among dust grains
have been analysed.

The evolution of Rayleigh Taylor instability (RTI) in a strongly correlated dusty plasma driven
by an ion beam has been investigated through Generalized Hydrodynamic( GHD) Model. The
instability analysis focuses on effects of beam velocity, beam density, density scale length and
strong coupling parameters on the instability growth rate and frequency. The ion beam
enhances the pressure imbalance across the interface, thereby driving the RTI, while the
viscoelastic response of the strongly coupled medium introduces a stabilizing influence. It has
been observed that the growth rate of ion beam driven RTI is suppressed with increasing
coupling strength and magnetic field, while the instability grows with higher beam density and
velocity enhances the instability, density scale length and beam density. These results provide
insight into controlling beam-induced RTI in complex plasmas and are relevant to inertial
confinement fusion (ICF), astrophysical dusty plasmas.



The parallel velocity shear instability (PVSI) or the Kelvin Helmholtz instability is a prominent
instability in various astrophysical and laboratory situations. The instability analysis has been
done in the linear regime. The combined effect of ion beam and polarisation of dust grains have
been studied in the presence of dust charge fluctuation. A theoretical model has been developed
to incorporate all this factors. The effect of beam parameters and dust polarisation on the
instability has been analysed.
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Chapter 1

Introduction

1.1 Plasma

“In the beginning was the plasma" [1]. Alfvén concluded his Nobel lecture in 1970 with this
statement to remind us of the origin of both ourselves and our environment. In the early 19th
century, Michael Faraday proposed the existence of a fourth state of matter. He observed that
physical properties of substances (shape, softness, colour, opacity etc.) are gradually
diminishing during phase transitions, from solids to liquids to gases. Faraday hypothesized that
this trend of decreasing properties did not abruptly end with the gaseous state. He believed that
matter could undergo a further transformation beyond the gaseous state, a change as significant
as the transition from liquid to gas. He termed this hypothetical state "radiant matter." [2]
William Crookes linked Faraday's concept of "radiant matter" to the phenomena he observed
in low-pressure electrical discharges [3]. J.J. Thomson's discovery of the electron provided an
explanation for the phenomena observed by Crookes in low-pressure electrical discharges. This
marked the first discovery of a subatomic particle. Thomson's work suggested that the "fourth
state of matter" was composed of a mixture of positively and negatively charged particles. In
the early 20th century, Irving Langmuir further developed this understanding and established
the field of plasma physics.

Gas molecules break apart into atoms when the kinetic energy of the particles surpasses the
molecular binding energy. With further increases in kinetic energy (or temperature), the atomic
gas becomes ionized. When the level of ionization is high enough, this state is referred to as
plasma. Plasma typically exists at high temperatures and low pressures, conditions that are
rarely found on Earth. It is a conducting gas composed of electrons, ions, and some neutral
particles, with the overall electric charge of the system being zero (Quasi-neutrality). Plasma
is not merely a hot and disordered state of matter; it can also exist in gaseous, liquid, and even
crystalline solid forms.

It is often stated that 99% of the universe is composed of plasma (such as stars and the
interplanetary medium). Consequently, space plasma physics has become a well-established
field of research.

1.1.1 Dust in Plasma

A dusty plasma refers to a mixture of electrons, ions, neutral atoms and charged dust grains
with their size ranging between nanometre to several hundred microns. Dust grains possess
extremely large masses on the order of 10'* times that of a proton. A key feature that makes
dusty plasma research scientifically significant and technologically relevant is that these grains
accumulate substantial electric charge, typically becoming negatively charged. This occurs
because the grains interact far more frequently with fast-moving electrons than with the
comparatively slow ions present in the plasma. The charge acquired by dust particles of about
1 um in size, typically lies in the range of 10° e to 10* e, where e denotes the elementary charge.



Dust grains exist in two configurations isolated and non-isolated. This is decided by the length
Zn,
n

scales and the Havnes parameter, H =

, it tells about the extent to which dust grains
contribute to the overall charge balance of the plasma by comparing the charge carried by dust
to that carried by the ions. The dust grains are said to be Isolated when their radius is much

smaller than both the plasma Debye length (4,) and the average distance between
neighbouring grains (a,) i.e. ,a < 4, <a,and hold much less charge than the background
plasma |H|~0

In this regime, individual grains doesn’t have significant impact on the overall plasma behavior.

However, when the grain size or density is such that these separations become comparable i.e.
a < a, < 4, and the charge contained in the dust component becomes comparable to that in

the ion—electron population (i.e. |H | >0), the grains can be considered as non-isolated. Now,

they participate collectively and begin to influence the plasma behaviour in significant ways.

Once dust particles interact collectively with the surrounding charged species, they not only
alter conventional plasma wave modes—such as ion-acoustic waves (IAW), electrostatic ion
cyclotron waves (EIC), and lower-hybrid waves (LHW) but also support entirely new modes,
including dust-acoustic waves (DAW) and dust ion-acoustic waves (DIAW). In addition, the
presence of charged dust can modify or drive various instabilities, including ion-streaming,
Kelvin-Helmholtz (KH), and Rayleigh-Taylor (RT) instabilities [4]. A proper understanding of
this collective behavior requires first understanding the fundamental properties of dust
particles, their production mechanisms, and the processes through which they acquire charge.

1.2 Characteristics and Phenomena in Dusty Plasma

1.2.1 Quasi neutrality
In the absence of external forces, a dusty plasma remains neutral on a macroscopical scale, just

like the ordinary plasma. Thus, under equilibrium conditions, the system satisfies the

expression of neutrality of charge
eny; —eny, +Qyny, =0, (1.1)

where n,;, n,, and n,, are the no. density of ion, electron, and dust in equilibrium state, eis

the elementary charge on electron, and O, =+Z e represents the charge on a dust grain (here,
Z, is charge state ~ 10°-10%). However, in many astrophysical and laboratory plasmas

situations, heavy charging of dust grains can reduce the electron population, sometimes

depleting it almost entirely.



1.2.2 Debye Screening length

One of the characteristic properties of a plasma is its ability to screen an electric potential by
forming a Debye sphere, a process known as Debye shielding. The radius of this Debye sphere,
called the Debye length, represents the distance upto which the electric field of a charged
particle can influence other charges in the plasma. In a dusty plasma, a positive potential
becomes surrounded by electrons and negatively charged dust grains, while a negative potential
is screened by ions and any positively charged grains. In the case of perfect shielding in cold
plasma the surrounding charge cloud remains unperturbed. However, at some finite
temperatures charged particles near the boundary of the cloud acquire enough thermal energy
to escape, allowing a potential of the magnitude k,7 /e to leak into the plasma. This leads to

incomplete shielding and a finite residual electric field. The approximate thickness of this
shielding region, or sheath, is also characterized by the Debye length. The expression for the
Debye length is given as [4],

Z’eDﬁ“iD

N

2\1/2 2\1/2 .
where 4, :(Te [4xn, e ) and 4, :(7; [4zn, e ) are electron and ion Debye lengths,

Ay = (1.2)

respectively.

+ —\

Fig. 1.1 Debye Screening [5]



1.2.3 Characteristic frequencies

When plasma particles are displaced from their equilibrium positions, charge separation occurs,
leading to the formation of an electric field that acts to restore overall charge neutrality by
driving the particles back toward equilibrium. Due to their finite inertia, the particles overshoot
their equilibrium positions and are subsequently acted upon by an electric field of opposite
polarity. This repeated overshooting results in sustained oscillatory motion about the
equilibrium state.

The characteristic frequency of these oscillations differs for different plasma species, as it
depends on the mass and charge of the respective species. For instance, electrons oscillate

: . . 2 . :
relative to ions with the electron plasma frequency f,, = (47mOee2 / me) , ions oscillate relative

to charged dust grains with the ion plasma frequency f,, = (47moie2 / m, )1/2, and dust grains

undergo oscillations about their equilibrium positions with the dust plasma frequency
172
fdp=(472'n0dZ;ez/md) .

1.2.4 Coulomb Coupling Parameter

The Coulomb coupling parameter is an important quantity used to distinguish between weakly
and strongly coupled plasmas. It is defined as the ratio of the average electrostatic potential
energy to the average thermal kinetic energy of neighbouring particles.

FZ—jexp[-a—dj, (1.3)

where |Q,|=+Z e is the charge on dust grains, Z, is the dust charge state,a, = (4n,, | 3)71/3

is intergrain spacing, n,, is dust density, x =a, /4, is the screening constant. The exponential

term represents the screening of the dust particle upto the Debye length 4, .

Dusty plasma configuration having I'«<1 is considered weakly coupled, whereas a system with
> 1falls into the strongly coupled regime. In most laboratory situations, dust grains tend to be
strongly coupled because they carry large charges and the system typically operates at low
temperatures[4]. Additionally, neutral collisions allow the dust grains to cool efficiently to near
room temperature. The coupling parameter I" determines the physical state of the dusty plasma
whether it will behave like a gas, a liquid, or a solid. For 'K 1, the dust component is in a
gaseous state; for 1<I'<170, it exhibits liquid-like behavior; and at I' =170, the system reaches
the coulomb crystallization threshold beyond which plasma starts making crystals, or solid-like
structures [6]. However, in certain dusty plasma experiments (e.g., DPX), dust has been
observed to remain in a fluid state even for values as high as I'=300 [7].
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Fig. 1.2 Phase transition diagram for Yukawa system [8]

Strongly coupled dusty plasma systems are often referred to as Yukawa systems [8] because

their behavior can be described using the Yukawa interaction potential ¢=£exp[—LJ.

r A D
Hamaguchi et al. [8] studied the phase transition temperatures corresponding to both fluid-solid
and solid-solid phase boundaries, examining their dependence on the screening parameter k.
The triple point of a Yukawa system is illustrated in Fig. 1.2, it illustrates how increasing the
coupling strength and the screening parameter drives the dusty plasma toward a more ordered,
lattice-like state.

1.3 Dusty Plasma in Space

1.3.1 Ring System of Planets

The ring systems of the outer giant planets namely Jupiter, Saturn, Uranus, and Neptune consist
primarily of micron sized dust particles. A brief overview is presented below to aid in
understanding the origin and characteristics of dust particles in planetary rings

1.3.1.1 Jupiter’s Ring System

Jupiter’s ring system was initially identified by the Voyager 1 spacecraft using a specially
targeted image designed to reveal very faint ring features. A more comprehensive set of
observations was later obtained by Voyager 2. It is now established that Jupiter’s ring system
comprises of three main components: main ring, halo, and the gossamer ring. The main ring is
approximately 7000 km wide and exhibits a sharp outer boundary located about 129,000 km
from the planet’s center. This region includes the orbital paths of the small satellites Adrastea
and Metis, which are believed to be the primary sources of the dust particles that constitute
most of the ring material.



1.3.1.2 Saturn’s Ring System

Saturn’s rings have intrigued astronomers since their initial discovery by Galileo in 1610 using
one of the earliest telescopes. The complexity of this system became even more apparent
following extensive imaging by the Voyager 1 and Voyager 2 missions in 1980 and 1981. The
rings are designated by letter names based on their order of discovery, with the principal rings
C, B, and A arranged outward from the planet. The Cassini Division, the largest gap in the ring
system, separates the B and A rings. In addition, several lighter rings have been identified,
including the D ring, which is extremely light and lies closest to Saturn; the narrow F ring just
outside the A ring; and the more distant and faint G and E rings.

The particles composing Saturn’s rings are predominantly icy in nature and range in size from
microns to several meters. One of the most striking features observed by both Voyager missions
was the presence of nearly radial structures known as spokes. These spokes, first reported by
Smith et al. [9,10], provided strong motivation for detailed studies of dust—plasma interactions
within planetary magnetospheres. The spokes are restricted upto the central B ring, extending
from approximately 1.52 to 1.95 times Saturn’s radius (Rs), with inner and outer boundaries
near 1.72 Rs and the outer edge of the B ring, respectively. Typically exhibiting a wedge-like
shape, these spokes are believed to consist of electrostatically levitated micron- and submicron-
sized dust grains. Their radial elongation is attributed to the rapid radial transport of dense
plasma clouds spanning several thousand kilometers in extent.

1.3.2 Earth Atmosphere

One of the most important regions of Earth’s environment in which charged dust grains are
found is the polar summer mesopause, located at altitudes between approximately 80 and 90
km [11,12]. A remarkable phenomenon associated with this region is the formation of
noctilucent clouds (NLCs). These clouds were first reported in 1885 by Backhouse [13] and
were immediately recognized as being distinct from ordinary tropospheric clouds. Subsequent
rocket experiments conducted during the International Geophysical Year (1957—-1958) revealed
an unusual feature of the polar mesopause: temperatures during summer were found to be
significantly lower than those in winter. This unexpected result supported the idea that NLCs
are composed of ice particles formed under extremely cold conditions, sometimes at
temperatures below 100 K.

In addition to NLCs, other notable phenomena occur in the polar mesopause region, including
polar mesospheric summer echoes (PMSE) and intense radar backscatter observed over a wide
frequency range from 50 MHz to 1.3 GHz. At altitudes where PMSE are detected, layers of
reduced electron density and enhanced positive ion density are commonly observed. These
features have been discussed in detail in several review studies [11,14]. More recent theoretical
models suggest that heavy ion clusters or charged dust particles may play a crucial role in these
mesospheric phenomena, particularly when their total charge density becomes comparable to
that of electrons or ions [12]. Such high charge densities may arise either from a small number
of large dust particles carrying substantial charge or from dust grains that become positively
charged through photoemission. In contrast, when photoelectron emission is weak and dust
charging occurs primarily through the collection of plasma particles, the grains tend to carry
only a small number of elementary charges and are usually negatively charged [12]. Typical
plasma parameters associated with NLC environments include 7, ~10°cm™, 7, ~ 150K , n, ~

10 cm™, dust grain radii @ of about 0.1 um, n, ~10"*cm ™ with K=0.2.



An important source of dust in Earth’s upper atmosphere is particularly man-made pollution
in the form of terrestrial aerosols. Studies have shown that nearly 90% of these particles consist
of aluminium oxide (Al2Os) spheroids, having size between 0.1 pm to 10 pm. These particles
primarily originate from rocket and space shuttle exhausts, highlighting the growing influence
of anthropogenic activity on dusty plasma environments in near-Earth space (Bernhardt et al.
1995) [15].

1.3.3 Comets

These are small, fragile, and irregularly shaped celestial bodies that consist of a mixture of
frozen gases and non-volatile solid dust particles. They move along an elliptical orbit that
periodically carry them near Sun at perihelion before sending them far out into interplanetary
space. Although cometary structures vary widely and are highly dynamic, all comets form a
diffuse envelope of material known as the coma, which grows larger and brighter as the comet
approaches the Sun. At the center of the coma lies a compact and bright nucleus, typically less
than 10 km in diameter. Together, the nucleus and the coma form what is referred to as the head
of the comet. As a comet moves inward toward the Sun, it generates striking tails of glowing
material that can stretch millions of kilometres away from the Sun. When the comet is located
far from the Sun, its nucleus remains extremely cold and its constituents remain frozen. Once
the comet enters within a few astronomical units (AU) of the Sun, solar heating of the nucleus
surface initiates the sublimation of volatile substances.. These evaporating gases drag small
solid particles away from the nucleus, forming a dense coma composed of gas and dust.

In the frozen state, the comet is visible only through reflected sunlight from its nucleus. As the
coma develops, dust particles reflect additional sunlight, while gas molecules absorb ultraviolet
radiation and re-emit it through fluorescence. At distances of roughly 5 AU from the Sun, this
fluorescent emission generally becomes stronger than reflected light. Ultraviolet absorption
also drives chemical reactions that release hydrogen atoms, which escape the comet’s weak
gravitational field and form an extended hydrogen envelope. Although this envelope cannot be
observed from Earth due to atmospheric absorption, it has been detected by spacecraft.

Solar radiation pressure and the solar wind act on cometary material with different efficiencies
depending on particle size and mass. Heavier dust particles are accelerated more slowly,
producing broad, curved dust tails. In contrast, the much lighter ionized gas is rapidly
accelerated by the solar wind, forming a narrow, nearly straight plasma tail pointing directly
away from the Sun. Observations of comet Hale—Bopp, for example, clearly reveal two distinct
tails: a thin blue plasma tail composed of ionized gases and a broader white tail consisting of
macroscopic dust particles.

Space missions such as Vega and Giotto have greatly enhanced our understanding of cometary
dust, revealing the presence of a large population of very small grains (VSGs) and providing
valuable insights into dust—plasma interactions in cometary environments. These grains have
been observed to follow a power-law size distribution, expressed as n(r,)oc 7, , where the
exponent s varies between approximately 3.3 for the Vega 2 mission and about 4.1 for the
Giotto observations.



1.4 Dusty Plasma in Lab

The discussion on presence of dust particles in space plasma situations in previous section
provides a strong foundation for understanding dusty plasmas under laboratory conditions.
However, laboratory dusty plasmas differ from their space and astrophysical counterparts in
two important ways. First, laboratory discharges are confined by physical boundaries whose
geometry, material properties, temperature, and electrical conductivity strongly influence the
generation, charging, and transport of dust grains. Second, the external electrical circuits used
to sustain laboratory plasmas impose boundary conditions that vary in both space and time,
thereby affecting the overall plasma dynamics.

In the following discussion, we outline the mechanisms by which dust is produced and
sustained in laboratory plasma devices, with particular emphasis on direct current (DC) and
radio-frequency (RF) discharges, plasma processing reactors, fusion plasma systems, and dust
generated from solid-fuel combustion products.

