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Summary and Future Scope

8.1 Summary

The thesis addresses the experimental studies on the excitation of non-linear waves
in a flowing dusty plasma past a charged obstacle. In particular the modifications
in the propagation characteristics of precursor solitons due to the different shapes
and sizes of the charged object over which the dust fluid flows. This study is
extended further to excite the pinned solitons in a flowing dusty plasma when
the fluid is made to flow over the charged object with highly supersonic velocity.
Further, we have also investigated the propagation characteristics of shock waves
in an inhomogeneous dusty plasma. Various experimental investigations analogous
to hydrodynamic experiments and are associated with transcritical flows have been
carried out in the dusty plasmas. Few notable examples are - the excitations of

wakes or Mach cones [41] behind a moving charged object, bow shocks formation
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in a flowing dusty plasma around an obstacle. All these studies in the past were
only focussed on the downstream region or the region behind the moving charged
object. Surprisingly, the fore-wake phenomena in the upstream region ahead of a
fast-moving object, a spectacular phenomenon in hydrodynamics, have not been
paid much attention by the plasma as well as the dusty plasma physics community.
Recently, Jaiswal et al. [48| reported the first experimental observation of precursor
solitons in a flowing dusty plasma. The nonlinear coherent solitary structures are
excited by a supersonic flow of the dust particles over an electrostatic potential
hill. In a frame where the fluid is stationary and the hill is moving the solitons
propagate in the upstream direction as precursors while wake structures consisting
of linear DAWs are seen to propagate in the downstream region. A theoretical
explanation of these excitations based on the forced Korteweg de Vries (f-KdV)
model equation is provided. However, in the past experiments of Jaiswal et al. [48|,
the nature of the potential profile around the charged object over which the dust
fluid flows was not precisely known. As a result, they were unable to study further
the propagation characteristics of the precursor solitons by varying the shape and
size of the charged object. Besides, the earlier experiments were carried out for
a flow that was slightly supersonic (M = 1-1.2). This essentially prevented the
authors from getting a complete picture of the fore-wake excitation in the case
when the fluid flows over the charged object with highly supersonic velocity. All
the earlier studies of excitations of non-linear structures have been carried out
in a homogeneous dusty plasma medium. However, in an experimental situation,
density inhomogeneity is likely to be present when one performs experiments with
large size dusty plasma. The present thesis is motivated by seeking answers to some

of these unexplored issues by further in-depth experiments on fore-wake excitations
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in a flowing dusty plasma. The experimental and supportive theoretical results
provide a consolidated and extended picture of this phenomenon covering a wide

range of excitation conditions.

All the experiments in this thesis work are carried out in a versatile tabletop
Dusty Plasma Experimental (DPEx) device. It is basically a II-shaped Pyrex glass
tube which consists of three cylindrical glass tubes. The glass tube mounted hor-
izontally on the optical table acts as the main chamber whereas the other two
cylindrical glass tubes serve as auxiliary chambers. The device geometry of DPEx
device is similar to PK-4 device but the dimensions of chamber, electrodes ge-
ometry and their arrangement, as well as the plasma generation, are completely
different from PK-4. The main chamber is used for performing the experiments
and for optical diagnostics whereas the two auxiliary chambers are used for vent-
ing the system, electrode connection, gas inlets, etc.. A rotary pump is used to
evacuate the vessel and a mass flow controller is used for feeding the gas into the
chamber in a controlled way. A circular disc acts as an anode whereas a long tray
electrode is placed in the main chamber serves as a grounded cathode. The two
sides of the cathode are bent to provide the radial confinement to charged dust
particles whereas two SS strips placed at the two ends of the cathode confine the
particles in the axial direction. Melamine Formaldehyde (MF) particles, as well
as Kaolin particles, are used to create a dusty plasma. Mono-dispersive Melamine
Formaldehyde (MF) dust particles are inserted by a dust dispenser whereas poly-
dispersive Kaolin particles are sprayed on the cathode before closing the chamber.
The bent ends of the cathode also provide the facility to install a wire in a radial
direction which acts as a charged object for most of the experiments. In some

of the experiments, a triangular-shaped object is also used. For the experimental
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convenience, rather than moving a charged object in the plasma, we have chosen
a configuration in which the dusty plasma flows over an electrostatic potential hill

representing a stationary charged object.

To begin with, the experimental chamber is pumped down to its base pressure
by the rotary pump and then argon gas is introduced into the chamber to set the
working pressure in the range of 9-16 Pa. A Direct Current (DC) glow discharge
Argon plasma is then produced in between the asymmetrically shaped electrodes
by applying a DC voltage in the range of 280-400 V in between the anode and cath-
ode. The plasma is characterized thoroughly by measuring the plasma parameters
such as plasma density, electron temperature, floating and plasma potential by
using a single Langmuir probe and an emissive probe in absence of dust particles.
Typical experimental values are plasma density n; ~ 1 — 3 x 10® m™3 | electron
temperature 7, ~ 2 — 5 eV, plasma potential 260-350 V and floating potential
230-300 V over the range of discharge conditions. The radial profiles for a range
of discharge conditions are used to estimate the sheath electric fields. The earlier
measurements of plasma density, electron temperature, and plasma potential in
axial direction suggest that the plasma remains almost uniform along the axis of

the main chamber.

After characterizing the plasma, a dusty plasma is created by introducing the
micron-sized Kaolin/Melamine Formaldehyde particles into the plasma. In the
plasma environment, these particles acquire a negative charge by collecting more
electrons than ions and levitate in the sheath region where the gravitational force
gets balanced by the sheath electric field force. These charged particles are then
confined in an electrostatic potential well provided by the bent edges of cathode

and two axial confining strips. The equilibrium dust cloud is formed by adjust-
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ing precisely the pumping speed and the gas feeding rate. The particles in the
cloud are seen by shining a laser and their dynamics are captured using a CCD
camera and the images are stored in a computer for further analysis. The equilib-
rium dusty plasma parameters like inter grain distance, dust density, dust charge,
dust temperature, and Coulomb coupling parameters are measured/estimated by
tracking individual particles for a less dense dusty plasma. The range of dusty
plasma parameters such as density, temperature, dust charge, coupling parameters
are ng ~1—10x10°m=3, T; ~ 0.03 — 0.1 eV, Q4 ~ 5 — 20 x 103¢, T" ~ 10 — 100,
respectively. Since the experiments are aimed to study the fore-wake excitations
in a flowing dusty plasma over a charged object, three different techniques of flow
generation e.g. (i) Single Gas Injection (SGI) technique, (ii) Dual Gas Injection
(DGI) technique and (iii) Altering the potential technique are employed to cre-
ate a flow in a dusty plasma. The flow velocities in the dust fluid are measured
using either a Particle Image Velocimetry (PIV) technique [119] or by using an
IDL based super Particle Identification Technique (sPIT) [118] depending upon
the experimental requirements. The details of flow generation and measurement

techniques are discussed in detail in Ref. [137].

As discussed, SGI and DGI techniques are extensively used to initiate the flow
in the dust fluid for studying the excitation of linear and nonlinear structures/waves
in the DPEx device. It is already reported that in both the techniques the flow
of neutral plays a crucial role to determine the dynamics of dust particles. How-
ever, a quantitative assessment of the influence of the neutral streaming force on
particle transport is still missing. In order to elucidate the details of the dust
flow dynamics, a systemic study is carried out over a range of gas flow conditions,

background neutral pressures, different species of background neutrals, and differ-
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ent dust particle sizes. Extensive visual images of the dust particle trajectories
have been collected and analyzed to trace their trajectories. In the SGI technique,
the particles start from rest and accelerate to finally reach an asymptotic steady-
state velocity, whereas, in the DGI technique, the dust particles start their journey
from the asymptotic velocity. It is found that this steady-state velocity is strongly
dependent on the gas flow and background neutral pressure-it increases with an
increase in the flow velocity and decreases with an increase in the neutral pressure.
It is also observed that although lighter dust particles accelerate faster, the final
steady-state velocity value is independent of the size of the particles when all other
conditions are kept the same. The size of the neutral particles, however, directly
impacts the velocity-it decreases with an increase in the mass of the neutral species.
Theoretical estimates of the various forces acting on the dust particles reveal that
the neutral streaming force is the dominant one in inducing the flow. A simple
model equation based on such a force is used to provide a qualitative description

of the dust motion and a physical understanding of the dynamics.

This thesis work mostly deals with the excitation of fore-wake phenomena in
a flowing dusty plasma when the flow in the dust fluid is initiated over a charged
object having different shapes and sizes. Hence, before performing any physics
experiment, it is essential to have a clear understanding of the potential structure
around the charged object and its dependency on the discharge parameters. In this
thesis, we have demonstrated a novel technique to measure the potential profile
around a charged object by using a dust particle as a dynamic microprobe. Initially,
a few micron-sized dust particles are introduced into the plasma, which was found
to float in between the grounded wire (charged object) and the right confining

strip. A steady-state equilibrium of the dust particles is achieved by fine-tuning of
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the pumping speed and gas flow rate. A flow of these dust particles is then initiated
using the SGI technique. Due to the sudden change in the gas flow, the particles
travel over the grounded wire which is placed on the path of the particles. From
the knowledge of the instantaneous position of the particles and their velocities,
their potential and kinetic energies are estimated over a wide range of discharge
parameters. The axial and radial electrostatic potential around the charged object
is then estimated by employing the conservation of total energy. It is found that the
potential around the charged object is symmetric in axial direction and parabolic
in the radial direction. The size of potential around a charged object shrinks with
the increase in background pressure and discharge voltage. In this technique, the
particles act as dynamic micro-probes and measure the potential very precisely

without significantly perturbing the potential around the charged object.

From the knowledge of our earlier experiments, a detailed study is then carried
out on the modifications in the propagation characteristics of precursor solitons
by using different shapes and sizes of the charged object over which the dust fluid
flows. A floating copper wire installed radially on the cathode, acts as a charged
object in the plasma environment. The flow on the dust fluid is initiated by
suddenly lowering the potential of the charged object from grounded potential to
close to floating potential. The size (height and width) of the potential hill is then
varied by drawing current from the wire through a variable resistance. With a
decrease in the height of the potential hill, the amplitude, velocity, and number of
excited precursor solitons are found to decrease, whereas the widths of the solitons
are seen to increase. It is found that below a threshold value, these solitary waves
are not excited, and the dust fluid simply flows over the hill. To examine the

effect due to the shape of the potential profiles, the wire is replaced by a triangular
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object. Only trailing wakes are seen to be excited when the dust fluid faces the
linearly increasing slope of the potential profile, whereas both solitons and wakes
get, excited when the object is placed with the sharp edge facing the flow. All the
experimental findings qualitatively agree with numerical solutions obtained with

different source terms in the forced-Korteweg de Vries (f-KdV) model equation.

In another set of experiments, a new class of driven nonlinear structures called
pinned solitons are excited experimentally by making the dust fluid flow in a highly
supersonic (M ~ 1.5 — 3) manner over the same charged object. A highly super-
sonic flow is generated by performing the experiments in a very low discharge
voltage and background pressure and the flow is generated by using the altering
confining potential. The highly supersonic flow of dust fluid generates multiple
nonlinear stationary structures in the laboratory frame, whereas in the frame of
fluid, these structures are seen to attach with the moving object and are hence
called “pinned solitons”. To understand the propagation characteristics of these
structures, the flow velocity of the dust fluid is tuned by changing the size of the
charged object. It is found that the number of excited structures and their ampli-
tude increases with the increase of the flow velocity of the dust fluid. The variation
of structures amplitude shows a parabolic increase with the increase of fluid flow
velocity similar to the simulation study of Tiwari et al. [50]. The experimental
findings are then qualitatively compared with the numerical solutions of forced

Korteweg de Vries (f-KdV) equations.

Lastly, an experimental investigation of propagation characteristics of shock
waves in an inhomogeneous dusty plasma is carried out. A homogeneous dusty
plasma, made up of poly-dispersive Kaolin particles, is formed in the DC glow

discharge Argon plasma by maintaining a dynamic equilibrium of pumping speed



Chapter 8 Summary and future scope 193

and gas feeding rate. Later, an equilibrium density inhomogeneity in the dust den-
sity is created by an imbalance of their dynamic equilibrium. The wave structures
are then excited in this inhomogeneous dusty plasma by a sudden compression
in the dust fluid. These structures are characterized thoroughly and the frequent
merging of two such wave fronts with different amplitudes and velocities essen-
tially confirms that these structures are shock waves in nature. To investigate the
modification in the propagation characteristics, the amplitude and the width are
measured spatially. The amplitudes of the shock waves increase whereas width
broadens up as the shock structure propagates downhill along the density gradi-
ent. A modified-KdV-Burger equation is derived by including bulk viscosity and
density inhomogeneity in the momentum equation and used to provide a theoreti-
cal explanation of the results including the power-law scaling of the changes in the

amplitude and width as a function of the background density.

8.2 Future Scope

The experiments discussed in this thesis can form the basis for further in-depth
studies of flow-induced excitations of non-linear waves and structures especially
the fore-wake phenomena in dusty plasmas and can motivate new experimental,
theoretical and simulation studies. We discuss a few possible future directions of

research in this area:

e Our experiments on the excitation of precursor solitons is carried out by
flowing the dust fluid over a stationary potential hill. These fore-wake phe-
nomena can also be performed by moving the charged object supersonically

through a stationary dust fluid to replicate the experiments that were carried
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out in hydrodynamics. This set of experiments will minimize the changes of

plasma parameters during the generation of flow.

The interaction of the wake-field with the precursor solitons is another in-
teresting extension of our work that can be usefully carried out. In these
controlled experiments, the flow of dust fluid will be generated over two sta-
tionary charged objects in such a way that the wakes excited by the first
object in the downstream region will interact with the precursors excited by

the second object in the upstream region.

All the experiments presented in this theses are carried out in a weakly
coupled dusty plasma. It would be useful to give an attempt to investigate
the modification in the propagation characteristics of the nonlinear waves and
structures in a strongly coupled flowing dusty plasma having considerably

high values of the Coulomb coupling parameter (I").

Interactions of these for-wake excitations with an additional stationary po-
tential barrier in the upstream regime can be studied further. The changes in
the propagation characteristics of these nonlinear waves can be investigated

by precisely tuning the strength of the potential hill.

Our experimental results of the excitation of precursor/pined soliton are qual-
itatively compared with f-KdV soliton solutions. The nonlinear structures
excited in the experiments are purely 2-dimensional whereas the solution of
the f-KdV equation gives a 1-dimensional solution. For a better comparison,
one needs to formulate and solve the forced-KP (Kadomtsev Petviashvili)

equation instead of a forced-KdV equation.

e In our flowing dusty plasma experiments, the dynamics of dust particles are
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studied by tracking the individual particles. The electric field is measured
using a coupe of emissive probes at two axial locations to get an idea of
ion drag force that acts on the particles. However, to get a clear picture of

plasma flow, a Mach probe measurement is indeed needed.






SUMMARY

Transcritical plasma flows is a common situation in astrophysical as well as
laboratory plasmas. Interaction of flowing plasmas with stationary objects leads
to excitations of many interesting structures such as bow shocks, solitons, wakes,
etc. An attempt is made to study these spectacular phenomena in the laboratory
by using flowing complex plasmas. The presence of micron or sub-micron charged
particles in the electron-ion plasmas increases the complexity of the system and
has led to the development of the new field of dusty or complex plasmas. The
experiments are carried out in the Dusty Plasma Experimental (DPEx) device in
which a DC glow discharge Argon plasma is produced in between a circular an-
ode and a grounded tray cathode. A dusty plasma is then generated either using
mono-dispersive MF particles or poly-dispersive Kaolin particles. The flow in the
dust fluid ranging from subsonic to supersonic over an electrostatic potential is
achieved by using different techniques. The characteristics of the dust dynam-
ics are investigated as a function of the differential gas flow rate, the background
neutral pressure, the dust particle size, and the neutral species of the gas. The
asymptotic steady state flow velocity of the injected micron sized dust particles
is found to increase with an increase in neutral flow velocity and decrease with
an increase in the background pressure. Excitations of nonlinear structures and
their propagation characteristics for various range of flows are studied. Subsonic
flow generates normal wake patterns whereas a slightly supersonic flow leads to
excitations of various structures in the fore-wake region called precursor solitons.
The shape and size of the charged object over which the dust fluid flows play an
important role to determine the characteristics of the precursor solitons and there

exists a threshold value of object height below which the dust fluid simply flows
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over the object without exciting any nonlinear structures. The shape and size of
the charged object is measured by using dust as a microprobe. In this technique,
the particles act as dynamic micro-probes and measure the potential very precisely
without significantly perturbing the potential around the charged object. Gener-
ation of highly supersonic flow changes the complete dynamics of fore wake struc-
tures which leads to the excitation of stationary structures called pinned solitons.
It is found that the number of excited structures and their amplitude increases
with the increase of the flow velocity of the dust fluid. The variation of structures
amplitude shows a parabolic increase with the increase of fluid flow velocity. The
experimental findings of precursor and pinned solitons are qualitatively compared
with the numerical model of the forced-KdV equation. The study of the nonlinear
structures in an inhomogeneous dusty plasma is also carried out by investigating
the propagation characteristics of shock waves when they travel downhill along a
density gradient. The modified-KdV-Burger equation is derived for such a case
and numerically solved for a dusty plasma medium with a dust density gradient
and where the dissipation effect comes from the strong coupling induced viscosity
as well as neutral induced damping. The amplitudes of the shock waves increase
whereas width broadens up as the shock structure propagates downhill along the
density gradient. The theoretical and numerical explanation of the results includ-
ing the power-law scaling of the changes in the amplitude and width as a function

of the background density.
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Introduction

1.1 Introduction and Motivation

A plasma is partially or fully ionized gas consisting of electrons, ions and neu-
tral particles which move randomly in such a way that they always maintain a
quasi-neutrality condition. Plasma has often been referred to as the fourth state
of matter and 99% of our universe is made up of plasma. Plasmas occur nat-
urally as well as can be made artificially. Naturally occurring plasmas can be
Earth-based i.e., terrestrial plasma or space-based i.e., astrophysical plasma. The
examples of terrestrial plasmas are lighting, Auroras, ionosphere, extremely hot
flames, etc., whereas some of the astrophysical plasmas are stars, galaxies, solar
wind, interstellar nebulae, space between stars and planets, etc.. In contrast, arti-
ficial or man-made plasmas include fluorescent light-bulbs, neon signs, and plasma

displays like television or computer screens. Artificial plasmas are often made in
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laboratories to understand some of the naturally occurring plasmas.

The existence of highly charged and massive dust particles is ubiquitous in
astrophysical plasmas. These particles either get charged by collecting electrons
and ions from the ambient background plasma or get directly ionized in the as-
trophysical environment and behave in a very different manner compared to a
‘pure’ electron-ion plasma. The mixture of these charged dust particles with the
conventional plasma is known as dusty plasma [1,2]. Due to the additional com-
plexity of studying plasmas with charged dust particles, dusty plasmas sometimes
are also called complex plasmas. Dusty plasmas also share several physical con-
cepts and similarities with colloidal suspensions, where plastic charged particles
are immersed in an aqueous solution. In analogy to these systems, dusty plas-
mas are also referred to as “colloidal plasmas”. One of the distinct advantages
of investigating a dusty plasma system is the ability to track the individual dust
particle motions using simple videography techniques, thereby obtaining insights
into the micro dynamics governing the collective behavior of the system as well as
its statistical properties. Hence, a dusty plasma provides an excellent experimen-
tal platform for investigating a host of fundamental physics problems associated
with phase transitions and allied topics that have relevance for areas as diverse as
statistical mechanics, fluid mechanics, soft condensed matter, strongly and weakly
coupled systems, active matter dynamics, colloidal physics and warm dense matter.
The ease of observation of the individual dust dynamics coupled with the conve-
nient time scales of the collective dynamics of such systems has spurred plenty of

laboratory investigations of such medium.

Similar to plasma, dusty plasmas are also omnipresent in interplanetary or

interstellar environments, where the dust particles are invariably immersed in a
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Figure 1.1: Picture representing the explosion of solar nebulae. Credit: Hernan
Canellas.

radiative as well as in a plasma environment. For example, it is found that our
solar system has evolved from the solar nebulae (shown in Fig. 1.1) in which a cloud
of hydrogen gas and dust collapsed due to gravitational force [3-5]. The formation
of planets, meteoroids, planetesimals have evolved from the solar nebulae by the
coagulation of dust. The dust particles are also observed in planetary rings [6] of
Saturn from the images taken by Voyager-2. The images in Fig. 1.2 show a pattern
of radial spokes rotating around the outer edge of Saturn’s dense B-ring and consist
of charged dust grains. These dust particles are also observed in interstellar clouds,
zodiacal light, Earth’s magnetosphere, etc..

Dusty plasma causes a great problem in semiconductor industries. In the
late 1980s, while making the silicon wafers, semiconductor scientists discovered
that micron or sub-micron sized dust particles get suspended over the wafers and
form rings of dust particles. These particles are created by the reactive gases
in the plasma environment and contaminate the silicon wafers when the plasma
is switched off [7]. However, now a days the dusty plasma is demonstrated as

a potential candidate to many applications like electrostatic painting [8], plasma
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Figure 1.2: Spokes observed in Saturn’s ring as seen by Voyagers 2. Credit:
Cassini Imaging Team.

spraying [8], nanomedicine |9, 10], microbiology [11] etc..

Dusty plasmas are also occasionally seen in different fusion devices (e.g. toka-
mak) [12,13|. The dust particles, made of materials like beryllium, carbon, tung-
sten, etc., get sputtered from the first wall of the tokamaks. After getting sputtered
from the wall, these dust grains accelerate towards the plasma due to the electric
field or flow of ions and play an important role in deciding the transport properties
of fusion plasmas. These liberated dust particles sometimes also form thin films
on the walls of tokamaks and pose safety issues over the radioactive elements. Due
to its numerous observations as well as technological and scientific implications,
dusty plasmas is a current topic of research in the field of plasma processing and

fusion research.

The first experimental observations of Coulomb crystal [14] and sound waves
[15] in laboratories opened up a whole new area of fundamental research in dusty

plasma physics. In such a plasma, the dust component gets strongly coupled
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due to the large charge residing on each dust surface and the low temperature of
the dust species. Due to the strong coupling effect, the dusty plasma forms an
ordered structure in the form of Simple Cubic (SC), Body Centred Cubic (BCC)
and Face Centred Cubic (FCC) lattice [15,16]. The quantities namely, the dust
temperature, the dust charge as well as the interparticle distance between the
dust particles, are amenable to external control and can be manipulated to steer
the dust component from a gaseous state to a liquid state to a crystalline state.
The individual particles in dusty plasma yield a small value of the charge-to-mass
ratio due to their heavy mass and high charge. These unique features make the
time scales of their collective phenomena very slow (ms to s) and characteristics
lengths large (mm to cm). As a result, the dynamics of these dusty particles
can be seen by naked eyes and captured very easily with the help of laser and
camera. Dusty plasma medium has therefore proved to be a useful and simple
paradigm for the study of numerous physics problems such as phase transitions
[1,17] recrystallization [18] heat transport [19-21] formation of Mach cones [22,23],
excitation of linear and nonlinear waves/structures and instabilities 2], fluctuation

theorem for entropy production [24], etc..

Dusty plasma provides an excellent medium that supports the excitation of
a variety of linear and non-linear waves and structures. During the past couple
of decades, extensive studies have been carried out both theoretically and experi-
mentally on the excitation of linear modes like Dust Acoustic Waves (DA) [25-27],
Dust Ion Acoustic (DIA) waves [28], Dust Lattice Waves [29], non-linear modes
like Dust Solitary (DS) waves [30,31], Dust Acoustic Shock (DAS) Waves [32, 33]
and various coherent structures like voids [34-37], vortices [38,39], etc.. The fluid

concept of dusty plasma is employed widely to understand the excitation of these
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collective phenomena. As in a hydrodynamic fluid, there have also been observa-
tions of wake structures in laboratory dusty plasmas. These wakes are sometimes
termed as Mach cones [22,23,40-43] and are generated when a dust particle moves

through a stationary dusty plasma medium or a laser is shined through it.

The excitation of precursor solitons ahead of a fast-moving object with wakes
behind it is a phenomenon that has been widely studied in hydrodynamics par-
ticularly in the context of disturbances created by ships and boats close to the
coast [44-46]. These earlier studies have also provided model descriptions of this
fascinating nonlinear phenomenon by employing a forced Korteweg-de Vries equa-
tion or a forced generalized Boussinesq equation [44]. Controlled laboratory ex-
periments using model ships moving in a channel were carried out by Wu [45] and
Sun [46]. Tt was found that as long as the speed of the object moving through
the fluid (water) was below a critical value (in this case, the phase velocity of
the surface water waves), the movement only created the customary trailing waves
(wakes) in the downstream direction. A dramatic change occurred when the object
speed was transcritical. Then, in addition to the trailing wakes, the object also
created a steady stream of solitons ahead of it in the upstream direction. These
solitons with a speed higher than the object moved away as precursors. The phe-
nomenon was Galilean invariant [47]-it could be reproduced by keeping the object

stationary and moving the fluid over it.

The topic of these fore-wake excitations (precursor solitons) has, however, re-
ceived very limited attention in plasma physics community until now. The first
experimental demonstration of the generation of a precursor soliton in a flowing
dusty plasma was reported in 2016 by Jaiswal et al. [48]. In their study, they

observed the spontaneous excitation of precursor solitons when a supersonically
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(with respect to the dust acoustic speed) moving dusty plasma fluid was made to
flow over an electrostatic potential structure. In the past experiments of Jaiswal
et al. [48], it was found that for the case of subsonic flow over a stationary charged
object, the wakes are excited on the left side of the object and travel in the direc-
tion opposite to the flow. In the frame of the fluid where the object moves from
left to right, these wakes propagate in the downstream direction. Similar to hy-
drodynamic experiments, when the flow was made supersonic, a dramatic change
in the excitations was observed. In addition to the wakes, the large-amplitude
solitary waves are observed to the right of the object that travels in the direc-
tion opposite to the flow or the frame of the fluid in the upstream direction. The
physical mechanism underlying this phenomenon can be understood in terms of
the fluid concept used to explain hydrodynamic precursors. An object moving in
a fluid always creates a pileup of matter in front of it. If its speed is subcritical,
then the matter in front can disperse away at the linear phase velocity, leading
to the creation of a wake structure. However, if the object speed is supercritical,
then the matter in front cannot disperse away fast enough and continues to build
up. At a certain stage, nonlinear effects become important, and this can lead to
the formation of solitons or other nonlinear structures. These nonlinear structures
can move at a higher speed and can, therefore, separate from the object and move
away as precursors. These first-ever observations of precursor solitons in plasma
have been well characterized by detailed experimental measurements of their prop-
agation features and qualitative comparisons with results from theoretical models
based on the forced-KdV equation derived for a charged object moving through a
dusty plasma medium [49]. The existence of such precursor excitations has also

been confirmed from full-scale fluid simulations [50] and molecular dynamic simu-
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lations [51].

However in the past experiments of Jaiswal et al. [48|, the potential profile
around the charged object over which the dust fluid flows was unknown. Due to
this reason, it was not possible to study further the modification in the propagation
characteristics of these precursor solitons when the fluid flows over a charged object
with different shapes and sizes. Also, the earlier experiments were carried out for
a slightly supersonic flow (M = 1 — 1.2). This essentially restricts the authors to
get a complete picture of the fore-wake excitation in a case when the fluid flows
over the charged object with highly supersonic velocity. To date, all the earlier
studies of excitations of non-linear waves in dusty plasma have been carried out in
a homogeneous medium. However, in an experimental situation, the presence of
density inhomogeneity is obvious when one performs experiments with large size
dusty plasma. The shortcomings of earlier experiments motivate us to perform
in-depth experiments on the fore-wake excitation in a flowing dusty plasma. The
objective of this thesis work is to further consolidate and extend the previous
experimental study by carrying out a detailed investigation of the propagation
characteristics of the precursor solitons under varying excitation conditions. In
particular, attention is paid to look at the effects of varying the size and shape of the
potential hill over a range of fluid flow velocity on the fore-wake phenomenon. The
objective also includes studying the modification on the propagation characteristics
of oscillatory shock waves when they encounter a density inhomogeneity. These
insights should prove helpful in interpreting the manifestation of this concept in
natural occurrences such as in excitations triggered by solar wind interactions with
the earth and moon or space debris or satellite interactions with the ionospheric

plasma. The findings may also stimulate further experimental and theoretical
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studies toward more fundamental investigations of this yet poorly explored topic
in plasma physics.

The rest of this chapter is organized as follows: basics of complex plasmas
and the characteristic parameters used to describe dusty plasmas are discussed in
Sec. 1.2. In Sec. 1.3) some of the past studies on flowing complex plasmas are

described. Then the scope and outline of this thesis are described in Sec. 1.4.

1.2 Characteristics of dusty or complex plasma

The normal conventional plasma having electrons and ions are defined by the
characteristic parameters like screening lengths, response time scales to any per-
turbations. Similarly, dusty plasmas are also characterized by the characteristic
parameters such as screening lengths, frequencies, quasineutrality, dust charge,
surface potential, and coupling parameter, etc.. The knowledge of these param-
eters is necessary to establish the background for the experimental analysis and
to understand the underlying physics associated with them. The details of these

characteristic parameters are described in the next subsections.

1.2.1 Typical length scales

Dusty plasmas can be characterized by three different length scales namely Debye
length (Ap), the radius of a dust particle (r4) and inter-particle distance (d) that
decide the role of dust particles in the plasma. In the case of ry << Ap < d, the
individual charged dust particles are shielded and isolated from each other and
behave like “dust in plasmas”. Whereas for ry << d < Ap, the dust particles show

collective behavior are called as “dusty plasma”.
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1.2.1.1 Debye length

The most fundamental characteristic of plasma is its ability to shield any electric
field either applied externally or the field associated with an individual charged
particle. The associated distance over which the influence of the electric field of an
individual particle can be experienced by another particle is known as Debye length
(Ap) or sometimes called screening length. The Debye length in dusty plasma is

expressed as [52].
ADe)\Di

A\p = ——i (1.1)
V A2De + /\2D'L
where Ap(i) = (€okgpTe.i/neie?)"/? are the electron and ion Debye lengths. In

most of the laboratory experiments the dust particles become negatively charged
by absorbing more electrons than ions and hence n. << n; and T, > T; which leads
to Ape >> Ap;. Using Eq. 1.1, one can express the value of dust Debye length as
Ap ~ Ap;. Tt essentially signifies that the screening length of dusty plasma can be

determined mainly from the density and temperature of ions.

1.2.1.2 Radius of dust particle

The radius of the dust particle, r4, is also an important characteristic length and
prior knowledge describes its various features. The amount of charge depends
on the size of the dust grain and its value becomes higher for bigger particles.
The strength of different forces that act on the dust particles in the plasma also
depends on the size of the particles. The radius of the particles also determines

the cross-sections of different collision processes.
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1.2.1.3 Inter-particle distance

The average distance between two dust grains in the plasma is defined as the
inter-particle distance (d) and its magnitude can be larger or smaller than the dust
Debye length. The inter-particle distance determines whether the dust particle can
show collective behavior or behave like an isolated particle. It can also be used to

estimate the dust density, Coulomb coupling parameter, etc. in a dusty plasma.

1.2.2 Typical time scales

1.2.2.1 Dust plasma frequency

A space charge region builds automatically whenever the individual charge species
in the plasma are displaced from their respective equilibrium positions. This space
charge gives rise to a collective motion which is known as plasma oscillation. The
plasma oscillation tries to restore the charge neutrality condition. Similar to con-
ventional electron-ion plasmas, the dust particles also exhibit the collective oscilla-
tion which is known as dust-plasma oscillation and the frequency associated with

this oscillation is known as dust-plasma frequency (w,q) and can be expressed as:

ndoQg
=/ — 1.2
wpd €gny ( )

Where ng,, Qg, €9, mgq are the equilibrium dust density, charge residing on the
individual dust particle, the permittivity of free space and mass of the dust par-
ticles, respectively. Due to the higher charge and heavier mass of dust particles
compared to electrons and ions, the dust-plasma frequency differs significantly

from electron-plasma or ion-plasma frequencies.



12 Chapter 1: Introduction

1.2.2.2 Collisional frequency

The collisions of plasma species among neutrals are very common in weakly ionized
plasmas and as a result, the collective oscillations get damped due to frequent
collisions with background neutrals. The collision frequency v, of plasma species

(electrons, ions, dust) with neutrals can be expressed as:

Ven = NpOsn Vs (1.3)

Where n,,, 0s,, Vrs are the number density of neutrals, collision cross-section and

thermal velocity, vrs = /%212 respectively.

ms

1.2.3 Dust charge

The dust particles acquire a charge ((Q;) whenever they are introduced in the
plasma and there exists a variety of fundamental charging processes through which

the dust particles get charged. The important elementary charging processes are:

Collection of plasma species

Secondary electron emission

Photo-ionization

Thermionic emission

Field emission

Radioactivity

Impact ionization.
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In laboratory plasmas, the charging procedure of dust grains is mainly dominated
by the collection of electrons and ions by the dust. Because the ions are much
heavier than the electrons, initially the ion current (I;) to a dust grain becomes
much smaller than the electron current (I.), and the grain becomes negatively
charged. This increases the ion current and decreases the electron current until
the currents are equalized, I, = I;. At that equilibrium condition, the amount of
charge (Qq) residing on the dust surface can be expressed by the following rate

equation as:

=L +1,=0. 1.4
p + (14)

Q4 can also be defined in terms of dust surface potential (U) as:

Qq = CU. (1.5)

Where C' = 4megry is the capacitance of spherical dust particle of ry4 for rg << A4.
The surface potential can be estimated by the Orbital Motion Limited (OML)
theory [53] or Collision Enhanced Plasma Collection (CEC) [54,55] theory, which

will be discussed in more detail in the next section.

1.2.4 Dust surface potential

In dusty plasmas, the dust charge is usually estimated by assuming the dust par-
ticles to be isolated spherical capacitors. The surface potential of these spherical
charged objects with respect to the plasma potential is estimated by assuming the
dust particles are similar to floating single Langmuir probes. In this condition,
the net current drawn by each isolated dust particle is approximated to be zero.

Orbital Motion Limited (OML) and Collision Enhanced Plasma Collection (CEC)
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theories are widely used to estimate the dust surface potential. They are discussed

in detail in the following subsections.

1.2.4.1 Orbital Motion Limited (OML) theory

The most widely used dust charging theory for negatively charged dust particles is
the so-called orbital motion limited (OML) theory [53]. The OML theory follows
the collisionless particle orbit via conservation of energy and angular momentum.
It essentially signifies that the electrons and ions do not encounter any collisions
in the Debye sphere to reach the dust surface. In this approach the condition
rqg << Ag << Apys holds good. Where A,z is the mean free path of neutrals

with ions or electrons and their motions are “orbit-limited”.

Assuming the electrons and the ions obey Maxwellian distributions with tem-

peratures T, and Tj, respectively, the expressions of electron and ion currents can

be given by:

I, = V8mrinVreexp(—2,)e, (1.6)
where 2z, = kZUT and,

I = V8nrin V[l + 2z,.7le. (1.7)

Where 7 = % At equilibrium, i.e. I, + I; = 0 we get,

Ne VTe

n; Vr

exp(—z,) —1—27=0 (1.8)

Numerically solving the above equation (Eq. 1.8), one can estimate the value of z,

and then U.
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1.2.4.2 Collision Enhanced plasma Collection (CEC) theory

The OML theory estimates the surface potential of the dust by neglecting the
collisions of ions with neutrals but it has been recently inferred that even when
the mean free path of ions is greater than screening length the grain charge sub-
stantially reduces due to ion-neutral collision. A new theoretical approach i.e.,
Collision Enhanced Plasma Collection (CEC) has been developed by Khrapak et
al. [54,55] to account for the ion-neutral collision in the expression of ion current
in a weakly collision limit (\,,z; > Ap). The modified expression of ion current is

given as follows:

A
I = V8rrinVp |14 2,7+ 0.1(z,7)?

mfi

(1.9)

Whereas the expression of electron current remains the same as Eq. 1.6. The

modified balance equation, which assumes the ion-neutral collision takes the form

AD
)\mfi

ev e
fle 71 ~0 (1.10)

exp(—z) — 1 — 2,7 — 0.1(2,7)*

n; Vri

The dust surface potential can be estimated by numerically solving Eq. 1.10 which

gives directly the dust charge.

1.2.5 Quasi-neutrality condition

Microscopically the plasma is quasi-neutral in the absence of any external pertur-

bation and the charge neutrality condition can be given by:

Qinio = Neo€, (111)



16 Chapter 1: Introduction

where (); = Z,e is the ionic charge and n;,, ne, are the equilibrium densities of
ions and electrons. In the same sense dusty plasma also maintains the charge
neutrality condition and the above condition gets altered as some of the electrons
are absorbed by the dust particle. The modified quasi-neutrality condition for

dusty plasma can be re-written as

Qinio = €Ng, + andm (112)

where, QQq = Zge, is the dust charge and Z; is the dust charge number.

1.2.6 Coulomb coupling parameter

A very important feature of dusty plasma is that it exists in solid, liquid and
gaseous states and the parameter associated to determine the phase of dusty plasma
is the Coulomb coupling parameter (I'). The Coulomb coupling parameter is de-
fined as the ratio of potential energy to dust thermal energy and can be expressed

as:

Qa d
r=—>4 _ - 1.1
47T€0d/€BTd “xp /\D ( 3)

The factor exp (—%) takes into account the screening of the dust charge by the
plasma species over the length Ap.

The increase in I' leads to an increase in the coupling between the particles.
When the value of I' becomes more than 170 [56], the dusty plasma forms an
ordered structure and said to be in the crystalline state. The dusty plasma, with
[' ranging from 1 << I' << 170, behaves like a fluid state. For the case of I' << 1,

the dusty plasma lies in a weakly coupled gaseous state. Hence, dusty plasma

provides an excellent medium by which one can study the phase transition in a
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controlled manner by cooling down the gaseous state of a dusty plasma.

1.2.7 Forces on dust particles

There are a number of forces, such as electromagnetic force, gravitational force,
ion drag force, neutral drag force, thermophoretic force, radiation pressure force,
polarization force, etc. that can act on the charged dust grains and may govern
their dynamics in the plasma [1]. The basic definition of different forces and their

governing equation is discussed in the following subsections.

1.2.7.1 Electromagnetic force (Fyp)

The electromagnetic force (ﬁ £p) pPlays an important role to determine the dynamics
of charged dust particles in the presence of electric and magnetic fields. The
electromagnetic force is the sum of the electrostatic force (ﬁE) and the Lorentz
force (ﬁB). When a charged particle is immersed in the plasma, it experiences
the electrostatic force due to the presence of a static sheath electric field (E)
near the electrodes. The Lorentz force comes into the picture when this charged
particle moves with a velocity (U;) in an uniform or non-uniform magnetic field

—

(B). Therefore the electromagnetic force can be represented by

ﬁEB:ﬁE+ﬁB:QdE+Qd(ﬁdX§) (114)

The electromagnetic force indirectly depends on the size of the dust particles. The
amount of charge resides on the dust particles is proportional to the radius of the

dust particles. As a result Fyp is proportional to ry.
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1.2.7.2 Gravitational force (F,)

In the laboratory experiments, the gravitational force F_;] is one of the strongest
forces that act on the micron or sub-micron sized dust particles. It can be expressed
as follows:

— 4

Fy,=mug = gwrgpg’ (1.15)

where my, p, g are the mass, mass-density, and acceleration due to Earth gravity,
respectively. In the solar and astrophysical environments, the gravitational forces
arises from the nearby planet or satellite. As the gravitational force depends on

the mass of the dust particles, hence it is proportional to 73.

1.2.7.3 Ion Drag force (F’id)

—

The ion drag force (Fj4) acts on the dust particles due to the rate of change of
momentum transfer from the dust grains to the plasma particles or vice versa. In a
dusty plasma, the ion drag force (ﬁid) comes from the momentum exchange between
positive ions and dust particles. The ions can transfer their momentum to a dust
particle in three possible ways, namely (i) ion impacts, i.e. the collection of ions,
(ii) electrostatic Coulomb collisions and (iii) ion fluid flow (collective) effects, which
modify or distort the shape of the Debye sheath around the dust particle [57-60].
The ion drag force due to the flow of ions acts on the dust particles in some special
experimental configuration, hence it is neglected in this discussion. However, it
will be discussed in more detail in Chap. 3.5.2. Therefore, the resultant ion drag
force can be represented by

—

-Fid - ﬁcoll + ﬁcoul (]-]-6)
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The ions which arrive to the dust particles not only contribute to the charging
mechanism of dust grains but also transfer momentum to the dust particles. Hence,

Fiy can be expressed as follows [52, 61]:

—

Fcoll = M;N;VsU; O ol - (117)

Here, vs = y/u? + v2, is the net velocity of ions, m;, n;, u;, vr; is the mass, density,
drift velocity and thermal velocity of ion and o, is the cross-section associated

with the collection of ions. 0., can be expressed by

2eU
Oeoy = b2 = 713 (1 — e_) : (1.18)

m;v?

where b, is the maximum impact parameter for ion-dust collection. The contribu-

—

tion of ion drag force from Coulomb collision of ions with dust particles Fl,,; is

given by [52]:

—

Fcoul = MyN;VsUiO coul, (119)

where the Coulomb collision cross-section can be expressed as:

AD + b3

GRS (1.20)

Ocoul = 7Tb2% In

and bg = Qge/4megm;v? is called the impact parameter for 90° scattering. It is
worth mentioning that the ion drag force is proportional to r2.

1.2.7.4 Neutral drag force (F.,)

Similar to the ion drag force, the neutral drag force F,q acts on the dust parti-

cles due to the momentum transfer of neutral to the dust particles. It acts either



20 Chapter 1: Introduction

as a hindrance to the dust particles while moving through a partially ionized gas
medium or favors the dust particle to move. The neutral drag force can be repre-

sented by Epstein [62] formula as [52]:

" 4 - -
Fha= —’YEpsgﬁchlmnnnUTn(Ud - Un)' (1'21)

Where m,,, n,, vr, are the mass, density and thermal velocity of neutrals. ©; and
U, are the directed velocities of dust and neutral gas molecules, respectively. The
value of vg,s depends upon the type of collision between the neutrals and dust and
it varies between 1.0 to 1.4. Similar to ion drag force, the neutral drag force also

2
depends on 3.

1.2.7.5 Thermophoretic force (F;,)

The thermophoretic force F’th acts on the dust particles due to the presence of
gradient in the temperature of neutrals. The gas molecules on the hot side of the
particle have higher thermal speeds than those on the cold side. It results in a net
momentum transfer from the gas to the dust particle. The rate of this net momen-
tum transfer is known as the thermophoretic force Z*j’th. Its magnitude is directly
proportional to the temperature gradient and its direction is in the direction of the
heat flux, i.e. in the direction opposite to the neutral gas temperature gradient.

The expression of Fy, is given by [63,64]:

a 322K,
= ARG (1.22)

1 5UTn

Where K, represents the thermal conductivity and T, is the temperature of neutral

gas. The thermophoretic force directly depends on r3.
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1.2.7.6 Radiation pressure force (F’md)

The process of gaining energy by dust particles from the laser is attributed to
the well-known radiation pressure force ( Hmd). The radiation pressure arises from
the exchange of momentum between the particles and the laser electromagnetic
field. The radiation pressure force can be defined as the momentum transfer per
unit area per unit time for a particular laser intensity [, and its mathematical
expression is [65]:

= riliaser

F g = Ldlaser 1.23
d . (1.23)

where v depends upon the processes such as reflection, absorption and transmission
and c is the speed of light. Similar to the drag forces and thermophoretic force,

the strength of the radiation pressure force depends on r2.

1.2.7.7 Polarization force (F,)

The polarization force act on the dust grains due to the nonuniform plasma back-
ground. It arises due to any kind of deformation of the Debye sheath around
the particulates in the background of non-uniform plasmas. As discussed by

Hamaguchi and Farouki [66], the polarization force can be expressed as F; =

L2V \;/2)%, where )\, is the dust Debye length. As shown in Ref. [66], the

47eq

simplified form of the polarization force is:

. 1 [ |Qudle T, .
F,=— 1- = E. 1.24
P 16meg [AdkBTi 8 7.)| 9 (1.24)

This above expression essentially signifies that the polarization force always acts
in the direction opposite to the electrostatic force and it becomes significant for a

particle of larger size.
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1.3 An overview of earlier works

A dusty plasma comprises of electrons, ions, neutrals, and micron or sub-micron
sized charged dust particles. The great diversity in the space and time scales of
these constituent components makes for a rich collective dynamics of this medium
and has made dusty plasmas an active field of research for the last three decades
or so [1,2]. The presence of these additional highly charged and massive species in
the plasma can modify the properties of the usual plasma modes and can also give
rise to new low-frequency ‘dust modes’ since they involve the dynamics of the dust
grains [15,25,27|. The ‘Dust Acoustic Wave’ (DAW) was first theoretically studied
by Rao et al [27| and subsequently by several others [15,25]. This mode is a long-
wavelength, low-frequency collective oscillation in an unmagnetized dusty plasma
in which the electron and ion pressures provide the tension with the inertia provided
by the massive and negatively charged dust grains. After the first experimental
observation of DAW by Angelo et al. [15], a large number of experiments have
been carried out worldwide [67-69| to study the modification in the propagation
characteristics of DAWs in the presence of various effects. During the past two
decades, other longitudinal waves associated with dusty plasma such as Dust Ton
Acoustic waves (DIAW) [70-72], Dust Lattice waves (DLW) [73,74], etc. are also

extensively studied both theoretically and experimentally.

Kaw and Sen [75] proposed a phenomenological model - a Generalized Hydro-
dynamic (GH) model which provides a simple physical picture of the effects of
strong dust correlations through the introduction of the viscoelastic effect of the
medium. In their theoretical model, they have predicted that, unlike in a normal

fluid or a conventional plasma, the transverse shear waves can be excited in the
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strongly coupled fluid regime of dusty plasma. Later, Pramanik et al. [76] and
Bandhyopadhyay et al. [77] experimentally observed the transverse shear waves
in a DC glow discharge plasma. These experimental observations reveal strong

correlation effects in the medium due to a strong coupling between the particles.

Similar to linear waves, dusty plasmas also support the excitations of non-
linear waves and structures in the form of solitary waves [30, 31,78, 79|, shock
waves [80-82,82-84| and voids [34-37] and vortex structures [38,39]. Dust Acous-
tic and Dust lon Acoustic Solitary Waves get excited in a medium when the non-
linearity balances dispersion and have been studied widely both theoretically and
experimentally [30,31,84-88]. Dust Acoustic and Dust Ion Acoustic Solitary Waves
are the coherent structures, which can propagate a long distance in a dispersive
medium without losing their identity. They even can sustain their properties after
mutual collisions. These coherent structures can be modeled using the full sets of
fluid equations and studied widely by constructing the Kortweg-de Vries (KdV)

equation [|44,47| and by arbitrary amplitude approximation techniques |52, 89].

Another class of non-linear wave that has also been studied extensively is Dust
Acoustic and Dust Ton Acoustic Shock Waves [33,69,80-83]. Shock waves are highly
non-linear structures, which form with a characteristic sudden jump in any one of
the physical parameters such as pressure, velocity, temperature, and density. These
nonlinear waves get excited when the dissipation (due to collisions or viscosity)
in the medium plays a significant role along with non-linearity and dispersion. In
dusty plasmas, dissipation can arise either from frequent dust-neutral collisions [33|
or dust-dust coupling effects [83]. In a weakly coupled dusty plasma, the dissipation
comes primarily from the kinematic viscosity due to frequent dust-neutral collisions

and /or dust charge fluctuations [90], whereas for a strongly coupled dusty plasma
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the bulk and shear viscosity [33,83| play a crucial role in providing dissipation. The
first theoretical approach to understand the propagation characteristics of a shock
wave was carried out by Shukla et al. [85], where they have used Generalized
Hydrodynamic (GHD) equation to derive KdV-Burger equation and found the
stationary shock type solutions. In their study, the bulk viscosity provides the
dissipation in the medium and its strength decides the solution to be monotonic or
oscillatory. Subsequently other authors made significant studies on the propagation
characteristics of shock waves [91,92]. All these studies in the past essentially
indicate that the dusty plasma is a very versatile medium for studying various

collective modes in both linear and nonlinear regimes [93].

Apart from the excitation of linear and nonlinear waves, numerous experimen-
tal and theoretical studies have been carried out in flowing dusty plasmas in the
past. The motivation behind these studies originates from various hydrodynamic
phenomena and astrophysical events. Gavrikov et al. 94| performed a fundamental
experiment to generate the laminar flow in a dusty plasma liquid by using an Ar*
laser. From the particle trajectory, they estimated the shear viscosity of a dusty
plasma liquid. In another experiment of Flanagan et al. [95], the dust particles are
used as a tracer to demonstrate the thermal creep flow (TCF) caused by the flow of
bulk gas in a closed glass box. In this experiment, the flow in the gas was initiated
by heating the wall of the box with the help of a laser. In a similar experiment,
Schwabe et al. [96] studied the gas dynamics by using dust particles as a tracer
in the presence of temperature gradient in the background neutrals. Two types of
gas convections namely the Rayleigh Benard convection, and thermal creep flow
are observed from the motions of the dust particles. Few experiments have also

been carried out to study the flow of dust particles in different experimental con-
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figurations [97-100]. In all these experiments, either the flow of ions or neutrals or
asymmetric potential was responsible to circulate the particles. In a different set
of experiments, Fink et al. [101] formed a stable cone-shaped structure of micro-
particle in a dc glow discharge plasma using a gas nozzle. They used the strings

of microparticles to generate the electric field inside the nozzle.

There is another area that has also been explored in dusty plasmas to initiate
various types of flows from laminar to turbulent and generate various types of
instabilities associated with these flows. Gavrikov et al. [94] generated the lam-
inar flow in dusty plasma liquid by using a laser. Gupta et al. [102] generated
the Kolmogorov flow in a two dimensional strongly coupled dusty plasma using
MD simulations and compared their results using GHD model both in the linear
and non-linear regimes. Shear flows have also been generated in the strongly cou-
pled complex fluid using two counter-propagating Ar™ laser beams by Nosenko
et al. [103]. Rayleigh Taylor (RT) instability [104]|, Kelvin Helmholz (KH) [105]
instability, and generation of structures are also investigated in a shear flow driven
strongly coupled dusty plasma. Pacha et al. [104] studied the Taylor instability in
a dusty plasma by the interference of a high-density fluid into a low-density fluid
spontaneously. They phenomenologically compared their experimental findings by
estimating the linear growth rate of RT instability observed in hydrodynamics.
Ashwin et al. |[105] observed Kelvin Helmholtz instability in molecular dynamics
simulations for the first time at the particle level in a two-dimensional strongly
coupled dusty plasma. In their study, it is found that the linear growth increases

with the increase of the strength of the coupling between the particles.

Flow past an obstacle and simultaneous excitations of nonlinear waves and

structures opened up a new research area in the field of dusty plasma. Mor-
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fill et al. [106] were the first to perform experiments on the flow of a dust fluid
around an obstacle at its kinetic level in microgravity conditions. Their exper-
imental observations predict that a dusty plasma can provide a unique tool to
model various classical fluids. In a controlled experiment, Saitou et al. [81] ob-
served the bow shock formation in the downstream direction when a supersonic
flow of dusty plasma is initiated around a thin conducting needle. The bow-like
structure was characterized as a shock by the numerical simulation and polytropic
hydrodynamics model. In another set of experiments, Meyer et al. [107] noticed
the formation of the transient bow shock around a biased cylindrical object in a
flowing dusty plasma. While flowing from the secondary to the primary dust cloud,
it was found that the dust acoustic shock waves were triggered in the upstream
direction. Jaiswal et al. [83] very recently observed oscillatory shock structures
when a highly supersonic flow is generated over a charged object. The shocks
are found to propagate in the direction of fluid flow. In continuation, Jaiswal et
al. [108] also reported an experimental observation of the formation of dynamic
structures in a flowing dusty plasma when a supersonic flow was initiated around
a spherical metal object. Motivated by all these experiments, Charan et al. [109]
performed a simulation study of supersonic flow around an obstacle. They ob-
served in their simulation that the transition from primary bow shock propagation
in the upstream direction is changed to stationary arc structure and the generation
of the secondary bow shock in the downstream direction with the change of Mach

number.

As in a hydrodynamic fluid, there are many observations of wake structures
in laboratory dusty plasmas [23,110-113]. These wakes (sometimes termed as

Mach cones) are generated when a dust particle moves through a stationary dusty
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plasma medium with a subsonic velocity. The first experimental demonstration of
the generation of a precursor soliton in a flowing dusty plasma was reported in 2016
by Jaiswal et al. [48]. In their study, they observed the spontaneous excitation of
precursor solitons when a supersonically moving dusty plasma fluid was made to
flow over an electrostatic potential structure. The physical mechanism underlying
this phenomenon can be understood in terms of the fluid concept used to explain
in hydrodynamic precursors. Sen et al. predicted the possibility of the excitation
of these fore-wake phenomena in a flowing plasma medium using a forced version
of the KdV model equation. Very recently numerical simulation studies were also
carried out by Sanat et al. [50,114] to study the propagation characteristics of
these fore-wake excitations e.g., the excitation of precursor solitons and pinned
(stationary in the laboratory frame) solitons. The topic of fore-wake excitations

(precursor waves) has, however, received very limited attention until now.

1.4 Scope and outline of this thesis

In this thesis, we have addressed important issues on the fore-wake excitations
in a flowing dusty plasma. In particular the modifications in the propagation
characteristics of precursor solitons due to the different shapes and sizes of the
charged object over which the dust fluid flows. This study is extended further to
excite the pinned solitons in a flowing dusty plasma when the fluid is made to flow
over the charged object with highly supersonic velocity. Furthermore, we have also
investigated the propagation characteristics of shock waves in an inhomogeneous
dusty plasma.