1.4.1 DC and RF discharges

Although dust particles are present in direct current (DC) discharges, they are generally
observed in much larger concentrations under radio-frequency (RF) excitation for the same
working gases. This naturally raises the question of how dust particles are formed in such
plasmas. Dust can originate either from gas-phase plasma chemistry for example, in discharges
containing carbon monoxide or silane or from the sputtering of electrode materials such as
metals or graphite. Experimental observations show that dust formation occurs more readily in
electronegative gas mixtures or in plasmas containing substrates like silicon or carbon. Through
sputtering, both silicon and carbon produce electronegative free radicals, and in order to
maintain ambipolarity, the resulting dust particles acquire a negative charge.

RF discharges are particularly effective at trapping negative ions as well as macroscopic,
negatively charged dust particles. This is primarily because the electrodes develop a negative
DC self-bias which is a consequence of higher mobility of electrons than the positive ions. In
addition, ambipolar electric fields arising in the radial direction again a consequence of
mobility differences further confine negative ions and dust grains within the plasma. The
physical characteristics of dust particles formed in DC or RF discharges, such as their growth,
charge, spatial distribution, and temperature, depend on a variety of physical and chemical
processes. These factors can be broadly categorized as follows [16]:

(1) Growth: influenced by radical and ion fluxes, bonding processes, temperature, desorption
mechanisms, surface charging, and sputtering effects.

(i1) Charge: determined by the floating potential, electron and ion collection, electron affinity,
work function, electrostriction, field and thermionic emission, and photoelectric charging
processes.

(iii) Position: governed by the balance between electrostatic and gravitational forces,
collisional drag due to ions and neutrals, collective polarizability effects, and particle mass.

(iv) Temperature: controlled by surface radical recombination, electron—ion recombination at
the particle surface, and surface quenching of energetic plasma species.



1.4.2 Plasma Processing Reactors

The widespread use of low-pressure plasma processing reactors, combined with the ready
availability of laser light—scattering diagnostics, has revealed that many such discharges
generate and confine substantial quantities of macroscopic dust particles. Scanning electron
microscopy (SEM) studies of these dust grains, performed using low-energy probes, show that
the particles often exhibit narrow size distributions and morphologies resembling microscopic
cauliflower-like structures, as illustrated in Fig. 1.3. Low-voltage SEM techniques are
particularly important for resolving the surface features of materials with low atomic numbers,
as they minimize charging and enhance image clarity.

Fig. 1.3 Low-voltage, high-resolution SEM image showing a representative dust grain (~650
nm in diameter) formed in a helium plasma operated at 1 Torr and 15 kHz with graphite
electrodes [16].

In addition, the use of low-voltage and low-current electron probes allows uncoated dust
samples to be examined without causing beam-induced damage. Transmission electron
microscopy (TEM) images of entire particles as well as thin cross-sections reveal radial,
columnar microstructures, an absence of well-defined surface texture, and a lack of crystallinity
on length scales of the order of 200 A. The observed fractal morphology and surface
characteristics resembles those of sputtered thin films deposited at surface temperatures below
half of the melting temperature of the material. Such morphological features provide valuable
insight into the nature of the particle and radical fluxes from which these homogeneously
nucleated dust grains are formed.



1.4.3 Fusion plasma devices

The existence of dust particles in fusion devices has been recognized for many years, but their
potential impact on plasma performance and reactor operation has only recently attracted
significant attention [17-19]. In fusion systems such as tokamaks and stellarators, the plasma
is inevitably contaminated by impurities that are heavier than the hydrogen isotopes used as
fusion fuel. These impurities, often present in the form of dust particles, are produced through
several mechanisms, including surface desorption, electrical arcing, sputtering, evaporation,
and sublimation of plasma-facing components subjected to intense thermal loads.

In devices with graphite-based wall materials, the erosion processes release not only individual
carbon atoms but also a substantial number of carbon clusters (Ci, Cz, Cs, ..., C,). Another
important source of dust arises from the peeling or fragmentation of thin material layers that
are either redeposited during plasma operation or intentionally applied for wall conditioning.
Conditioning films, typically a few hundred nanometres thick, can break into fine flakes, while
redeposited layers formed during tokamak operation may reach thicknesses of several hundred
micrometres. These layers often exhibit a stratified structure due to repeated plasma discharges
and become mechanically unstable once their thickness exceeds a few micrometres.

In fusion devices operating with deuterium—tritium (DT) fuel, additional dust-producing
processes may occur. These include the generation of helium-3 from tritium decay, helium-4
formation due to neutron-induced spallation reactions in low-Z wall materials, and the release
of dust particles caused by embrittlement of near-surface regions from energetic alpha particles.
Dust formation is also likely during helium glow-discharge cleaning and during thin-film
deposition processes used for wall conditioning, such as carbonization, boronization, and
siliconization. After the termination of a fusion plasma discharge, most dust particles settle
toward the bottom of the vessel. However, lighter particles can be reintroduced into the plasma
either through magnetic forces or by electrostatic charging when they come into contact with
the plasma edge. As a result, such particles may become levitated and remain suspended near
the reactor walls.

1.5 Production Techniques of dusty plasma

Micron-sized dust grains, tend to settle at the bottom of a plasma due to their large mass, under
the influence of gravity so external electrostatic or electromagnetic fields are employed to
levitate and confine them [20]. In most laboratory plasma experiments, however, this limitation
is not significant in most case because the relaxation time of microparticles is much longer than
their charging time. As a result, dusty plasmas can often be produced simply by introducing
dust grains directly into an existing plasma.

Over the years, several experimental techniques have been developed to produce dusty
plasmas, depending on their specific application. These include dispersing dust particles into a
plasma column using a Q-machine [21,22], growing dust within plasmas generated from
chemically reactive gases such as silane (SiH4) and oxygen (O2) [23], or suspending negatively
charged silica (SiO2) particles of approximately 40 um diameter in an argon glow discharge.
More recently, magnetized dusty plasma experiment (MDPX) [7] was developed to analyse the
behavior of fully magnetized dusty plasmas, with particular application to astrophysical and
fusion plasma conditions. In the following sections, a brief overview of some selected
laboratory techniques used to study dusty plasmas is presented.
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1.5.1 Q-machine

A dusty plasma device (DPD) is based on a single-ended Q-machine that has been adapted to
inject and distribute dust particles throughout the plasma column [21].The schematic diagram
of a typical Q-machine is shown in Fig. 1.4. In this setup, a fully ionized potassium plasma
column with a diameter of approximately 4 cm and a length of about 80 cm is produced by
surface ionization of potassium atoms. Surface ionization takes place when an atom with a low
ionization energy interacts with a metal surface that has a high work function.

These K atoms are emitted from an atomic beam oven onto a heated tantalum plate having a
temperature around 2500 K. Radial confinement of the plasma column is achieved using a axial
magnetic field of the order of B, <4000 gauss. The plasma density in the device ranges from

10°-10'° cm™, with electrons and K ions having nearly equal temperatures of about 0.2 eV.
The pressure for neutrals is maintained at a low level (~107¢ Torr) to ensure that the mean free
paths for electron-neutral and ion-neutral collisions exceed the physical dimensions of the Q-
machine.

Rotating Dust Plasma Column
Langmuir Probe Dispenser

Potassiuml I\I\l I I\ I I I l/ I I
Oven ¥V _ Dust \[
Tantalum

Hot Plat

End Plate

Solenoid Magnet
Coils

Fig. 1.4 Schematic of a Q-machine [22]

A section of the plasma column is encircled by a rotating dust dispenser comprising a rotating
metal cylinder and a stationary screen. Dust particles are initially loaded at the bottom of the
cylinder, from where they are transported upward during rotation and subsequently fall onto
the screen. Stiff metal bristles mounted inside the cylinder scrape the outer surface of the
screen, allowing uniform dispersal of dust grains into the plasma column. Dust particles that
settle at the bottom are collected and recycled, which enables the continuous circulation and
ensures a stable dust density within the plasma.

The dust commonly used in these experiments are alumina (Al.Os) and hydrated aluminum
silicate (kaolin, Al.Si207-nH20), which are available in various sizes and shapes. The dust
samples are analysed using an electron microscope. The primary diagnostic instrument is a
movable Langmuir probe, positioned perpendicular to the magnetic field and capable of
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traversing along the axis of the plasma column to measure electron current and charge on
floating dust grains. Q-machine setups thus provide an effective platform for investigating
wave phenomena and instabilities in dusty plasmas.

1.5.2 RF discharge

In 1994, Chu and I [23] confined an RF plasma within a chamber of cylindrical symmetry and
investigated the formation of dust crystals at low RF power. The schematic diagram of the
device is shown in Fig. 1.5. The setup comprises a hollow outer electrode which is capacitively
coupled to a 14 MHz RF power supply operating at approximately 30 W, It has a grounded
central electrode with a ring-shaped groove at its top to confine dust particles. A glass window
is provided at the top of the chamber for observation. Dust particles illuminated by a laser are
monitored with the help of a CCD video camera.

A diffusion pump is used for the evacuation of the system. Silane (SiH4) and oxygen (O:) gases
are introduced into the chamber with a background argon pressure of about 10 mTorr. The
partial pressure of these reactive gases is maintained below 10 mTorr. An axial magnetic field
in the range of 50-100 G is applied to enhance dust production efficiency. Both the size and
number density of particles increase with the increase in flow rates and pressures of the reactive
gases. Once dust particles are formed, the flow of reactive gases and the magnetic field are
switched off [4]. Now the particles are trapped in the toroidal groove. Under the influence of
gravity, the size of dust grains increases with decreasing height, with the vertical extent of the
dust cloud limited to approximately 3 mm. Increasing the RF power results in the melting of
the Coulomb crystal structure.

CCD video camera ————
——— macro lens
grounded electrode°

particles T
sheet of
laser light AL —7J
13.56 MHz /
generator
maiching capacitor | powered cylindrical * laser
network electrode lens

Fig. 1.5 RF Plasma setup which forms dust crystal at low RF power [23]

Plasma processing reactors commonly utilize RF discharge systems for the treatment of silicon
wafers. In such environments, plasma-enhanced chemical reactions often result in the
formation of unwanted negatively charged dust particles, primarily composed of SiO2, which
accumulate near the bottom of the plasma [24]. In addition to RF-based systems, various DC
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glow discharge devices [25] have been developed to generate and confine micron-sized dust
particles, enabling the observation of ordered dust structures and facilitating studies of dust
acoustic wave (DAW) dispersion characteristics [26,27].

Furthermore, simple “salt-shaker” type [22] dust dispensers have been employed to introduce
dust particles in a controlled manner. These setups allow measurements of the charge on
individual dust grains, [28], investigation of dust-induced modifications to plasma wave
propagation [29-31] and examination of ion and neutral drag forces acting on the dust particles
[32].

1.6 Dust Charging Processes

In 1941, Spitzer was the first to describe the mechanisms responsible for dust grain charging
in the interstellar medium [33]. Dust charging generally occurs through three primary processes

[4]:
(1) interactions between dust grains and gaseous plasma constituents

(il)interactions  with  energetic particles such as electrons and ions, and
(ii1) interactions between dust particles and photons.

When immersed in a plasma, dust grains acquire charge through the collection of electrons and
ions, photoelectron emission induced by ultraviolet radiation, thermionic emission, secondary
electron emission, and ion sputtering [34]. In this scenario, dust grains behave similarly to
probes and attain a floating potential. So that, under equilibrium conditions, the net current on
the grain surface arising from electrons (/,), ions (/ ; ), secondary emission (/g ), and

photoemission /,, vanishes,
I=1,+1+1,+1, ~0. (1.4)

In laboratory plasmas, where photoemission and secondary electron emission currents are
negligible, dust grains acquire a negative potential relative to the plasma due to the higher

mobility of electrons compared to ions ¢, (= Vs — Vp ) . Dust charging continues until a balance

between the electron current and ion current is achieved. Here, Vg denotes the grain surface
potential and Vp the plasma potential.

However, the impact of energetic electrons or ions on the grain surface can lead to emission of
secondary electrons, which makes the magnitude of grain potential positive . Similarly,
photoemission of electrons from the dust surface also contributes to positive charging of the
grains. Incorporating all of the charging mechanisms discussed above into a single description
is highly challenging. Consequently, we focus on laboratory situations, where we have two
limiting situations: (i) isolated and (ii) non-isolated dust grains.

1.6.1 Isolated dust grains

In low-temperature laboratory plasmas, dust grain charging is dominated by the collection of
electrons and ions, while contributions from photoemission and secondary electron emission
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are generally negligible. Because electrons move much faster than ions, dust grains initially
accumulate negative charge through enhanced electron collection. As the grain potential
becomes increasingly negative, it repels incoming electrons and simultaneously attracts
positive ions, thereby increasing the ion current until a balance is reached between the electron
and ion currents.

For isolated spherical dust grains of radius much smaller than the plasma Debye lengtha < 4,
and with an inter-grain separation much larger than the Debye length a, > A, , the grains attain
a floating potential at which the net current to the surface vanishes. If V denotes the grain
surface potential and /, and I represent the magnitudes of the electron and ion currents to

the dust grain, the equilibrium condition
([i _Ie)V:VS =0 (1.5)

must be satisfied. Under the assumptions of orbit—-motion—limited (OML) theory [35-37], the
electron

and ion currents in a Maxwellian plasma are given by

[ =—en, | F5Te xpl £ |azg (1.6)
27rm, k,T,

and

I =en, [1— s J47m2. (1.7)

Where n,, & ny, are the equilibrium electron and ion number densities, 7, & T; are the
electron and ion temperatures, and m, & m; denote the corresponding particle masses. These

expressions remain valid provided the particle streaming velocities are smaller than their
respective thermal velocities.

Balancing the electron and ion currents yields the floating potential given by

exp| &5 | = ML s | (1.8)
kT) A\mL kT,

For a hydrogen plasma, this relation takes a particular form ¢ (=-2.5k,T,/e), while for a

singly ionized argon plasma ¢ (=—4.0k,T, /e) it differs due to the larger ion mass. The charge

on the dust grainis O, = Cé, where C (= 472'80(1) is the grain capacitance. Figure 1.6 illustrates

the normalized dust surface potential as a function of the electron-to-ion temperature ratio, as
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reported by Merlino [22], showing that dust grains acquire a more negative potential in argon
plasmas. Consequently, plasmas with heavier ions lead to enhanced electron attachment and
increased negative charging of dust grains.

If secondary electron emission becomes significant, an additional current term must be
included in the surface potential calculations, as described by Chow et al. [38]. However, the
energy thresholds required to sustain secondary emission exceeding approximately 10 eV for
electrons and 1 keV for ions impacting the dust surface are rarely met in typical laboratory
plasmas. As a result, secondary emission currents can usually be neglected in such systems.

_1 L] 1 IIIIIII 1 1 IIIIIII T T IIIIIII

Hydrogen ions

Argon ions

-4.5 1l 1l 1 il
0.1 1 10 100

T /T
e !

Fig. 1.6 The normalized dust surface potential relative to plasma as a function of electron to
ion temperature ratio for Hydrogen and Argon ion plasmas [22]

In addition, dust charging due to the photoelectric emissions from the grain surface depends on
several factors, namely: (i) the wavelength of the incident radiation, (ii) the material properties
of the dust grains, and (ii1) the surface area of dust particles. This mechanism becomes
particularly significant when dust particles are exposed to ultraviolet radiation. Since the work
functions of certain metals such as Ag, Cu, Al, Ca, and Cs are less than approximately 5 eV,
photoelectron emission from these materials occurs readily.

Photoemission is therefore a dominant charging process in many astrophysical and near-Earth
plasma environments, which are generally less dense, compared to laboratory plasmas, where
higher densities suppress its influence. This mechanism typically results in positively charged
dust grains. The photoemission current is given as [39]

Loy =eJp0, Yy exp(—%}ﬂaz, (1.9)

B

where J, denotes the photon flux, Q, is the photon absorption efficiency, Y,, represents the
photoemission yield, and 7' is the average temperature of the emitted photoelectrons.
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In addition to photoemission, several other dust charging processes have been identified,
including thermionic emission, field emission, radioactive emission, and impact ionization.
The relevance of these mechanisms depends on the specific plasma environment and
application under consideration.

1.6.2 Non-isolated dust grains

In the case of densely packed, non-isolated dust grains where the average inter-grain spacing
is smaller than the plasma Debye lengtha, < A, increasing the dust number density reduces

the number of electrons available per grain. As a result, the magnitude of the dust surface
potential relative to the plasma potential ¢ (: Vs — Vp) becomes smaller than that for isolated

grains, leading to a reduction in the average dust charge. Under these conditions, the mean dust
charge is determined by the use of charge neutrality condition [43] en,, =en,, - Z,en,, . The

expressions for the electron and ion currents collected by negatively charged dust grains remain
the same as those given in Egs. (1.6) and (1.7).

Balancing the electron and ion currents under these circumstances yields the relation [40] given
as

1=z, Ma _ ML 1= exp| -5 |. (1.10)
nO' mT kB]: kB];

1 e

For isolated grains, the relevant parameter satisfies Z, n,, /n,, <1, so the relative dust surface
potential and the dust charge state Z, depend only on the grain radius. In contrast, for non-
isolated dust grains, where Z, n,, /n, ~1, both the dust potential and charge depend not only

on grain size but also on dust density. WhenT; =7, =T condition is applied, we get

Ml A p s ol s | s, (1.11)
m, e kT k,T ) k,T
where P(: ak—BTnﬂj is known as the Havnes parameter.
e Ny

This expression describes how the dust surface potential and consequently the dust density
varies with the Havnes parameter. The solution of this expression for a potassium K+ plasma

eps

gives a universal curve of normalized grain potential as a function of log P, as shown in

B

Fig. 1.7.
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Fig. 1.7 The variation of relative grain potential :LST vs. log P (The dashed line shows
B

theoretical curve obtained from Eqn. (1.11) [35]

It clearly demonstrates that increasing dust density leads to reduced inter-grain spacing and a
corresponding decrease in the average dust grain charge or surface potential. As the plasma
density becomes large compared to the dust density (i.e., for small values of P), the grain

potential approaches the isolated-grain potential ¢ (: —4.0k,T,/ e). Furthermore, by analysing

the variation of the Havnes parameter P with dust radius a , the critical value of n,,/n,, beyond

which the dust charge begins to decrease can be identified. This analysis shows that larger
grains accumulate more charge than smaller ones, a result that is particularly important for
understanding the transition between strongly and weakly coupled dusty plasma regimes, since
the Coulomb coupling parameter increases strongly with dust grain charge.

1.7 Dust charge fluctuations

It is evident that any perturbation in the plasma currents can give rise to fluctuations in the dust
grain charge, which in turn can lead to collective effects in the system [34]. The resulting dust
charge fluctuations are expressed as

— 0, =5+, (1.12)

where O, (= O, —Q,, ) represents the perturbed dust charge and /,, & I, denotes the perturbed

plasma currents. To observe collective behavior, the dust size is assumed to be much smaller
than both the wavelength of the perturbations and the plasma Debye length. The evolution of
dust charge fluctuations and their associated dynamics is governed by
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do,
dt

n. n
+1n0,, :_|]Oe (n_h_nl], (1.13)
0i Oe

where n,, &n,are the perturbed electron and ion densities, respectively, and

n= M 1 +; is the dust charging rate. Here C, = [a (I+a/A )] denotes the dust
C, |T. T-ep ' ¢ @

g e i s0

grain capacitance, ¢, ,is the equilibrium floating potential of the dust grains, and 4, is the
electron Debye length. Equation (1.13) shows that dust charge fluctuations are driven by

perturbations in the electron and ion densities and decay at a characteristic rate 77 . Physically,
this decay occurs because any deviation of the grain potential from its equilibrium floating
value induces plasma currents that act to restore the equilibrium state [35].

1.8 Dynamics of Dusty Plasma
Charged dust grains immersed in a plasma are subject to several forces that collectively

determine their motion. These include electromagnetic forces, gravitational effects, ion and
neutral drag forces, thermophoretic forces, and radiation pressure, among others. The motion
of a dust grain with mass m, and velocity v, is therefore governed by a fundamental dynamical

equation that accounts for the combined action of these forces, given as
dv,
m, T =F,+F.+F,+F.+F, (1.14)
t

Here, F,, represents the electromagnetic force arising from the combined action of electric
and magnetic fields. The gravitational force F,, accounts for gravitational attraction, either

between dust grains themselves when they are sufficiently massive, or between a dust particle
and a larger body such as a planet or satellite. The drag force F), originates from momentum

transfer due to collisions with plasma species or neutral particles and arises from the relative
motion between the dust grain and the surrounding plasma or neutral gas. The thermophoretic
force F, is produced by temperature gradients in the neutral gas, while F, denotes the

radiation pressure force exerted on the dust grain.

1.8.1 Electromagnetic force
The electromagnetic force acting on a dust particle having charge ¢, is given by the sum of

two forces electric force and Lorentz force
S
F,=q,E+-u,xB (1.15)
c

Where E is the electric Field and B is the magnetic field and u, id the velocity of dust
particle.

1.8.2 Gravitational Force

The gravitational force F, acting on a dust grain generally arises from the combined

contribution of three components. The first is the gravitational attraction exerted by a nearby
planet, given by,
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GM ,m,
FGP - 72
where G=6.672x10" dyn cm?g is the gravitational constant, m, is the dust grain mass, M, is

(1.16)

the planetary mass, and r is the distance between the dust grain and the planet’s center of mass.
The second contribution arises from mutual gravitational attraction between dust grains
themselves. This force is represented as:

_Gm,M,

2
r

F,, (1.17)

where m, is the mass of first dust particle and M, is the mass of a neighbouring dust grain and

r is the separation between their centers of mass. The third component is the gravitational
force due to a nearby satellite, which may be relevant in certain spatial configurations. This
force is given by

15 :GmdMS

Gs 2
r

(1.18)

where M  denotes the satellite mass and r is the distance from the dust grain to the satellite’s

center of mass. Accordingly, the total gravitational force acting on a dust grain can be written
as

F, =F,, +Fy, +F, (1.19)

This formulation is valid under the assumption of spherical symmetry of the gravitational field;
it is not applicable when significant deviations from spherical symmetry are present.

1.8.3 Drag Force

The drag force represents the rate at which momentum is exchanged between dust grains and
the surrounding plasma. This transfer occurs either from the dust particles to the plasma species
or from the plasma species(primarily ions and neutral atoms) to the dust grains. Collisions
involving electrons are generally negligible because of their much smaller mass. Consequently,
two main types of drag forces arise in a dusty plasma: the ion drag force, resulting from
momentum transfer during interactions between positively charged ions and dust grains, and
the neutral drag force, which originates from collisions between dust grains and neutral
particles. These two drag mechanisms play a crucial role in governing dust grain dynamics and
are described below.

The ion drag force has been examined extensively in the literature (e.g., Nitter, 1996; Boeuf
and Punset, 1999) [41,42]. Momentum transfer from ions to a dust grain can occur through
three primary mechanisms: direct ion collection via physical impacts with the grain, long-range
electrostatic interactions through Coulomb scattering, and collective effects associated with ion
fluid flow that modify the structure of the Debye sheath surrounding the dust particle.
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The contribution arising from direct ion collection is referred to as the collection drag force
F°", while the contribution due to Coulomb scattering is termed the Coulomb drag force ;™
. The force associated with ion flow—induced distortion of the sheath is known as the ion flow
drag force F/*". Accordingly, the total ion drag force acting on a dust grain can be written as

F;ﬁ — ch;oll +ch;oul +Fd€low (120)

The ion flow drag force F/* is comparatively difficult to evaluate and generally contributes

only weakly to the total ion drag force. Following earlier studies [43], this term is therefore
neglected. The remaining components, namely the collection and Coulomb drag forces, can be
evaluated as follows.

Consider a dusty plasma consisting of stationary dust grains immersed in a background of
positive ions. The collection and Coulomb components of the ion drag force F """ may be
expressed as

oll ,coul coll ,coul
F,;[O cou, :nimiaco u)uVV‘ (121)

it"i

Where o (c™')  are the momentum transfer cross sections associated with ion collection

KT

1/2
represents the effective ion
m,

and Coulomb scattering, respectively. Here, V, =(Vi +
speed, incorporating both the directed ion velocity and the ion thermal speed.

1.8.4 Neutral Drag Force

The neutral drag force acting on dust grains originates from collisions with neutral gas particles,
through which momentum is transferred from the neutral background to the dust component.
When the neutral gas molecules follow a Maxwellian velocity distribution, in the regime when
the relative speed |vd —vn| is small the neutral drag force can be expressed as given by the

Epstein expression[42,44].
F, = —2\/27rrd2nnmnVTn(vd -Vv,) (1.22)

Here r, is the dust grain radius, V, is the thermal speed of neutral, v, is the speed of dust and
v, 1s speed of neutrals.

1.8.5 Thermophoretic Force

If we have a dust grain immersed in a neutral gas exhibiting a temperature gradient VT,. Gas
molecules originating from the hotter side of the grain possess higher thermal velocities than
those from the cooler side. As a result, the momentum transferred to the dust particle from the
hotter region exceeds that from the colder region. This imbalance leads to a net momentum
transfer from the neutral gas to the dust grain. The force arising from this process is known as
the thermophoretic force F .

The magnitude of the thermophoretic force is directly proportional to the neutral gas
temperature gradient, and its direction coincides with the heat flux, i.e., it acts opposite to the
direction of the temperature gradient. Talbot et al. (1980) [45] analytically derived an
expression for this force by assuming that the non-uniform velocity distribution of the
unperturbed neutral gas in the vicinity of the dust grain can be described using the Chapman—
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Enskog formalism, and that the dust particle is sufficiently small to perturb this distribution. A
physical interpretation of the thermophoretic force was later provided by Daugherty and Graves
(1995) [46] in the context of particulate transport in glow discharge plasmas.

For a neutral gas with a non-uniform, unperturbed Chapman—Enskog velocity distribution, the

thermophoretic force acting on a dust grain is given by (Talbot et al., 1980) Daugherty and Graves
1995 [45,46]

2
F =327 i(1+5—”(1—aac))k§””VTn (123)
15 7, 32

Here k™" is thermal conductivity of neutral gas and ¢ is the accommodation coefficient.

1.8.6 Radiation Pressure Force

Dust grains, particularly in space environments, are continuously exposed to electromagnetic
radiation emitted by various natural sources. As a result, an irradiated dust particle absorbs or
scatters a portion of the incident radiation energy E,, along with the associated momentum

P, =—% . The transfer of this momentum to the dust grain gives rise to the radiation pressure
c

force. To estimate this force, electromagnetic radiation may be treated as a stream of photons,
. . EY

each carrying an energy £\’ =hw, and a corresponding momentum P” =~ where o,

c

denotes the angular frequency of the radiation. The radiation intensity is characterized by the
photon energy flux, defined as the energy transported per unit area per unit time, and is given

byl, =N,hawpc, where N, is the photon number density. The radiation pressure force acting

on a spherical dust grain of radius 7, can then be written as [4]

2
F,="la76 (1.24)

C

where e, is a unit vector directed along the incident radiation wave vector. If the radiation

source is sufficiently distant to be approximated as a point source, the radiation pressure force
acts along the line connecting the source to the dust grain.

1.8.7 Dust Polarisation force

The interaction between thermal plasma species (electrons and ions) and strongly charged dust
particles gives rise to what is known as the polarization force. The origin and physical
significance of this force acting on a charged dust grain were first discussed in detail by
Hamaguchi and Farouki [47]. Mathematically, the polarization force F, experienced by a dust

particle can be expressed as [48,49]

F oo 4i%%

1.25
YT (1.25)
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Where g, is the charge on dust and A, =44, / (4, +A2,)"* is the linearized Debye radius.
and A, = (T, /4ne’n)"?, A, = (T, /4re’n )" are the ion and electron Debye length.

In typical laboratory dusty plasma conditions satisfying n,7, < n,T,, the total force acting on a

i~e?

charged dust particle arises from the combined contributions of the electrostatic force
qE =—qV ¢ and the polarization force given in Eq. (1.25). The resulting net force on the dust
grain can therefore be written as [48]

F=—qVé(l-P) (1.26)
where the polarization parameter P is defined as P = (1/4)(|q,|e/ A,T,)x(1-T,/T,).

1.9 Model Description for Dusty Plasma Medium

The conditions required for strong coupling are readily satisfied in dusty plasma systems,
which makes their theoretical description particularly challenging. In this section, we briefly
review the principal approaches that have been developed to model dusty plasma media under
different coupling regimes.

1.9.1 Quasilocalized Charge Approximation (QLCA) Approach

As discussed earlier, dusty plasmas can exist in gaseous, liquid, or solid-like states depending
on the value of the Coulomb coupling parameter I'. Weakly coupled dusty plasmas (I'«<1)
behave similarly to conventional fluid plasmas and can often be described using a Vlasov-type
formalism. In contrast, strongly coupled dusty plasmas (I'>>1) exhibit solid-like behavior,
where collective excitations resemble phonon modes in crystalline lattices rather than fluid
waves.

The quasilocalized charge approximation (QLCA) is based on the assumption that dust
particles become temporarily localized due to strong inter-particle correlations, within a time
scale determined by the relaxation time. These localization sites evolve slowly and rearrange
over longer time scales, justifying the term quasilocalized. A detailed formulation of the QLCA
framework can be found in the work of Kalman et al. [50] and references therein.

In the QLCA picture, particles are assumed to be trapped in fluctuating potential wells that are
randomly distributed throughout the system but remain spatially correlated. Dust grains
oscillate within these transient potential wells, leading to the excitation of collective phonon-
like modes. Over time, the potential wells dissolve and re-form in new configurations, allowing
the particles to diffuse away from their temporary equilibrium positions [50,51] .

An important assumption of the QLCA approach is that the amplitudes of particle oscillations
both intrinsic and externally driven remain smaller than the average inter-particle spacing. This
condition corresponds to the harmonic approximation used in phonon theory and restricts the
applicability of QLCA to linear response analyses in strongly coupled plasmas. By
construction, the QLCA framework is not suitable for weakly coupled regimes and is most
reliable for higher values of the coupling parameter (I'=10), near the onset of localization. The
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approach has been successful in describing both longitudinal and transverse collective modes
in Coulomb and Yukawa systems [52].

1.9.2 Molecular Dynamics (MD) Simulation Approach

In the molecular dynamics (MD) approach, the exact trajectories of individual particles are
computed by solving their equations of motion under a specified interaction potential. Dusty
plasmas typically consist of electrons, ions, and dust grains interacting through long-range
Coulomb forces. However, directly simulating all three species is computationally expensive
due to the large disparity in masses and time scales.

It is generally observed that, compared to the massive dust grains, electrons and ions behave
effectively as inertia-less species and primarily provide electrostatic shielding for dust—dust
interactions. By treating electrons and ions as a neutralizing background, the dusty plasma can
be reduced to a one-component system in which dust particles interact via a screened Yukawa
potential,

07 (a
Ulr)= Tdexp [%J (1.27)
D

This simplification makes MD simulations feasible for realistic dust densities. Molecular
dynamics techniques have been widely used to investigate dust acoustic waves, shock
propagation, melting of plasma crystals, elastic properties, and transport coefficients such as
viscosity in strongly coupled dusty plasmas treated as Yukawa systems[53—-55] . Typically,
these simulations involve a few thousand dust particles and are computationally efficient.
Beyond small-scale simulations, MD methods have also been applied to study fluid instabilities
and other collective phenomena in dusty plasmas modelled as Yukawa fluids [56,57].

1.9.3 Particle-in-Cell (PIC) Simulation Approach

In the particle-in-cell (PIC) method, the plasma is represented by a reduced number of
computational particles, known as super-particles, each carrying proportionally larger charge
and mass than real plasma particles while preserving the correct charge-to-mass ratio. This
technique enables simulations of plasmas containing a large number of particles. In principle,
PIC simulations can be used to model dusty plasmas by explicitly including electrons, ions,
and dust grains. However, the characteristic time scales associated with these species differ

significantly, ranging from the electron plasma period ( f, ;1) to the much longer dust plasma
period ( fd: ). Resolving all these time scales simultaneously requires substantial computational

resources, making full PIC simulations of dusty plasmas impractical in many cases.

To overcome this limitation, hybrid PIC approaches are often adopted. In such models,
electrons are treated as a negatively charged fluid, while ions and dust grains are modeled as
discrete particles. This strategy allows for a more accurate description of ion and dust dynamics
while keeping the computational cost manageable.
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1.9.4 Generalized Hydrodynamic (GHD) Approach

The generalized hydrodynamic (GHD) approach [58] assumes that collective modes in dusty
plasmas arise from continuum fluid behavior, while solid-like elastic effects emerge due to
strong inter-particle correlations. These elastic properties are incorporated phenomenologically
by coupling viscous fluid dynamics with elastic response, thereby treating the dusty plasma as
a viscoelastic fluid.

In this framework, both fluid-like and solid-like characteristics are embedded into the
governing equations through viscoelastic coefficients. The GHD model provides a unified
description that bridges weakly and strongly coupled regimes and has proven particularly
effective in explaining longitudinal and transverse wave propagation in strongly coupled dusty
plasmas.

1.10 Waves and Instabilities in Strongly coupled dusty plasma

Dusty plasmas encountered in laboratory and space environments such as those associated with
white dwarfs, supernovae, and plasmas generated through laser compression of matter
generally contain dust grains in strongly coupled liquid or crystalline states, as discussed
earlier. In contrast, weakly coupled and uncorrelated dusty plasmas arise when a substantial
influx of energy is supplied to the dust subsystem, leading to an increase in dust temperature
and a corresponding reduction in the strong correlation parameter I'". Such heating may result
from spatial or temporal variations in dust charge or from dust wave instabilities excited within
the plasma [59]. As a consequence, the dispersion characteristics of strongly coupled dusty
plasmas differ markedly from those of ideal weakly coupled systems.

Wave propagation in strongly correlated dusty plasmas has been investigated using several
theoretical frameworks, including the quasi-localized charge approximation (QLCA) , the
generalized hydrodynamic (GH) model , and multi-component kinetic theory. In addition,
molecular dynamics (MD) simulation techniques have been utilised to examine dispersion
properties over a wide range of the Coulomb coupling parameter I', spanning gaseous, strongly
coupled liquid, and crystalline regimes [53,60]. The results from MD simulations show good
agreement with predictions from these theoretical models.