Chapter - 2 is devoted to the detailed description of the Dusty Plasma Ex-

perimental (DPEx) device and its associated instrumentation for carrying out the
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experiments in flowing dusty plasmas. The plasma and dusty plasma are thor-
oughly characterized using a single Langmuir probe and an emissive probe. The
detailed description of the generation of flow in dust fluid and the measurement

techniques are also provided.

Chapter - 3 describes the study the dynamics of dust particles when the flow
in the dust component is induced by the neutrals. The characteristics of the
dust dynamics are investigated as a function of the differential gas flow rate, the
background neutral pressure, the dust particle size, and the neutral species of the
gas. The asymptotic steady-state flow velocity of the injected micron-sized dust
particles is found to increase with an increase in neutral flow velocity and decrease
with an increase in the background pressure. Furthermore, this velocity is seen to
be independent of the size of the dust particles but decreases with an increase in
the mass of the background gas. A simple theoretical model, based on estimates
of the various forces acting on the dust particles, is used to elucidate the role of

neutrals in the flow dynamics of the dust particles.

Chapter - 4 describes a new technique to measure the potential profile around
the charged object by using the dust particles as dynamical micro-probes. The
tracer particles are made to flow over the grounded wire by suitable variations in
the background gas flow. By a visual tracking of the individual particle trajectories,
the potential values at different axial and radial locations are directly estimated by
using energy conservation arguments. The results agree very well with conventional

probe-based measurements.

Chapter - 5 is devoted to the modifications in the propagation characteristics of
precursor solitons due to the different shapes and sizes of the potential hill (floating

wire) over which the dust fluid flows. The size (height and width) of the potential
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hill is varied by drawing current through it. With a decrease in the height of the
potential hill, the amplitude, velocity, and number of excited precursor solitons
are found to decrease, whereas the widths of the solitons are seen to increase. To
examine the effect due to the shape of the potential profiles, the wire is replaced by
a triangular object. Only trailing wakes are seen to be excited when the dust fluid
faces the linearly increasing slope of the potential profile, whereas both solitons and
wakes get excited when the object is placed with the sharp edge facing the flow.
All the experimental findings qualitatively agree with numerical solutions obtained

with different source terms in the forced-Korteweg de Vries model equation.

Chapter - 6 focuses on the first experimental excitation of pinned solitons in a
dusty plasma flowing over a charged obstacle. Under appropriate conditions, non-
linear stationary structures are observed in the laboratory frame that corresponds
to pinned structures moving with the speed of the obstacle in the frame of the
moving fluid. A systematic study is made on the propagation characteristics of
these solitons by carefully tuning the flow velocity of the dust fluid by changing the
potential height of the charged object. It is found that the nature of the excited
structures changes from a single-humped one to a multi-humped one and their
amplitudes increase with an increase of the flow velocity of the dust fluid. The
experimental findings are then qualitatively compared with the numerical solutions

of a model f-KdV equation.

Chapter - 7 is concerned with an experimental investigation of propagation
characteristics of shock waves in an inhomogeneous dusty plasma. Initially, an
equilibrium density inhomogeneity in the dust fluid is created by introducing an
imbalance in the pumping and the gas feeding rates. Dust Acoustic Shock struc-

tures are then excited in this inhomogeneous dusty plasma by a sudden compression
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in the dust fluid. The amplitude of a shock structure is seen to increase whereas
the width broadens as it propagates down a decreasing dust density profile. A
modified-KdV-Burger equation is derived and used to provide a theoretical expla-
nation of experimental findings.

Chapter - 8 provides an overall summary of the work carried out in this thesis.
An attempt is made in this chapter to identify some possible issues that merit

future investigation.



Experimental set-up, production and
characterization of plasma and dusty

plasma

All the experiments discussed in Chap. 1 are performed in a tabletop versatile
Dusty Plasma Experimental (DPEx) device. DPEx device is built at the Institute
for Plasma Research to conduct the experiments associated with flowing complex
plasma. The detailed descriptions of the geometry, size, and dimension of the
device are also presented in Ref. [115]. Tt is an inverted Il shaped device whose
layout is inspired by PK-4 experimental device but the dimensions of the vacuum
vessel, electrode configuration and mechanism of plasma generations are quite
different. Moreover, the pumping system, gas feeding system are installed in a
different way to get the precise control of the flow of dusty plasma. The dimension
of the system is designed in such a way so that all the length scales like collision

mean free path, plasma Debye length, the wavelength of waves and the flow-induced

31
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structures can be accommodated and studied without any interruption. The size
of the chamber is also chosen properly so that a homogeneous long dust cloud can

be formed to conduct flowing dusty plasma experiments.

This chapter is organized as follows. The first section (Sec. 2.1) describes the
details of the experimental set-up, accessories, and instrumentation used to initiate
the plasma as well as dusty plasma. Different probes used to diagnose the plasma is
described in Sec. 2.2 whereas in Sec. 2.3 optical diagnostics are presented. Plasma
and dusty plasma production and their characterization are described in Sec. 2.4,
2.5 and 2.6, respectively. The flow generation mechanisms used to conduct the flow-
related experiments are described in Sec. 2.7 and the flow velocity measurements
are described in and Sec. 2.8. A concluding remark of this chapter is given in

Sec. 2.9.

2.1 Experimental set-up

In this section, we describe the main components of the DPEx device to execute
the experiments associated with excitations of waves and structures using flowing
complex plasmas. The schematic of the DPEx device is shown in Fig. 2.1. This
section includes the descriptions of the vacuum chamber (Subsec. 2.1.1), pumping
and gas feeding systems (Subsec. 2.1.2), powered electrodes (Subsec. 2.1.3) and
confining strips (Subsec. 2.1.4) to initiate the plasma using power supply (Sub-
sec. 2.1.5), dust particles (Subsec. 2.1.6), dust dispenser (Subsec. 2.1.7) used in

the experiments. They will be discussed subsequently in the following subsections.
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Figure 2.1: A schematic of the experimental set up for performing flowing dusty
plasma experiments. Ports P1 and P2 are used for Gas feeding. Port P3 is used
either for installation of different probes or Gauge. Port P4 is used to attach Dust
Dispenser. Port P5 is made for Pumping port and used to attach the rotary pump.
Gauges are attached in Ports P6 and P8. Anode is hung axially through Port P7.
Ports P9 and P11 are closed. Port P10 is used for cathode insertion and for shining
the laser axially.

2.1.1 Vacuum chamber

All the experiments that are presented in this thesis are executed in the DPEx
device whose schematic diagram is shown in Fig. 2.1. The vacuum vessel consists
of three Pyrex glass tubes to give the device an inverted II-shape. The main tube
in which all the experiments are performed has a length of 65 ¢cm and an inner

radius of 8 cm. Two other auxiliary tubes are aligned vertically with the main tube
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having a length of 30 cm and has the same inner radii as of the main chamber.
The vacuum vessel is placed on an optical table in such a way that the main tube
remains perpendicular to the gravity. The purpose to use the optical table is to
absorb all kinds of mechanical vibrations during the experiments. The optical
table also facilitates the DPEx device to align perfectly to conduct dusty plasma
experiments. Two auxiliary tubes of DPEx device are used to attach the pump
at port P5, gas flow meter and gas dosing valve at ports P2 and P1, respectively.
Pressure in the vacuum chamber is measured by a couple of Pirani gauges, which
are attached to port P8 and port P3. An anode is hung axially from port P7 of
one of the auxiliary chambers, whereas a long tray cathode is inserted axially in
the main chamber through port P10. A dust dispenser is attached to port P4 to
introduce the dust particles into the main chamber. Different electrostatic probes
such as single Langmuir probe, emissive probes are installed at ports P3, P4 and
P10 to measure the plasma parameters radially and axially. All the radial ports of
the secondary chamber that are unused are covered with Poly-ether Ether Ketone

(PEEK) to avoid hollow cathode discharges.

2.1.2 Pumping and gas feeding system

To conduct experiments in plasmas as well as in dusty plasmas, creating a vacuum
in the experimental chamber is very important and various types of vacuum pumps
are used depending upon the requirements. In the present set of experiments, we
have used a rotary pump (ED-18, pumping speed = 250 lit/min and power 0.5
HP) to evacuate the vessel. The rotary pump is attached to one of the radial ports
(port P5) of the left auxiliary chamber (see Fig. 2.1) through a bellow. One gate

valve is also attached to the mouth of the rotary pump to control the pumping
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speed. It can also be used to disconnect the pump from the chamber. The base
pressure is achieved to ~ 0.1 Pa by using this pump. During the experiments,
the gate valve is kept partially closed to balance the pumping speed and the gas
feeding rate and to maintain a constant working pressure in the chamber.

A couple of Pirani gauges are used and attached to (see Fig. 2.1) ports P3 and
P8 to measure the working pressure/base pressure and also the pressure difference
in between the main chamber and secondary chamber. An Argon gas cylinder of
99.99% purity attached to Port P1 through a mass flow controller to feed the gas
into a device. The flow meter serves to feed the gas in a controlled way which is
tuned by a computer through an RS-232 cable that maintains the working pressure
(p) 9—18 Pa. The gas flow speed is controlled precisely by a step of 2.75 sccm /min.
In some of the experiments, the Argon gas is also inserted through another gas

port P2 of the right auxiliary chamber to initiate a flow in a dusty plasma.

2.1.3 Powered electrodes

Confining

_strips

(a) Anode

Figure 2.2: Schematic of (a) anode and (b) cathode electrodes used to generate
the plasma
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A circular metallic disc is served as anode and long metallic tray with angled
ends served as grounded cathode whose schematic is shown in Fig. 2.2. The anode
is made up of stainless steel (SS-304) having a circular shape of radius 2 ¢cm and
thickness 5 mm. It is hung from the axial port P7 of the left auxiliary glass
chamber. The anode is covered with a ceramic cap to prevent the micro arcing
from its sharp edges.

A'SS tray of length 400 mm width 60 mm and thickness 2 mm is placed along
the axis of the main chamber which is used as a grounded cathode. The long
tray shaped cathode makes the plasma uniform, which helps the dust cloud to be
uniform and long. The bent ends of the cathode provide the radial confinement to

dust particles by their radial electric field.

2.1.4 Confining strips

Confining strips, as the name suggests, are used to confine the dust particles in
the axial direction. In all our experiments, a couple of metallic SS cuboid strips of
dimension 60 mm X 12 mm X 5 mm are placed on the grounded cathode as shown
in Fig. 2.2(b). During the experiments, one of the strips is placed at the right edge
of the cathode whereas another one is kept at distance nearby to the anode. The
distance between the two strips can be changed depending upon the experimental
requirement. As the strips are placed on the grounded cathode, they remain in the
grounded potential and confine the particle in the axial direction due to the sheath
electric field around them. A copper wire of diameter 1 mm and length 60 mm
radially attached to the cathode at a distance of 20 cm from the its right edge. The
wire can also be used for axial confinement depending upon the potential applied

to it. In some of the experiments, the wire also serves as a charged object to
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perform experiments on the excitation of non-linear waves/structures in a flowing

dusty plasma.

2.1.5 Plasma discharge power supply

The discharge is initiated between the circular anode and the grounded tray cath-
ode using a Direct Current (DC) power supply. The DC power supply used in our
experiments has a voltage rating from 0 to 2 kV and a current rating from 0 to
500 mA. The power supply is protected by connecting a current limiting resistor
of 2 k() resistance in series with the power supply and anode. A couple of digital
panel meters (DPM) on the front panel of the power supply help us to measure the
discharge voltage and discharge current. In addition, we have also used a couple of
multimeters to measure the discharge parameter precisely. A high voltage, ranging
from 290 V to 360 V, is applied to initiate a DC glow discharge Argon plasma at

a working pressure of 9 Pa to 15 Pa.

2.1.6 Dust particles

To create a dusty plasma, we have used either micron-sized poly-dispersive Kaolin
particles or mono-dispersive Melamine Formaldehyde dust particles depending on
the experimental requirements. Melamine Formaldehyde (MF) having diameters
(a) 10.66 + 0.01 pm, 8.90 £+ 0.01 pm and 4.38 4+ 0.01 pm particles with mass
density 1.51 g/cm? are used. These particles are uniform in shape and having
excellent mono-dispersivity. These particles are used to study the dynamics of
dust particles induced by neutral flow as discussed in Chap. 3. They are also
used to measure the potential profile around a charged wire which is discussed in

Chap. 4. These particles are injected into the plasma using a dust dispenser as
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discussed in the next Sec. 2.1.7.

Poly-dispersive Kaolin particles having wider dispersion 2-5 pum are used in
the excitation of linear and nonlinear waves as discussed in Chaps. 5, 6 and 7.
Just before closing the chamber, these particles are sprinkled on the cathode tray
uniformly in between the wire and the right confinement strip or in between the
two confinement strips depending upon the experimental necessity. Due to size
variation, they levitate at different layers above the cathode and form a large
dense three-dimensional dust cloud as soon as the plasma initiated. This highly
dense dust cloud is used for conducting experiments on the collective excitations,

flow-induced structures, etc..

2.1.7 Dust dispenser

A dust dispenser is used to dispense the mono-dispersive (Melamine Formaldehyde)
particles into the plasma. It is connected to one of the radial ports (Port P4) of
the main chamber (see Fig. 2.1). It has a cap where the particles are loaded before
starting the experiments. The front part of the cap is covered by a mesh having
a very small inter-grid spacing (e.g. 15 um for the particles of diameter 10.66 pm)
that can filter the particles and allow them to fall easily into the plasma. Several
steel balls of 1 mm diameter are also loaded in the cap to avoid coagulation. These
balls also help to throw the particles individually. The dust dispenser is connected

to a trigger circuit which is operated by a Lab-View software using a computer.
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2.2 Diagnostics of plasma

Plasma is generated by setting the working gas pressure and powered the electrodes
using a DC power supply. After the production of plasma, the plasma parame-
ters like plasma density, electron temperature, floating potential, plasma potential,
and electron distribution function are measured using different probes. We have
used a single Langmuir probe and an emissive probe to diagnose the plasma in
the absence of dust. The single Langmuir probe is used to measure the plasma
density, electron temperature, floating potential, plasma potential, and electron
distribution function and from there the radial profiles of plasma density and elec-
tron temperature. Whereas, an emissive probe is used to obtain the radial profiles
of floating potential, plasma potential and hence the electric field. These probes

are disused in detail in the following subsections.

2.2.1 Langmuir probe

A cylindrical Langmuir probe made up of tungsten and insulated by the ceramic
holder is used to measure plasma density, electron temperature, floating potential,
plasma potential, and electron distribution function. A photograph of the Lang-
muir probe tip is shown in Fig. 2.3 whereas its electric circuit is shown in Fig. 2.4.

A cylindrical tungsten wire of diameter 1 mm and length 10 mm is used as
a single Langmuir probe in the present set of experiments. The dimensions are
chosen wisely so that the conventional probe theory holds good in a collisionless
plasma. The probe is biased using a RAMP power supply and the probe current
is measured across a resistor of resistance 5.5 k). Depending upon the discharge

condition, the current drawn by the probe is different at different sweep voltage.
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Figure 2.3: Photograph of Langmuir probe exposing the tip only and covered with
ceramic is shown.

The potential applied to the probe at which the net probe current becomes zero is
called the floating potential (V). After measuring the floating potential, the probe
is biased over the range of bias voltage from V; — 100 to V; + 100 V to obtain the
full V-1 characteristics starting from the ion saturation region to the electron sat-
uration region. The different regions of V-I characteristics of the Langmuir probe
help us to estimate the plasma parameters which are discussed in Subsec. 2.5.1.
The circuitry of a single Langmuir probe power supply is discussed in detail in

Ref. [116].

Langmuir Probe
Probe current

//, Probe
— ltage
7 Vo

Figure 2.4: A schematic of the Langmuir probe circuit.

2.2.2 Emissive probe

We have also used an emissive probe to get the precise measurement of plasma

potential V, in the plasma as well as in the sheath. The radial profile of plasma
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potential from the bulk to the sheath regions is used to estimate the electric field
profile. Tt, in turn, helps us to estimate the value of charge acquired by the dust
particles. A photograph of the emissive probe is shown in Fig. 2.5. Similar to the
Langmuir probe, the emissive probe is also made up of tungsten wire of diameter
0.125 mm and length 8 mm. The tungsten wire is made in the form of a loop
and its ends are inserted in a twin-bore ceramic tube and connected to the copper
wire to make the electrical contacts. It is ensured that the contact points are good
enough such that it can withstand a high temperature when the high current is
drawn by the tungsten wire. The probe is made to expose in the plasma and
subsequently, a high current is passed through it using a high current DC power
supply (15 V, 7 A). When the probe is heated up and as a result, it emits electrons

through thermionic emission.

e . L%
isuulu):lsm
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Figure 2.5: A photograph of emissive probe used in the experiments.

An emissive probe, which is widely used to measure the plasma potential [117],
can be operated by using three different techniques. The simplest method ‘floating-
point technique’ is followed to measure the plasma potential in our experiments.
The circuit diagram to operate the emissive probe in this method is shown in
Fig. 2.6. In this technique at zero-emission current (cold emissive probe), the
emissive probe acts as a single Langmuir probe. The floating potential at that
condition is measured by connecting a resistor of very high resistance (R; = 70 M)

in between one lead of the emissive probe and another resistor of lower resistance
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(Ry = 10 kR2). The other lead of Ry is connected with ground potential. At cold
conditions, the current through the resistance R, is obtained by measuring the
voltage across Ry using a multimeter. The floating potential is then measured by
using the principle of the potential divider. The same technique is then followed for
a hot emissive probe for different values of emission current to measure the floating
potential. The plasma potential is obtained at which the floating potential remains
constant with the emission current as discussed in Ref. [117]. The radial profiles

of plasma potential measured using this technique are described in Sec. 2.5.3.

M
LA

R1

R2

Figure 2.6: A schematic diagram of emissive probe circuit operated in floating-
point technique.

2.3 Diagnostics of dusty plasma

The main diagnostic used to diagnose the dusty plasma is the optical diagnostic. It
is a combination of a laser and a couple of CCD cameras. The laser light is used for
visualizing the particles whereas the cameras are used for recording the dynamics
of the dust particles by capturing the Mie-scattered light from the particles. Due
to the low charge to mass ratio, the dynamics of the dust particles become very

slow which facilitates us to record the motion of the dust particles by a CCD
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camera having a very low frame rate (30-200 fps). Therefore in dusty plasma,
video imaging is the primary source of acquiring the data for studying the various
collective phenomena such as the formation of structure, excitation of linear and
non-linear waves, etc.. Both the cameras in our experiments are connected to a
high-speed workstation using firewire cables to store the images which are captured
by the cameras. Later, the images are analyzed using various software such as
ImagelJ, IDL based super Particle Identification and Tracking (sPIT) code [118],
MATLAB based Particle Image Velocimetry (PIV) [119] to study dynamics of dust

particles and collective excitation.

2.3.1 Imaging of dust particles

The dust particles are illuminated by a green laser light having a wavelength of 532
nm. The laser power can be tuned from 0-100 mW at that wavelength. The point
laser light source is converted into a line source by attaching a Powell lens in front
of the laser. It helps to shine the dust cloud either in the y-z or x-z plane. The
thickness of the laser line is made to be less than 1 mm at a distance of 50 cm with
a width of 60 mm. The dimension of the line source is good enough to illuminate
the complete dust cloud either in one of the planes. It is to be noted that in our
experiments, two lasers are used simultaneously, One laser is used to illuminate the
x-z plane whereas there is another laser having the same specification is situated
on the left side of the chamber which is used to illuminate the y-z plane.

The Mie scattered light from these dust particles is captured by a couple of CCD
cameras. The high-speed camera having 60 fps and 1000 x 1000 pixel resolution is
used either from the top or sideway depending upon the experimental requirement.

The capturing frame rate can be further increased up to 200 fps by lowering its



44 Chapter 2: Experimental set-up, production and characterization ...

field of view (FOV). A couple of C mount zoom lenses having focal length 25
mm and 16 mm are attached in front of the camera to adjust the aperture and
magnification. The magnification can also be increased by connecting the C rings
in series with the lens. In some of the experiments, another camera with a lower

frame rate (30 fps) and a higher resolution (2000 pixel x 2000 pixel) is also used.

2.3.2 Data storage and analysis

As discussed in Sec. 2.3, the raw image data is stored in a computer by a cable that
is connected to the PCI Express Host Adapter card mounted on the motherboard
of the workstation. The camera is operated by a software (Vimba 2.0), which is
compatible with the Windows-10 operating system. The high-quality images are
stored in the computer in ‘jpeg’ or ‘png’ formats by adjusting the shutter speed,

resolution, gain, frame rate with the help of the software.

To analyze the stored images we have used various software like ImageJ, sPIT,
and PIV. ImageJ is used for spatial calibration. For particle level experiments
(i.e. the experiments which are performed with very few particles) as discussed in
Chap. 3 and Chap. 4, we have used IDL based super Particle Identification Code to
extract the coordinates of the particles over the time. It is an efficient and powerful
code to track individual particles for several frames to get the particle trajectories.
We have also used MATLAB based open-access Particle Image Velocimetry (PIV)
code in the rest of the chapters (Chaps. 5-7) in which the flow-related excitation of
nonlinear waves are discussed. This code is mainly used to determine the velocity

of the dust particles in a flowing dusty plasma.
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2.4 Plasma production and its characterization

To conduct the experiments, initially, the vacuum chamber is evacuated at a base
pressure of 0.1 Pa by the rotary pump as described in detail in Subsec. 2.1.1.
While pumping down to the base pressure the gate valve connected with the rotary
pump is kept fully open. After attaining the base pressure, the gate valve is closed
partially (approximately 20%) and the Argon gas is introduced in the chamber
using a mass flow controller to set the working pressure at p= 8-20 Pa as discussed
in Subsec. 2.1.2. A high voltage ranging from 250-400 V is applied between the
electrodes using a DC power supply to initiate a DC glow discharge Ar plasma. A
single Langmuir probe and an emissive probe are used to characterize the plasma
thoroughly to obtain the plasma parameters over a range of discharge conditions.
The detailed construction and the electrical circuit of these probes are described

in the subsequent Subsec. 2.2.1 and 2.2.2, respectively.

2.5 Characterization of plasma

The plasma parameters like plasma density, temperature, floating potential and
plasma potential are measured from the V-1 characteristics curve of a single Lang-
muir probe. The typical probe current from the Langmuir probe is shown in
Fig. 2.7. The curve can be divided into three regions: ion saturation, electron
saturation, and transition regions. The potential at which the total current drawn
by the probe becomes zero is known as floating potential (V;). In the electron
saturation region, the current drawn by the probe is mostly by the electrons as the
probe is biased by a large positive potential with respect to the floating potential

whereas, at ion saturation regions, the ion current dominates over the electron cur-
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rent as the probe is biased by the negative potential with respect to the floating
potential. The region at which the probe current rises significantly with a small
change in the bias voltage is called a transition region. The knee on the probe
current corresponds to a potential called plasma potential (V) where the electrons
and ions come to the probe with their thermal velocities. All the plasma param-
eters are determined from these three different regions of the V-I characteristics
curve. The floating potential (V}) is determined at first by noting down the bias
voltage at which the probe current becomes zero. The intersection of tangents
drawn on the electron saturation region and the transition region in the voltage

axis gives the plasma potential (V},).

- -
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Figure 2.7: The ideal I-V characteristics of Langmuir probe.

The ion saturation region is a region at which the ion current becomes al-
most constant and can be used to obtain the plasma density using the following

expression:

[is = O.61eniv3homApmbe (21)

where, n; is the ion density, vgopm = \/% is the Bohm velocity, m; is the ion
mass, and A, is the probe area which is exposed to the plasma. Before esti-
mating the plasma density from the Eq. 2.1, the plasma temperature is calculated.
The inverse of the slope of log(I — I;5) Vs probe bias voltage is used to determine

the electron temperature.
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Figure 2.8: Variation of (a) bias voltage applied to the probe (b) current drawn
by the probe with time. (c¢) Typical characteristics of a Single Langmuir probe.

Fig. 2.8 (a) and (b) shows the typical bias voltage along with the current drawn
by the probe, respectively for a discharge voltage of 320 V and pressure of 12 Pa.
The probe current is estimated by measuring the voltage drop across a resistance
of 5.5 k€2. In this set of experiments, the probe is installed at port P4. Fig. 2.9
shows the variation of floating and plasma potentials with discharge voltage at a
constant pressure of 14 Pa. One can see that plasma and floating potentials follow
the increasing trend with the discharge voltage which is also reported by Jaiswal.

et. al. [115].

Plasma density and electron temperature are also plotted in Fig. 2.10 for the

same range of discharge conditions. One can see that plasma density increases
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Figure 2.9: A plot showing the variation of floating potential and plasma potential
with discharge voltage.

whereas electron temperature decreases with the increase in discharge voltage. At
higher discharge voltage, the discharge current increases due to the higher ioniza-
tion, which leads to the enhancement of plasma density. Due to the higher electron
density, the electron-neutral mean free path decreases, as a result, the electrons
undergo frequent collisions with neutrals. It essentially reduces the electron tem-

perature with increase of the discharge voltage.

The electron temperature and plasma density are also measured for different
background pressure at a given discharge voltage as shown in Fig. 2.11. One can
see that the density and temperature follow a similar trend as shown in Fig. 2.10.
In this set of experiments, the plasma density increases with the increase in back-
ground pressure. At higher pressure, the extent of ionization becomes more, which
results in a rise in the discharge current. However, the temperature decreases
with the increase of background pressure as the electrons lose their average kinetic

energy by undergoing frequent collisions with the neutrals at higher pressure.
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Figure 2.10: A plot showing the variation of plasma density and electron temper-
ature with background pressure.

2.5.1 Measurements of radial profile by Langmuir probe

As discussed, the plasma parameters are very sensitive to the discharge parameters
such as on the background pressure and the discharge voltage. In this section
(Sec. 2.5.1), we discuss the measurements of these plasma parameters when the
probe is scanned radially over a given discharge condition. The typical radial
profiles of plasma density and electron temperature are shown in Fig. 2.12 for a
given discharge condition, p=16 Pa, and V; =360 V. It is to be noted that these
experiments are carried out by installing the probe at port P4. The probe is
scanned radially very precisely in the interval of 0.5 ¢m from bottom to top. The
‘0’ position represents the position of the cathode and the different radial positions
correspond to the location of the probe tip as shown in Fig. 2.12. One can see from
Fig. 2.12 that plasma density decrease as we move away from the cathode whereas
the temperature follows the increasing trend. The first point in Fig. 2.12 is taken
at ~2 cm far from the cathode where the cathode sheath ends. The Langmuir

probe can not be used in the sheath region to measure the plasma parameters as
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Figure 2.11: A plot of plasma density and electron temperature for different
discharge voltages.

the probe theory doesn’t hold good in this region. The axial profiles of plasma
density and electron temperature have already been carried out and described in

Ref. [115].
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Figure 2.12: A plot of plasma density and electron temperature at different radial
locations.
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2.5.2 Distribution function

The Electron Energy Distribution Function (EEDF) is also a very important pa-
rameter which can be estimated using a single Langmuir probe. The variation of
probability of finding electrons with energy € and € + de with electron energy can
be used to find out whether the electrons follow a certain kind of distribution. The
multiple peaks in EEDF also provide information about the presence of hot and
cold electrons or two temperature electron species in a plasma. EEDF is estimated
from the current drawn by the Langmuir probe. The expression [120] of electron

energy distribution function is given as:

d2
£(6) = 202m) P Ayp) (075 (2.

2 .
where, me, Aprope, €, C‘li—VIQ are the mass of the electron, area of the probe, electronic

charge, respectively.

f(e) (arb. units)
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Figure 2.13: A plot of electron energy probability distribution function (EEPF)
forp =14 Paand V =300 V

The probability distribution f(e€) is defined by the ratio of EEDF to /e and
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plotted in Fig. 2.13 for pressure 14 Pa and discharge voltage 300 V. The plasma
parameters like plasma density and temperature can be calculated with the help

of f(e€) using the kinetic theory as given below:
inf
Ne :/ fle)dE (2.3)
0

inf
Te:/o ef(e)de (2.4)

The electron temperature estimated from electron energy distribution function us-
ing Eq. 2.4 is 3.8 eV whereas the electron temperature calculated from the slope of
Langmuir probe V-I characteristics at the same discharge condition is 3.5 eV. An-
other important plasma parameter, electron density is also estimated from EEDF
using 2.3, which comes out to be ~ 7x 10 /m3. The plasma density measured
from the ion saturation current of the Langmuir probe is ~ 1x 10 /m3. The
estimations of electron temperatures and the electron density using EEDF are in

good agreement with V-I characteristics of the Langmuir probe.

When the electrons are not in thermal equilibrium, the Maxwellian distribution
function may not be suitable to describe those electrons. Druyvesteyn distribu-
tion function is one type of such non-equilibrium or non-Maxwellian distribution
function, which can be used to represent the plasma species like electrons having
an always higher temperature than ions and neutrals. The normalized expression

for Druyvestyen distribution function can be expressed as [121]:

2
fole) = %\/E exp [—0.243 ( ‘ )

(2.5)

(ijT’e)B/2 kBTe

The basic distinction between the Maxwell and Druyvestyen distribution functions
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Figure 2.14: Maxwell, Druyvestyen and experimentally obtained distribution func-
tions.

is the exponent in the argument of exponential function. As shown in Eq. 2.2
and Eq. 2.5, the exponent for Maxwellian distribution function is one whereas
for Druyvestyen distribution function, it is two. It is reported in the literature
that for low electron energy, the Druyvestyen distribution function represents the
experimental data better than the Maxwellian distribution function [121]. In our
experiments also, (as shown in Fig. 2.14) the Druyvestyen distribution function
is in better agreement with the experimental distribution function than that of

Maxwell distribution function.

2.5.3 Measurements of plasma potential and floating poten-

tial by emissive probe

An emissive probe is also used in our experiments to obtain the radial plasma and
floating potential profiles to estimate the radial sheath electric field. The detailed
circuitry and their construction have already been described in Subsec. 2.2.2. The

simplest technique ‘floating-point technique’ is used to measure the plasma po-
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tential, which is also extensively used by other [117]|. In this method, the floating
potentials are measured by passing a different amount of emission currents through
the filament as shown in Fig. 2.14. As the emission current increases, the sheath
around the probe diminishes and as a result, the potential across the resistance

R,+R; increases. When the sheath around the probe gets completely nullified by
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Figure 2.15: Measurement of plasma potential using emissive probe by floating
point technique.

the filament electrons, the floating potential attains the plasma potential. There-
after the potential does not increase with the further increase of emission current
instead it takes a constant value. Fig. 2.15 shows the variation of floating potential
with the emission current at V; = 340 V and background pressure p= 12 Pa. One
can see that as the emission current increases, the floating potential increases from
220 V and it saturates to a plasma potential at 320 V when the emission current
reaches to a value close to 2.5 A. One can see that the floating potential measured
using Langmuir probe is always higher compared to the measurements made by
emissive prove. This is because, at zero-emission current, the emissive probe still
draws some current from the plasma. For a precise measurement of floating po-
tential, one needs to attach a resistor (R;) of higher resistance. However, in these

specific set of experiments, we measure the plasma potential precisely using an



Chapter 2: Experimental set-up, production and characterization ... %)

emissive probe.
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Figure 2.16: Radial profile of plasma potential for three different pressure and
discharge voltage 360 V.

The plasma potential is then measured at different radial locations from cath-
ode sheath to bulk plasma using the same techniques. In this set of measurements,
the emission current is kept constant at 3 A, so that in all the locations the sheath
around the probe gets nullified and the probe measures the actual plasma po-
tential. The radial profiles of the plasma potential for three different pressures
are shown in Fig. 2.16. The first point corresponds to the measurement near the
cathode whereas the last point in Fig. 2.16 represents the plasma potential at the
bulk plasma. It is seen that the plasma potential does not change much at bulk
plasma when the pressure is changed from 12 to 16 Pa. It is due to the fact that
the electron temperature does not change significantly over the narrow range of
background pressure. As the plasma potential explicitly depends upon the elec-
tron temperature, hence it remains almost constant over the range of background
pressure. Interestingly, the plasma potential falls very rapidly when the probe is

scanned from bulk plasma to the cathode sheath, which essentially indicates there
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exists a sheath near the cathode. The sheath electric field can be calculated from
the first derivative of the plasma potential with respect to radial distance. It is
clear from Fig. 2.16, the plasma potential falls rapidly for p=16 Pa compare to
p=12 Pa, which signifies that the sheath electric field at p=16 Pa is higher than
that of p=12 Pa. At a given discharge voltage, the electric field values change in

the range of 0.7 — 2 x 10° V/m when the pressure is changed from 12 Pa to 16 Pa.
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Figure 2.17: Radial profile of plasma potential for three different discharge voltages
and fixed background pressure 14 Pa.

The same experiment is repeated to obtain the radial profiles of plasma poten-
tial for three different discharge voltages at 300 V, 330 V and 360 V to examine
the dependency of plasma potential on the discharge voltage at a constant pressure
p=14 Pa. Fig. 2.17 depicts the radial profiles of plasma potential for these three
discharge voltages. For a given discharge voltage the plasma potential remains
constant at bulk plasma whereas it falls rapidly when the probe enters into the
cathode sheath as shown in Fig. 2.16. In addition, it is also seen that the plasma
potential is always higher for higher discharge voltages. It is due to the fact that

at higher discharge voltage the degree of ionization becomes higher which in turn
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increases the loss of electrons. As a result, the plasma becomes more and more
positive with respect to the grounded cathode with the increase of the discharge
voltages. The sheath electric fields can be calculated from the potential profiles
and it is found that it is higher for higher discharge voltages. At a given pressure,
the electric field values change in the range of 2 —9 x 10° V/m when the discharge
voltage is changed from 300 V to 360 V. It is to be noted that the axial profiles of
plasma potentials have already been obtained for the DPEx device and reported
in Ref. [115].

The following table (Tab. 2.1) provides the range of plasma parameters for the
range of discharge voltages (V) = 290-370 V, discharge currents (I;) = 2-11 mA

and working pressures (p) = 10-16 Pa.

Table 2.1: Discharge and plasma parameters

Parameters Values
Floating Potential (V) 250-320 V
Plasma Potential (V) 270-340 V

Plasma Density (n;) 1-5 x 10 m™3
Electron Temperature (T7,) 2-4 eV
Ion Temperature (7;) 0.03 eV

2.6 Characterization of dusty plasma

We have already discussed the characterization of the plasma using a single Lang-
muir probe and an emissive probe in detail in last section. This section aims
to provide a brief description of the characterization of dusty plasma. The dust
particles in the plasma environment become negatively charged due to the higher
mobility of electrons than ions. These negatively charged dust particles exert the
sheath electric field force in a vertically upward direction due to sheath electric field

E(y), which is directed in the downward direction (negative y-direction) whereas
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the gravity pulls the particle in a downward direction. Whenever these two forces
balance each other, the particles simply levitate in the plasma-sheath boundary
depending upon the size of the particles and the magnitude of the sheath electric

field. The force balance equation can be given by:

mag = Qu(y)E(y). (2.6)

Where mg, g and Qg(y) are the mass of the particles, acceleration due to grav-
ity and the charged accumulated on the dust surface at a particular location. In
our experiments, the dust particles are introduced in the plasma either by a dust
dispenser or sprinkled on the cathode before performing the experiments as de-
scribed in Subsec. 2.1.7). As soon as the plasma is initiated, the dust particles that
are sprinkled on the cathode tray or introduced by dust dispenser get negatively
charged and levitate at a height of ~ 1.3—1.7 cm from the cathode by a balance of
the sheath electrostatic force and gravitational force in the vertical direction. The
repulsive interactions among the negatively charged dust particles in the radial
direction can be nullified by the strong radial confinement force provided by the
cathode edges. However, the repulsive interaction in the axial direction is taken
care of by the grounded copper wire and the right strip. The force balance in axial,
radial and vertical directions creates an equilibrium dust cloud. Depending upon
the mass (mg) and charge (Qg) of the particles and the vertical cathode sheath
electric field (E(y)), the micron-sized polydispersive particles levitate at different
heights by balancing the gravitational force (acting in the downward direction) and
the electrostatic force (acting in the upward direction for the negatively charged
dusty particles). Since mg o< r3 and Qg o< r4 (provided 7, remains constant), one

can conclude from the force balance condition that the particles of the same size



Chapter 2: Experimental set-up, production and characterization ... 59

should levitate at the same height, y, provided the electric field remains the same

over the axial extent at that height.

A green light source is used to illuminate these levitated dust particles in the
sheath region whereas a couple of cameras are utilized to capture the images of
dust particles (see in Subsec. 2.3 for more details). The perfectly aligned parallel
thin laser sheet (in x-z plane) always illuminates the dust particles of the same
size for a given discharge condition. It is also worth mentioning that the laser
light is kept perfectly parallel to the cathode so that the light scattered from dust
particles is not re-scattered from the other plane of the dust cloud. The dynamics
of the dust particles are captured by a fast CCD camera having a frame rate of
100-200 frames/s with a spatial resolution of 40-50 pm/pixel (depending upon the
experimental condition). We have taken care that the camera is not being saturated
while capturing the images of the equilibrium dust cloud and the excitations of
linear and non-linear waves. We have also verified that the image intensity is linear
with dust number density by checking that the camera has a linear response with

no offset.

A typical image of levitated Kaolin dust particles is shown in Fig. 2.18. The
arrows represent the direction of different forces. The upward arrow corresponds
to the sheath electric field force (F) whereas the downward arrow represents the
gravitational pull (F,). The side arrows represent the confinement force that comes
from the radial sheath electric field around the two edges of tray shaped grounded
cathode. The particles get confined axially due to the axial sheath electric fields
around the metal strips that are placed on the cathode. The radial and axial con-
finements of these micron-sized dust particles have already been discussed in detail

in Subsec. 2.1.4. Before performing experiments, the dusty plasma is thoroughly
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characterized by measuring some of its equilibrium parameters. For that purpose,
a systematic experiment is carried out to characterize the dusty plasma for a range

of discharge conditions.

Figure 2.18: A photograph showing the levitation of dust particles in DPEx device.

Dusty plasma can be characterized by measuring/estimating the parameters
such as particle size, mass, charge resides on the dust surface, inter-particle dis-
tance, dust number density, dust temperature, and coupling parameter. These
equilibrium dusty plasma parameters are sometimes necessary to find out the other
parameters like phase velocity of dust acoustic waves, dust plasma frequency, dust-
neutral collision frequency, and mean free path, etc.. The detailed descriptions and
the measurement procedures of these above dusty plasma parameters are given be-

low in subsequent subsections.

2.6.1 Mass

To study the dynamics of dust particles in a flowing dusty plasma (described in
Chap. 3) and to measure the potential profiles in a plasma (described in Chap. 4)
by using dust particles as microprobes, mono-dispersive Melamine Formaldehyde
(MF) particles having diameters 10.66 pm, 8.90 pm and 4.38 pm are used. The
mass density(p) of these MF particles is 1.51 g/cm?. For conducting experiments

on the excitation of nonlinear waves and structures in a flowing dusty plasma
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such as excitations of precursor solitons (described in Chap. 5), pinned structures
(described in Chap. 6) and shock waves (described in Chap. 7), the poly-dispersive
Kaolin particles of diameter ranging from 4 to 10 um are used. The mass density
of these particles is 2.65 g/cm?. Both these particles (MF and Kaolin) are assumed
to be spherical and the following expression is used to calculate the mass of dust
particles.

mg = p X §7rrf, (2.7)

where my, p, rq are the mass, mass density, and radius of the dust particles,
respectively. For MF particles of diameters 10.66 pum, 8.90 ym and 4.38 um the
masses come out to be 9.57 x 10713 kg , 5.57 x 107! kg, and 6.64 x 10~ kg,
respectively, whereas for Kaolin particles of diameter 4-10 ym the mass comes out

to be in the range 8.9 x 107 kg — 1.4 x 10713 kg.

2.6.2 Charge

The amount of charge that resides on the surface of the dust particle is an important
parameter as it governs most of the dynamics of dust particles in a dusty plasma.
The dust particles become charged whenever they are introduced in the plasma.
The different charging processes that are associated with dusty plasmas are the
collection of plasma species, secondary electron emission, thermionic emission, etc..
However, the magnitude of dust charge solely depends on the background plasma
parameters and the size of the dust particles. In laboratory dusty plasma, the
particles become negatively charged mostly by collecting more electrons than ions.
Different theoretical models are available to estimate the dust charge [54,55,122],
however, the measurement of dust charge is not explored much. In all these mod-

els, the charge acquired by the dust particles is estimated by assuming the dust



62 Chapter 2: Experimental set-up, production and characterization ...

particles are of spherical capacitors. The following relation is used to estimate the
charge as [123]:

Qq = CU = 4megraU, (2.8)

where C' is the capacitance, U is the surface potential of the dust particle with
respect to the plasma potential. ¢y, ;4 are the permittivity of free space and radius
of the dust particles, respectively. Dust surface potential is estimated in the past
either by taking into account the Orbital Motion limited (OML) approximation
[122] or by Collision Enhanced Plasma Collection (CEC) [54,55] approximation.

Both these theories are based on the assumption that the collections of ions and
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Figure 2.19: Variation of dust charge calculated using OML and CEC theories
with pressure.

electrons fluxes are orbitally limited for an isolated spherical particle. OML theory
assumes that the electrons and ions come to the dust particle without colliding
with the neutrals which essentially means that the electron-neutral and ion-neutral
collision mean free paths (A i) should be greater than the plasma screening length
(Ap). However, earlier experiments suggests that even in weak collisional limit

(Aen.in» Ap) OML theory overestimate the dust charge [124]. Later, Khrapak et al.
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has corrected the OML theory and provided Collision Enhanced Plasma Collection
(CEC) model in which frequent collisions of ions with neutrals in the expression
of total current drawn by the dust is considered [54]. This theory validates the
experimental results in low as well as in high-pressure regimes ranging from 10— 50
Pa [124]. Our experiments are carried out in the range of neutral pressure p=10-12
Pa, therefore the CEC model to estimate the dust surface potential is justified. We
have numerically solved the net current on the dust surface described in Ref. [124,
125] using the Newton Raphson technique and estimate the dust surface potential
with the help of OML and CEC models. The dust charge is then calculated using
the capacitor model as given in Eq. 2.8. The variation of dust charge over a range
of experimental pressures is plotted in Fig. 2.19 for the dust particle having a
diameter of 10.66 ym. One can see from Fig. 2.19 that the dust charge in both
the theories falls monotonically with the increase of background pressure. Besides,
the OML theory always overestimates the dust charge in comparison to the CEC
model. The collisions of dust particles with plasma species suppress at lower
pressure. Hence for a plasma with constant temperature and density, one can
expect that the difference of estimated values of the dust charges decreases with
the decreases in the background pressure. However, in our experiments, the OML
and the CEC models show a larger deviation at a lower pressure as compared to a
higher pressure. It is because the plasma parameters in our experiments vary with
a decrease in pressure. With an increase in pressure, a fall in electron temperature

and a rise in plasma density is observed (see Fig. 2.10).
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2.6.3 Inter-particle distance and dust density

The dust density (ng), is defined as the number of dust particles per unit volume,
is estimated by finding out the inter-particle spacing (d). A single dust particle is
assumed to contain in the sphere of radius d and hence the dust density can be

expressed as:
3
 Ard3

Since our experiments are mostly conducted in a dense dust cloud, therefore it
is very difficult to measure the inter-particle distance. However, to measure the
dust density, the tail part of the dust cloud is captured by a CCD camera in
full resolution such that the individual dust particles can be identified. From the
information of the inter-particle distance, one can be calculated the dust density
using Fq. 2.9. For a range of inter-particle distance of 360-170 um, the dust density

varies from 0.5x10" /m® to 5x10" /m? in our experiments.

2.6.4 Temperature

The dust temperature (7y) is estimated by tracking the individual particles at the
tail part of the dust cloud for 500 consecutive frames. From the information of
the coordinates of the dust particles over time, the velocity distribution function is
calculated. The experimental data points are then fitted by a Maxwellian function
and the full width at half maximum of the distribution function gives the tem-
perature of the dust particles. In the range of our discharge conditions, the dust

temperature varies in the range 0.5-1 eV.
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2.6.5 Coulomb coupling parameter

Due to the low charge to mass ratio, dusty plasma exhibits different states of
matter e.g. crystalline state, liquid state and gasses state in contrast to the con-
ventional plasma. The state of the dusty plasma can be defined by a quantity
called the Coulomb coupling parameter, I'. Tt is the ratio of potential energy to
the dust thermal energy, which is already described in Chap. 1 at Sec. 1.2.6. In the
DPEx device, the dust particles form a strongly coupled dusty plasma in which
the Coulomb coupling parameter varies over the range 80-220 [116]. However, in
the case of flowing dusty plasma experiments, the dust cloud behaves as a fluid
whose I varies from 10-30.

The following table (Tab. 2.2) provides the range of dusty plasma parameters
for the range of discharge voltages (V) = 290-370 V, discharge currents (I;) =

2-11 mA and working pressures (p) = 10-16 Pa.

Table 2.2: Dusty plasma parameters

Parameters Values
Dust mass (m,) 9-14 x 1071* kg
Dust charge (Qy) 1-4 x 1071 C

Inter-Particle distance (r,) 360-170 pm
Dust number density (ng) | 0.5-5 x 10 m =3
Dust Temperature (T}) 0.5-1 eV

2.7 Flow generation

As this thesis work mainly focuses on the excitation of nonlinear waves and struc-
tures in a flowing plasma, hence it is important to discuss some of the techniques
that we have developed to generate the flow in a dusty plasma medium. The flows

on the dust particles are generated using three different techniques, namely Single
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Gas Injection (SGI) technique, Dual Gas Injection (DGI) and altering potential hill
technique. These three techniques to generate the flow in a dusty plasma medium

are described in the following subsections.

2.7.1 Single Gas Injection (SGI) technique

In the case of the Single Gas Injection technique, the equilibrium dust cloud is
formed at a particular discharge condition by adjusting the pumping rate and the
gas feeding rate. In this situation, the particles only show their random motion.
To generate the flow in the dust fluid, the gas feeding rate is decreased suddenly
at port P1 which creates a pressure difference in the glass chamber. Near the
port P1, the gas pressure becomes lower compare to the location where the dust
particles levitate. To maintain the dynamic equilibrium the neutrals particles rush
towards the pump and during their movement, they carry the dust particles on
their way. As a result, the dust particles are seen to move always from right to
left. The dust particle velocity can be tuned precisely by adjusting the change of
gas flow rate at port P1 and the background pressure. This SGI technique is used
extensively to generate the flow in the dust component to study the dynamics of
dust particles (presented in Chap. 3), to measure the potential profile by using
dust particles as micro-probes (presented in Chap. 4), to excite the shock waves in

an inhomogeneous dusty plasma (presented in Chap. 7).

2.7.2 Dual Gas Injection (DGI) technique

Dual Gas Injection (DGI) technique is also a method to generate the flow in the
micron-sized dust particles. As the name suggests, in this method the gas is

inserted from two sides of the Dusty Plasma Experimental (DPEx) device. Two
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ports P1 and P2 are used for feeding the gas in this method. Initially, the dynamic
equilibrium of dust particles is attained by feeding the gas from both the ports
such that the working pressure remains constant. The dust particles are then
injected from port P4 in the plasma using a dust dispenser. Due to the dynamic
equilibrium, the dust particles always move from right to left. In this technique,
the neutrals carry the dust particles on their way to the pump similar to the SGI
technique however the dynamics of the dust particles are slightly different in this

case of flow generation. The details of this technique will be discussed in Chap. 3.

2.7.3 Altering potential hill technique

In this case of flow generation, a copper wire of 1 mm diameter and 6 cm length is
installed radially on the grounded cathode. This wire can be kept either grounded
or in floating potential. There is also a provision to keep this wire in an intermediate
potential by connecting a variable resistance in series with the wire and the ground
through a mechanical switch. The details about this wire and its circuitry are
discussed in Subsec. 2.1.4. As discussed earlier, the dust particles are initially
confined in between the right confinement strip and this grounded wire and exhibit
only the thermal motion. When the wire is kept at grounded potential, the plasma
creates a sheath around it. The sheath provides a negative potential with respect
to the dust surface potential and hence the negatively charged dust particles get
confined in between the wire and the right strip. At that time, the dust particles
only exhibit the thermal motion.

Fig. 2.20(a) shows a cartoon of the y-z plane of dust cloud when the particles
get confined in between the wire and the right strip. The yellow circle in the

figure represents the location of the wire and the solid line around the yellow



68 Chapter 2: Experimental set-up, production and characterization ...

(@)

Cathode sheath
thickness

Grounded

Flow

(b)

Q Floating
S

Figure 2.20: Schematic diagram to show the generation of flow by altering the
potential hill technique. a) The confinement of dust particles by a grounded wire
and b) the flow of particles over the floating wire.

circle qualitatively represents the sheath profile around the wire. When the wire
is switched suddenly to the floating potential, the charged dust particles and the
floating wire come almost in the same potential (see Fig. 2.20(b)) as a result, the
particles start to flow from right to left over the wire. This technique of flow
generation is mainly employed to excited the precursor and the pinned solitons,

which will be discussed in more detail in Chap. 5 and Chap. 6. The velocity in

i

Figure 2.21: Modulating the height and the width of the hill by attaching resis-
tances in between the wire and the ground.

the dust fluid can be precisely adjusted by tuning the height of the potential hill
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caused by the wire. It can be achieved by drawing the current through different
resistances connected with the wire as shown in Fig. 2.21. The potential profiles
around the wire over a range of discharge condition are measured using dust as a

dynamical probe and described in more detail in Chap. 4.

2.8 Measurements of flow velocities

After the initiation of flow in dust fluid, it is equally important to measure the
velocity of the individual particles as well as the dust fluid for performing further
experiments. These measurements indirectly give the information of the force that
acts on the dust particles in a flowing dusty plasma. Besides that, the magnitude of
flow velocity (subsonic/sonic/supersonic) by which it flows also plays an important
role to determine the type of collective excitations in a flowing dusty plasma.
Thus, in the following subsections section, we will discuss some of the measurement

techniques to estimate the flow velocity of individual particles and the velocity of

the dust fluid.

2.8.1 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) technique is used to measure the dust flow veloc-
ity when the dust density is reasonably high. It is a MATLAB based open source
code [119] and generally used to estimate the properties of a flowing fluid. For the
present set of analyses, 20-30 consecutive images of pixel resolution 1000 x 200
are taken in the interval of 7 ms. The algorithm divides the images in 32 pixel x
32 pixel interrogation area in which 16 pixel x 16 pixel interrogation area is accom-

modated in steps of 8 pixel x 8 pixel area to construct the velocity vectors. The
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Figure 2.22: The magnitude and velocity vector of dust fluid analyzed using PIV
technique.

mean velocity vectors are then formed by averaging the velocities obtained from all
the frames. The typical velocity vector of the x-z plane of a dust cloud is shown in
Fig. 2.22, when the flow is generated using the SGI technique. Different subplots
of Fig. 2.22 show the velocity vectors at a different instant after the generation
of flow. The color code represents the magnitude of the velocity where the blue
color represents the minimum velocity and the red (see Fig. 2.22) color represents
the maximum velocity. The direction of straight arrows essentially indicates that
the dust particles move unidirectional from right to left almost with a constant
velocity (as the velocity vectors are of the same length) at a given time. In these
experiments, the velocity of the dust fluid varies from 0-4 ¢m/s over time. This

method of measuring the flow velocity is used in Chap. 5, Chap. 6 and Chap. 7.
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2.8.2 super Particle Identification Tracking (sPIT)

An IDL based super Particle Identification Tracking (sPIT) code is also used to
measure the velocity of the dust particles [118]. This code works efficiently when
the density of dust is very low such that the particles can be identified individually.
In this thesis work, sPIT code is mainly used when the flow is generated either by
SGI or DGI techniques as discussed in the Subsec. 2.7.1 and 2.7.2. With the help
of this code, the particle positions are identified in several consecutive frames by
plotting the brightness contour and finding the centres of the intensity of each local

region. The velocity of the particles is then calculated from their instantaneous

Figure 2.23: Color plot showing the trajectory of particles when analyzed using
spit code.

positions over time. The inverse of the frame rate gives the time between two
consecutive frames. The trajectory of a single dust particle obtained from sPIT
code is plotted in Fig. 2.23. In this case, the flow is generated using the SGI
technique. The color plot shows the time information of the particle- violet color
represents the particle position at the initial time whereas red color represents the
final position of the particle. The color sequence suggests that the particle moves
from right to left almost in a straight line. The size of the same color band of
each color signifies that initially, the particle moves with a slower velocity and
then it accelerates. The trajectories of the particles and their associated dynamics

extracted from this code are described in more detail in Chap. 3 and Chap. 4.
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2.9 Conclusions

To conclude, a tabletop versatile Dusty plasma Experimental device is built at
IPR to perform experiments on the excitations of nonlinear waves and structures
in a flowing dusty plasma. It is an inverted [I-shaped glass chamber having several
axial and radial ports for different purposes like pumping, gas feeding, taking out
electrical connections, dispensing dust, diagnosing the plasma and dusty plasma,
etc.. A rotary pump is used to evacuate the chamber at a base pressure of 0.1
Pa. A circular live anode and a grounded tray-shaped cathode are used to initiate
a DC glow discharge plasma in the background of Ar gas at a working pressure
over the range of 10-15 Pa. A single Langmuir probe and an emissive probe are
used to characterize the plasma over a range of discharge conditions by measuring
plasma density, floating and plasma potentials, electron temperature and electron
energy distribution function. The radial profile of plasma potentials is obtained to
estimate the radial sheath electric field which is responsible for the levitation of

dust particles.

Dusty plasma is then produced either by introducing mono-dispersive Melamine
Formaldehyde or poly-dispersive Kaolin particles in the plasma. A combination
of camera and laser are used for optical diagnostics to capture the dynamics of
dust particles. The consecutive images recorded by the camera are stored in a
computer for further analysis. From the stored images, the dusty plasma is char-
acterized thoroughly over a range of discharge conditions by measuring/estimating
inter-particle distance, particle density, dust temperature, dust charge, Coulomb

coupling parameter, etc..