The generalized hydrodynamic model provides a simple physical interpretation of viscoelastic
effects arising from strong correlations among dust grains [58]. This phenomenological
approach remains applicable across a broad range of coupling strengths 1<T" <« 200, from
weakly coupled gas-like states to strongly coupled liquid phases. The linearized GH equation
for dust grains is expressed as

(1 iz, %j{mdn()d;5@+V§P+Zden0d5ﬁ} — IV 6u, + (5 i %)v (V). (1.28)

Where ou, denotes the perturbed dust velocity, 0P is the pressure, 1 and ( are the shear and
bulk viscosity coefficients, respectively, and 7, represents the relaxation time. The

compressibility and relaxation time of the dust fluid are given by Eqn. (1.29) and (1.30),
respectively,
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: (1.29)

and

7, = (5 +jnj / {M{J—muﬁ%(r%]}. (1.30)

where the parameter u (/") quantifies the excess internal energy. Within the appropriate
coupling regime/<7" <200, Slattery et al. [6]1] gave a relation for
u(I')=-0.89I +0.95I"* +0.19 """ -0.82., while expressions for the transport coefficients

were provided by Ichimaru et al. [62].

In the strongly correlated regime of dusty plasmas, two fundamental wave modes are
commonly observed: (i) longitudinal modes and (ii) transverse (shear) modes. These modes
can be analyzed in two limiting cases—the hydrodynamic regime fr, <</ and the strongly

coupled regime fzr, > I each exhibiting distinct dispersion characteristics.

1.10.1 Longitudinal Waves

In longitudinal wave modes, the dust component provides the inertia, whereas electrons and
ions contribute primarily through thermal effects. These low-frequency longitudinal modes
resemble dust acoustic waves, but are modified by strong correlations among the dust grains.
Using the generalized hydrodynamic (GH) model, Kaw and Sen [58] derived the dispersion
relation in the hydrodynamic regime fr, < /as

&
k222, 4223, | |

I rilv ) = 1V, | (1.31)

2
MmNy, J 4%

the average inter-grain spacing. In this regime, the longitudinal modes behave similarly to dust
acoustic waves, with their phase velocity modified by the compressibility and shear viscosity
of the strongly correlated dust medium. The phase velocity initially increases with the wave
number k, but decreases at larger k values, as illustrated in Fig. 1.8. These modified dust
acoustic waves experience viscous damping in addition to collisional damping, with the

where v, denotes the dust-neutral collision frequency and " = .Herea, represents

damping rate being proportional to the viscosity coefficient i.e.77 k”.

In the strongly coupled regime fr, > I, the dispersion relation takes the form
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which again corresponds to a modified dust acoustic mode. Longitudinal waves in strongly
coupled dusty plasmas are also susceptible to ion-dust streaming instabilities, which may
account for discrepancies between theoretical predictions and experimental observations of
dust acoustic -type longitudinal modes.

0 i 2 3
2,

FIG. 1.8 Dispersion Characteristic of longitudinal for different values of I" [58]

1.10.2 Transverse wave

According to the GH model, strong correlations among dust grains impart an effective rigidity
to the dusty plasma enabhng it to O support transverse, or shear, wave modes with nonzero

frequency i.e. ke 5ud =0, or kxdu, , #0. The dispersion relation for transverse modes is

obtained by eliminating the longitudinal component from the GH momentum equation. Kaw
and Sen [58] derived the corresponding dispersion relation as

7K

f:_i(l—irmf)’

(1.33)

In the hydrodynamic limit, this relation yields a purely damped mode f = —in'k*, whereas in
*72

nk”
T

m

the strongly coupled regime it predicts a propagating elastic shear wave f~ = . Neutral

collisions play a significant role in influencing the behavior of these transverse modes.
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Experimental evidence for transverse shear waves in strongly coupled dusty plasma liquids has
been reported by Pramanik et al. [63] and Kaw [64]. However, observing transverse modes in
plasma crystals-commonly referred to as dust lattice waves-requires a different experimental
approach. At high values of the coupling parameter I', it becomes necessary to incorporate the
effects of the screening parameter «, since viscoelastic coefficients depend on the degree of
charge screening. Increasing the screening reduces the effective coupling strength.
Nevertheless, results obtained using the one-component plasma (OCP) approximation within
the GH framework remain reasonably valid for k¥ < 1 [65].

1.11 Instabilities in dusty plasma

Most laboratory and space dusty plasmas exist far from thermodynamic equilibrium. Such non-
equilibrium conditions give rise to collective modes whose amplitudes may either grow
exponentially or be damped due to collisional processes or collisionless mechanisms such as
Landau damping and dust charge fluctuations. Dusty plasmas can become unstable when
sources of free energy are present in the system. External field—driven flows, pressure
gradients, dust charge variations, and propagating electron or ion beams can couple with the
normal modes of the plasma and drive them unstable.

In addition to these mechanisms, classical hydrodynamic instabilities including Kelvin-
Helmbholtz, Rayleigh Taylor, and parametric instabilities also occur in dusty plasmas. These
instabilities have attracted considerable interest because of their relevance to phenomena in
Earth’s ionosphere, the magnetopause, fluid dynamics, and the solar wind. Studying plasma
instabilities is essential for understanding the mechanisms responsible for the growth or
damping of wave amplitudes, as well as the formation of voids and other nonlinear structures
observed in both space and laboratory plasmas [4].

The dispersion relation for such systems generally consists of two components: a real part and
an imaginary part. In the weakly damped regime ‘ fl‘ < f;, the wave frequency and instability

growth rate can be determined from the real and imaginary parts of the dispersion relation,
Im &(f,k)

respectively, using the relations Re g( f,,,k) =0 and fl =—
ORe &( f,k) r=f,
=Jr

[66].

1.11.1 Current Driven Instability

A primary mechanism responsible for the instability of various electrostatic wave modes is the
presence of an equilibrium drift of electrons relative to ions in the plasma [31],[67] , and [26].
This process, commonly referred to as a current-driven instability, 1s well established for both
[AWSs and EICWs. In such cases, the instability arises when resonant energy exchange between
electrons and the wave overcomes collision less Landau damping.

In conventional electron—ion plasmas, Landau damping significantly suppresses the ion
acoustic waves. However, the inclusion of negative charge on dust grains reduces both Landau
damping and the associated spatial damping, thereby enhancing the growth rates of current-
driven instabilities. Moreover, the presence of dust lowers the critical electron drift velocity
required to trigger these instabilities and also diminishes ion cyclotron damping effects.
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1.11.2 Ton—Dust Streaming Instability

In ion—dust streaming instability, dust-related wave modes couple with ion currents that are
driven by externally applied static electric and magnetic fields. These ion—dust streaming
instabilities associated with dust acoustic waves (DAWs) are analogous to the current-driven
instabilities observed in dust ion—acoustic waves (DIAWSs). Such instabilities have been
experimentally observed in RF discharge plasmas [68] and have been investigated theoretically
by Rosenberg [39], and others [69—71]. The presence of a streaming ion flux significantly alters
the dispersion characteristics of DAWs.

1.11.3 Velocity Shear Instability

The Kelvin Helmholtz (KHI) instability is fundamentally a velocity-shear—driven instability
that occurs in both neutral fluids and magnetized plasmas. In dusty (complex) plasmas, it plays
an important role in explaining a variety of astrophysical phenomena, such as the stability of
the interface between the solar wind and Earth’s magnetosphere, interactions between adjacent
solar wind streams with different flow velocities, and the dynamo generation of cosmic
magnetic fields, where naturally occurring sheared dust flows are common. The hydromagnetic
turbulence generated by the K—H instability serves as a significant source of anomalous
viscosity and enhanced viscous drag in many space and astrophysical contexts. The velocity
shear instability discussed here is the parallel velocity shear instability (PVSI), which arises in
non-uniform magnetized plasmas. It is a fluid-type instability that occurs when ions flow along
the direction of the applied magnetic field with a velocity that varies across the plasma,
specifically in the direction perpendicular to the magnetic field where a density gradient exists.
This instability is commonly identified as the Kelvin—Helmholtz instability (KHI) [72].

rotating dust dispenser

dust embedded
aluminum wool

Fig. 1.9 Schematic diagram of the setup used in producing plasma having radial shear in with
an ion flow parallel to magnetic field incorporating a drum capable of rotation for dispersing
dust grains in to plasma [73]

PVSI was first observed by D’Angelo [74] in conventional electron—ion plasmas. The
introduction of negatively charged dust grains modifies the growth rate of PVSI for low-
frequency electrostatic waves [75] [73]. The instability growth rate increases with enhanced
velocity shear in the ion flow, drawing energy from the mean ion drift. Experimentally, this
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instability can be generated in dusty plasmas using a disk-and-ring electrode configuration [73],
as illustrated in Fig. 1.9.

1.11.4 Rayleigh Taylor Instability (RTT)

The Rayleigh Taylor instability (RTI) in classical hydrodynamics arises at the interface
between two fluids when a heavier fluid of density pn overlies a lighter fluid of density pi (pn
>p1) in the presence of gravitational acceleration [76,77]. This instability has attracted
considerable attention in astrophysical plasma contexts, including Type la supernovae, white
dwarfs, the interiors of massive planets, high-density matter, and compact stars [78—82]. It is
also relevant to laboratory plasma configurations such as Z-pinches [83], dense plasma focus
devices [84], and phenomena involving zonal flows and streamers [85]. In dense plasmas, the
presence of a density gradient supported by a magnetic field against gravity can render the
system unstable. The hydrodynamic RTI plays a crucial role in inertial confinement fusion
(ICF), where it significantly affects target implosion dynamics . Numerous studies have
examined the RTI in the context of ICF and have evaluated its growth rates under various
conditions [86—88]. Astrophysical observations, such as those of the Crab Nebula, reveal
filamentary structures attributed to RTI developing at the interface between the pulsar wind
and the surrounding supernova ejecta [89]. More recently, Hillier [90] demonstrated that
magnetic Rayleigh-Taylor instability plays a central role in many astrophysical systems. In
addition, RTI instability has been extensively investigated in emerging research areas including
laboratory and astrophysical dusty plasmas [56,91,92] as well as in degenerate quantum
plasmas. Several physical factors-such as magnetic field strength, density gradients, thermal
conductivity, and finite Larmor radius (FLR) effects are known to influence the growth rate of
the RTI in perturbed plasma systems.

1.12 Objectives and Thesis Layout

The primary objective of the present research is to investigate wave phenomena and plasma
instabilities in magnetized dusty plasmas, considering both weakly and strongly coupled
regimes of dust—dust interactions. The work focuses on understanding how dust grain dynamics
influence the dispersion characteristics, stability, and propagation of various electrostatic
modes in plasmas containing either weakly or strongly coupled dust components.

To achieve these objectives, theoretical models have been developed to analyze the excitation
mechanisms of waves and instabilities in dusty plasmas. Using these models, mode frequencies
and growth rates have been systematically evaluated over a range of experimentally relevant
parameters. The theoretical predictions are compared with available experimental
observations, and their implications for laboratory, space, and astrophysical dusty plasma
environments are discussed.

A significant portion of the analysis incorporates the effects of Strong coupling, Dust charge
fluctuations recognizing the importance of dust dynamics in realistic plasma conditions.
Furthermore, since most dusty plasma experiments are conducted in bounded systems, the
influence of finite geometry and boundary effects and magnetic field on wave propagation
and instability development is explicitly taken into account.

The present research work is guided by the following major objectives:

1. Modelling Current driven low frequency electrostatic waves in a magnetized strongly
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coupled dusty plasma.
2. lon beam driven RTI in strongly coupled magnetized dusty plasma.

3. Effect of dust polarisation on Ion beam driven KHI in strongly coupled magnetized
dusty plasma.
4. Effect of counter streaming ion beams on transverse shear waves in a strongly coupled

dusty plasma.
5. Quantum and polarization effects on Dust Acoustic wave (DAW) in a streaming

complex plasma.

1.13 Thesis Layout
The entire research work is organized into five chapters, which are outlined as follows:

Chapter 1: It deals with the introduction part to dusty plasmas, their occurrence in space and
laboratory, production and charging mechanism. Additionally, dynamics of dust grains and
various models for the description of dust particle have been discussed. Furthermore,
dispersion characteristics of various wave modes and effect of dust on various instability have
been discussed.

Chapter 2: provides a detailed theoretical analysis of low-frequency electrostatic wave modes
in a strongly coupled, collisional, magnetized dusty plasma confined within a cylindrical
geometry. The analysis focuses on how dust—dust correlations, collisions, magnetic field
effects, and plasma geometry collectively influence the dispersion and stability characteristics
of these modes.

A generalized hydrodynamic (GHD) framework is used to incorporate viscoelastic effects
arising from strong coupling among dust grains. The chapter highlights how strong coupling
effects, collisions, and magnetic field strength alter the stability thresholds and propagation
properties of low-frequency modes

Chapter 3: gives a theoretical investigation of the beam-driven RTI in a strongly coupled,
magnetized dusty plasma. The analysis is carried out within the framework of the generalized
hydrodynamic (GHD) model, which incorporates viscoelastic effects arising from strong inter-
grain correlations. The study specifically addresses how ion beam injection modifies the
stability of a stratified dusty plasma in the presence of gravity, magnetic field, and finite plasma
inhomogeneity.

Overall, this chapter demonstrates that strong coupling and magnetic field effects play a crucial
stabilizing role in beam-driven RTI, while beam parameters act as a dominant destabilizing
mechanism. The findings are particularly relevant for understanding and controlling RTI in
dust-contaminated fusion plasmas, laser-driven systems, and astrophysical dusty
environments, where strong coupling and external driving sources coexist.

Chapter 4: investigates the beam-driven Kelvin—Helmholtz instability (KHI) in a magnetized
dusty plasma, with particular emphasis on the role of dust polarization effects. The study is
motivated by the presence of velocity shear and energetic particle beams in both laboratory and
space plasmas, where dust grains can significantly modify plasma response through
polarization forces arising from charge separation in nonuniform electric fields. A theoretical
model is developed using a multi-fluid framework that includes electrons, ions, beam ions, and
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dust grains. The effects of dust polarization are incorporated through the polarization force
acting on the dust component, which arises due to spatial gradients in the plasma electric field
and modifies the dust momentum balance. The plasma is assumed to be inhomogeneous with
a velocity shear aligned along the magnetic field, providing the free energy source required for
the excitation of Kelvin—Helmholtz modes. Linear perturbation analysis is employed to derive
the dispersion relation for low-frequency electrostatic modes in the presence of ion beam flow
and dust polarization.

This chapter demonstrates that dust polarization is a critical mechanism in controlling beam-
driven shear instabilities in dusty plasmas. The findings are relevant to laboratory dusty plasma
experiments, fusion edge plasmas contaminated by dust, and astrophysical environments such
as cometary tails and planetary magnetospheres, where velocity shear, energetic particle
streams, and dust coexist.

Chapter 5: This chapter presents a concise summary of the major outcomes of the present
research. The key scientific contributions related to waves and instabilities in dusty plasmas
are highlighted. The broader scientific and social impact of the findings is discussed. Possible
directions for future research are also identified.
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Chapter 2

Cylindrical Geometry Effects on Low Frequency Wave Modes In a
Strongly Coupled Dusty Plasma

2.1 Introduction

Dust is an omnipresent component in various laboratory and space plasma situations like fusion
devices, plasma processing of materials, comet tails, planetary rings, solar wind, the earth’s
ionosphere, etc.[1-5]. These particles are undesirable during semiconductor wafer manufacture
and fusion reactor design [6,7] whereas dust agglomeration is an essential process in the
evolution of protoplanetary disks, and in the formation of planetesimals and comets [8].

The micrometre-sized dust particles tend to accumulate a high negative charge due to the high

mobility of electrons. The variation of dust charge, mass and size affects the dust particle
dynamics and hence, the collective behavior of plasma [9—13].The vital characteristic of dusty
plasma is its ability to have a strong correlation among dust grains. The dust grains are
correlated via the screened Coulomb potential, which is a function of the Coulomb coupling
parameter I. The Coulomb coupling parameter I quantifies the strength of correlation among
the dust particles. It is given by the ratio of the electrostatic interaction energy to the dust
thermal energy

2 2

= Zs€ exp(—rd//ld),

Faly

where Z,e denotes the dust charge, e denotes the electron charge, r, is the inter-grain spacing

4rn,,

-1/3

given by = ( j , and Ty is the dust temperature, in the energy units Ta= KT, 4,
denotes Debye length which accounts for the screening of the interaction. For /'<7 i.e., when
the thermal kinetic energy dominates the electrostatic potential energy, the dust grains are said
to be weakly correlated (WC) and when the Coulomb potential energy exceeds the mean kinetic
energy, the dust grains become strongly correlated. In the limit 1I<I'<T (I'c =17143) given by
the Monte Carlo simulations plasma behaves like a fluid and above this critical value, it exhibits
Wigner crystallization[14—18]. This ability of strongly coupled complex plasma to co-exist in
the fluid and crystalline state in the 1< I'<T'. regime gives rise to the viscoelastic modes.

Since the strong correlation dust particles act as a viscous fluid. This introduces new dispersive
corrections in the longitudinal mode along with the possibility of a novel shear mode. Kaw and
Sen [19] utilized the generalized hydrodynamic model (GHD) to study the existence of
transverse shear waves in strongly coupled dusty plasma [20]. These waves were observed
experimentally in the three-dimensional dusty plasma in a strong coupling regime by Pramanik
et al.[21].

Xie and Chen [22] studied the effect of a strong correlation between dust in the presence of a
magnetic field and the absence of collisions and drifts of plasma particles. They found a
compressional mode like an ion dust hybrid wave with a unique transverse mode similar to the
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torsional vibration mode. Banerjee et al. [23] studied the dispersion characteristics of the
strongly correlated magnetized laboratory dusty plasma in the absence of dust-neutral
collisions using the GHD model. It has been studied how strong coupling affects current-driven
wave modes in collisional magnetized complex plasma for an infinite geometry [24].