The various techniques namely Single Gas Injection (SGI), Duel Gas Injec-
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tion (DGI), altering potential techniques are used to generate a flow in the dust
component. Different analysis techniques such as MATLAB based Particle Image
Velocimetry (PIV) toolbox is used to estimate the flow velocity of a dust fluid
whereas an IDL based super Particle Identification Tracking (sPIT) code is used
to calculate the velocity of individual particles when the particles can be resolved

as a single particle.






Dynamics of dust particles in a flowing

dusty plasma

Part of this chapter is published in Phys. Plasmas, 26, 023701 (2019) by Garima

Arora et al..

3.1 Introduction

The study of flowing dusty plasmas has attracted recent attention and flow
induced excitations in dusty plasmas have become an emerging area of research in
laboratory as well as in the astrophysical context. When the dust fluid flows past
an obstacle it can excite a wide variety of linear and non-linear waves such as wakes
and precursor solitons [47,48,114|, bow shocks [81,126], dispersive shocks [83] and

Von Karman vortex streets [127]. In all these experimental studies, the flow in the

75
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dust fluid was typically initiated either by varying the confining potential [48,126]
or by sudden changes in the gas flow into the chamber [83] or by mechanically tilting
of one side of the experimental chamber [81]. The focus of these experiments so
far have mainly been on the collective excitations in the dusty plasma medium in

which the dynamics of the dust flow itself has not received much attention.

A number of past studies have investigated the effect of various forces like the
radiation force [128,129|, the ion [58-60| and the neutral drag forces [130-133]
and the thermopherotic force [134] on dust dynamics and have explored means of
manoeuvring the dust dynamics through these forces. The ion and the neutral
drag forces, in particular, can play a dominant role in either inducing or limiting
the steady state flow velocities of dust particles as they stream in a background of
ions and neutrals. A detailed study of the ion drag force are carried out in past
by Yaroshenko et al. [133] on the PK4 device over a range of discharge parameters
and using particles of different sizes. The work presented in this chapter deals
on the systematic measurement of flow velocity of micro particles to study the
dynamics of dust particles in a flowing dusty plasma in DPEx device. A primary
motivation for this work is to provide a better understanding of the role of neutrals
in the dynamics of gas flow induced dusty plasma flows that were used in past

experiments on the DPEx device [48,83,135,136].

The chapter is organized as follows: In the next section in Sec. 3.2, a brief
description of the experimental setup along with the production of plasma and
dusty plasma is presented. The generation of flow in dust particles and their
velocity measurement are discussed in Sec. 3.3. The experimental results and
discussion, force estimation and a theoretical model to describe the dust particle

motion are discussed in Sec. 3.4, Sec. 3.5 and Sec. 3.6, respectively. Some final
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concluding remarks are made in Sec. 3.7.

3.2 Experimental Set-up and procedure
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Figure 3.1: A schematic of the experimental set up for performing flowing dusty
plasma experiments.

The experiments are carried out in the II shaped Dusty Plasma Experimental
(DPEx) device. The system geometry of this device and the associated diagnostics
have been given in details in Chap. 2. The vacuum chamber, as shown in Fig. 3.1,
is evacuated to a base pressure of 0.1 Pa with the help of a rotary pump. Argon
gas is then introduced by a mass flow controller and /or by a gas dosing valve using
either port-P1 and/or port-P2 depending on the experimental requirements to set
the working pressure at 9 — 15 Pa. A Direct Current (DC) voltage (300 —400 V) is
applied between the anode and the grounded cathode to produce plasma from the
ambient Argon gas. The discharge current over the range of discharge conditions

varies from 2 — 5 mA. The plasma parameters such as the ion density (n;) ~1—3
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x10% /m3, the electron temperature (T,.) ~ 5 — 2 eV are measured using a single
Langmuir probe and an emissive probe. More details about the complete evolution
of the plasma parameters over a broad range of discharge conditions can be found
in Ref. [115] and Chap. 2 2.5.

Melamine Formaldehyde (MF) mono-dispersive spherical particles of diameter
10.66 pm (or 8.90 or 4.38 um) are then introduced into the plasma by a dispenser to
create a dusty plasma. These micro-particles collect more electrons than ions from
the plasma due to the higher mobility of electrons and get negatively charged and
levitate near the cathode sheath region due to a balance between the electrostatic
force (acting in the upward direction) and the gravitational force (acting in the
downward direction). To observe the dynamics of these dust particles, they are
illuminated by a green laser light (in the z — z plane). The Mie-scattered light
from the dust particles are captured by a CCD camera and the images from the

camera are stored into a computer for further analysis.

3.3 Flow generation and velocity measurements

For conducting flowing dusty plasma experiments, these MF particles are made
to flow along the axis of the II-tube using two different methods e.g., Single Gas
Injection (SGI) and Dual Gas Injection (DGI) techniques as discussed in details in
[137] and in Chap. 2.7.1 and 2.7.2. In the SGI technique, a steady state dust cloud
is initially formed in between the two axial confining strips by precisely balancing
the pumping rate and the gas flow rate. This equilibrium of dust particles is then
disturbed momentarily either by increasing the pumping rate or by reducing the
gas flow using a mass flow controller (controlled by a software through a computer)

attached to port P1. In both the cases the particles are seen to move from the
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right to the left along the axis of the chamber. For our present set of experiments,
the flow in dust particles is always initiated by reducing the gas flow in steps of
~ 0.5 sccm. In the DGI method of flow generation an equilibrium working pressure
is maintained by introducing Argon gas using both the gas ports P1 and P2 as
shown in Fig. 3.1. The dust particles are then injected into the plasma with the
help of a dust dispenser and they get charged during the time of their fall. These
particles come to the sheath region and are seen to flow from right to left due to
the continuous flow of neutral gas. It is worth mentioning that for carrying out
all these experiments the pressure range as well as the flow rate differences are
set in such a way that the flow of dust particles is always laminar in nature. The
dynamics of dust particles for these two different flow generation techniques will

be discussed in subsequent sections.
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Figure 3.2: Color plot showing the trajectories of two particles where the flow is
generated using (a) Single Gas Injection Technique (SGI) (b) Dual Gas Injection
Technique (DGI).

Fig. 3.2(a) shows the trajectories of two dust particles of diameter 10.66 pm
at a given pressure of 12 Pa and a discharge voltage of 320 V when the flow is
generated using the SGI technique. Different colors represent the particle positions

at different times in intervals of 6.25 ms. Violet color corresponds to initial position
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of the particle whereas the red color corresponds to final position of the particle.
The figure shows that the particle moves from right to left along the axial direction
(along z) almost with a constant velocity. Fig. 3.2(b) shows the same when the
flow is initiated using the DGI technique. It is to be noted that the trajectories
show the same characteristics when the particles attain a constant velocity in both
the techniques.

To study the dynamics of these dust particles, it is very important to measure
the axial and radial components of the velocity. It essentially helps us to under-
stand the fundamental forces that act on them. For analysing the video images
of the flow of these dust particles an Idl based super Particle Identification Track-
ing (sPIT) code [118,138] is used in which hundreds of still frames are considered
over a wide range of discharge conditions. This code is very powerful and efficient
to track individual particles and to measure the velocity very precisely when the

particles are well resolved during the span of their journey.

3.4 Results and discussion

A series of experiments is carried out to study the dynamics of dust particles
by varying different parameters namely gas flow rate, background pressure, size
of dust particles and gas species. Their dependency are discussed in subsequent

sections.

3.4.1 Influence of gas flow rate

To begin with, a series of experiments are carried out to study the dynamics of the

dust particles by changing the gas flow rate and the background pressure. Fig. 3.3
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shows the time evolution of a dust particle having diameter 10.66 pgm when the
experiments are performed at a discharge voltage of 300 V and pressure of 12 Pa
and in which the flow is initiated by the SGI technique [137] with a flow rate

difference of 3.4 scem.
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Figure 3.3: Time evolution of 10.66 um particle at a fixed pressure of p=12 Pa
and discharge voltage of 300 V when the flow is generated by Single Gas Injection
Technique (SGI).

To understand the dynamics of dust particle in a better way, Fig. 3.3 is divided
into three different distinct regions. In region-I (region of zero velocity), the dust
particles only exhibit random motion (no directional motion) and represent the
phase when no flow in the dust particles has yet been initiated. Region-II is
the accelerating region, where the dust particles start their journey from rest in
the z-direction and accelerate for approximately 0.45 s. This happens when the
gas flow rate near the port P1 is suddenly reduced and as a result the neutrals
move from right to left for neutralizing the imbalance of sudden gas pressure. On
their way towards the pump, the neutral molecules impart their momentum to the
heavier dust particles causing them to move in the direction of the neutrals. The
transfer of momentum from neutrals to dust particles continues till the velocity

of the dust particles become equal to the velocity of the neutrals and correspond
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to the accelerating phase marked as Region-II in Fig. 3.3. When the velocity of
the dust particle becomes equal to the velocity of neutrals, it moves with almost
constant velocity - an asymptotic velocity as depicted in region-III. In this region
of Fig. 3.3, it is clearly seen that the particle moves with a constant velocity of
~ 4 c¢cm/s during 0.6 — 0.7 s. Tt is worth mentioning that the moving neutrals
impart their momentum to dust particle whenever the velocity of the dust particle

decreases due to other damping phenomena.
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Figure 3.4: Variation of asymptotic velocity of 10.66 um particle with flow rate
difference for three different gas pressures.

Fig. 3.4 shows the variation of this asymptotic velocity achieved by 10.66 pm
particle when the differential gas flow rate is varied by different amounts and for
three different background pressures. The average asymptotic velocities are calcu-
lated from the time evolution of different particles with the same size at the time
when they attain a constant velocity as discussed in Fig. 3.3. The figure indicates
that the asymptotic velocity increases monotonically with the gas flow rate differ-
ence. A higher flow rate difference concomitant larger transfer of momentum to

the dust particles which then moves with a greater velocity for a given pressure.
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3.4.2 Influence of background pressure

Fig. 3.4 also shows that the asymptotic velocity decreases with an increase of the
background gas pressure for a constant flow rate difference. This can be understood
from the fact that the number of neutral gas molecules increases with the increase
of Argon gas pressure and as a result the neutrals undergo frequent collisions
among themselves which essentially reduces the effective directional velocity of the
neutrals. As a consequence they impart less directional momentum to the dust

particles causing them to move with a smaller velocity.

3.4.3 Influence of size of dust particle

To study the effect of particle sizes on the flow velocity, a set of experiments
is carried out with different sized dust particles. Fig. 3.5(a) shows the velocity
evolution of dust particles having diameter 10.66 ym, 8.90 ym and 4.38 pm for
the case of gas flow rate difference of ~ 2.1 scem at a constant pressure of 11
Pa and discharge voltage of 300 V. Fig. 3.5(a) shows that the asymptotic velocity
attained by all these micron sized particles are nearly equal indicating that the
Region-III as shown in Fig. 3.3 is independent of the sizes and hence masses of
these dust particles. However, the acceleration region (Region-II) shows a marked
dependency on the size of the dust particle. The velocity profiles show that the
lighter dust particle initially moves with a higher velocity than the heavier one
whereas after ~ 0.4 s, the lighter particle achieves the same constant velocity
as attained by the bigger particle. In the accelerating region in which the dust
particle gains momentum from the moving neutrals, the acceleration is higher for

the lighter dust particle whereas it is smaller for the heavier particle as shown in
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Fig. 3.5(a). It is to be noted that the smaller particle overshoots in the downward
direction from the equilibrium velocity, in which other force may play a role other

than neutral streaming which will be discussed later in detail in Sec. 3.6.
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Figure 3.5: Variation of constant velocity with pressure for three different micro
particles of diameter 10.66 pym, 8.90 ym and 4.38 pum when the flow is generated
by SGI technique

Finally, the asymptotic velocities for these three different sized particles are
measured over a range of pressures from 10 Pa to 14 Pa by keeping the other
discharge parameters constant at a flow rate difference of ~ 2.1 scem. Fig. 3.5(b)
shows the variation of the asymptotic velocities of these three different sized parti-
cles with pressure. It is clearly seen that all the particles attain the same velocity
for the entire pressure range and this velocity decreases with an increase in the
background pressure. The error bars shown in the figure are calculated by per-
forming the experiments several times and taking the mean as well as standard
deviation of velocities. However, at lower pressures (p = 10 Pa and 11 Pa) the
constant velocity of smaller particle of diameter 4.38 um is slightly smaller com-

pare to the bigger particles of diameter 8.90 um and 10.66 pm whereas for higher
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pressures, it is almost same for all particles. This may be due to the fact that
the other forces than neutral streaming may contribute to determine the asymp-
totic velocity of smaller particles at lower pressure which will be examined later in
Sec. 3.6.

To examine the dynamics of dust particles in a steady state equilibrium, another
set of experiments is carried out by introducing Argon gas through the gas port
P, with the help of Dual Gas Injection technique as described in Sec. 3.3 and in
Ref. [137]. It should be mentioned that, in this technique of flow generation it
is difficult to identify Region-I (region of zero velocity) and Region-II (region of
acceleration) of the particle trajectory as identified in Fig. 3.3 for the SGI technique
as the particles attain their asymptotic velocity nearly from the very beginning of
their journey. It is due to the fact that there is a continuous flow of neutrals from
port P2 towards the pump which always carry the dust particles as soon as they

fall into the sheath region.
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Figure 3.6: (a) Time evolution and (b) variation of constant velocity with pressure
of 8.90 and 4.38 pum micro particle when flow is generated by Dual Gas Injection
(DGI) technique.

Fig. 3.6(a) shows the time evolution of the velocity for two different dust par-

ticles of diameter 8.90 ym and 4.38 pm, respectively when the flow in the dust



86 Chapter 3: Dynamics of dust particles in a flowing dusty plasma

particle is generated by the DGI technique at a discharge voltage of 300 V and
pressure of p = 13 Pa. It is seen from the figure that irrespective of sizes, the
particles move at constant velocities of nearly the same value. Fig. 3.6(b) shows
that the asymptotic velocity decreases monotonically with increasing background
pressure akin to the earlier case (see Fig. 3.5(b)) when the flow is generated using
SGI technique. Interestingly, it is also seen that both the particles possess nearly
the same velocity for the entire range of gas pressure. Therefore, the experimental
results obtained in both the techniques demonstrate that the neutrals are primar-
ily responsible for carrying the dust particles in their own direction of flow from
the right to the left. A more quantitative confirmation of this observation will be
established in Sec. 3.5 by making theoretical comparisons between all other forces

acting on the dust particle and comparing them with the neutral streaming force.

3.4.4 Influence of neutral particles

For studying the role of different neutral species on the dynamics of dust particles,
an experimental investigation is carried out using three different gases with differ-
ent masses. The average asymptotic velocities are measured from the trajectories
of the particles when they attained their constant velocities. In this set of exper-
iments the flow rate difference and other discharge parameters are kept constant
at 2.75 scem, 300 — 500 V and 10 — 15 Pa, respectively. The variation of these
asymptotic velocities for different gases are plotted in Fig. 3.7. The open-circle,
square, and star represent the results of the dust particle velocities in backgrounds
of Krypton (m,, = 80 u), Argon (m, = 40 u), and Neon (m,, = 20 u) gases, respec-
tively. It is observed that the asymptotic velocities again decrease with an increase

of gas pressure for all the gases as seen before in Fig. 3.5(b) and Fig. 3.6(b). How-
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Figure 3.7: Variation of constant velocity with pressure for Krypton, Argon, Neon
gases.

ever, for a given pressure the dust particles move with a slower asymptotic velocity
(represented by open circles) in a background of heavier neutrals compared to a
background of lighter gas molecules (represented by open stars). This can be un-
derstood from the fact that for a given flow rate difference the lighter neutrals move
with a higher velocity due to their lower inertia compared to the heavier neutrals.
Since the asymptotic velocity of the dust particle equals the flow velocity of the
neutrals they move faster in a gas of lighter mass. As a result the dust particles
move with maximum velocity in the case of Neon plasma, whereas they move with

minimum velocity for Krypton plasma.

3.5 Estimation of various forces

For an estimate of the various forces (e.g. Coulomb force, ion drag force, neutral

streaming force, electrostatic force etc.) acting on the particle, first the electric field

(E = —%) is estimated over a wide range of discharge parameters by measuring
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the plasma potential (V,) at different axial locations. For that estimation, the
average plasma potentials (V},) are measured (by floating point technique [117])
using a couple of emissive probes that are placed at two different axial locations
at a distance of dZ = 5 c¢cm. The working principle of an emissive probe and
its circuitry is discussed in details in Chap. 2.2.2. The effective electric field is
estimated from the difference of plasma potentials before and during the generation
of flow in dust particles. It is found that during the flow generation the maximum
electric field turns out to be in the range of 8 — 12 V/m directed to dust flow for
a flow rate difference of 1.5 — 5 scem, V; =300 V and p = 10 — 15 Pa.

3.5.1 Coulomb force:

To start with, the Coulomb force (F. = Q.F) acting on the dust particles is
determined by multiplying the charge (Q4) acquired by the dust particles with the
local axial electric field as discussed before. The charge is calculated by assuming
the dust particle to be a spherical capacitor and using the fundamental relation,
Qq = CU, where C = 4megry and U are capacitance and surface potential of
dust particle. The surface potential of dust particle is calculated using Collision
Enhanced plasma Collection model (CEC) [124,125] as discussed in Chap. 2.6.2
and Qg comes out to be ~ 2.87 x 107! C for ry = 5.33 um particle. For our
experimental parameters, p = 12 Pa, flow rate difference 3.5 scem, E = 10 V/m
and T, = 3.0 eV which yields the value of Coulomb force, F, ~ 30 fN, which is

directed opposite to the dust flow and acting as a drag for these micro particles.
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3.5.2 Ion drag force:

Micro-particles experiences ion drag force when ions transfer their momentum to
the dust particles. For the ion drag force Fj, the expression given by Khrapak
et al. [61] is used, which estimates F; for a single micro-particle in a collisionless

Maxwellian plasma for an arbitrary ion velocity as:

F, =V 2nr2n;mv? -{\/ferf (ﬂ) X
d T2 2 \/5

(14 up+ (1 —u?)(1+ 227) + 4227703 *InA| (3.1)
U2
+uj71 [1 + 227 + ufc — 422721nA] exp <_7f) }
Where, n;, m;, vp; = \/8kgT;/m;m are the density, mass and thermal velocity of
ions, respectively. The ion drift velocity normalized by the ion thermal velocity
is denoted by uy. The dimensionless charge of the micro particle is given by
z = Qqle|/(4mrqkpT,), and the ratio of the electron to the ion temperature is

denoted by 7 = T, /T;. The Coulomb logarithm is given by:

lnA:ln{ f+1 1

B (rafey) (3:2)

where (3 is defined as § = Qqle|/[4meokpTi(1 4 u})Aes] and Aep(uy) is the effec-

tive screening length and can be expressed as A.s(us) = 1/\/)\;2(1 +uz) Tt A
The ion flow velocity is calculated by using the formula v; = u;F. E is the ef-
fective electric field when the flow in the dust particle is initiated and p; is the
ion mobility, estimated by using the expression u;(E) = po/ pm with
to = 19.5 m?*PaV~1s™! o = 0.035 mPaV~! for Argon gas of pressure p (in Pas-

cal) [139]. For £ = 10V/m, p=12 Pa, n; = 1.2 x 10> m™3, the ion drag force
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comes out to be F; ~ 9 fN directed along the flow of dust particles.

3.5.3 Neutral streaming force:

The force on the dust due to streaming neutrals can be calculated by the Epstein

formula [62], as expressed by

4
F, = ngpswrﬁmnnnVTn(vf —vg), (3.3)

where, my,, n,, Vr, and vy are the mass, number density, thermal and drift veloci-
ties of the neutrals, respectively. It is worth mentioning that the neutral streaming
force acting on the dust particles is proportional to the relative velocity of neutral
with respect to dust. It becomes maximum when the dust particles are at rest and
minimum when they attain the velocity of neutrals. g, represents the Epstein
drag coefficient which varies from 1 to 1.4 depending upon the types of reflec-
tion [62]. The Epstein coefficient as measured in our device is yg,s ~ 1.2 [115]. For
a specific set of experiments, the neutral velocity comes out to be vy =4 cm/s at
the flow rate difference of 3.50 sccm and background Argon gas pressure of p = 12
Pa. The particles of diameter 10.66 um, m,, = 6.67 x 10720 kg, n,, ~ 3 x 10?* m~3
and thermal velocity Vi, ~ 430 m/s at a temperature of 300 K, the magnitude of

maximum neutral streaming force comes out to be ~ 500 fN.

For the bigger particle of diameter 10.66 um, the ratios 1% comes out to be

~ 0.0625 whereas F% becomes ~ 0.018. For smaller particles at low pressure,

the electrostatic force plays an important role as % ~ 0.167 whereas the ratio

% ~ 0.033 still remains insignificant. The above quantitative estimates show that

the neutral streaming force and electrostatic forces are the predominant forces for
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our experimental conditions and are primarily responsible for determining the dust

dynamics.

3.6 Theoretical model

To interpret the experimental findings qualitatively, a simple theoretical model is
developed in which the equation of motion for the dust particle can be written as:

dvd 4

de = vEpsgﬂrflmnnnVTn(vf —vq) — QqF. (3.4)

Where g, is the Epstein drag coefficients [65,115] and my is the mass of MF dust
particle. It is to be noted that only the contributions of neutral streaming force
and electrostatic force are taken into account in the right hand side of Eq. 3.4 and
ion drag force is neglected as discussed before in Sec. 3.5. Rewriting Eq. 3.4 in a

compact form as

-+ — Vg = —Uf — s (35)

where ¢ = Ygps 3TN, Vi,

After solving Eq. 3.5 we get:

QiE

C

vy = (vf — )(1 — eet/ma)y, (3.6)

The solution (Eq. 3.6) of equation of motion (Eq. 3.4) essentially describes the
complete dynamics of the dust particle under the influence of the neutral streaming
force and electrostatic force. From Eq. 3.6 it is seen that at t = 0 the particle starts
from rest (v4 = 0) and asymptotes (t — 00) to (vy — QuE/c).

First, we have estimated the neutral flow velocity by solving the equation of
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motion of neutrals for our experimental condition. The expression [140] for neutral

velocity can be given by vy ~ Tonvmmmn) (jp)n )

, where Vp, m,,, n,, and are the gradient of
pressure, mass of neutral argon atom, neutral density, and neutral-neutral collision
frequency, respectively. Here v,,,,(= n,,0Vr,, where o is the neutral-neutral collision
cross section) is the neutral-neutral collision frequency. During the initiation of

flow, VP is measured by measuring the pressures at ports P3 and P4 which are

separated by 30 cm (see Fig. 3.1) apart. For a specific experimental condition,

a=10.66u m
a=8.90u m
a=4.38u m -

Velocity (cm/sec)
N

0 0.1 0.2 0.3 0.4 0.5 0.6
time (sec)

Figure 3.8: Theoretical plot of time evolution of 10.66, 8.90 and 4.38 pm particles.

p = 11 Pa, V; = 300V and gas flow rate of 2.1 sccm, the pressure difference at
points P3 and P4 comes out to be 0.15 Pa which gives Vp = 0.5 Pa/m. In this
experimental condition, the estimated neutral velocity comes out to be vy ~ 3.65
cm/s for the values of m,, =6.67 x 107 kg , n,, ~ 2.75 x 10! m=3, Vp, ~ 430 m/s
at a temperature of 300 K and o ~ 6.33 x 1072m 2. At that same experimental
condition, the measured average asymptotic dust velocity is vy ~ 3 cm/s. Thus,
from the theoretically estimated value of neutral velocity and the measured value
of the dust velocity, it can be seen that the dust particles attain slightly lower
asymptotic velocity as the neutrals—a consequence of the direct influence of the

neutral streaming force and electrostatic force on the dust.
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This estimated flow velocity of neutrals vy ~ 3.65 cm/s, charge @, from CEC
model [124,125] and measured electric field E=11 V/m for p=11 pa are used in
the theoretical model (Eq. 3.6) to plot the time evolution of the velocities for three
different sizes of dust particles in Fig. 3.8. It is to be noted that the smooth
curves depicted in Fig. 3.8 are obtained from the analytic solution of Eq. 3.5 as
given in Eq. 3.6 and provides a qualitative description of the time evolution of the
dust particle of different sizes for understanding the experimental results shown
in Fig. 3.5(a). One notes that in the initial stages, when the neutral streaming
force dominates, the lighter particles accelerate rapidly leading to the separation
of the three curves for small times in Fig. 3.6. Such a behavior is also clearly
seen in the experimental results, where at early times the velocity of the 4.38 pm
particle is observed to be higher than the heavier particles. As the particles gain
energy and their velocities approach that of the neutral particles, the influence of
the neutral streaming force begins to diminish and the electrostatic force begins to
have a comparable influence. The electrostatic force has a stronger braking effect
on the lighter particle leading to a smaller asymptotic value of the velocity for it.
This is clearly seen in Fig. 3.8 for large times. At some time in between when the
trajectories crossover, while approaching their asymptotic values, their velocities
are very close to each other. Our end point experimental results, as shown in
Fig. 3.5(a), correspond to such a stage and the fluctuations seen in the curves are
a result of experimental measurement errors. These errors are estimated to be on
the order of 2% — 5% of the average values. In the figure, we have not shown the
error bars on the individual points to avoid cluttering up the plot— representative

measure of the error has been shown in the left corner of the figure.

Interestingly, one can also estimate the dust charge from the measured asymp-
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totic value of the dust velocity for a small sized particle. For a particle of diameter
2rq 4.38 um and at a low pressure of p = 11 Pa, the dust charge is estimated from
the expression Qg = %, where ¢ = yEpsgwrﬁmnnnVTn. For p = 11 Pa and
E=11 V/m, Qq come out to be ~ 7 x 10%. As per the CEC model [124, 125],
the charge residing on the surface of a dust particle of diameter 4.38 pm is about
Q4 ~ 8x 10%e which is in good agreement with our estimated value. However, this
method to estimate the dust charge is only applicable for small sized particles and

at low neutral pressures when the electrostatic force experienced by the particle is

significant.

3.7 Conclusions

In conclusion, a set of experiments has been carried out to investigate the role of
neutrals in initiating and sustaining the flow of dust particles in the Dusty Plasma
Experimental (DPEx) device. The characteristics of the dust flow, initiated by two
different techniques, namely the Single Gas Injection technique (SGI) and the Dual
Gas Injection Technique (DGI), have been studied as a function of the neutral gas
flow, the background pressure and the nature of the background gas. In the case
of the SGI technique, the dust particles start from rest, go through an accelerating
phase and then attain a steady state constant velocity. In the DGI method the
acceleration phase is not discernible experimentally and the dust particles are
carried along continuously by the flow of neutrals at a constant velocity. In this
technique of flow generation the dynamical equilibrium is always maintained and
hence it does not create any axial electric field. As a result the particles only flow
from right to left due to neutral streaming force.

The asymptotic steady state velocity increases with an increase of the gas flow
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rate and decreases with the increase of neutral background pressure when the gas
flow rate is kept constant for both the techniques. The asymptotic velocity is
independent of the size of dust particles whereas, for smaller particle of diameter
4.38 pm has slightly lower velocity at lower pressure. In the accelerating phase (for
the SGI technique) the lighter dust particles show a higher acceleration compared
to the heavier ones and then achieve slightly reduced asymptotic velocity. From
experiments carried out with different background gases it is also found that the
asymptotic velocity is dependent on the mass of the neutral molecules. The velocity
is higher in the presence of a lighter gas compared to a heavier gas.

The experimental results can be well understood in terms of the neutral stream-
ing force acting on the dust particles. A quantitative estimate of the various forces
acting on the dust particles for our experimental conditions indicates that the neu-
tral drag force predominates over all other forces and is the primary driver of the
dust flow. A simple analytic solution of the equation of motion of the dust particle
under the influence of the neutral streaming force reproduces the principal features

of the experimental results.






Measurement of potential profiles around

a charged object

Part of this chapter is published in Phys. Plasmas, 25, 083711 (2018) by Garima

Arora et al..

4.1 Introduction

There has been a growing interest in flowing dusty plasma associated with the
interaction of dust fluids with the charged object immeresed in the plasma. No-
table examples are the experimental observation of precursor solitons [48] and
shocks [32,82,83] in a dusty plasma medium caused by a supersonic flow of the
dusty plasma over a stationary charged object. When such metallic object is kept

in contact with the plasma, a space charge regions forms around it which is known
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as sheath. Sheath formation is a ubiquitous phenomena and that have been ex-
tensively studied [141-144] both theoretically and experimentally over the past
few decades. These studies reveals that the sheath or a potential structures forms
around a physical boundary due to difference in the mobility of electrons and ions

that leads to a preferential negative charging of the object.

The earlier experiments on the excitations of nonlinear waves in a flowing dusty
plasma require precise measurements of the potential structures around such float-
ing /biased electrodes in order to obtain a better understanding of the nonlinear
excitation process and a more realistic theoretical interpretation of the same. The
work presented in this chapter is motivated by the need to know the size and shape
of such potentials in flowing dusty plasma experiments in DPEx device that are
aimed at exciting nonlinear wake structures [48,83| without disturbing the plasma.
To measure the potential structure around a charged object, a dust particle is used

as a dynamical micro probe for various discharge parameters.

A variety of electrostatic probes are widely used to measure plasma parameters
and potential structures in a plasma. The single Langmuir probe [145,146] is one
of the oldest such diagnostic tools used to measure plasma parameters. However
when used for measurements inside the sheath region the results can get skewed as
the probe itself develops a sheath around it which interacts with the sheath profile
to be measured. Floating emissive probes are more effective and widely used to
measure the space and plasma potential profiles even in the sheath region in a vari-
ety of plasmas ranging from DC and RF discharges to tokamak plasmas [146-150).
The emissive probe [147] works on the principle of electron emission when the
probe is biased below the plasma potential. However, as with other diagnostics

techniques, the emissive probe also suffers from a few drawbacks. One drawback
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is that the presence of a magnetic field and large density gradients may result in
space charge effects creating a significant difference in the measured and actual
potentials. Sometimes, the mechanical contacts to the probe lead to non-uniform
emission of electrons which can introduce inaccuracies in the measurements. Be-
cause of the high continuous emission of electrons from the filaments, the probe
degrades with time and finally breaks. Due to this reason, the emissive probe
cannot be operated for a long time. To overcome some of the disadvantages of the
conventional emissive probe, laser heated emissive probes [151,152| are presently
used to measure the potential in the sheath region. Laser Induced Fluorescence
(LIF) [153, 154] and other spectroscopic techniques have also been used for the
sheath profile measurements and are found to be very precise. But these diagnos-

tic techniques require expensive equipment and complicated diagnostics.

The use of dust particles as microprobes in the plasma is another diagnostic
technique that has been widely used in the past in various experiments to measure
the electric field in the sheath region [155-163|. H. Kersten et al. [155] obtained
the equilibrium electric field in the sheath by measuring the height and charge
of a stationary dust particle that is maintained by a balance of the electrostatic
force and the gravitational force acting on it. Samarian et al. [157] also used
dust particles as probes to estimate the sheath profile in the radial direction of a
RF discharge and Inertial Electrostatic Confinement Plasma. Barsner et al. [156]
measured the local electric field by resonating the particle motion with an applied
low frequency AC signal in the central pixel of a segmented adaptive electrode.
Hartmann et al. [158] rotated dust particles and estimated the horizontal electric
field by balancing the centrifugal force with the electrostatic force. Schubert et

al. [160] have studied plasma sheath structures in complex electrode geometries by
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looking at the dust particle’s equilibrium position in the associated potentials and
field structures. They have further complemented their experimental observations
by particle-in-cell simulations. Annaratone et al. [163] have looked at the plasma-
sheath boundary near an adaptive electrode consisting of a two-dimensional array
of single electrodes each individually voltage controllable to produce local modifi-
cations in the plasma edge. The nature of these perturbation is studied by using

suspended particles as tracers.

In contrast to these single particle tracer studies, that are mainly aimed at
diagnosing sheath potential structures in a plasma, E. Thomas and collaborators
have over the past few years used the Particle Image Velocimetry (PIV) technique
to study the internal dynamics of dust clouds as well as their interactions with
high speed charged particle streams [130,164-169]. However, for measurements of
plasma potential structures such as sheath profiles it is more convenient to track
a single dust particle which acts as a non-perturbative microprobe. Most past
studies using the microprobe methodology have relied on a series of static local
measurements to map the profile of plasma potential structures. In our present
work we employ the microprobe in a dynamical fashion by continuously tracking
the trajectory of a moving particle to provide a direct visualization of the potential
profile. By launching the trace particle at different velocities it is possible to probe

different regions of the potential structure.

We demonstrate this method experimentally by measuring the potential profile
around a grounded wire that is mounted on the cathode of a DC glow discharge
plasma. A few micron sized Melamine Formaldehyde (MF) particles introduced in
the plasma get negatively charged and are trapped vertically in the sheath region

of the cathode. They are further brought to an equilibrium stationary state in the
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horizontal direction by balancing the pumping speed and gas feeding rates in the
device [115]. The particles are then made to flow over the wire by a sudden change
in the gas flow rate. The individual particle trajectories are tracked by analyzing
the video images of their motion and the strength of the potential are deduced by
using simple energy conservation arguments.

The chapter is organized as follows: In the next section (Sec. 4.2) a detailed
description of the experimental set up along with the production procedure of the
plasma and the introduction of dust tracer particles is given. The experimental
results and the detail discussion on the experimental findings are discussed in

Sec. 4.3. Sec. 4.4 provides a brief summary and discussion on our findings.

4.2 Experimental set-up and procedure

Pumping Port

Confining

s T Grounded Cathode

Camera

Figure 4.1: A schematic diagram of dusty plasma experimental (DPEx) setup.
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The experiments are performed in Dusty Plasma Experimental (DPEx) device,
whose schematic diagram is shown in Fig. 4.1. Tt is basically an inverted II-
shaped device which has several axial and radial ports for different purposes. The
detailed description of instrumentation and its diagnostics are discussed in Chap. 2.
A Direct Current (DC) glow discharge Argon plasma is created in between the
circular shaped anode and long tray cathode. To measure the potential profiles
around a charged object over a range of discharge conditions, a copper wire is
mounted on the cathode in between two axial confining strips. This copper wire
acts as a stationary charged object in the plasma environment. In this set of
experiments, the copper wire is always kept at grounded potential, however there is

a provision to bias it to a potential in between the grounded and floating potential.

To begin with, the experimental vessel is pumped down to a base pressure of
0.1 Pa by a rotary pump. Argon gas is then flushed in the device several times with
the help of a gas flow controller and every time the vacuum vessel is pumped down
to the base pressure to remove impurities from the vessel. Finally the working
pressure is set to 10-20 Pa by adjusting the pumping rate and the gas flow rate.
A plasma is then initiated by applying a voltage in the range of 280 to 360 V over
which the plasma current varies from 1 to 10 mA. With the creation of a plasma

the wire mounted on the grounded cathode acquires a sheath around it.

A few mono-dispersive MF particles of radius ry; = 4.45 ym and mass my =
5.57 x10713 kg are introduced into the plasma by shaking the dust dispenser. In
the plasma environment these particles get negatively charged and levitate in the
cathode sheath region just ~ 5 — 20 mm above the cathode. The exact height
of the levitation depends on the discharge condition. To illuminate these micro

particles in the yz plane, a green laser is used. The Mie scattered light from
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the dust particles is captured by a CCD camera and recorded in a computer for
analyzing the dust dynamics.

To initiate the flow of dust particles over the stationary wire, the Single Gas In-
jection (SGI) technique is used as discussed in detail in Ref. [137] and in Chap. 2.7.1.
In this technique, an equilibrium condition of the dust particles is achieved at first
by adjusting the pumping speed and the gas flow rate. The stationary dust parti-
cles are then made to flow by a sudden momentary decrease of the gas flow rate.
During the flow, the particles are seen to move from right to left and they come
back to their original position when the flow rate difference is set to original value.
When the flow rate difference is increased beyond 5.5 scem the particles move to-
wards the pump with a higher velocity and cross the potential barrier created by
the wire and finally fall down on the left edge of the glass tube where the cathode
ends. The trajectory of the particle, as video recorded, is then used to find the
strength and profile of the barrier produced by the wire which will be discussed in

detail in the next section (in Sec. 4.3.4).

4.3 Results and discussion

4.3.1 Generation of flow and closest approach

As discussed above, the injected particles attain a stable equilibrium when the
pumping rate gets exactly balanced by the gas flow rate. In this situation the
particles are observed to be confined in the potential well which is in between the
right strip and the potential hill of the grounded wire. The particles display only
small random displacements due to their thermal energy. Keeping the pumping

speed constant when the gas flow rate is decreased, the particles are seen to move
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towards the pump (right to left) and approach the grounded wire. If the velocities
of these particles are not sufficient to enable them to go over the potential hill,
they stay inside the potential well but attain an equilibrium position closer to the

wire.
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Figure 4.2: Variation of (a) the closest approach and (b) the height achieved by a
4.45 pum particle above the charged wire versus the velocity of the micro particle.

The variation of this closest distance of approach and the particle’s height above
the wire as a function of its velocity are shown in Fig. 4.2 for a gas pressure of
p = 12 Pa and discharge voltage of V; = 320 V. It is clear from Fig. 4.2(a) and
Fig. 4.2(b) that the distance of closest approach in the axial direction decreases
and the height of the particle increases with an increase of the particle velocity.
In this particular condition, the closest distance from the potential hill is seen to
be ~ 5 mm and the height achieved by the particle is ~ 7 mm for a velocity of
~ 5 cm/s. With a further increase of the gas flow rate and hence an increase in
the magnitude of the asymptotic velocity, the particles are found to overcome the

confining potential and do not come back in the well.
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Figure 4.3: Color plot showing the trajectory of the particle, having radius ry =
4.45 pm, while crossing the charged wire at a pressure of p=12 Pa and a discharge
voltage V; = 320 V. The filled circle represents the location of the wire whereas
the arrow represents the direction of flow.

4.3.2 Particle trajectory

Fig. 4.3 depicts the trajectory of a particle while moving over the grounded wire.
In this case, the asymptotic velocity crosses the threshold value (~ 6 cm/s) so
that it flows over the grounded wire and crosses the hill. The violet color (extreme
right) of the trajectory indicates the particle coordinates at the initial time whereas
the red color (extreme left) indicates the coordinates of the same particle at the
final stage of its journey. The big solid circle shows the position of the charged
wire. It is clear from the figure that the particle almost traces the sheath-plasma
boundary (caused by the grounded potential wire) on its way. Very far from the
potential wire, the particle moves with the asymptotic velocity (Region-I) towards
the confining strip, climbs up (Region-II) the potential hill created by the wire
and then moves down (Region-III) from the hill and finally (Region-IV) travels
again with almost the same asymptotic velocity that it started with. Using the
coordinates of the individual particles we will now deduce the height and width of
the potential hill and also delineate the axial and radial profiles of the potential
structure. Fig. 4.4 displays the particle trajectories (similar to Fig. 4.3) for two
different discharge voltages (Fig. 4.4(a)) and background neutral gas pressures

(Fig. 4.4(b)) when all other discharge parameters are kept constant. It is seen
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Figure 4.4: A plot showing the trajectories of a particle of radius a = 4.45 pym for
different (a) discharge voltages and (b) background neutral pressures.

that the height and the width of the potential hill increases with the decrease of
the discharge voltages for a background pressure of p = 12 Pa (see Fig. 4.4(a)).
A similar trend is seen when the pressure is reduced for a particular discharge
voltage V; = 310 V. It is also seen from Fig. 4.4 that the z-coordinates of the
particles are less spaced when the particles ride the hill near z = 7 mm whereas
the coordinates are well spaced when the particles come down from the hill near

z = —7 mm. This essentially means that the particle decelerates while climbing

up the hill whereas it gets accelerated when moving down the hill. Here the time

interval of two consecutive frames is set to be ~ 9.3 msec.

4.3.3 Variation of size of the potential hill with discharge

parameters

Fig. 4.5 shows the variation of the width and height of the potential hill created

by the charged wire over a wide range of discharge parameters. It is seen from
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Fig. 4.5(a), that both the width and the height of the hill decrease with the increase
of the discharge voltage. A similar trend of the changes in the width and height is
observed when the pressure is increased from 11 to 15 Pa as shown in Fig. 4.5(b).
In both the cases when the voltage or the pressure is increased, the plasma density
increases which results in a decrease of the plasma Debye length. As the cathode
sheath thickness is a function of the Debye length, hence the sheath thickness
around the grounded potential wire decreases with the increase of discharge voltage

and the background gas pressure.
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Figure 4.5: Variation of width (star) and height (open circle) of the potential
hill created by the charged wire with (a) discharge voltages and (b) background
neutral gas pressure.

4.3.4 Energy conservation and estimation of potential

To estimate the axial and radial potential profiles around the grounded object, we

can make use of the energy conservation relation,

1 1
{EmdUQ + mdgh} = bmdvg + mggh + Qq¢ (4.1)
LIV ILIII.

where, my, v, and h denote the mass, velocity and height of the particles (above
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Figure 4.6: Time evolution of (a) kinetic energy, (b) gravitational potential energy
and (c) energy loss due to neutral drag force (d) electric potential of a particle of
radius ry = 4.45 pm while riding over a charged object for a given pressure p = 12
Pa and voltage V; = 320 V.

the cathode tray), respectively. ¢ is the electrostatic potential created by the
grounded wire, g is the acceleration due to gravity and Qq(= Zze = 4dmweqryU)
where Z,; is dust charge number and e is the charge of electron and U is the
dust surface potential for an Argon plasma (which is negative in laboratory dusty
plasmas), €y is the permittivity of free space, r, is the radius of the dust particle.
The subscripts I, 11,111 and IV refer to the various regions of the trajectories as
indicated in Fig. 4.3. As shown in Fig. 4.3, when the particles stay far from the wire
(e.g., Region-1 and Region-IV) they move only with the constant kinetic energy

(K.E) and the gravitational potential energy (G.P.E). But when they enter in the
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sheath region, the dynamics of the particles get changed and they start feeling the
presence of the charged wire. Hence in Region-IT and Region-III, the components
of total energy are kinetic energy, gravitational potential energy and electrostatic
potential energy (E.P.E). As a result the potential profile ¢(z,y) created by the

wire can be expressed as:

1 1
oo =5t |[gbran]  — g (42)

where v = /vZ+v2 and h is the height at a particular axial location 2. By
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Figure 4.7: Variation of maximum potential calculated from potential profiles for
different discharge (a) voltages and (b) gas pressure.

tracking individual particles, the potential profile ¢(z,y) along the trajectory can
be estimated with the help of Eq. 4.2.

For determining the potential profile, we first need to estimate the charge ac-
quired by the dust particle in equilibrium. To estimate the dust charge, a Collision
Enhanced plasma Collection (CEC) model [124,125] has been used to first cal-
culate the surface potential, ¢ps ~ —ZkgT./e of the dust particle by solving the
electron and ion flux balance equations numerically and subsequently an estimate

of the charge is made using )y = 4mepryU assuming that the dust particles are
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spherical in shape. For our experimental conditions p =11 — 15 Pa, T, =4 — 2.5
eV and n; = 0.9 — 2 x 1015 /m3 [170], Z and Q4 come out to be ~ 1.3 — 1.6 and
~ 2.6 — 1.9 x 1071 C, respectively. It is to be noted that for the basic plasma
parameters such as T, and n;, we have used values previously obtained from actual
measurements using a single Langmuir probe for discharges of similar conditions.
These have been discussed and reported in Ref. [170]. Here, we have assumed that
the charge of the dust particle is almost constant and does not change during its
journey. This assumption is based on findings from earlier experiments carried out
in the same device and for similar conditions [115]. These experiments have shown
that the plasma parameters remain nearly constant along the axial direction (along
z). In particular, the constancy of T, ensures that the charge remains almost con-
stant [122,171]. When these micro-probes (dust particles) are made to flow over a
grounded wire, their kinetic energy and potential energy profiles are measured and
it is seen that the particles decelerate while riding up the potential hill and they
accelerate while coming down from the hill (see Fig. 4.6(a)). Fig. 4.6(b) indicates
that the particle starts its journey at a height of ~ 4.5 mm from the wire and then
attains a maximum height and then ends its journey almost at the same height that
it started from. It is to be noted that the energy loss due to dust neutral friction
is not taken into account in Eq. 4.1. This is a reasonable assumption as it is seen
experimentally that the particles display the same kinetic energy and height after
climbing down from the potential hill indicating that there is negligible energy loss
due to collisional friction with the neutrals. This is a consequence of the experi-
ments being carried out in a low pressure regime. However, in a higher pressure
range, where collisional effects may be important, one should consider the energy

loss due to dust-neutral collision by subtracting a term, F;, = F,dl [164] in Eq. 4.1
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from both sides, where F,, (=Nm,mr3Vr,v,) is the neutral drag force which arises
from the collision of the dust with neutral particles. N, my, rq, vy, v4 are num-
ber density of neutrals, mass of neutral, radius of dust particle, thermal velocity
of neutrals and dust grain velocity, respectively. For our experimental conditions
this loss varies from ~ 4.2 — 14.2 x 107! J as shown in the Fig. 4.6(c) which is
nearly one order of magnitude smaller than the kinetic energy and two orders of
magnitude than the gravitational potential energy and hence its neglect is justi-
fied. With the help of the kinetic and gravitational potential energy profiles, the
electrostatic potential profile is estimated using Eq. 4.2 and is shown in Fig. 4.6(d).
The electrostatic potential profile follows an almost a symmetric profile around the
wire and a similar kind of potential profile was obtained when the floating/plasma
potentials were measured using Langmuir and emissive probes [115].

Fig. 4.7 shows the variation of the maximum potential strength (near the loca-
tion of the wire) created by the wire with a variation of the discharge parameters.
The strength of the potential is seen to increase with an increase in the discharge
voltage for a constant neutral gas pressure p = 12 Pa (Fig. 4.7(a)) or alternatively
with an increase in the neutral pressure keeping the discharge voltage fixed at V; =
310 V (Fig. 4.7(b)). A similar trend was observed earlier in experiments reported

by Jaiswal et al. [115].

4.3.5 Estimation of radial and axial potential profiles around
the charged object
To fully explore the radial and axial potential profiles around the grounded wire,

we have varied the difference of gas flow rate (and hence the asymptotic velocity)

over a wide range such that in all the cases the particles can overcome the potential
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Figure 4.8: A plot showing the variation of (a) the height of the potential with
flow rate difference and (b) the maximum potential.

barrier. In each case, the particles gain different asymptotic velocities and as a
result in order to satisfy the conservation of total energy, they cross the potential
hill at different heights. It is observed that the height of the potential hill decreases
when the difference of gas flow rate increases as shown in Fig. 4.8(a). This figure is
plotted for a constant gas pressure of p = 12 Pa and a constant discharge voltage
of V3=320 V. The strength of the potential, estimated from the conservation of
energy, at the peak of the hill is shown in figure Fig. 4.8(b). It clearly indicates
that for different values of flow rate difference the strength of potential decreases
with height.

To construct the radial potential profile, we plot the variation of potential
strength with height as shown in Fig. 4.9. Fig. 4.9(a) shows the radial potential
variation for three different axial locations z = 0 mm, 6 mm and 16 mm respec-
tively, where z = 0 mm corresponds to the location of the wire. It is to be noted
that Fig. 4.8(a) and Fig. 4.8(b) have been used to plot Fig. 4.9(a). A similar ex-
ercise is done to construct the potential for other two axial locations. Fig. 4.9(a)
shows that the magnitude of the potential increases in all the cases when one goes

away from the sheath created by the grounded wire towards the bulk plasma in
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Figure 4.9: (a) Radial potential profiles at z—0, z= 6 mm and z—16 mm. z=0
corresponds to the location of the wire. and (b) Axial potential profiles at y=6.6,
y=5.58 mm, y=4.57 mm, y=3.56 mm

radial direction. However, the potential rise is maximum at the location of the
wire as compared to the other axial locations. Fig. 4.9(b) shows the variation of
potential strength in axial direction for four different radial locations y = 6.6 mm,
y = 5.58 mm, y = 4.57 mm and y = 3.56 mm. It is clear from this figure that the
variation of potential is not significant as we move away from the wire axially for

a particular radial location.

4.4 Conclusion

In conclusion, we have experimentally demonstrated a simple technique to measure
the potential around a charged object using the flow of a few tracer dust particles.
The experiments have been carried out in the DPEx device in which an Argon
discharge was initiated between a disc shaped anode and a grounded long cathode.
A few micron sized dust particles were then introduced into the plasma, which
were found to float near the cathode sheath boundary. A steady state equilibrium

of the dust particles was achieved by a fine tuning of the pumping speed and gas



114 Chapter 4: Measurement of potential profiles around a charged object

flow rate. A flow of the dust particles was then initiated by a sudden decrease
of the mass flow rate of neutral gas. As a result the particles traveled over the
grounded wire which was placed on the path of the particles. From a knowledge of
the instantaneous position of the particles and their velocities, their potential and
kinetic energies were estimated over a wide range of discharge parameters. The
axial and radial electrostatic potential around the charged object was estimated
by employing the conservation of total energy. In this technique, the particles
act as dynamic micro-probes and measure the potential very precisely without
significantly perturbing the potential around the charge object. Our experimental
results show that the potential around a small charged object has a symmetric
profile in the axial direction whereas it has a parabolic shape in the radial direction
and the dimension of the potential shrinks in all directions with an increase of the

discharge voltage and the background neutral gas pressure.



Excitation of precursor solitons, its
dependence on the shape and the size of

the charged object

Part of this chapter is published in Phys. Plasmas, 26, 093701 (2019) by Garima

Arora et al..

5.1 Introduction

The simultaneous excitation of precursor solitons ahead of a fast moving object
with wakes behind it, is a phenomenon that has been widely studied in hydrody-
namics particularly in the context of disturbances created by ships and boats close

to the coast [172-174]. These earlier studies have also provided model descriptions

115
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of this fascinating non-linear phenomenon by employing a forced Korteweg de Vries
equation or a forced generalized Boussinesque equation [45]. Controlled laboratory
experiments using model ships moving in a channel were carried out by Huang et
al. [175] and Sun [46]. It was found that as long as the speed of the object moving
through the fluid (water) was below a critical value (in this case the phase veloc-
ity of the surface water waves) the movement only created the customary trailing
waves (wakes) in the downstream direction. A dramatic change occurred when the
object speed was trans-critical. In addition to the trailing wakes the object also
created a steady stream of solitons ahead of it in the upstream direction. These
solitons with a speed higher than the object moved away as precursors. The phe-
nomenon was Galilean invariant [45], which could be reproduced by keeping the

object stationary and moving the fluid over it.

Fluid concepts have often been successfully translated and exploited to under-
stand collective phenomena in plasmas. A prime example is the extensive past
study of linear waves and nonlinear structures in a dusty (or complex) plasma
medium. Such a medium, consisting of heavy dust grains immersed in a plasma of
electrons and ions, display a host of collective excitations on a slow time scale due
to the low charge to mass ratio of the dust particles and can be understood from
a fluid model of the dusty plasma. There is a rich literature on the study of linear
waves e.g. the Dust Acoustic Wave (DAW) [27,176], the Dust Ion Acoustic Wave
(DIW) [70], Dust Lattice Waves (DL) [29] and non-linear waves like Dust Acous-
tic Solitary Waves (DASw) 30,177, Shock Waves |33, 82|, dust voids |34, 36, 37|,
Vortices [38,39,178] etc [179] consisting of both theoretical and experimental in-
vestigations. As in a hydrodynamic fluid, there have also been observations of

wake structures in laboratory dusty plasmas [40,178,180]. These wakes (some-
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times termed as Mach cones [22,23,41-43]) are generated when a dust particle
moves through a stationary dusty plasma medium. The topic of forewake excita-
tions (precursor waves) has however received very limited attention till now. The
first experimental demonstration of the generation of a precursor soliton in a flow-
ing dusty plasma is reported in 2016 by Jaiswal et al. [48]. In their study they
observed the spontaneous excitation of precursor solitons when a super-sonically
(with respect to the dust acoustic speed) moving dusty plasma fluid is made to
flow over an electrostatic potential structure. The physical mechanism underly-
ing this phenomenon is understood in terms of the fluid concept used to explain
hydrodynamic precursors. An object moving in a fluid always creates a pileup
of matter in front of it. If its speed is sub-critical then the matter in front can
disperse away at the linear phase velocity leading to the creation of a wake struc-
ture. However if the object speed is super-critical then the matter in front cannot
disperse away fast enough and continues to build up. At a certain stage nonlinear
effects become important and this can lead to the formation of solitons or other
nonlinear structures. These nonlinear structures can move at a higher speed and
can therefore separate from the object and move away as precursors. These first
ever observations of precursor solitons in a plasma have been well characterized by
detailed experimental measurements of their propagation features and qualitative
comparisons with results from theoretical models. The existence of such precursor
excitations have also been confirmed from full scale fluid simulations [50| as well

as molecular dynamic simulations [51] .

The objective of the work presented in this chapter is to further consolidate and
extend the previous experimental study [48] by carrying out a detailed investiga-

tion of the propagation characteristics of the precursors under varying excitation
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conditions. In particular, we look at the effects of varying the size and shape of
the potential hill on the fore-wake phenomenon. We find that there is a systematic
dependence of the amplitude, velocity and number of excited precursors on the size
of the potential hill and the existence of a threshold value of the potential height
below which no precursors are excited. There is also a very interesting dependence
on the shape of the potential hill that highlights the role of sharp gradients in the
excitation of precursors.