As laboratory and fusion plasma devices exist in a confined geometry, the study of boundary
effects on the dispersion characteristics of low-frequency modes is of marked importance. The
boundary effect (or finite geometry effect) is significant when the mode wavelength is
comparable to the size of the plasma. Additionally, finite Larmor radius effects are also
important in the case of finite geometry problems [25] .It has been observed that the drifting
plasma particles and the quantized radial wave vector tend to modify the wave mode’s
dispersion properties for a cylindrical plasma geometry [26].

To observe the significance of boundary effects on strongly coupled plasma, we propose a
theoretical model for analyzing the drift-driven electrostatic modes in a magnetized strongly
correlated collisional dusty plasma cylinder. The effect of dust-dust collision has also been
considered in the proposed model. In the next section, the Generalized Hydrodynamic (GH)
model has been applied in the long wavelength region (where dust dynamics is vital) to derive
the dispersion relation for the compressional and transverse mode in the hydrodynamic limit.

2.2 Theoretical Model

We have assumed a strongly correlated collisional dusty plasma confined in the cylindrical
geometry consisting of electrons, ions and dust grains. The dust grain radius a is smaller than
the inter-grain distance 7, and the electron and ion Debye radii 4, and A,. An axial magnetic

field By is considered for the magnetic confinement of the plasma cylinder. The unperturbed
densities of species (electrons, ions, and dust grains) are given by n,, n, and n,, . The charge

and mass of species are (Q,,m,) (Q,,m,) and (Q, m,). Vv,, v,, and v, are the drift velocities

of the species along the magnetic field. The neutral collisional frequencies of species are v,

v,, and v,. The electrostatic perturbation is given by~ e_l(ﬁ —k.r)' The Generalized
hydrodynamic momentum equation [19] for dust fluid in the limit I<ST'<T, is given as

(l+rm (ngu-VD[ mandgéud +VéP+2Z

1
Py en,, 0 E +m n,,v,ou, +ZZden0d§ud xB, |

d

=,7v.v5ud+(;+gjv(v5ud). (2.1)

Here 0P is pressure, cis the velocity of light, u, is the dust velocity, # and {"are the viscoelastic
coefficients and 7, is the relaxation time for the dust particle.
The compressibility of dust ( ,ud) [27] 1s given as

(0,2), 1 1 6u(T)
=2 =4 —u(D)+———. 22
Hy T, +3u( )+9 o (2.2)

The quantity u (I') gives the excess internal energy which is represented in the strongly
correlated regime through the analytical expression given by Slattery et al. [28].
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u () =-0.89T+0.95I +0.19T74-0.82  for1<T <200 (2.3)

The dependence of viscoelastic coefficients # and { on I' is given by the Monte Carlo
simulations [28,29]

4
[+57)
n'=—>"2~0.021", (2.4)
My J apla
and
T, = f,7, ~0.375T", (2.5)
where
4
T, =(§+3n)/n0de (1-7,2, +4u(T)/15). (2.6)

Here, y, is the adiabaticity, and f is the dust plasma frequency. The following subsection

aims to obtain the dispersion relation for the low-frequency modes by applying the set of
Generalized Hydrodynamic equations.

2.2.1 Dust Compressional Mode

The compressional low-frequency modes are perpendicular to the undisturbed magnetic field
and parallel to the electrostatic perturbation and the wave vector. These modes are supported
by the inertia of massive dust particles. The continuity equation for the dust fluid is given by

§5nd+v-(nd5ud)=0. (2.7)

As these waves are accompanied by density fluctuations, the perturbed density of dust particles
is found by implementing Eq. (2.2) and Eq. (2.7) into the dust equation of motion given by Eq.
(2.1)

The perturbed density of dust particles is readily obtained as

5” — _Zdenodvi¢ (2 8)
d s .
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(f-k.vy) (1-iz, f)im n,, ( ink’
(

4 f-k v +iv)
l-irmf)mdn()d (f z “ ¢

Here, v, :( %dJ and f, = [-(Z,e)B/m,c] are the dust thermal velocity and the dust

cyclotron frequency respectively. Further the viscoelastic coefficients #, {, and 7, have been
omitted for the electrons and ions because they are in weekly coupled state,ly the dust particles
are in a strongly coupled state. On substituting y, = u, =1 for the low compressibility limit,
and

f<<kv, ,v,<<hkv, and f><<f?<<fl, kv, << f<<k.v,, the subsequent equations
have been obtained. The perturbed number densities of the ion and electrons may be obtained
as
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Mk, + fo = (f =k, + v )(f ~k.v,,)]

(2.10)

m m,c

”

. T . : eB
where r=ior e,and v, =( = j are the thermal velocities of species and f, = i(—oj are

the cyclotron frequencies of species. Substituting the values of perturbed densities of species
from Eq. (2.8) and Eq. (2.10) in Poisson’s equation

V¢ =4rn(Sne+z,edn, —edn.). (2.11)
For axially and azimuthally symmetric case, Eq. (2.11) takes the form which is a Bessel’s
equation of order zero.

9,100, oy Tokid

VSRR 2.12
or’ ror 1 (f-kv,)A @12)
where
2 2 2
g =—k; —Lki¢ (2.13)
and
Jep
e o fkevea+ive ) f~Fzvea)|
L= 5 ) (2.14)
+ f’p
[ka_Vizﬂ‘f,%_(f_szid +iv; )(f—kzvl'd )}
Here,
47[(Q )2n 1/2
f =(—r OFJ (2.15)
m,

is the characteristic plasma frequency of oscillation, when they are disturbed from the
equilibrium position. Where (Q,,, g, mr) are the charge density, number density and mass of
the plasma species. Here r» =d,i and e corresponds to the dust particles, ions, and electrons
respectively. In the absence of R.H.S. of the Eq. (2.12) ¢ is given by

¢=UJy(q,r), (2.16)
where U is a constant and J(q,7) 1s the Bessel function of order zero and argument g » . On

the surface of the plasma waveguide, we should have J,(g )= 0 [30]. Here g r=0,, where

n?

o, gives the zeroes of the Bessel’s function. Some of which are given as

0,= 2404, 0, =5.5, 0, =8.7, 5, =11.8 [31]. When the effect of dust dynamics is considered

(i.e., R.H.S. of the Eq. (2.12) #0), wave function ¢ can be given by a combination of orthogonal
wave functions:

¢=24,q,7), (2.17)
m
where the effective radial wave vector g =2.404/7, is quantized. Simplifying Bessel’s

. . . o 2.2 2
equation for the dominant mode x =y, in the limit f <« kzve 7 Ve <k e < fec , the

dispersion relation for the compressional mode is obtained as
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Q; [Qiszj —iv,-( —kzvid )} (f—kvy)4
where

) atand(a,rr

[ 1o (q,r)dr
2.2
O} =kiay,+v;, and O =(ki% +Vi —"zv%z} (2.19)
ip

Here, 4, /3 s A = Ve , V., = Jo and V,, = Ji .

i S S J;
When the dust drift and magnetic field are neglected then Eq.(2.18) will yield the same
dispersion relation for compressional mode as obtained by Kaw and Sen [Ref.[19] page 3556,

Eq. (28)]. In the hydrodynamic limit( fr, << 1) , Eq. (2.18) gives the dispersion relation for

the compressional dust modes. Taking f = f. +iy and f, > y yields the real frequency as
1/2

2
c P 2,2 nzqzrdz Va fd2
=kv,+ —I+q,1 +| | 2.20
fr =Vad fdp 0 qutaVaky 4 4fdp fdi ( )
where
P=f 1+ Q) +v.(f —k.v,)
and

2
O=[(1+@") 17 |+ (f kv,
The growth rate of the dust compressional mode is given as
7< N R LY _ (2.21)
Jo | 2Je 2

Equations (2.20) and (2.21) represent the frequency and growth rate of the compressional
mode. In the absence of collision, Eq.(2.21) is similar to Xie and Chen [Ref.[22] page 3521

Eq.(18)].

2.2.2 Transverse Mode

The presence of the transverse mode is supported by the rigidity provided by the strong
correlations among dust particles. Taking the curl on both sides of Eq. (2.1) to get the transverse
component, we get
. . .Ze . Z,e
(v, +im e, +1 22 (k< SE ) +i 2 (k- B) Su, = 0, (2.22)
1 m, m,c
nk’
mdno[ifdp’”dz (I1-iz, f) '
Equation (2.22) could be used to derive the perturbed velocity of dust fluid transverse to B
VxOoE
x{(f+ivd +in,)oE+ f,. (X—‘)}

z

where n =

Z.elm
5”411_:. 2 d . d . 2
i fo—(f +iv, +in)"]

(2.23)
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Using Eq. (2.23) in the dust fluid continuity equation, we get the perturbed density of plasma
species as

Sn_ = (f +in, +2ivr)an0r /m, . V. (2.24)
(f =k v, ) =(f +in +iv,)7]

where r=d, e or i for dust, electron and ions respectively

The term 7,, in numerator and denominator can be ignored for obtaining the perturbed density

of electrons and ions.

Using the perturbed densities in Poisson’s equation and applying the axial and azimuthal
symmetry for simplicity, we get Bessel’s equation

9,100, oy S i iv)

L 2.25
o’ ror (f =kv )| (f +im+iv,) = fo ] (2:23)
where

kL f(f +iv) kL fo(f +iv )
NZ — _kZZ + l e (226)

kv [y =12] k[ Feiv 12|

Now simplifying Eq. (2.25) as was done earlier, the solution of Bessel’s equation to obtain the
dispersion relation for the transverse shear mode, we get

e fo(f+iv) A fo(f +iv)
B kv ) [+ = 2] K (kv )[(f+iv) = f2]

KIS +im +v,)
K (f =k ) +im +iv,) = £z ]
Neglecting the effect of drift, collision, bounded geometry and magnetic field, the dispersion

relation is similar to Kaw and Sen [Ref.[19], page 3556, Eq. (22)]. If magnetized plasma is
considered, then It matches well with [Ref.[22] page 3522, Eq. (33)]. Simplifying Eq. (2.27) in
2

= fo (2.27)

e . k
the hydrodynamic limit ( /7, <<1) under the assumptions k—é <L f2+v:>>1 v, >>1,

f<< fic’vi&fec’ve and f<<771 <<fdc ,

We get,
(f =kv )| f+iv +m) | = foM (2.28)
2
where M = ki
2 2
I
kzkzvid (f +Vl-2)

Equation (2.28) can be rewritten as &, ( f, k) +ig,(f,k) =0 for obtaining the frequency and the
growth rate of the shear mode

s _ kZVdd N kv,
fdp 2fdp 2f dp

kK 2 2
+n 1,k +Mr (2.29)
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Here M, and M; are the real and imaginary parts of M.

Equations (2.29) and (2.30) represent the frequency and growth rate of the transverse mode. In

the absence of dust drift and collision of ions and neutrals, the transverse mode is analogous to

the dust-ion Alfven waves given by Xie and Chen [22].

+ 2. (2.30)

2.3 Results and Discussion
The effect of a finite geometry in the drift-driven magnetized strongly correlated Argon dusty
plasma on the low-frequency modes has been analyzed in the hydrodynamic regime ( fr, < 1)

. The slightly modified parameters have been used for the strongly correlated magnetized dusty

plasma system [32]. The density of various species is given as n,, ~10°cm™, Moo _ 5410

Ny,
andn,, =0.5xn,, .The dust charge state is given by Z, ~10’, the electron temperature as
I,=10eV and T,~T,=0.14el are the ion and dust temperature respectively.

a=5x10" cmis the size (radius) of the dust grains, and their mass is 10" times the proton
mass m,. An axial magnetic field B, = 4000 G is taken, v,(=0.5f,) and v, = (0.2 fdp) are
the collisional frequencies of ions and dust, respectively. The drift velocities of the ions and
dust particles are v,, =0.5xv, and v, =1.0 v, respectively. The effective quantized radial
wave vector k, =g, =2.404/r, =0.8 cm. The parameters taken in this study are in the range
of strongly correlated dusty one-component plasma limit A, >r, > 4,,. Here r, is the inter-
grain spacing and A, is the dust Debye length.

For the dust to be magnetised, small size of the dust particles should be complemented with
the use of a high magnetic field. Moreover, the dust Larmor radius p, (=v,, / f,.) should be
much smaller than the plasma tube diameter 2rpand f, > v, . This is because magnetizing the
complex plasma is technically challenging [32-34] due to the low charge-to-mass ratio of dust
particles. The cyclotron frequency ratio to the neutral momentum exchange frequency
(f./v, =1) should be greater than one, such that the particle performs full rotation (on
average) of the Larmor orbit before collision [35]. To avoid Coulomb crystallization of dust
grains, high dust temperature has been considered to retain the fluid characteristic of plasma.
We have employed MATLAB (version 2020a Natick, Massachusetts: The MathWorks Inc.)

[36] for the solution of the equations and random values of the Coulomb coupling parameter
have been considered in the 1< I'< I'c limit.
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Fig. 2.1 Variation of Normalized real frequency (f/f,) of compressional mode with
normalized wave vector ( k7, ) for various coupling parameter I"and for v, =0.6 f,, v, =0.5f,

s Vg =V, Vi =0.5v,, k,=2.0 cm™ and Bo= 4000 G

The variation of normalized real frequency ( f, / f,,) of compressional mode with normalized
wave vector (47, ) for various Coulomb coupling parameter I" values has been shown In Fig.

2.1, It has been observed that in the long wavelength region ( k7, <1) the mode frequency rises

o

with an increase in wave vector but anomalous dispersion (a—k < Oj is observed in the short

wavelength region which has been confirmed experimentally [37]. It is in fair agreement with
the previous studies of Xie and Chen [22] which show a decrement in mode frequency for the
strong coupling parameter I, this may be because the viscosity of dust fluid is enhanced by
strong correlation, which leads to dampening of the wave.
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Fig. 2.2. Variation of Normalized real frequency ( f./ f,,) of compressional modes with
normalized wave vector (47, ) (1) solid lines for infinite geometry with I'= (a) 30, (b) 60, (c)
125 (ii) dashed lines for finite geometry with I'= (a) 30, (b) 60, (c) 125, and for v, =0.61, ,
k, =2.0 cm™ and By = 4000 G.

it? "z

v,=05f,,vV, =V, V,=0.5v

Fig. 2.2 depicts the variation of normalized mode frequency with normalized wave vector for
different geometries and different values of the strong coupling parameter ['=30, 60 and 125
which are below the I', . It is clear from the figure that mode frequency for finite geometry is

less than that of infinite geometry, for a particular value of coupling parameter. The reduction
in mode frequency is more for the short wavelength region. The wave frequency is reduced
nearly by 10 percent from that of infinite geometry in the long wavelength region (kr, <1).

This may be due to the reduction in the interaction region for a finite geometry.
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Fig. 2.3 Variation of Normalized real frequency (f/ f,,) of compressional modes with
normalized wave vector (k7,) for different ion drift speeds (i)v,, =v, (i) v, =2v, (iii)
v, =4v, (iv)v,=6v,,andfor v, =0.6f1,,v,=0.5f v, =v,,v,=05v,,k =2.0 em’™!
and Bo= 4000 G.

Fig. 2.3 depicts the variation of normalized mode frequency of compressional mode for
different ion drift velocities with the normalized wave vector. It has been observed that the
mode frequency decreases with the increase in the ion drift velocity in the long wavelength
region (kr, <1). This is in line with the observation of Kaw and Singh [38] and for the short

wavelength region, it is independent of the drift of the ions. This behavior agrees well with the
experimental observation of Molotkov et. al. [39] where the increase in the drift motion of ions
as compared to their thermal speed, suppresses the dust acoustic instability.
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Fig. 2.4 The normalized growth rate (»“/ f,,) of compressional mode with normalized wave
vector ( k7, ) for various Coulomb coupling parameter (i) I'=15 (ii) I'=30 (ii1) ['=60 (iv) I'=75,
and for v, =0.6f,,,v,=0.5f,, v, =v,, Vv, =0.5v,, k, =2.0 cm™ and Bo= 4000 G.

it’ "z

Fig. 2.4 depicts the variation of the normalized growthrate (y“/ f,,) ~of compressional modes

versus normalized wave vector for different values of Coulomb coupling parameter I'. The
growth rate rises with the increasing wave vector but diminishes with the increase in strong
coupling parameter I'. This may be associated with the enhanced viscosity of system, which on
increase in strong correlation among dust provides inertia to the massive dust particles.
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Fig. 2.5 The dependence of the normalized mode frequency( f/ fdp) on the normalized wave
vector ( k7, ) of transverse mode for different values of Coulomb coupling parameter I' (i)['=15
(i) I'=30 (iii) I'=60 (iv) I'=75, and for v,=0.6f, v,=0.5f,, v, =0.5v,, v, =0.5v,,
k, =08 cm™, k. =0-25cm ™" and Bo=4000 G.

To analyze the transverse mode, we have shown the dependence of the normalized mode
frequency ( f/ fdp) on the normalized wave vector (kr,) for different values of strong

coupling parameter I' in Fig. 2.5 The mode frequency increases with increasing wave vector
with increase in strong coupling parameter showing a slight decrement between &_ (0.05-0.1).