This chapter is organized as follows: In the next section (in Sec. 5.2) we de-
scribe the experimental setup and procedure for excitation of precursor solitons
and wakes. The experimental results of precursor solitons and wakes are discussed
in Sec. 5.3.1 and the associated theoretical model is discussed in Sec. 5.3.2. The
excitation of these forced solitary waves over different sizes of the potential profile
of the charged object are described in Sec. 5.3.3 and the results on the influence
of the shape of the potential profile are described in Sec. 5.3.4. A brief summary

of all the results and some concluding remarks are given in Sec. 5.4.

5.2 Experimental set-up and procedure

The full set of experiments are performed in Dusty Plasma Experimental (DPEx)
device and its schematic diagram is shown in Fig. 5.1. A detailed description of
the experimental setup and its associated diagnostics are available in Chap. 2. The
experiments presented in this chapter mainly deals with the excitation of waves
in a flowing dusty plasma, which is made to flow over a charged object either
subsonically or supersonically. For this purpose, a copper wire of diameter 1 mm
and length 50 mm is mounted at a height of 10 mm from the base of the cathode.

This copper wire serves as a charged object in the plasma environment. The wire
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Figure 5.1: A schematic diagram of dusty plasma experimental (DPEx) setup.

is connected to the grounded potential through a switch and it can also be kept at
various potentials by connecting a variable resistance ranging from 10 k2 — 10 MQ
in between the wire and the switch. The potential around this charged object in
presence of plasma can be measured using dust particles as dynamic micro probes
and is discussed in details in Chap. 4.3.3.

Micron sized Kaolin particles of diameter 2-5 pym are sprinkled on the cathode
in between the wire and the right strip before closing the chamber for creating
a dusty plasma. These dust particles get negatively charged in the presence of
the background plasma and levitate in the cathode sheath region where the sheath
electrostatic force acting on the particle balances the gravitational force. The mass
of the levitated dust particles my ~ 8.9 x 107'* kg for a radius of ry = 2.0 um.
These levitated micro particles are then illuminated by a green laser light and their

dynamics are captured by a fast CCD camera for further analysis. To start with,
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the chamber is pumped down to a base pressure of 0.1 Pa and then Argon gas is
injected into the device to set the working pressure at 9-15 Pa. In this condition
the gate valve attached with the pump is opened at 20% whereas the mass flow
controller is opened at 5% to maintain the equilibrium pressure in the chamber. An
Argon plasma is produced between the anode and grounded cathode by applying a
voltage in the range of 280-320 V using a DC power supply. The plasma parameters
like plasma density (n;) and electron temperature (7,) are measured using a single
Langmuir probe and they come out to be n; ~ 0.5 —3 x 10%/m? and T, ~ 2 — 5
eV for the range of discharge conditions as discussed in details in Chap. 2.5. To
create a dusty plasma, first the plasma is formed at a higher voltage and left for
a few minutes. Later, the discharge voltage is reduced and set accordingly so that
a highly dense dust cloud is formed. To repeat the earlier observations of Jaiswal
et al. [48] the wire is kept at ground potential (negative compared to the plasma
potential), which acts as a barrier for these negative charged dust particles and
as a result the particles remain confined between the wire and the right potential
strip as shown in Fig. 5.2(a) and exhibit only thermal motion. For the present
set of experiments, the discharge condition is kept in such a way that there is no
spontaneous excitation of waves in dust cloud due to ion streaming. For a specific
discharge condition, V; = 320 V and p = 11 Pa, the average charge of these micron
sized dust particles comes out to be Q4 ~ 8.4 x 103¢ which is estimated from a
Collision Enhanced plasma Collection Model (CEC) as discussed in Chap. 2.6.2.
The other dusty plasma parameters like dust density ng ~ 10''/m3 and dust
temperature T; ~ 0.6 — 1.2 €V are estimated with the help of an IDL based super
Particle Identification Tracking (sPIT) code, which is also discussed in Chap. 2.8.2.

Based on the above parameters the phase velocity of the Dust Acoustic Wave
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Figure 5.2: (a) Equilibrium configuration of dust cloud before generating the flow.
(b) Dust flow initiated by lowering the potential hill suddenly by making it floating.
The yellow circle represents the location of charged object and flow is generated
from right to left.

(b)

(DAW) turns out to be Cy, ~ 20 mm/s. To compare the theoretical estimation,
a separate experiment is also carried out to excite DAW for the above discharge
condition by applying a sinusoidal signal to the wire. It is found that the measured
Caa comes out to be ~ 25 mm/s, which is in good agreement with the estimated

value.

5.2.1 Generation of flow in the dust fluid

For the excitation of forced solitary waves and wake structure, the dust particles
are made to flow over the wire. The flow of the dust cloud is generated by suddenly
lowering the height of the negative potential hill created by the charged object.
This technique of flow generation and the measurement of flow velocity is discussed
in Chap. 2.7.1. As discussed, when the wire is switched to near floating potential
the potential hill is lowered and the dust particles flow from right to left over the

wire as shown in Fig. 5.2(b). During the flow, the dust particles attain a constant
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velocity due to neutral drag force [135,181] and excite solitary waves along with
wakes depending on the flow velocity of dust fluid. The flow velocity of dust fluid is
measured by tracking the individual particles at the tail of the cloud using Particle
Image Velocimetry (PIV) technique [119]. The velocity of the dust fluid is changed
from subsonic (~ 15— 18 mm/s) to supersonic (~ 25—32 mm/s) values by varying
the discharge parameters. To study the propagation characteristics of the excited
structures, the size (both height and width) of the potential hill created by the
charged object is altered by changing the resistance connected to the wire, whereas
the shape of the potential profile is modified by using objects of different shapes.

These studies are discussed in the subsequent sections (in Sec. 5.3.3 and Sec. 5.3.4).

5.3 Results and Discussion

5.3.1 Excitation of precursor solitons and wakes

Before investigating the dependence of shape and size of the potential hill on the
precursor solitons, the past experiment of Jaiswal et al. [48] is repeated to serve as

a benchmark. The results are shown in Fig. 5.3 and Fig. 5.4. It is seen in Fig. 5.3

4 Dust Flow

Wakes e

Figure 5.3: Propagation of wakes in the direction of flow (in downstream direction)
for the case of subsonic flow. The position of wire is represented by the yellow
dashed line.

that only wakes are excited in the direction of flow when the flow velocity of dust
fluid is subsonic. The dust fluid flows from right to left and hence in the frame of

the fluid the charged object (i.e. the wire) moves subsonically from left to right
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and excites faint intense wake structures, which is observed to propagate in the
downstream direction. Interestingly when the velocity of the dust fluid is changed
to a supersonic value, few intense bright structures appear in the dust fluid along

with the wake structures. Fig. 5.4(a) depicts such a scenario for a supersonic flow of

I 4———Dustflow (a)
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Pixel Positions
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Figure 5.4: (a) Propagation of solitons against the direction of flow (in upstream
direction) and wakes in the direction of flow (in downstream direction) for the case
of supersonic flow. The position of wire is represented by the yellow dashed line.
(b) The intensity profile of the solitons and wakes.

dust fluid. In this case, the object still moves from left to right supersonically and
the higher amplitude solitary structures, known as precursor solitons, propagate in
the upstream direction faster than the object, whereas the smaller amplitude wakes
are found to propagate in the downstream direction. Fig. 5.4(b) shows the normal-
ized amplitudes of solitary and wake structures extracted from Fig. 5.4(a). It is
clear from the figure that the solitary structures (right of the object) are brighter
and hence are larger in amplitude than the wakes. These nonlinear structures can
be identified as KdV type solitons as was shown in details by Jaiswal et al [48].
These nonlinear precursor structures are confirmed to be solitons by estimating

the quantity amplitude x width?, which remains constant over the time [30].
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5.3.2 Theoretical model for the precursor solitons

The forced-KdV [49] model equation is solved as part of the benchmark exercise
to obtain a qualitative account of the phenomenon. To model our experimental
findings, an unmagnetized weakly collisional dusty plasma plasma having electrons,
ions and negatively charged dust grains is considered. In this model, the electrons
and the ions are assumed to be Boltzmann distribution at temperatures 7, and
T;, respectively, whereas the fluid equations are solved for the dust particles. The

fluid equations associated with the dust are given below:
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where ng, ug, ¢ are the density, velocity and electrostatic potential of the dust
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charge number. The term S(x — v4t) represents the presence of charged object

(called as source term) moving with a velocity vy from the frame of the fluid. The
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A standard reductive perturbation technique is used to derive the f-KdV equa-

tion in which all the dependent variables are expanded in a power series in terms

of small expansion parameter € as

U =W, + el + W3 + ..., (5.4)
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where U = (ng, ug, @), S(z — vgt) = €2Sa(z — vgt) and the unperturbed quantities

denoted by subscript “0”. A suitable set of stretched coordinates are defined as:
€=z —upt), T = /% (5.5)

where vy, is the phase velocity normalized by Cp. Using the above equations
(Eq. 5.1-Eq. 5.5) and comparing the coefficients of same power of ¢, one can obtain

the final forced-KdV Eq. 5.6 as:
8nd1 8nd1 1 03nd1 . 1 852
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where the source term (S3) represents the charged object, ng is the perturbed
density normalized to the equilibrium density ngy and £(t) is the coordinate in
the wave frame moving at the phase velocity wu,, normalized to the dust acoustic
speed. The coefficient ‘A’ associated with Eq. 5.6 depends upon the electron and
ion temperatures and the plasma density. A detailed description of the f-KdV

model equation and its solution can be found in Ref. [49]. The source function S,

30 40 50 60 70 80 90
§

Figure 5.5: (a) Source function (b) Precursor solitons and wakes obtained from
the numerical solution of f-KdV equation.



126 Chapter 5: Excitation of precursor solitons, its dependence ...

as shown in Fig. 5.5(a), is chosen as a Gaussian with amplitude A and width G.
Fig. 5.5(b) shows the spatial variation of density perturbation which is obtained
by solving f-KdV equation (Eq. 5.6) numerically. In this simulation, the Gaussian
source function is made to move from left to right either subsonically or superson-
ically similar to the wire in the experiments. The coefficient A is chosen to be 4
for our experimental parameters. As shown in Fig. 5.5(b), just like the experimen-
tal observation, the numerical solution of f-KdV equation yields the excitation of
precursor solitons which propagate in the upstream direction whereas the wakes
move in the downstream direction. The solution of f-KdV equation will be further
used in this chapter to model the present set of experiments exploring the effect

of the size and shape of the obstacle on the excitations of solitonic structure.

5.3.3 Effect of size of charged object on the excitation of

precursor solitons
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Figure 5.6:
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Height of Potential hill (mm)

(a) Variation of height (represented by red open circles) and width

(represented by blue star) of the potential hill with V,,,. (b) Power law fit on the
height and width of the electrostatic potential created by the charged wire.

The benchmark experiments are executed by changing the height of the po-

tential hill from its maximum value (grounded potential) to its minimum value
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(floating potential) to excite the precursor solitons. To investigate the effect of
the size (height and width) of the potential hill on the phenomenon, a systematic
set of experiments are performed by connecting a variable resistance in series with
the wire to change the size of the potential hill. The size of the potential hill of
the charged object is adjusted by drawing a current through various resistance
values ranging from 10 k2 to 10 MQ and measuring the voltage (V,,,) across the

resistance. To begin with, the height and width of the potential hill is measured

Figure 5.7: Excitation of precursor solitons for (a) 5 V, (b) 75 V, (¢) 132 V by
varying the voltage across the hill created by the charged wire.

using dust particles as a dynamic micro probes as discussed in Chap. 4.3.3. In this
technique, these tracer particles are made to flow over the potential hill and track-
ing of the individual particle trajectories yields their positions and velocities over

the time. The potential of the electrostatic hill is then directly estimated by using
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the energy conservation arguments. The height and the width of the potential hill
is measured for a wide range of V,,, and plotted in Fig. 5.6. Fig. 5.6(a) shows
the variation of height (represented by ‘o’) and width (represented by ‘x’) of the
potential hill created by the charged object with voltage measured (V,,,) across the
different resistance connected with the wire in series. It can be seen that the height
of the hill decreases and width increases with the increase of V,,,. The height of the
potential hill is maximum when V,,, becomes close to the grounded potential which
is negative with respect to the plasma potential and it decreases when the voltage
drop across the variable resistance reaches towards the plasma potential which is
~ 300 V for this specific set of experiments. The variation of the height (h) with
width (w) of the potential hill created by the wire is plotted in Fig. 5.6(b) and
it is seen that the width decreases with an increase of the height of the potential

—313) between the

hill. The solid line represents the power law relationship (h ~ w
width and height. Further experiments are performed with similar range of V,,,
to examine the effect of the size of the potential hill on the excitation of forced

solitary waves.
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Figure 5.8: Variation of (a) amplitude (represented by red open circles), width
(represented by blue star) and (b) velocity of the excited precursor solitons for the
case of supersonic fluid flow with the voltage drop V,,, across the resistance.
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Fig. 5.7 shows typical images of fully developed forced solitary structures. It
visually shows how the number, amplitude and width of solitons changes with the
wire potential, V,,,. Fig. 5.7(a) shows the solitary waves at p = 11 Pa and V =
320 V when V,,, is kept at 5 V which is approximately at grounded potential. The
dotted line in this figure represents the location of the wire. For V,,, = 5V, five
prominent solitary waves get excited which are found to propagate in the upstream
direction from the frame of fluid. When the resistance connected to the wire is
increased such that V,,, ~ 75 V, the number of prominent solitary structures de-
creases to four as shown in Fig. 5.7(b). The number further decreases to two when
the V,,4 is increased to 132 V as shown in Fig. 5.7(c). If the potential of the wire is
increased further towards the floating potential, the height of the source object de-
creases and it is not sufficient to excite any forced solitary structures. We have also
found the threshold value, V,,, = 135 V, beyond which the particles simply flow
and do not excite any wave structures. It is also found that the amplitude decreases
whereas the width of the fully developed solitons increases with the increase in V,,,
but the change is not visually appreciable. A more quantitative discussion of the
variation of amplitude, width and velocity with V,,, is given later in this section.
In all these experiments (Fig. 5.7(a-c)), the dust velocity is measured using PIV

analysis to make sure that the dust fluid moves supersonically over the wire.

Fig. 5.7 qualitatively shows that the amplitude of the solitary structures de-
creases whereas width increases with the increase of V,,,. For a quantitative analy-
sis of the amplitude (ng/ng) of solitary wave, the maximum intensities are ex-
tracted from the images later normalized by the equilibrium intensity of dust
density. Fig. 5.8(a) shows the variation of this amplitude of forced dust acous-

tic solitary waves (f-DASw) with V,,,. It shows that the amplitude of these excited
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Figure 5.9: Variation of amplitude of solitons with (a) amplitude of source, (b)
width of source numerically obtained from the solution of f-KdV.

solitary waves decreases whereas the width increases with the increase in V,,,. It
can also be seen in Fig. 5.6(a), that the height of the potential hill decreases whereas
the width increases with the increase of V,,,. It essentially indicates that the am-
plitude of the solitary structures strongly depends on the size of the potential hill.
In addition to that the velocity of the forced dust acoustic wave also decreases with
the increase of V,,, as shown in Fig. 5.8(b). Hence in our experiments, the solitary
wave having higher amplitude propagates with higher velocity which is one of the
important properties of a KdV type solitons. Therefore, it can be concluded that
the size of the potential hill plays a salient role on the propagation characteristics
of a solitary wave.

To model these experimental findings, we have again solved numerically the
f-KdV equation (Eq. 5.6) for different values of the amplitude (A;) and width
(G) of the Gaussian source function by choosing the values from the power law
relationship derived from the experiments and measured the mean value of the
amplitude of solitary structures.

Fig. 5.9 depicts the variation of amplitude of forced solitary waves obtained

from numerical solution of f-KdV with the height and width of the source function.



Chapter 5: Excitation of precursor solitons, its dependence ... 131

For the present set of numerical simulation, the amplitudes and widths are chosen
from the experiments as shown in Fig. 5.6(b). In Fig. 5.9(a) one can see that
the amplitude of the excited forced solitary waves decreases with the decrease of
amplitude of the source function while it decreases with the increase of width of
the source function as shown in Fig. 5.9(b). The first point of Fig. 5.9(a) and
last point of Fig. 5.9(b) correspond to a single soliton solution of the equation
which is also the threshold conditions for the creation of f-KdV solitons. Further
decreasing of A and increasing of G causes only the excitation of wake structures
instead of the creation of solitons. Therefore, the findings from the numerical
analysis qualitatively support our experimental observations and there is indeed
a threshold for the generation of solitons in the f-KdV simulation similar to the

experiments.

5.3.4 Effect of shape of charged object on the excitation of

precursor solitons
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Figure 5.10: Equilibrium configuration of dust cloud before generating the flow for
two different shapes of the charged object.

All the above experiments are performed by flowing the dust fluid supersoni-

cally over the wire of different sizes (height and width) of the potential hill. As
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discussed in Chap. 4, the potential profile around the wire [182] is indeed a Gaus-
sian where the fall of the sheath profile is symmetric and sharp around the object.
Next, to investigate the effect of shape of potential profile on the propagation
characteristics of forced solitary waves, a triangular shaped object is used in two
different configurations as shown in Fig. 5.10(a) and (b). The supersonic flow in
the dust fluid is again generated by switching the object from grounded potential
to floating potential as described in Fig. 5.2. In the first case (see, Fig. 5.10(a)),
the dust fluid flows over the rising slope of the potential profile created by the
triangular charged object, whereas in another configuration, dust fluid flows over
a steep charged object (see, Fig. 5.10(b)) first and then flows over falling slope.

Fig. 5.11(a) shows a typical image of the excited structures when the dust fluid
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Figure 5.11: (a) Generation of non linear wakes in the direction of flow when the
flow is initiated and facing rising slope of the potential hill (b) Intensity profile of
Fig. 5.11(a).

supersonically flows over the charged object as shown in Fig. 5.10(a). Interestingly
in this configuration, no structures are found to propagate in the upstream direc-
tion dissimilar to the case when the object is purely Gaussian (see Fig. 5.4(a)).

Instead a series of crests are found to propagate in the down stream direction.
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The perturbed dust density profiles (extracted from Fig. 5.11(a)) is plotted in

Fig. 5.11(b) to explore the properties of these structures. These smaller amplitude
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Figure 5.12: Time evolution of numerical solution of {-KdV equation using the
source function half Gaussian function as Source function to replicate the triangular
shaped object.

crests propagate in the downstream direction with respect to the frame of fluid as
wakes. These experimental findings are also compared with numerical solutions of
forced-KdV equation (see Eq. 5.6) in which the source function is taken as a half
Gaussian with a rising slope as shown in Fig. 5.12(a). In case of the triangular
object with flat hypotenuse (Fig. 5.12(a) and Fig. 5.14(a)), the object is replicated
by a half Gaussian with a width (% ~ 6) that is bigger than the source function
with a full Gaussian. The choice of the width of the source term is dictated by
the size of the sheath that forms around the obstacle. For p = 11 Pa and V=
320 V the sheath around the grounded wire of 1 mm diameter is ~ 15.5 mm (see
first ‘%’ of Iig. 5.6 (a)). For the same discharge condition, the sheath around the
triangular charged object (of hypotenuse 65 mm) is ~ 80.5 mm. Hence, % for

the half Gaussian source function is chosen to be 6 which is approximately 5 times
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higher compared to the full Gaussian. Fig. 5.12(b) displays the perturbed dust
density profile for a given time when the object moves with supersonic velocity
similar to our experimental situation. The solution of f-KdV equation shows only
the excitation of wake structures, which propagate in the downstream direction as

observed in the experiments.
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Figure 5.13: (a) Generation of wakes and solitons when the flow faces sharp rise of
the potential hill (b) intensity profiles of these wakes and solitons extracted from
Fig. 5.13(a).

To investigate further the influence of shapes, the same triangular object is
used in reverse configuration as shown in Fig. 5.10(b).

In this configuration, the dust fluid first faces a sharp rise of the potential and
then it goes through a monotonic fall in the potential. When the fluid flows su-
personically over this object, it excites both precursor solitons in the upstream
direction as well as wakes in the downstream direction as shown in Fig. 5.13(a).
The perturbed dust density extracted from Fig. 5.13(a) is shown in Fig. 5.13(b). To
mimic the experimental observations, the f-KdV equation is again solved numeri-
cally by using a half Gaussian object like Fig. 5.12(a) but in the reverse direction as

shown in Fig. 5.14(a). The solution of f-KdV also shows the excitation of solitary
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Figure 5.14: (a) Source function (b) Time evolution of numerical solution of f-KdV
equation by reversing the source function as shown in Fig. 5.12(a).

waves in the upstream direction and wakes in the downstream direction. Hence, it
can be concluded further that the shape of the charged object is also an important
parameter which decides the excitation of nonlinear structures. A linear gradient
is insufficient to excite the precursor solitons and only gives rise to the customary

wakes whereas a sharp gradient excites both.

5.4 Conclusions

A set of experiments are done to investigate in detail the modifications of the prop-
agation characteristics of precursor solitons which get excited when a supersonic
flow of dust fluid is made to flow over a stationary charged object of different sizes
and shapes. The experiments are performed in the DPEx device in which dusty
plasma is created in a DC glow discharge Ar plasma using Kaolin particles. The
flow of the dust cloud is initiated by suddenly lowering the height of the poten-

tial hill created by a charged object (wire or metallic wedge shaped object). For
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the case of subsonic dust fluid flow, only wakes are observed in the downstream
direction in the frame of the fluid whereas for a supersonic flow solitary structures
are excited in the upstream direction along with the wakes in the downstream
direction. The size and shape of the potential profile is varied by connecting a
variable resistance in series with a copper wire and by using the triangular object
in different orientation with respect to the flow, respectively. The major outcomes

of our present work are listed below:

The earlier experiments of Jaiswal et al. [48] are repeated to serve as a bench-
mark. Precursor solitons and wakes are excited by flowing the dust fluid over a
charged wire. For the case of subsonic dust fluid flow, only wakes are observed in
the downstream direction in the frame of the fluid whereas for a supersonic flow
solitary structures are excited in the upstream direction along with the wakes in
the downstream direction. The solitary structures are confirmed to have the char-
acteristics of KdV solitons. These observations are then compared with numerical
solutions of the forced-KdV (f-KdV) equation by modeling the charged object as
a Gaussian source function. The numerical solution of f-KdV equation with the
Gaussian object shows the generation of solitonic structures which propagate in
the upstream direction whereas the wakes propagate in the downstream direction

akin to experimental observation.

To investigate the effect of size of the potential hill on the propagation of
precursor solitons, the height of the potential hill is varied by drawing current
through a variable resistance. It is found that the amplitude and velocity of the
solitons decreased whereas their widths increased with a decrease in the height of
potential hill. The number of emitted solitonic structures also decrease with the

decrease of the hill height. It is also discovered that there is a threshold height of
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the potential hill below which the dust fluid simply flows over the object without

exciting any structures.

The f-KdV equation is once again solved numerically by changing the height and
width of the Gaussian source function. The numerically obtained amplitudes and

widths of solitonic structures follow a similar trend as observed in the experiments.

In another set of experiments, the shape of the potential profiles of the charged
object is changed by replacing the wire by a solid triangular shaped object. In this
specific set of experiments, the flow is only generated by switching the charged
object from ground to floating potential. When the dust fluid flow supersonically
over this triangular object facing the linearly increasing slope only wakes are found
to be excited in the downstream direction and no nonlinear structures are seen to
propagate in the upstream direction. However, when the experiments are carried
out by reversing the object so that the dust fluid faced the sharp jump of the
potential created by the charged object, both solitons propagating in the upstream
direction and wakes propagating in the downstream direction are seen. These
results are also modeled and compared qualitatively with the experimental findings
by taking the source function to be a half Gaussian in the forward and reverse

directions respectively.

Hence, to summarize, the excitation of precursor solitons and their propagation
characteristics are found to depend on the shape and size of the potential profiles of
the charged object over which the fluid flows. Our experimental findings not only
confirm and consolidate earlier experimental observations of precursor solitons but
bring to light new fundamental results regarding the excitation process. These
insights should prove helpful in interpreting the manifestation of this concept in

natural occurrences such as in excitations triggered by solar wind interactions with
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the earth and moon or space debris or satellite interactions with the ionospheric
plasma. The findings may also stimulate further experimental and theoretical
studies towards more fundamental investigations of this yet poorly explored topic

in plasma physics.



Fxcitation of pinned solitons

Part of this chapter is submitted in Phys. Rev. E., 2020 by Garima Arora et al..

6.1 Introduction

Solitons are a well known class of stable localized nonlinear structures that have
been widely observed and studied in a variety of natural and laboratory settings
including ocean waves [183], excitations in optical fibres [184,185] and semicon-
ductors [186, 187|, plasmas systems [30, 31, 80, 84, 88, 188], laser plasma interac-
tions [87, 189, 190], etc. A number of model nonlinear evolution equations that
are known to be fully integrable yield soliton solutions. The Korteweg-de Vries
equation [191-194] is one such nonlinear partial differential equation that has been
extensively employed as a model to study low frequency nonlinear wave phenom-

ena in a plasma under conditions of weak dispersion and weak nonlinearity. The

139
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emergent non-linear self-reinforcing wave packets that maintain their shape and
identity while propagating at a constant velocity over a large distance are well rep-
resented by the exact mathematical soliton solutions of the KdV equation. While
the KdV model works well for impulsive excitations of nonlinear pulses where the
excitation source provides only an initial perturbation, the model is inadequate to
describe experimental situations where the source continues to be operational in
a continuous manner. Such is the case for example when a moving object con-
tinuously excites waves in a fluid medium. To model such a situation a KdV
equation with a driving term - the so called forced-KdV (f-KdV) equation - has
been adopted and used successfully in the past to interpret nonlinear phenomena
in hydrodynamics e.g. to study nonlinear waves excited by fast moving objects in
water [45,46,195,196]. The f-KdV model yields some interesting and novel non-
linear solutions such as precursor solitons that travel ahead of the moving object
at a speed faster than the object. These precursors can be excited when the speed
of the moving object crosses the sound speed of the medium. The f-KdV model
also yields another class of soliton solutions that travel at the same speed as the
moving object and remain pinned to the object as an envelope structure. These
pinned solitons can be excited at a much higher speed of the object than what is
required for the precursor solitons. Precursor solitons in a plasma were recently
observed for the first time under controlled laboratory conditions by flowing a dust
fluid supersonically over a stationary charged object [48|. In a frame where the
fluid is stationary and the object is moving, the solitons were shown to propagate
in the upstream direction as precursors while linear wake structures were seen to
propagate in the downstream direction [48|. In a subsequent experiment, the prop-

agation characteristics of these nonlinear structures were shown to depend on the



Chapter 6: Excitation of pinned solitons 141

shape and size of the charged object [136] over which the fluid flows. Experimental
observations of this fore-wake phenomenon were well explained with the help of

the forced KdV model equation [48,136].

While propagating precursor solitons in plasmas appear to be well established
both experimentally and theoretically the topic of pinned solitons has so far not
received much attention. The most detailed theoretical study on them over a
range of amplitudes, widths and the velocities of the moving charged object has

been carried out by Tiwari et al. using extensive fluid simulations [50].