This behaviour is similar to Dust modified Alfven modes [40] and well in agreement with the
results of streaming and collisional instabilities in the absence of magnetic field and strong
coupling [41] [ refer page 4413 Fig. 3 and Fig.4]. This is in accordance with the fact that strong
coupling supports the transverse shear mode by providing solid like rigidity and is well in
agreement with the observations of Kharpak et. al. [42] .
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Fig. 2.6 The dependence of the normalized mode frequency( f/ fdp) on the normalized wave
vector(kr, )of transverse mode for Coulomb coupling parameter I'=30 (i) unbounded
geometry(ii)bounded geometry, and v, =0.6f,, v,=05f,, v,=05v,,v,=05v,,
k =08 cm™, k. =0-25 cm™ and Bo= 4000 G.

It has been observed that the cylindrical geometry leads to an effective quantized wave number.
The effect of different geometries on the mode frequency for the transverse mode in strong
coupling regime has been studied (cf. Fig. 2.6). It is seen that the mode frequency is nearly
halved in the case of finite geometry atkr, =0.05 in the long wavelength region. This

difference in frequency is significant in the long wavelength region up to k<0.1. The
corresponding increment in mode frequency for bounded plasmas is less as compared to the
infinite geometry in the long wavelength region.
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Fig. 2.7 Variation of normalized growth rate( '/ f4,) of transverse mode with normalized
wave vector (kr, ) for various values of Coulomb coupling parameter (i) ['=15 (i1) ['=30 (ii1)
=60 (iv) =75 and v, =0.6f,,v,=05f,, v, =05v,, v,=05v,, k =08cm™,
k., =0-20 cm™ and Bo= 4000 G.

The normalized growth rate of transverse modes with normalized wavenumber for different
values of Coulomb coupling parameter I" has been plotted in Fig. 2.7 A negative growth rate
has been observed which shows modes are purely damped. This result is well in agreement
with the previous results [19] . However, the small positive growth rate may be observed for a
weakly collisional regime for small values of strong coupling parameter I', this behaviour is
similar to Alfven waves [40] . The growth rate shows a decrease with the increase in the
Coulomb coupling parameter I" as a result of viscous damping.
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Fig. 2.8 Variation of normalized growth rate(y' / f o) of transverse mode for different plasma
geometries with normalized wave vector ( k7, ) for I'=30 (i)for the infinite geometry(ii)for finite
geometry andv, =0.6f, ,v,=0.5f,_, v, =0.5v,,v,=05v,, k =03 em™ k, =2 cm™ and

Bo=4000 G.

The comparison of normalized growth rate of transverse mode for finite and infinite cases, as
a function of normalized wave vector is depicted in Fig. 2.8 The growth rate for the finite
geometry is lesser than that of infinite geometry for a minuscule region in long wavelength
regime (k<0.1) while it remains unaffected in short wavelength region. However, the mode is
damped for both finite and infinite geometries.
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Fig.2.9 The normalized frequency of transverse mode vs magnetic field for different values of
1, the radial distance from the axis of plasma cylinder for Coulomb coupling parameter I'=30

()r = 2.5 (i) r = 2 (iii)r =1.5, and for k, =2cm™ v, =0.6f,, v,=0.5f,, v, =05v,,

1

v, =0.5v,and k, =0.8 cm™
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Fig. 2.10 The normalized growth rate of transverse mode vs magnetic field for different values
of r, the radial distance from the axis of plasma cylinder for Coulomb coupling parameter

=30;(i) r=1, (i) r=1.5, (iii) =2, (iv) r=2.5, and for k. =2cm™",v, =0.6/,, v,=05f,
,=05v. and k, =0.8 cm™".

v, =05v,, v,
We have subsequently analyzed the effect of the magnetic field on the frequency (cf. Fig. 2.9)
and growth rate (cf. Fig. 2.10) of transverse mode for different values of radial distance r and
observed that in the long wavelength region, the mode frequency increases with increasing
magnetic field. At a particular magnetic field strength mode frequency is more for the larger
values of radial distance from the axis of plasma cylinder. The magnetic field provides tensile
strength to the plasma fluid, making it more crystalline and hence giving solid-like elasticity
for transverse mode propagation.

The growth rate increases with the magnetic field and stabilizes for the higher value of the
magnetic field, this may be due to the fact that the low-frequency modes are difficult sustain at
a very high magnetic field.
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Fig. 2.11 The normalized frequency of compressional mode vs magnetic field for different
values of r, the radial distance from the axis of plasma cylinder for Coulomb coupling

parameter I'=30 (i) r=1, (ii) r=1.5, (iii) r=2, and for k. =2cm™',v, =0.6f,, v,=05f,,

v, =05v,, v, =0.5v,and k, =0.8 cm™'.

It is also observed that the frequency of compressional mode also grows with increasing
magnetic field strength. Moreover, as the radial distance from the axis of the plasma cylinder
increases mode frequency shows decrement (cf. Fig.2.11). If the radius of confinement is
doubled, the frequency nearly is reduced to half as magnetic field strength By increases from 1
T to 4 T. It shows an increase in mode frequency with the increase in axial confinement of
plasma which means that to observe the effect of magnetized dust on low frequency modes in
the strongly coupled plasma, the plasma confinement radius should be small enough. At higher
values of the magnetic field frequency saturates, which is in accordance with the experimental
observation of the dust acoustic waves in magnetized plasma [34,43] . Moreover, the growth
rate of compressional mode is found to be unaffected with the change in magnetic field in a
strongly correlated collisional dusty plasma.

2.4 Conclusion

In this paper, we have analyzed the excitation of low frequency electrostatic modes in the
hydrodynamic regime ( fr, << 1) by virtue of the drift produced for ions and dust particles for

a plasma cylinder. We have obtained a set of equations for the growth rate and frequency of
modes which applies to the cylindrical geometry. It can be reiterated that the plasma geometry
affects the dispersion characteristics of both the wave modes. Anomalous dispersion is
observed for the compressional modes in the higher wavenumber limit. Transverse modes are
purely damped modes whose behaviour is similar to dust-modified Alfven ion modes in a
magnetized plasma cylinder [22]. It has been observed that the frequency of both modes
enhances with an increase in magnetic field strength. The growth rate of low-frequency
transverse modes is reduced by increasing the field strength while the growth rate of
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compressional modes remains unaffected. These waves were found to be predominant in the
low-collisional and long wavelength regions of the strongly coupled laboratory plasmas. In the
operating regime of fusion devices these waves are insignificant and undesirable [44]. The
study of strongly coupled dust grains in addition to the magnetic field is important in the case
of the outer layer of neutron stars [45].

Our model may find an application where the plasma is magnetically confined along the axis
of plasma cylinder [26,46—50] . The model may be validated by studying the excitation of low
frequency waves in magnetized dusty plasma having strongly correlated dust grains in the
MDPX [32] provided that the plasma radius is small enough to have an optimum magnetic
field strength below 0.2 T.
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Chapter 3

Rayleigh Taylor Instability in Strongly Coupled Magnetised Dusty Plasma
Cylinder

3.1 Introduction

Rayleigh Taylor instability (RTI) grows at the interface when a denser fluid is accelerated into
a lighter fluid in the presence of gravity [1,2]. RTI is a prominent instability in various
astrophysical scenarios, white dwarfs, fusion research [3-5], and laboratory dusty plasma
situations in inertial confinement fusion (ICF), Tokomaks [6], Laser accelerated plasmas [7]
and supernova explosions [8,9]. Rayleigh-Taylor instability (RTI) with large variation in
density dominates in high-speed systems such as supersonic aviation (ramjet engines) [10] and
high energy systems like inertial confinement fusion devices [11,12] to harness energy from
fusion. When the coulombic repulsion energy exceeds the dust thermal energy, the plasma goes
in strong coupling regime, then the collective behaviour of dust fluid dominates, giving rise to

modified phenomena. For strong coupling regime, the Coulomb coupling parameter
2 2

r= 24 exp(—rd /ld)>>l, where Z,e is the charge on dust grain, r, is the inter-grain
Tty

-1/3
4
spacing given by(%j , Iy and 2 4 are the dust temperature and dust Debye length,

K= (r g / A d) is the screening parameter which quantifies the Yukawa nature of the fluid. In

the range 1< I" < T, where I'c =17143 as determined by Monte Carlo simulations, plasma
exhibits fluid-like behaviour. When I' exceeds this critical value I'c, the system begins to
undergo Coulomb crystallization [13—15]. Within this regime, the plasma’s ability to exhibit
characteristics of both fluid and solid phases leads to the emergence of viscoelastic modes.

Researchers have utilised the Generalised Hydrodynamic (GHD) Model to analyse the RTT in
strongly coupled dusty plasma [16,17].

In addition to the Generalized Hydrodynamic (GH) model employed in the present study,
several other theoretical frameworks have been developed to describe strongly coupled and
screened dusty plasmas. The Quasi-Localized Charge Approximation (QLCA) [18] provides a
microscopic basis for describing collective excitations by explicitly accounting for particle
correlations and localization effects. The thermodynamic approach [19] relates the
compressibility and sound velocity to the equation of state of Yukawa fluids, thereby taking the
screening effects. More recent works, including the nonlinear QLCA formulation [20], the -
dependent modulational instability model [21] and the Simple Fluid Approach (SFE) have
demonstrated improved agreement with molecular dynamics simulations across a wide range
of coupling and screening parameters.

The GHD model remains an important macroscopic description suitable for analysing large-
scale hydrodynamic instabilities such as the Rayleigh—Taylor instability (RTI). However, in its
conventional form, it treats the compressibility and viscoelastic coefficients as independent of
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the screening parameter (k), and therefore cannot fully capture the effects of strong screening
or microstructural correlations emphasized in the above models.

The viscoelasticity of the strongly coupled medium, due to strong interparticle correlations,
leads to a suppression of the Rayleigh Taylor Instability. This has significant implications for
inertial confinement fusion experiments, where the higher dust densities can result in strongly
coupled plasma conditions. The effect of magnetic field, radiation pressure, rotation and
quantum effects have been studied by various researchers [22-26]. Rozina et al. [22],
investigated the effect of radiation on Rayleigh-Taylor instability in an adiabatic-radiative rare
plasma and analysed that the radiative cooling and heating modify the growth rate of RTI.
Magnetic field has shown a significant role in potentially damping the instability in magnetized
plasmas [27].

It is important to note that effects analogous to strong magnetic fields can also be produced in
laboratory dusty plasmas through rotation. When the neutral gas or confinement electrode is
set into rotation, the Coriolis force in place of Lorentz force acts on the charged dust grains.
The transfer of angular momentum from rotating gas column to the dust cloud is responsible
for this effect. This has been experimentally demonstrated by Kihlert et al. [28] and further
investigated using the Quasi-Localized Charge Approximation (QLCA) by Kumar and Sharma
[20].

Radiation pressure, another key factor, can modify the growth rate and even introduce new
instabilities [29]. The effects of rotation, particularly relevant in astrophysical contexts, also
modify the behaviour of RTI [30]. Additionally, in dense plasmas, quantum effects can
significantly alter the instability's dynamics [25] for instance, the interplay of viscosity and
elasticity in cylindrical geometries has been investigated [31], and the stabilization of RTI in
quantum magnetized plasmas has also been examined [32]. MD simulation have been
performed on the strongly coupled dusty plasma to analyse the effect of strong coupling on
RTI [33]. In all, the radiation pressure, density and velocity affect the dispersion behaviour of
RTI which plays a crucial role in fusion plasmas devices.

This manuscript focuses on beam-driven RTI within a strongly coupled dusty plasma having
non-local effects. The ion beam alters the dynamics of plasma system by additional momentum
transfer and pressure imbalance in the plasma system. We investigated the combined influence
of beam parameters, strong coupling, and magnetic field on the instability's growth rate in a
non-local dusty plasma because of the confined nature of ICF devices. Understanding the
interplay of these factors is crucial for applications like ICF, where controlling the stability of
high-energy-density plasmas is paramount.

3.2 Theoretical Model

We have considered a strongly correlated inhomogeneous plasma with density gradient Va|| %
, gravitational field -gx and a transverse magnetic field B,Z ions and dust are taken to be cold
T, =T,. Cylindrical geometry of plasma has been considered with axis of plasma cylinder
along z axis. The beam velocity and magnetic field are also along the z-axis. The gravity acts

along the x-axis.

The equilibrium state values of various parameters for the considered plasma system are given
in Table 3.1 below.
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Table 3.1. State Variables for different plasma species

Density | Velocity | Temp. | Mass Charge
Electron | n,, 0 T, m, —e
Ion 1y, Vo, T m, +e
Beam Ny, Voo Z 0 m, +e
Dust Moy 0 T, m, Z,e

Initial drift velocity of electrons, ions and dust particles without the perturbation is obtained
from the steady state equations solution for each species

No perturbation is applied upto this stage

The gx Eo drift for various species is given as

_meg(H)xB(2)__ g
—e B S

y (3.1)

Oe

eB .
Here —= = f,_ is the cyclotron frequency of electron
mc

e

Similarly, for dust particles and ions

Vou =—fiﬁandv0i=+f£ﬁ, (32)
dc ic

where f, and f,. are the dust and ion cyclotron frequency.

Since the electrons and ions are moving in opposite direction, opposite charges accumulate on
the perturbed boundary of plasma. Consequently. electric field is produced which gives rise to

the Ex B drift for electrons and ions being equal in magnitude but opposite in direction.
The steady state (equilibrium) equation for electron is given by

dv = evxB Vp __eBm, Vp
m,— = X —— ——
dt c n mc  n, o (3.3)

o

where p=n,T, is the pressure term
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v . . - Vp
= =-g-Vxf, —
dt & S mn

e o

(here f, = f,.zsince magnetic field is in direction-z and v =v, X +v,,V+v,.2)

- N ~ I.Vn
=0= &~ vOyf;c‘x + VOxfecy - _nO
e’ "0
I, o .
=>0=-g-v, [, —— T (taking x component only)
m,n, Ox

Since density gradient Vn|| %

n, =n, {1 +Li}’ where L is the density scale length.

n

on n, 1 1 on,
:)—:—:}—:——,
ox L L n, ox

n n

where p=n,T, is the pressure

“—y . (3.4)

e

The first term is ignored as the gravitational drift of electron is electron to ion mass ratio —=
m[

times smaller than that of ions, hence it is ignored. We get the dc drift velocity of electron as

2
vV

v =——2—7p. 3.5
© =TT f y 3.5)
Similarly, for ions and dust the dc drift velocity is given as
2 2
g Vi & g Va | »
vy =| =+ ViV ==~ V. (3-6)
’ (f; Lnf;c J ‘ ( f;ic Lﬂfdc J

1/2
T, . . 1 On, . .
Here v,, = [—V] are the thermal velocities of species, L, = — T s the density scale length,

m, n, ox
0

0.5,

7

and f,. = i[

J are the cyclotron frequencies of species, where Q. is the charge on species
and r =e¢,i,d for electron ion and dust.

An electrostatic perturbation is applied in y-direction ¢ =g, exp{—i(fi —k y)}, which gives

rise to density and velocity perturbations
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nd = n()d +n1d and v :V0’.+V1d . (37)

”

Here n,, and v, are the unperturbed number density and velocity of dust particles.

Equation of motion is solved by assuming the dust to be in strongly coupled state. The
Generalised Hydrodynamic Model (GHD) [34] is a framework which incorporates both the
fluid behaviour and the viscoelastic response arising due to the strong correlation among grains.
The dust momentum equation is given by

1+Tm(g+u~Vj [ mdn0d25ud+V§P+mdn0dg +Zden0d5E+lZdenOd5udeo ]
ot ot c (3.8)

=nV-Vou, +(§+%jV(V-5ud).

Here 7, is the relaxation parameter, 0P is pressure, u, is the dust velocity, # and { are the
viscoelastic coefficients,
The compressibility of dust fluid is given as [35]
o,P ou(T’
“, :M:Hlu(r)ﬁﬁ
T, 3 9 or
Here u (F) is the excess internal energy given Slattery et. al. [36]
for 1 <I'< 120 it is given by
u(T)=-0.89T +0.95T"* +0.19T *-0.82 (3.10)

The variation of the viscoelastic coefficients n and & with I" is given by the Monte Carlo
simulations [36,37]

(3.9)

4
5]
=2 2 002" (3.11)
MmNy, Jap'a
r, = f,7,~0375T" (3.12)
4
z :(g+3nj/n0d7;, (1- 7,1, +4u(T)/15) (3.13)

Here y,1s the adiabatic index, 7, is the interparticle distance among dust.
The equation of continuity for the dust fluid is given by

§5nd+v-(nd5ud):0 (3.14)
t
The perturbed dust density is given by
Z
n, = —wulel (3.15)
m,v, kL A

1

kg kvy  nk’
{f L (1—ifmf)J

where 4=
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2
i

Similarly for ions the term «landn—0and f, - f, , perturbed density will be

2

nJ ci

P L 3.16
! mlflczM (3.16)
Here,
J; k,
de| otz
M= n ic

For electrons, mass is less gravitational term is ignored and using f/f. « 1 we get the
perturbed electron density

k2
n, = -—w P (3.17)
m@f;’GkLl‘lf

The perturbed beam density is given by
n,, ek’
n, = —ul (3.18)
m,(f —k.v,,)
Substituting the perturbed densities of various species into Poisson’s equation
V2¢= 47(n, e+z,en B —en, —n,e), (3.19)
we get
fz _ 477(Qre)2n0r

m

¥

where f,is the characteristic plasma frequency of oscillation for r=d,i,band e

corresponding to dust particles, ions, beam and electrons, respectively.

For the axial and azimuthal symmetry case, the equation takes the form of Bessel’s equation
@ + l % + q2 = ﬂ
a]/'z 7 ar (f_kZVOb )2 >
2712 2 2,2
k %
where ¢’ =—k+ Jo _ J:dpde B f,,; .
ﬁc’kLnf thkLn A ](ic M

(3.20)

In the absence of beam the R.H.S. of Eq. (3.20) vanishes and the wavefunction ¢ is given by
¢=UJy(q,r) (3.21)

here U is a constant and J 0 ( q.r ) is zeroth-order Bessel function with argument ¢,
Jo(gq¢r)= 0 on surface of waveguide [38]. Here ¢,7 =38, , where 8, gives the zeroes of the
Bessel’s function. Some of which are given as [39] O = 2.404,8, =5.5,05 =8.7,084 =11.8

When influence of beam is considered (the R.H.S. of Eq. (3.20) is not zero) then ¢ is given as
superposition of orthogonal wavefunctions
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$p=>4,7,4q.r), (3.22)
m
where the effective radial wave vector ¢, =2.404/r, is quantized. For the dominant mode x=y,

Bessel's equation can be simplified due to the symmetry of the wave propagation.
. k fo, S . o .
Under assumptions f* >> %8 and =2~ Q , in the hydrodynamic limit( /7, <1), gives the

dispersion relation for the compressional dust modes as

1+ Ju skl (3.23)
i ( roke ok ] Jalf —kvy,)
' foo Lfe (1-ir,f)
" 1Jo(g.r) o (g,r)dr
Here I:‘[Or ’ S )
[ 1y (q,r)dr
kv
In the absence of beam, we get f =k v,, and f:nkz_k_g_@_ di_ (3.24)

In the presence of beam, for small frequency mismatch, f = f. +iy and in the limit f <y,

Eq. (3.23) yields the dispersion characteristics as real frequency f;,- and growth rate y of the

&(/f,k)
0¢,(f,k)
o )t

instability as (Er (f, k))f:f =0and y=-

3.3 Results and Discussion

We have analyzed the effect of strong coupling parameter, beam velocity (energy), and density

scale length L on RTI in strongly coupled dusty plasma cylinder. The slightly modified
plasma  parameters [24,27,40] have been utilised e.g., m, =9.11x10""kg,
m, =10"m, =10" x1836m,, m, = 6.49x107°kg ,n,, = ny, ~10%cm> ny, ~10"cm™ . We have

used MATLAB (version 2020a, Natick, Massachusetts: The MathWorks Inc.) [41] to solve the
equations, considering random values of the Coulomb coupling parameter within the range 1<
I' < T'¢, here I'cis the critical strong coupling parameter below which the dust is in the fluid

state.

65



1.50

——=5
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—¢+— Beam mode

1.00 <

0.5 1.0 1.5
ka

Fig.3.1 Variation of normalized frequency ( f, / f,, ) as a function of normalized wave vector
(ka,) for different values of strong coupling parameter I". The beam mode is represented by
the green straight line corresponding to @ =k_v,, .

Fig.3.1 reflects that the frequency of RTI grows steadily with the normalized wavevector in the
long wavelength regime. The points of intersection of RTI mode with the beam mode gives
frequencies and the corresponding wave numbers of the unstable waves. It has been observed
that the normalized frequency of RTI descends with strong coupling parameters in the presence
of an ion beam. It is observed that the frequency of beam driven instability is large for low
values of strong coupling parameter, however, an increase in strong coupling parameter further
decreases the frequency of unstable mode.
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rif,
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Fig. 3.2 Normalised growth rate (¥ / f,,) as a function of normalised wave vector (ka, ) for

different values of Strong coupling parameter I".

The variation of the growth rate of beam driven instability with wave vectors for different I'
values has been depicted in Fig.3.2. RTI growth rate is large in the long wavelength region,
and it stabilises in the shorter wavelength (i.e. high frequency region) meaning larger
perturbations with longer wavelength evolve more rapidly than the smaller perturbations with
shorter wavelength.

It may be attributed to the fact that potential energy stored in the density gradient is transferred
to the instability in the form of kinetic energy, larger perturbations can tap more energy from
the potential energy compared to the smaller perturbations. This fact indicates as there is less
"resistance" from the surrounding fluid, larger perturbations can grow more quickly than
smaller ones, which are more readily damped. The RTI growth rate is suppressed due to the
increase in strong coupling parameter. This behaviour can be understood as the value of '
increases the system behaves more like a solid, by losing its fluid-like properties necessary for
the quick evolution of the instability. Further, the strong correlation leads to the “Caging” [42]
effect where the neighbouring particles trap each other and restricts their movement and
consequently limiting the growth of instability. The viscoelastic behaviour of the fluid comes
into play as the value of I increases further dampening the growth rate of instability.
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Fig.3.3 Variation of normalised growth rate(y / f,, ) versus normalised wave(ka,) vector for

different beam velocities (v,, ) for strong coupling parameter I'=15.

The variation of normalised growth rate as a function of normalised wavevector is studied for
2E,

m .

i

I'=15 inFig.3.3 for different ion beam velocities i.e., energy of the beam. Here v, =

, 1s the beam velocity, E, 1s beam energy and m,is the mass of ion.
vy, =1.57x10°cms™, 2.2x10° cms™ ,2.7x10° cms™  for E,= 0.5¢V, leV and 1.5V,

respectively. Higher beam velocity leads to a rapid and enhanced growth rate of RTI than for
small beam energies because the beam’s kinetic energy is transferred to the medium which
causes the perturbations to grow quicker [43].

104 —=—n,,=8x10°
—e— N, =6x10°
——N,=5x10°
0.8 -
0.6
2
)
0.4 -
0.2 -
0.0 I J ] J I
0 1 2 3 4 5 6
ka

d

Fig.3.4 Variation of Normalised growth rate (¥ / f,,) Vs. normalised wavevector (ka,) for

different values of beam density 7,, in cm™ at strong coupling parameter ['=15.
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The effect of beam density parameter on the growth rate has been analysed by plotting
normalised growth rate as a function of the normalised wave vector for different values of the
beam density parameter n,=5x10°(cm™), n,, =6x10°(cm™) and n,, =8x10*(cm ) in
Fig. 3.4. It has been found that the growth rate is higher for higher beam densities as higher
beam density leads to a larger momentum transfer to the plasma [44], which aids in the growth
rate of the perturbation. In the beam-plasma interaction, density perturbation at the interface
leads to the evolution of RTI.

1.0

—=—L_=2x10" cm"”
——L_=3x10" cm”

—— L =5x10"cm"

0.8

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

ka '

Fig. 3.5 Normalised growth rate(y/ f,,) as a function of normalised wave vector (ka,) for

different density scale length (L, ) in cm™" at the strong coupling parameter ['=15.

It is clear from Fig. 3.5 that for a shorter scale length L, (i.e., steeper density gradient of

plasma) instability grows more rapidly; conversely longer density scale length (i.e., gradual
density gradient) leads to slow growth of the instability stabilising the plasma system to some
extent. This can be attributed to the fact the smaller density gradient reduces the driving force
behind RTI leading to smaller growth rate [45].
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Fig. 3.6. Variation of normalised growth rate( 7/ f,, ) with magnetic field B for various values

of strong coupling Parameter I.

The effect of the magnetic field on the instability growth rate has been analysed by plotting the
normalised growth rate against the magnetic field for different values of strong coupling
parameter in Fig. 3.6. The instability is suppressed with the increase in the value of the
magnetic field. This can be ascribed to the fact that the magnetic field introduces magnetic
tension which counteracts against the driving force of the RTI, effectively limiting the growth
rate of instability [46]. This magnetic tension opposes the fluid motion leading to stabilization
of instability growth rate which is an important aspect of inertial confinement fusion devices.
Additionally, the onset of quantum effects also aid in the suppression of the instability [27].

3.4 Summary

To summarise we have systematically analysed beam driven Rayleigh Taylor instability’s by
using the GHD model. The combined effects of beam parameters, coupling strength and density
scale length on frequency and growth rate have been taken into account. With the increase in
coupling strength, the instability is suppressed, owing to the viscoelastic response of the
medium that provides an elastic restoring force against perturbation. The instability growth rate
is enhanced with a denser and higher energy beam, whereas the magnetic field has a dampening
effect on the instability. Due to its prominence in the ICF and dwarf star, our results may be
utilised for the mitigation strategies for the effects of RTI.
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Chapter 4

Effect of Dust-Polarisation on Ion-Beam driven Kelvin Helmholtz
Instability in a Magnetised Dusty Plasma

4.1 Introduction

Among various plasma instabilities, the Kelvin—-Helmholtz instability (KHI) plays a central
role in the transport of mass, momentum, and energy in systems with velocity shear [1,2]. KHI
has been extensively studied in space plasmas, particularly at planetary magnetopauses [3], in
solar wind—magnetosphere interactions [4], comets [5] , and in astrophysical shear layers. In
magnetized plasmas, the presence of a magnetic field modifies the instability threshold and
growth rate through magnetic tension and compressibility effects [6].

In dusty plasmas, the instability becomes more complex due to additional forces associated
with dust inertia, dust charging, and collective dust dynamics. D’ Angelo and Song [7] studied
KHI in magnetized plasma for both negatively and positively charged dust. They evaluated the
critical shear as a function of the charge carried by dust grains. Rawat and Rao [8] analysed the
critical shear needed to trigger the KHI as a function of the equilibrium ratio of dust to ion
charge density and showed that instability occurs only when the relative velocity between
neighbouring dust fluid layers exceeds the dust-acoustic phase speed. Banerjee et al.[9]
examined KHI in a non-Newtonian fluid using a shear rate dependent viscosity model. They
found that, similar to compressibility, shear-thickening behaviour stabilizes the instability,
whereas shear-thinning enhances its growth.

An et al [10] reported that negative ion plasma have enhanced diffusion rate due to mixing of
ions in adjacent layers. Luo et al.[11] did the experimental analysis of the effect of negative
charged dust grains on growth of KHI. The effect of grain charge fluctuation on KHI was
studied by various researchers [12—14] . Hendrix and Keppens [15] observed that high dust-to-
gas mass ratios are shown to significantly suppress the KHI growth rate, particularly at shorter
wavelengths. Numerical simulations of KH modes in non linear regime has been done for
plasma environment in noctilucent clouds by Wiechen [16]. Molecular dynamics (MD)
simulations and Genralised Hydrodynamics (GH) model have been utilised by Ashwin and
Ganesh to analyse the strong coupling effects in KHI [17,18].

Moreover, in spatially nonuniform dusty plasmas, the influence of the dust polarization force
has been examined in the context of different wave phenomena and plasma instabilities. When
an external electric field is applied, gradients in the background plasma density lead to
distortions of the dust Debye sheath, making polarization effects on dust grains significant.
Consequently, polarization parameters play an important role in modifying both the dispersion
relations and the instability growth rates across a wide range of laboratory and astrophysical
dusty plasma conditions. The concept of the polarization force acting on a charged dust
particle, along with its significance in the context of dusty plasmas, has been explained by
Hamaguchi and Farouki [19] . The effect of dust grain polarisation on DA waves [20], DA
solitons [21], dust acoustic cnoidal waves [22] have been taken into account in past by various
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researchers. The polarisation effect on KHI have been studied previously in an incompressible,
subsonic sheared dusty plasma while accounting for the effects of ion drag forces [23]. The
presence of rotation, viscosity, and polarization forces leads to a reduction in the growth rate
of the KHI [24]. Ion beams are frequently present in both laboratory and space plasmas and act
as an efficient source of free energy for driving plasma instabilities. Previous studies have
shown that beam-driven KHI [25] can significantly alter dispersion and instability thresholds.

According to our understanding the combined effect of beam and dust polarisation effect on
the KHI have not been studied. Motivated by these considerations, the present work
investigates the effect of dust polarisation on ion-beam driven KHI in a magnetized dusty
plasma. A linear fluid model is developed that incorporates dust polarisation force along with
ion beam dynamics and magnetic field effects. Thus, in the next section we will develop a
theoretical model for taking into account the combined effect of ion beam dynamics and dust
polarisation effects followed by the result and discussion section and conclusion.

4.2 Theoretical Model

We have considered an inhomogeneous plasma with A multispecies, collision-less, magnetized
plasma column composed of electrons, ions, and charged dust grains. The externally applied
magnetic field is directed along the axial direction, B = B, z . The equilibrium number density
is assumed to vary radially according to n, = Ne ™™ where N is a constant and denotes the

density gradient scale length [11] . The equilibrium densities of electrons, ions, and dust grains
are represented by n,,,n, and n,,, respectively, while their corresponding charges, masses,

and temperatures are (—e,m,,T,),(e,m;,T))and (q,,,m,,T,) respectively. All plasma species
are taken to flow along the magnetic field with an axial velocity v,.. The equilibrium flow
velocity is given by v, which is constant. The radial electric field, which could otherwise drive

a transverse Kelvin—Helmholtz instability through shear in the perpendicular ExB drift, is
assumed to be constant and sufficiently small so that parallel shear effects dominate [10]. In
addition, an ion beam of massm, , uniform density n,,, and radius r, propagates along the

magnetic field with velocity v,z through the plasma column.

The Beam plasma system prior to the perturbation is quasi-neutral and it is expressed as
en,, —en,, —en,, +Qy,n,, =0. (4.1)
Equilibrium of the system is perturbed by an electrostatic perturbation given as

¢ =, (r)e D (4.2)

The Response of Plasma electron to perturbation is given by the momentum transfer equation
meﬂz—eE—f(vxé)—M. (4.3)
dt c

On Linearization, we can obtain the perturbed velocity components for the plasma electrons as

_ ik, [ih—eﬂj, (4.4)

Vv, =
" fZ’ _fiz me nOe me
k
ot [ Lom 4.5)
' ( ei_fiz) me me nOe
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where f, =(eB,/m,) 1is cyclotron frequency of electron, v, is the equilibrium velocity
along the direction of applied magnetic field and f, = (f'—k,v,, —k.v,.) is the doppler shifted

frequency and the subscript ‘1’ refers to the perturbed quantities. The perturbed number density

for electrons and ions are obtained by substituting the perturbed velocities into the continuity

equation in short wavelength limit

- (4.7)
T,

e

Similarly, the perturbed density of ions is given as

Vi ok2 Ak, kk oy,

724_7224_ _ S z
= nyep | fio N NS Kfe O “8)
Yom, k2 Ak, kkviov, | .

K A R o

Presence of magnetic field and dust thermal force contribute to the different low frequency
mode. The presence of an external electric field can cause deformation in sheath around the
dust grains which provides polarisation force.

Total force acting on a dust charged grain in a non uniform plasma with external field is. In
the limit »,7, < nT,, the magnitude of polarisation force is given as

F=—0V¢(l-P), (4.9)

where P the polarisation parameter is given by P=(1/4)(g,e/ 1, T)1-T,/T)),
Q is charge on dust grain and A, is Debye length.

Modified dust momentum transfer is given by equation

&, _OVHI-P)_ 0 o g

2
_vd,Vnd
a b

t m, m,c m,

(4.10)

1/2

T, . .

Here v, ,m,,v, = [—dj are the dust-fluid velocity, dust mass, and dust thermal speed.
my

Continuity equation for the dust fluid is given as

%uv.(ndvd):o. (4.11)

Poisson’s Equation for this configuration gives

V¢ =—4re(n,—n,)—4xq,n,. (4.12)

Linearising the equations we get the dust momentum equation as
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v, Vi

ot

\Y%
=4, m_ﬂ(l_P)_QdO(vdl xB)- Vn, . (4.13)

d Ny,

The continuity equation for the dust fluid becomes

%+ﬁ(nom )=0, (4.14)

Now to find the perturbed dust density , putting V = ik and% =—if in eq.(4.14) we get,

—ifn,, +ny,ikv,, =0

i, =M (4.15)

Ry,

Similarly Eq. (4.13) becomes

2
. 904 - q |
—ifv,, =—"2ik¢(1- P)— LBy, ——%Vn,
m, m,c Ny,
q v, q
= —ifv, 4'&Bovld _iiknld :_ﬂikﬂ(l_P)

i€ Nog m,

Taking dot product with k both sides

2
= —ifkw, +200 gy — Yy = Dod g2y 1 py
m, Ryy m,

kv, (—if +Q,)—v2ik? Dd = _Fod 24 (1 py
0d m,
Substituting the value of k.v,, from the eq.(4.15)
IMa (Cir 0 y—v2 i T = s 2y 1 - py
Ry, Ry, m,

We get the perturbed dust density as

qu”Odk2¢1 (1-P)

n, = 4.16

Ym0, f vk ] o
_ |q0d|Bo .
Where Q, = ———1is dust cyclotron frequency
m,c

Current balance equation for charge fluctuation

Ha sy Vg, =1.(q)8)+1.(4)9) (4.17)
ot Y9y =14, i\dy> .
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With the application of Probe theory[26-28] to the dust grain charge on surface is balanced
by the effects of plasma current

90,
ot

=1, +1,; (4.13)

The electron /,, and ion /,; currents on the surface of dust grain are given as

8KT e

1 =—ra’en Cexp| — - |, 4.19

e “/ﬂme p(K]; (@, )j (4.19)
KT

I, =—-rna’en, 8 Lexp i(¢§m—V) . (4.20)
Tm, KT

Equation for current can be expressed as P, = da , where c is dust capacitance

C

w, =T —eg,,, here T, islon temperature and ¢ , is the floating equilibrium potential,

ais the dust grain radius , n,, & n,, are the electron and ion no. density in absence of dust
grains, and (¢m - V) = Difference between potential on the surface of dust grains and bulk

plasma potential. Under equilibrium conditions, the magnitudes of the electron and ion
currents collected by a dust grain are equal, i.e., /,, = /,,, where [, and [, represent the

steady-state electron and ion currents at the grain surface, respectively.

The equilibrium electron current is given as

KT
1y, = _”azenOe “exp [i ¢m0]
\m, <\ T,

The dust charge fluctuation is found using

n, e
I,=1,|«+—>2 4.21
le Oe |:noe KT; :| ( )
I,=1, [”— - —} (4.22)
Mo Wo
1, =-1, = I,=equilibrium ion and electron currents ,
d n, n
Qu +n0, = _|10€ [# _lJ (4.23)
dt Ry Mo,
e|10e 1 1 . .
wherer = < |7 +—1, O,=0,—q,1s the perturbed dust charge and C,is the
a Lte Wo

capacitance of the dust grain [29].
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Substituting the values of n,,n,, and n,, in theeq. (4.23) we get

Vi, k¢1 /1k¢1_kk v,

0, = e\l mifzc mf Sife ffu ox ﬁ
Y| K, kD kkviov, T (4.24)

K A ffe ox

By following the analysis of Sharma and Shrivastva [30] perturbed density for beam is given
as

k:+kZ
n, = M , (4.25)
my, (f, —k.vy,)
Substituting in the poisson’s equation to obtain the dispersion relation
Vg =4zn[ne—n.e—n,e+ny, 0, +0m,]
V2 ok Ak, kk. oy,
—t 5t - : 2,72 2
K = 4rn, e, _ drnye’d | 2 f fif. ff. ox ~ drny,e” (k, + k)@
: T m, l_k; 2 ki kkvy ov,, m,(f, —k.vy,)

e i y it yrz Uit

A R ox

Vid kg b kK ov,
ol | M mf ff f Jie Ox ¢ + 47qo,10,k "¢ (1 P)
l(f+”7) 1_ kZZ lzt _ ﬂ’k)vzt + kykzvlt 8\/02 7-; md I:‘f2 _iQdf_vjtkz:I
AN RS o

4rn,,e|l

(4.26)

Jp€lOK  Kad kel kkalov, ip { K kel kel o J

N A A . AT A A

47Tq§dn0d (1-P) ( _k22 " /lkalt kykzvlt avOz J = 4.27)

+ 3 +
m S =i0 =ik ) S S S o

Here, f,, = (4nnye’ Im,)"?, S = (4znye’ I m)"” S = (4zn,,Q0,,e° / m,)"* are the plasma

frequencies of beam, ions and dust grains respectively. Also,

I T 1/2

oe| 11 n .

— " 0el 70d o=—2% | vetz[ ej ,
c ny, n, m

e

2cl5v] k2 +k’
ot =v2 45— Tl ! ) and a; = o +(ip I (f +im)e]
fl‘p (-f; _szOb)
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KakR=k oK sk also <l |

1

= el Amgo iy, (1=P)  fi€ GOk +K7) fiAk, a2+4ﬁqun0d(1—P)v§
m,[ STk =k | m,[ > =ik ]
— k2| o +47zqun0d(1_P)V§ n k,;kz M. 22+47[qu”051(1_]3)"§ -0, (4.28)
mg| ST =vik ] | S S ox my [ 7= vik’]
Simplifying it we get
, [a=P)  focls(k;+k) | fiAk, |, fa(=PW; | | s £2(1-Pyw?
fl I+ 217 2 3 - 2 p2 272 k .
[Pk fU=kve) | 1 e =T
k kz aVO a22 + fdpz(l_zp)‘zjit — O ) (429)
TR (/2 =vik ]

Let |1+ fdp(l P) bp S5(k +k) &
[ _dek:l flp(fl kva)

f,(1=P)v;
e e |
dt

Eq. (4.29) can be rewritten as

:ﬁz_fl'ﬂ“ky a_zz_kz o S k. Moz a3 -0

fo S 78 fifi xS

N A A N A
£ ) s s TR e s

The dispersion relation for the KHI that is driven by the ion beam is given as

o _PAQ_ee—f) (4.30)
S S
2
Here % =Q, p’= ?2 s, AN=Ap,e=k p, p =k pand u= fl % is shear parameter. In

Also, we have imposed the conditions B} <1 (i.e.k,p; <1) and & <1(i.e.k?p} <1), which

imply that the ion Larmor radius is smaller than both the perpendicular and parallel
wavelengths of the perturbation. In the absence of the ion beam and dust grain polarisation our

dispersion relation is same as obtained by Luo et al. [11], and and D’ Angelo and Song [7] We
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express the wave frequency as f, = f,. +if,, and assume that the mode is either weakly damped

<|£:

i

or unstable, such that (

From dispersion relation (4.30) we have obtained the maximised growth rate y (= £,/ f..)

Q:L:LHL:Q,H;/
Je S T

Q:ﬂ1A+\/(ﬂ1Aj2+g(g_ﬁuu)'

20 \\20 Q

The maximised growth rate is given by

QZE_QZO:};:@
ds O O '

o fin(g 2]
20 |4 0 0

:l zﬂ_z_A_z 1/2
’ L'BI(Q Qzﬂ '

(4.31)

In the absence of beam, grain charge fluctuation and grain polarisation Eq. (4.31) becomes

similar to that of Luo et al. [11] ( see Eq. (2)).

4.3 Results and Discussion

We have utilised the following experimental parameters n,, = 5x10~°, dust size a =0.4x10*

, B, =3x10°G, k, =1 cm™', scale length A = 2cm™ | shear parameter 1 = 0.6, We have utilised

the beam parameters as energy of the beam £, =610 el ,r, =3 cm is the beam radius and

n,, is the beam density .
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Fig. 4.1 Variation of the normalised real frequency Q versus the normalised wave vector
k. /k, for different P values.The pink line corresponds to beam mode f =k v,

We have plotted the dependence of real frequency of the KHI mode and beam mode f =k v,,

on the normalised wave vector (cf. Fig. 4..1) for different polarisation parameter P .The real
frequency increase with the increase in wave number. In the long-wavelength (low-frequency)
region, dust polarisation results in a reduction of the real frequency of the wave modes. This
may be attributed to the fact that it opposes the electrostatic field, and effectively "cancels out"
a portion of the perturbation force that would otherwise drive the wave oscillation. The real
frequency of a wave is determined by the "stiffness" of the medium (its ability to return to
equilibrium). Because the polarization force opposes the primary electrostatic force, it
effectively "softens" the medium. This reduces the net restoring force on the dust grains.
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Fig.4.2 Normalised growth rate y of the instability versus the normalised wave no. k_/k, for

different P values.

The effect of grain polarisation on the growth of KH mode has been analysed (cf. fig.4.2) by
plotting the dependence of growth rate of KHI on the normalised wave vector for different
values of polarisation parameter. The polarization force acts as a restoring force, which
generally opposes the perturbations that drive the KHI. Physically, the polarization force acts
opposite to the electrostatic force, effectively reducing the net restoring force and damping the
wave-like perturbations that drive KHI.
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Fig. 4.3 Variation of normalised growth rate y versus the normalised wave vector k_/k, for

different ion beam density n,, .

We have studied the effect of beam density on the instability growth rate. The growth rate of
the instability is plotted in the long wavelength region . Different ion beam density is

considered i.e. 1, =5x10’cm>,4x10°cm™> &2x10°cm ™ . The beam interacts with the plasma
through the Cerenkov interaction ( f= kZVOb) and it alters the dynamics of the plasma system.

Increasing ion beam density enhances the growth rate of the Kelvin-Helmholtz Instability
(KHI) through Cerenkov interaction, making it grow faster. Larger density of beam particle
allows more transfer of momentum from beam particles to the plasma. Consequently a more
vigorous instability growth rate is observed . In essence, a denser ion beam fuels the KHI,
making it more vigorous.
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Fig. 44 Normalised Growth rate y as a function of normalised wave vector k_/k  for

different velocity of beam particles v, .

The effect of the energy (velocity) of the beam has been analysed by plotting the variation of
the normalised growth rate versus normalised wave vector for different ion beam velocities.

The ion beam velocities (energies) considered are v, =7x10°,6.3x10°and 5.5x10°
corresponding to the beam energy E, =10,8 and 6 eV . Higher growth rate is observed for

faster beams; this may be happening because of a larger momentum is transferred to the plasma
particles when they interact with the beam which has particles with more energy.

4.4 Conclusion

This study examines the combined effects of dust polarization and ion-beam dynamics on the
Kelvin—Helmholtz instability (KHI) in a magnetized dusty plasma using a linear fluid model.
The results show that dust polarization reduces the real frequency and suppresses the growth
rate of the ion-beam—driven KHI by opposing the electrostatic perturbation force, particularly
in the long-wavelength regime. In contrast, increasing ion beam density and velocity enhances
instability growth through stronger momentum transfer. These findings are relevant to
laboratory dusty plasma experiments, fusion devices containing dust and energetic ions, and
space and astrophysical plasmas such as cometary tails and magnetospheric shear layers, where
dust polarization can significantly influence plasma stability and transport
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Chapter 5

Conclusion, Social Impact and Future Scope

5.1 Conclusion

The present work highlights a detailed theoretical study of waves and instabilities in
magnetized dusty plasmas, covering both weakly and strongly coupled regimes. The main
objective of this work was to analyse the dispersion behaviour of magnetised dusty plasma
while taking into account the effect of strong correlation, magnetic field, bounded geometry,
density gradient and the polarisation effects. So that, a better understanding could be developed
about the waves and instabilities in laboratory and astrophysical situations.

The results indicate that strong correlation among dust grains introduces viscoelastic behavior
that significantly alters dispersion characteristics of wave and the instability thresholds. In
comparison with weakly coupled plasmas, strongly coupled dusty plasmas exhibit modified
dispersion characteristics while having the longitudinal mode it also exhibits a novel
transverse(shear) mode. Here elastic restoring forces due to the medium and strong correlation-
induced caging effects play a vital role. The analysis of beam driven Rayleigh—Taylor and
Kelvin—Helmholtz instabilities further demonstrate that beam-driven flows and velocity shear
act as sources of free energy that makes the instability more vigorous, strong coupling,
magnetic fields, and dust polarization can effectively suppress or regulate instability growth.

The study also highlights the significance of dust charge fluctuations and finite geometry, as
both factors substantially influence wave dispersion and growth rates in bounded plasma
systems. Overall, the present work lay emphasis on the fact that dusty plasmas cannot be
adequately described using ideal plasma models alone and require advanced theoretical
frameworks to capture their complex collective behavior.

5.2 Social Impact

Although the nature of the present work is theoretical in nature but it may have some
meaningful and significant impact on the society. One of the most significant areas is ongoing
research in the fusion energy, where the formation of dust grains and their dynamics pose
challenges to the process of plasma confinement, safety of the reactor, and material durability.
By improving the understanding of wave dynamics and instability control in dust-laden
plasmas, this work contributes to the broader aim of developing clean, safe, and sustainable
fusion-based energy sources. The findings are also pertinent to space and atmospheric
sciences, specifically for understanding the dust dynamics in in planetary magnetospheres,
comets, the Earth’s mesosphere, and interplanetary space. Better understanding of instabilities
in dusty plasma helps into better analysis of satellite data, space weather forecasting, and the
protection of space-based communication and navigation systems, all of this are of great
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societal and economical significance. Additionally, the domain of dusty plasmas aligns with
environmental and industrial applications, dynamics of aerosol, plasma-assisted material
processing, and semiconductor manufacturing.

Finally, the interdisciplinary nature of this work contributes to scientific education and capacity
building by training researchers equipped to address complex problems across plasma physics,
space science, and materials research.

5.3 Future Scope

Several aspects for future research naturally emerge from the current work. Extending our
analysis to the nonlinear regimes would help us in the study of wave saturation, mode coupling,
and turbulent transport in dusty plasmas. Taking into account the time-dependent dust
charging, non-Maxwellian particle distributions, and distributions of dust grain size would
further enhance the applicability of theoretical models. Future works may also explore three-
dimensional geometries, non-uniform or curved magnetic fields, and rotating dusty plasmas,
which are relevant to both laboratory and astrophysical environments. Combining analytical
models with advanced numerical approaches, such as hybrid PIC-MD simulations, would
allow analysis of parameter regimes beyond the reach of linear theory.

On the experimental side, targeted laboratory studies could be designed to verify the predicted
roles of strong coupling, dust polarization, and beam-driven instabilities. Such experimental
validation would strengthen the theoretical framework and improve its applicability to real
plasma systems. In summary, this thesis provides a solid foundation for understanding wave
phenomena and instabilities in dusty plasmas and opens multiple pathways for future research
with relevance to laboratory, fusion, space, and astrophysical plasma science.
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Abstract— Low-frequency electrostatic modes are studied using
the generalized hydrodynamic model (GHD) for a drift-driven
strongly correlated magnetized argon dusty plasma cylinder. The
frequencies of both drifts-driven compressional and transverse
modes tend to increase with normalized wave vector. The
compressional wave modes are destabilized with normalized
wavenumber; however, transverse mode gets stabilized. The
longitudinal modes behave as drift-driven dust-ion acoustic
modes, while the transverse mode observed in the presence of
magnetic field-aligned currents behaves as dust-modified Alfven
ion waves. The effects of axial magnetic confinement and different
geometries have been analyzed for both compressional and
transverse modes.

Index Terms— Dusty plasma, longitudinal modes, plasma cylin-
der, strong correlation parameter, transverse shear modes.
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fF and y? Real frequency and growth rate of
transverse mode.

f and y°© Real frequency and growth rate of
compressional mode.

T Relaxation time for the dust particle.

r Coupling parameter for dust.

I, Critical value of the coulomb coupling
parameter.

Qs =—Zge Charge on dust particle.

0, = —e and

Oi=e Charge on electron and ion,
respectively.

L Compressibility factor of the dust fluid.

Z Adiabaticity factor.

Kp Boltzmann’s constant.

n Coefficient of shear viscosity.

e Coefficient of bulk viscosity.

a Radius of dust grains.

B Applied magnetic field.

k Wave vector.

f Frequency of perturbed mode.

u Velocity term corresponding to the
convective derivative.

dug Perturbed dust velocity.

SFE Electrostatic perturbation.

c Velocity of light.

¢ Perturbed potential.

I. INTRODUCTION

UST is an omnipresent component in various laboratory

and space plasma situations, such as fusion devices,
plasma processing of materials, comet tails, planetary rings,
solar wind, the earth’s ionosphere, and so on [1], [2], [3],
[4], [5]. These particles are undesirable during semiconductor
wafer manufacture and fusion reactor design [6], [7], whereas
dust agglomeration is an essential process in the evolution of
protoplanetary disks and in the formation of planetesimals and
comets [8].

The micrometer-sized dust particles tend to accumulate a
high negative charge due to the high mobility of electrons. The
variation of dust charge, mass, and size affects the dust particle
dynamics and, hence, the collective behavior of plasma [9],
[10], [11], [12], [13]. The vital characteristic of dusty plasma is
its ability to have a strong correlation among dust grains. The
dust grains are correlated via the screened Coulomb potential,
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ABSTRACT

The evolution of Rayleigh Taylor instability (RTI) in a strongly correlated dusty plasma driven by an ion beam has been investigated

through the Generalised Hydrodynamic (GHD) Model. The instability analysis focuses on the effects of beam velocity, beam den-

sity, density scale length and strong coupling parameters on the instability growth rate and frequency. The ion beam enhances the

pressure imbalance across the interface, thereby driving the RTI, while the viscoelastic response of the strongly coupled medium

introduces a stabilizing influence. It has been observed that the growth rate of ion beam driven RTT is suppressed with increasing

coupling strength and magnetic field, while the instability grows with higher beam density and velocity enhances the instability,

density scale length and beam density. These results provide insight into controlling beam-induced RTI in complex plasmas and

are relevant to inertial confinement fusion (ICF), astrophysical dusty plasmas.

1 | Introduction

Rayleigh Taylor instability (RTI) grows at the interface when
a denser fluid is accelerated into a lighter fluid in the pres-
ence of gravity [1, 2]. RTI is a prominent instability in various
astrophysical scenarios, white dwarfs, fusion research [3-5]
and laboratory dusty plasma situations in inertial confinement
fusion (ICF), Tokomaks [6], Laser accelerated plasmas [7] and
supernova explosions [8, 9]. RTI with large variation in density
dominates in high-speed systems such as supersonic aviation
(ramjet engines) [10] and high-energy systems like ICF devices
[11, 12] to harness energy from fusion. When the coulombic
repulsion energy exceeds the dust thermal energy, the plasma
goes in strong coupling regime, then the collective behaviour

of dust fluid dominates, giving rise to modified phenomenon.

For strong coupling regime, the Coulomb coupling parameter
r= Zze?
raTy

exp(—ry/4q) > 1, where Z,e is the charge on dust

grain, r, is the inter-grain spacing given by (“”%) 1/3, T, and
/4 are the dust temperature and dust Debye length, k = (r;/4,)
is the screening parameter which quantifies the Yukawa nature
of the fluid. In the range 1 <I"'<T',, where I', =171 + 3 as deter-
mined by Monte Carlo simulations, plasma exhibits fluid-like
behaviour. When T' exceeds this critical value I';, the system
begins to undergo Coulomb crystallization [13-15]. Within this
regime, the plasma’s ability to exhibit characteristics of both
fluid and solid phases leads to the emergence of viscoelastic
modes.

© 2025 Wiley-VCH GmbH.
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