This chapter deals with an experimental study on the observation of pinned
solitons in a dusty plasma medium. The major difference in the present set of
experiments from the past experimental conditions is in the speed of the dust flow
which is kept highly supersonic and in the fine tuning of this speed by careful con-
trol of the height of the potential barrier created by a biased copper wire placed
in the path of the dust flow. The experiments show not only the existence of sin-
gle humped pinned solitons enveloping the moving source but also multi-humped
solutions as predicted in the theoretical studies of Tiwari et al. [50]. Our present
findings, apart from establishing the experimental existence of these interesting
nonlinear structures, should also provide valuable clues for detecting them in nat-
ural situations such as in the fore-wake region of the Earth’s bow shock where
the interaction of the solar wind with the earth can potentially give rise to such

structures.

The chapter is organized as follows: In the next section (Sec. 6.2), the experi-
mental set-up and procedure of excitation of pinned solitons along with the wake
structures are described. Sec. 6.3 presents the experimental results and discusses

the nature and dependence of the pinned solitons as a function of the dust flow
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velocity. This section also provides a comparison with theoretical results obtained
from a numerical solution of an appropriate f-KdV equation. A brief summary and

some concluding remarks are provided in Sec. 6.4.

6.2 Experimental set-up and procedure
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Figure 6.1: A schematic diagram of dusty plasma experimental (DPEx) setup.

Fig. 6.1 shows the schematic diagram of the Dusty Plasma Experimental (DPEx)
device in which the experiments have been carried out. It is basically an inverted
IT shaped vacuum chamber consisting of a primary cylindrical glass tube which
is radially attached with two secondary tubes. There are several radial and ax-

ial ports connected with the primary as well secondary chambers to serve various
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experimental needs. A disc shaped anode suspended axially from the top of the
left secondary chamber and a tray type grounded cathode housed in the primary
chamber are used for the production of the plasma. Two confining potential strips
are placed on the cathode for confining the dust particles in the axial direction
whereas the bent sides of the cathode tray provide radial confinement. A more de-
tailed description of the device along with its associated diagnostics are available in
Chap. 2. A biased copper wire of diameter 1 mm and length 50 mm mounted radi-
ally on the cathode acts as a stationary charged object for the excitation of pinned
structures. The wire can be kept at various potentials ranging from grounded to
intermediate as well as at the floating potential by connecting a variable resistor
ranging from 10 k(2 — 10 M(2 in series with the wire through a switch. A DC power
supply (with a range of 0-1 kV and 0-500 mA) is used to strike the discharge be-
tween the electrodes. Micron sized poly-dispersive particles of diameter ranging
from 2 to 5 pum are sprinkled on the cathode in between the wire and the right
strip for producing a dusty plasma. The average mass of these micron sized dust

particles is estimated to be ~ 8.6x 107 kg.

Initially, the chamber is pumped down to a base pressure of 0.1 Pa by fully
opening the gate valve attached at the mouth of the pump. The working pressure is
set to 9-15 Pa by closing the gate valve to 20% and opening the flow meter attached
to the gas port to 5-10 % as shown in Fig. 6.1. An equilibrium pressure inside the
chamber is maintained through out the experiments by balancing the pumping
rate and the gas flow rate. An Argon plasma is formed between the electrodes
by applying a voltage in the range of 290-360 V and the plasma parameters are
measured using a single Langmuir probe and an emissive probe over a range of

discharge parameters. For the present range of discharge conditions, the plasma
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density (n;) and electron temperature (7,) come out to be ~ 0.5-1.5 x10'/m?
and 2 — 5 eV, respectively. The profiles of plasma parameters over a wide range of

discharge parameters are presented in Chap. 2.

To create a dusty plasma, first the equilibrium pressure P = 9 Pa is set by
introducing the Ar gas in the chamber and then the applied voltage is increased
to 400 V so that a high electric field is created and the particles sprinkled on
the cathode get charged. These particles acquire a negative charge in the plasma
environment and levitate in the cathode sheath by an exact balance of gravitational
and electrostatic forces. The levitated particles are visualised by shining a green
laser light and their dynamics are captured by a fast CCD camera looking in the
x-z or y-z plane depending upon the experimental requirement. The voltage is
then reduced to 300 V at which a highly dense dust cloud is seen in between the

grounded wire and the right confining strip. Fig. 6.2(a) shows the y-z plane of the

Grounded

Flow

; Floating
|

Figure 6.2: (a) Equilibrium configuration of dust cloud before generating the flow.
(b) Flow in the dust fluid is initiated from right to left by lowering the potential
hill suddenly. The yellow circle represents the location of charged object.
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dust fluid, which is confined in between the grounded wire and the right strip. The
potential around the grounded wire becomes negative with respect to the surface
potential of the dust and as a result the particles remain confined in the potential
well created by the wire and the strip and exhibit only thermal motion. The
present set of experiments are carried out at a discharge voltage of V; = 300 V and
background pressure of 9 Pa. At that discharge condition, the particles are seen to
levitate at a height of 2.75 ¢cm from the cathode, which is significantly higher (2.1
cm) compare to the case of our earlier experiments on the excitation of precursor
solitons [48,136] in a flowing dusty plasma. That facilitates us to generate a highly
supersonic flow, M (vs/Cy,) ~ 1.5 —3 in the dust fluid compare to the experiments

that we have performed in the past (M ~ 1.1 — 1.3).

In addition, as mentioned above, we have performed our experiments at a pres-
sure of 9 pa which is comparatively lower than that of the previous experiments
(11-12 Pa). In that pressure regime the dust neutral collision frequency is esti-
mated [62,115] to be 9 s™!, which is almost half (18 s™!) compare to that of the
experiments that are carried for the excitation of shock waves reported in Ref. [83].
We choose this lower dust neutral collisional regime so that dissipation becomes
less important and hence the possibility of the excitation of shock waves can be
avoided. For this specific discharge condition, n; ~ 5x 10 /m3, T, ~5 eV which
are measured using a single Langmuir probe. The dust density (ng) is approxi-
mately estimated as ~ 10* /m? from the high resolution camera images, whereas
the dust temperature (7,) is estimated by tracking the individual particles of the
tail part of the dust cloud for 100 consecutive frames using super Particle Identifica-
tion Tracking (sPIT) [118] code and comes out to be T, ~ 0.6-1.2 ¢V. The charge

Qq ~ 10% is estimated from the Collision Enhanced Plasma Collection [54, 55|
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(CEC) Model for the present set of discharge conditions. With the help of plasma
and dusty plasma parameters, the dust acoustic speed is theoretically estimated
to be Cy, ~ 22-25 mm/s which is in good agreement with earlier measurements of

Jaiswal et al. [135].

To investigate the propagation characteristics of the nonlinear waves, a highly
supersonic flow of the dust fluid ranging from 30 mm/s to 60 mm/s (corresponding
to M=1.5 to 3) is initiated by altering the confining potential for a particular
discharge condition, p—9 Pa and V=300 V. The height of the potential hill is
suddenly reduced from grounded potential to an intermediate potential (a potential
which is less negative with respect to the surface potential of particle), which
generates a flow of the dust fluid from right to left as shown in Fig. 6.2(b). Within
a few ms, the dust particles attain a constant velocity due to the neutral drag
force [135,181] and the magnitude of this constant velocity is varied by changing
the value of the intermediate potential and it is found that the maximum velocity is
achieved when the wire is switched to floating potential. The flow velocity of the
dust fluid is estimated using Particle Image Velocimetry (PIV) technique [119].
It is worth mentioning that the same technique of flow generation was used by
Jaiswal et al [48] to excite precursor solitons in the upstream direction and wakes
in downstream direction. In their experiments the range of fluid flow velocity was
M = 1.0 — 1.2. In the present experiments the fluid velocity is kept higher than
these earlier values and the consequent excitations of nonlinear structures studied.
The flow technique discussed in Sec. 6.2 is used to generate a flow in the dust fluid
with flow velocities ranging from M ~ 1.5 — 3 along the axis of the chamber. The
initial experiments are carried out by adjusting the resistance value in such a way

that the flow velocity of the dust fluid becomes M ~ 1.5.
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6.3 Results and discussion

6.3.1 Excitation of pinned solitons and wakes

Fig. 6.3(a) shows a snapshot of the wave excitations occurring at this supersonic
flow velocity of dust fluid, whereas Fig. 6.3(b) depicts the axial profile of compres-
sion factor, which is extracted from Fig. 6.3(a). From Fig. 6.3(a) and Fig. 6.3(b),
we see a distinct nonlinear humped structure close to the yellow dashed line which
marks the location of the charged object and lower amplitude wake structures to
the left of the yellow line. The amplitude (A), width (L) and the parameter (AL?)
of the single humped nonlinear structure are measured for a number of frames
and it is found to remain stationary with A ~ 1.33 £0.07, L ~ 0.86 + 0.08 and
AL* ~ 0.99 £ 0.02 over all these frames. The small values of statistical errors of
various parameters essentially confirm that the structure does not change its iden-
tity over time. These measurements of solitonic parameters essentially confirm

that it has a solitonic character and constitutes a pinned soliton.

<«4————— Dust Flow @)

3 Pinned Soliton

Z-Position (mm)
Figure 6.3: (a) A typical experimental image of excitation of single pinned soli-
ton. The dashed vertical line marks the position of the wire. (b) Axial profile of
compression factor of density perturbation extracted from 6.3(a).

When the flow velocity of the fluid is increased further to M = 2.1 and above,

by changing the wire potential under the same discharge conditions, we find a
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significant change in the shape of the pinned soliton. As shown in Fig. 6.4 a

- P S BT

Pinned Soliton

Figure 6.4: Typical images of excitation of (a) double (b) four and (¢) many pinned
solitons along with the wakes. The yellow dashed line represents the location of
the charged object.

variety of multi-humped pinned structures appear for flow velocities M = 2.1,
2.5 and 3.0 respectively. Fig. 6.4(a)-(c) clearly shows that the number of humps
increases with an increase in the flow velocity. The corresponding intensity profiles
of the structures of Fig. 6.4(a)-(c) are plotted in Fig. 6.5(a)-(c). Fig. 6.5(a) shows
the profile of a fully developed two humped pinned soliton that remains stationary
in the laboratory frame and Fig. 6.5(b) shows the profile for a similar four peaked
pinned soliton. It is to be noted that the two and four peaked structures have
a symmetric profile around the wire. Interestingly, in the case of M ~ 3.0 (see
Fig. 6.5(c)), the multi-humped pinned soliton has an asymmetric structure with
respect to the wire with the peaks to the right having a higher amplitude compared
to the ones at the left. The characteristics of the wakes however remain the same
with the increase of flow velocity and are always found to propagate in the direction

of flow or in the downstream direction in the frame of the fluid.
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Figure 6.5: Density compression factor of (a) two, (b) four and (¢) many sharp
peaks extracted from Fig. 6.4(a), (b) and (c). The dashed line represents the
location of the wire.

6.3.2 Time evolution of the pinned solitons and wakes

The time evolution of three such solitons (as captured from subsequent frames) for
the case of M = 2.3 is plotted in Fig. 6.6(a) where the high amplitude structures
in the figure represent the solitons whereas the lower amplitude structures on the

left are wakes.

Fig. 6.6(a) also shows that the soliton remains nearly stationary in their posi-
tions in the laboratory frame of reference as of stationary charged object. In the
frame of the fluid, the charged object moves from left to right along with the pinned
solitons with the same velocity. The wake structures however are not stationary
and propagate in the downstream direction as has been observed earlier in the
experiments of Jaiswal et al. [48] and also shown in Fig. 6.6(b), which is a zoomed
version of Fig. 6.6(a) with only the wakes. To summarize, the highly supersonic
fluid flow over a stationary charged object excites non-linear pinned solitons in

an upstream direction which maintain their shape and size in the course of time,
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Figure 6.6: (a) Intensity profile of pinned solitons and wakes over time. The
dashed lines show that the higher amplitude solitons remain stationary in the
laboratory frame, whereas the wakes move along the flow. (b) The zoomed version
of Fig. 6.6(a), which clearly shows that the wakes move from right to left.

whereas the wakes propagate in the downstream direction.

To quantify the dependence of the amplitude on the flow velocity the maximum
values of the amplitudes of the solitons excited in the range of M=1.5 to 3 are
plotted against the Mach number in Fig. 6.7. It can be seen that with an increase
in M, the maximum amplitude of the excited stationary structures increases. This
is in qualitative agreement with the scaling observed in the fluid simulations of

pinned solitons carried out by Tiwari et al. [50].
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Figure 6.7: Variation of maximum density compression 74,4, /Ng0 With the nor-
malized flow velocity M.

6.3.3 Comparison with model f-KdV equation

For a further qualitative understanding of the experimental results we have solved
the f-KdV equation numerically with a Gaussian source term [49] and compared
the numerical results with our experimental observations. The detailed derivation
of f-KdV equations and its solution is discussed in Chap. 5. The f-KdV equation

for a dusty plasma is given by

8nd1 8nd1 1 03nd1 . 1 882
or TAMTGe Y5 aE T e

(6.1)

where S, represents the source term , ng; is the perturbed dust density normalized
to the equilibrium density ng, and £ = (2 — u,nt) is the coordinate in the wave
frame moving at phase velocity u,, normalized to the dust acoustic speed. The
spatial coordinate z is normalized by the dust Debye length (Ap) whereas the
time is normalized by the inverse of dust plasma frequency (wpq). The coefficient

A=1[6%+ (36 + 0;)0; + 36(1 + 07)] /(6 — 1)?, where ¢ and o are the ratio of ion to
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electron density and temperature, respectively. A Gaussian source function is used
in the form Sy(£+Ft) = Asexp(—(E+Ft)/G)?) where, A, and G are the amplitude
and width of the source function and F' = 1 — vy, with vy the velocity of source
function with respect to the frame of fluid. The pinned solitons are numerically
obtained by solving Eq. 6.1 for a Gaussian source with A, = 5.5, G = 15 that
is made to move with vy = 2.0 in accordance with the experimental condition of

M = 2.
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Figure 6.8: Time evolution of pinned solitons (solid lines) as well as a source
function (dashed lines) obtained numerically by solving the f-KdV equation.

The time evolution of Sy and the normalized perturbed dust density ng/ngo is
shown in Fig. 6.8(a)-(d) for ¢t = 6,12, 18, 24, respectively. The red dashed lines in

Fig. 6.8 represents the position of the charged object that moves with supersonic
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velocity in the fluid frame. The blue solid lines represent the numerical solution of
the f-KdV. As can be seen, similar to the experimental results (see Fig. 6.3(b)), a
single peaked structure representing a single humped pinned soliton is created near
the source and remains stationary with respect to it. The structures to the left of
the object consisting of wakes are seen to travel to the left. For further comparisons
with the experiment, Eq. 6.1 is solved for different values of the amplitude, width
and speed v, of the source term to investigate the dependence of the nature of the
pinned solitons on the source parameters. In the experiments the change in the
velocity of the source is brought about by a change in the amplitude and width
of the source e.g. the velocity of the source function is increased by increasing
its amplitude which in turn increased the width. Keeping that in mind we have
changed the amplitude, width and the velocity v, in the source and then solved
the f-KdV equation. The results are shown in Fig. 6.9(a-c) for source parameters
with A, = 2,4,6, G = 2,8,20 and vy = 1.2,1.5,2.2, respectively at t = 24. The
solid lines correspond to the stationary structures excited by the respective moving
source objects and the dashed line indicates the position of the source. Similar to
the experiments, it can be seen that with an increase in the velocity (vg) of the
source functions, the number of peaks of excited pinned soliton increases as does the
value of the maximum amplitude. This is once again in conformity with the fluid
simulation results of Tiwari et al. [50] where they had found that the amplitude as
well as the number of modulation peaks of the excited pinned solitons increased

with the increase in the source velocity and amplitude.
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Figure 6.9: A plot for one, three, many pinned solitons (represented by solid line)
from the numerical solutions of forced KdV equation for three different amplitude,
width and velocity of source functions for t=24. Dashed lines represent the source
functions.

6.4 Conclusions

To conclude, experimental observations of a new class of stationary solitons, known
as pinned solitons, is presented in this chapter. These experiments have been
performed in the Dusty Plasma Experimental Device in which a large dust cloud
is created in a DC glow discharge Argon plasma. For the purpose of generating a
highly supersonic flow in the dust fluid, the discharge voltage and the background
pressure are set such that the dust particles levitated at a height far above the

cathode. The flow in the dust fluid is generated over the stationary charged object
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by changing the height of the potential hill used for the axial confinement. The
highly supersonic flow of dust fluid is seen to generate multiple nonlinear stationary
structures in the vicinity of the wire. In the frame of the moving fluid, these
structures would remain attached to the moving object (wire) and would constitute
propagating pinned solitons. The maximum amplitude of the solitonic structures
is found to display a nearly parabolic increase with the increase of the fluid flow
velocity. In addition, the number of amplitude modulations (peaks) in the density
perturbation is also found to increase with the increase in the dust flow velocity.
The results are in qualitative agreement with numerical solutions of the forced-
KdV equation with a (GGaussian source function moving with supersonic velocity.
The experimental and numerical results are also in good agreement with past
fluid simulation results of Tiwari et al. [50]. Our experimental results apart from
establishing the first ever existence of pinned solitons in a plasma medium may
also prove useful in the detection and interpretation of similar structures that can
potentially arise in natural conditions such as in the vicinity of the Earth’s bow
shock due to the interaction of the supersonic component of the solar wind with
the earth or in the ionosphere due to the interaction of fast moving charged space

debris objects with the ambient plasma.
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Part of this chapter is published in Phys. Plasmas, 27,083703 (2020) by Garima
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7.1 Introduction

During the past couple of decades, a dusty plasma, provides an excellent medium
for the study of collective phenomena as it supports a wide variety of linear and
nonlinear waves and coherent structures. Various extensive theoretical and ex-

perimental studies have been carried out on the excitation of linear modes like

157
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Dust Acoustic (DA) Waves [25], Dust Ion Acoustic (DIA) waves [28], Dust Lattice
(DL) Waves [73], non-linear modes like Dust Solitary (DS) waves [31,47,197], Dust
Acoutic Shock (DAS) Waves [81-83] and various coherent structures like voids [35],
vortices [198] etc.. Dust Acoustic Shock Waves (DASW) [81,82,199] constitute an
important class of non-linear waves that are frequently found to be excited in lab-
oratory dusty plasmas as well as in astrophysical dusty plasmas [200-202]. Shock
waves are highly non-linear structures, which form with a characteristic sudden
jump in any one of the physical parameters such as pressure, velocity, temperature
and density. These nonlinear waves get excited when the dissipation (due to colli-
sions or viscosity) in the medium plays a significant role along with non-linearity
and dispersion. In dusty plasmas, dissipation can arise either from frequent dust-
neutral collisions or dust-dust coupling effects. In a weakly coupled dusty plasma,
the dissipation comes primarily from the kinematic viscosity due to frequent dust-
neutral collisions and/or dust charge fluctuations, whereas for a strongly coupled
dusty plasma the bulk and shear viscosity play a crucial role in providing dissipa-

tion.

Dust acoustic shock waves have been studied extensively by many researchers
worldwide both theoretically [33] and experimentally [81,82,199|. Samsonov et
al. reported shock formation in an RF produced 3D complex plasma under micro-
gravity conditions in the PKE-Nefedov device [32]. Heinrich et al. [82] observed
self-excited dust acoustic shock waves in a direct current glow discharge dusty
plasma that was generated when the dust cloud went through two slits. Nakamura
et. al. |81] and Jaiswal et al. [83] reported experimental observations of bow shock
and oscillatory shock structures, respectively, in flowing dusty plasmas when the

dust fluid was made to flow supersonically around a stationary charged object.
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It is to be noted that all these experiments were carried out in a homogeneous
dusty plasma medium. However, in an experimental situation, the presence of
density inhomogeneity is likely to be significant when one performs experiments
in a large sized dusty plasma medium. In the literature there exist a very limited
number of theoretical works devoted to the study of shock waves propagating in
an inhomogeneous plasma medium [91,92|. They show that due to the presence of
inhomogenieties in the plasma density, the relationships between amplitude, width
and Mach number of shock waves deviate significantly from those obtained in a

homogeneous medium.

Tadsen et al. [203] performed experiments to investigate the dependence of
the amplitude of spontaneously excited dust acoustic waves in an inhomogeneous
plasma having spatial variations of dust charge, ion density, and dust density. To
the best of our knowledge, no experiments have been done so far to examine the
nature of propagation of dust acoustic shock waves in an inhomogeneous medium.
To the best of our knowledge, no experiments have been done so far to examine the

nature of propagation of a dust acoustic shock wave in an inhomogeneous medium.

In this chapter, first such experimental investigation to observe the temporal
behavior of dust acoustic shock waves as they propagate in an inhomogeneous
dusty plasma medium is presented. The experimental results show that the am-
plitude and width of these shock structures increase when they propagate down a
decreasing density profile of the dusty plasma medium. The increase is inversely
proportional to the decrease in the background density in a fractional power law
manner. We provide a qualitative theoretical understanding of the experimental
results by constructing a modified-KdV-Burger model equation that includes dis-

sipation effects arising from both dust neutral collisions and dust-dust coupling
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induced viscosity.

The chapter is organized as follows: In Sec. 7.2 the experimental set-up and
details of the experimental procedure are described. The details of the creation of
dust density gradient is described in Sec. 7.3. Sec. 7.5 contains the experimental
findings and a brief discussion. A theoretical model to describe the experiments

are discussed in Sec. 7.6. Sec. 7.7 provides a summary and concluding remarks.

7.2 Experimental set-up and procedure
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Figure 7.1: A schematic diagram of dusty plasma experimental (DPEx) device.

These experiments are performed in inverted II-shaped Dusty Plasma Experi-
mental (DPEx) Device as discussed in Chap. 2. Figure 7.1 gives a schematic of the
DPEx device showing the various radial and axial ports that are used for different
experimental needs. The pumping port attached with rotary pump through a gate

valve is used to evacuate the chamber whereas the gas port is connected with a flow
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meter to feed Argon gas into the vessel in a controlled way. A disc shaped anode
and a tray shaped grounded cathode serve as electrodes for the generation of a
plasma whereas micron sized poly-dispersive particles of diameter 2-5 pym are used
to create a dusty plasma. Two SS cuboid-shaped strips are placed on the cathode
in order to confine the charged dust particles in the axial direction. One of these
axial confinement strips is kept at the right edge of the cathode whereas the other
one is placed at a distance of 28 c¢m from the first one. The upturned sides of
the 6 cm wide cathode tray provide radial confinement. A biased copper wire is
mounted radially on the cathode (approximately 20 cm away from the right edge
of the cathode) to confine the dust particles axially between the right confining
strip and the wire. For a more detailed description of the device and the attached
diagnostics the reader is directed to Chap. 2. In the present set of experiments,
the copper wire is always kept at the ground potential. A Direct Current (DC)

power supply is used for the production of a glow discharge Argon plasma.

To start with, the chamber is evacuated with the help of the rotary pump to
attain a base pressure of p ~ 0.1 Pa and later the working pressure is set to p ~
11 Pa by adjusting the dynamic equilibrium of the pumping speed and the gas
flow rate. In this configuration, the gate valve is opened at ~ 20% whereas the
gas flow meter is opened at 5%. An Argon discharge plasma is then initiated by
applying a DC voltage V; ~ 330 V at this working pressure. Plasma parameters
such as plasma density (n;) ~ 1.5 x 10" /m3, electron temperature (T.) ~ 4 eV,
floating potential (V;) ~ 290 V and plasma potential (V,) ~ 310 V with respect
to the grounded wire are measured, in the absence of dust particles, by using a
single Langmuir probe and emissive probe. The measurement techniques and the

axial profiles of different plasma parameters over the range of discharge conditions
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are presented in detail in Ref. [115]. As soon as the plasma is initiated, the dust
particles of radius (ry) ~ 1 — 2.5 pm that are sprinkled on the cathode tray prior
to the discharge, get negatively charged and levitate in the cathode sheath region
by a balance of the sheath electrostatic force and gravitational force in the vertical
direction. The vertical height of the cloud bottom varies in the range of 1.3 cm
to 1.7 cm depending on the discharge conditions, whereas the vertical width of
the cloud is always between 1 cm to 1.2 cm. The average mass of the levitated
dust particles is mg ~ 8.8 x 107! kg and the charge (Q4) acquired by these micro
particles at this discharge condition is ~ 10%e estimated from a Collision Enhanced
Plasma Collection (CEC) model [54, 55| for particles of average radius 2.0 um as
discussed in Chap. 2.6.2. A perfectly aligned parallel thin laser sheet (in x-z plane)
of width 1 mm illuminates a central slice of thedust cloud consisting of particles
of the same size for a given set of discharge conditions. The dynamics of the dust
particles are captured by a fast CCD camera having a frame rate of 200 frames/s

with a spatial resolution of 42 pm /pixel.

7.3 Creation of an inhomogeneous dusty plasma

Since, these experiments are aimed at investigating the propagation characteristics
of non-linear waves in an inhomogeneous dusty plasma, we adopt the following
sequence of procedures. First a uniform dusty plasma is created between the
sheaths of the grounded wire and the right confinement strip by maintaining a
dynamic equilibrium of the pumping speed and the gas feeding rate. We then alter
this equilibrium by changing the pumping speed to create a pressure gradient. This
causes a neutral flow towards the grounded wire and a concomitant flow of the dust

particles due to the neutral drag force [137,181] leading to an accumulation of the
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dust particles near the wire. Thus a second dynamic equilibrium state is reached
that is maintained by the pressure gradient and the electrostatic repulsion of the
sheath around the wire. The whole cloud is still confined between the wire and the
right strip due to the sheaths at the two ends but now has a nonuniform distribution

of particles. Fig. 7.2(a) displays such a dynamic equilibrium state of the dust cloud
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Figure 7.2: (a) An experimental image of equilibrium dust cloud with linear
decreasing dust density. (b) Intensity profile extracted from Fig. 7.2 (a).

with a clear indication of the dust density gradient, where the number of particles
are more near the grounded wire and less towards the edge of the cathode. It is
to be noted that the dust density is inferred from the pixel intensities of an image
even in the case of polydisperse particles, provided the size of the dust particles in
a particular layer remains the same. This is a standard technique used in the past
by several researchers [82,126,204|. As mentioned in Sec. 7.2, the particles of same
size from the range of polydispersive particles levitate in the particular layer by
the balance of gravitation force and the cathode sheath electric force. As we are

shining the laser in a particular x-z plane by keeping y-position fixed, it essentially
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means that we are capturing the scattered light mostly from monodisperse particles
that exist in a particular layer. In Fig. 7.2(a) the dust cloud near the wire is not
constituted of smaller dust particles; instead, the number of particles (of the same
size) per unit volume is maximum there. Due to the higher dust density in that

region, the camera is unable to identify them as separate particles.

The intensity profile of equilibrium dust cloud and the corresponding fitted
curve is shown in Fig. 7.2(b). The pixel intensity in Fig. 7.2(b) is plotted by
averaging the intensities of 50 pixels in the vertical direction. The area for which
the average intensity is calculated is shown by a dashed rectangle in Fig. 7.2(a).
This rectangle essentially shows that all the dark spaces (outside the rectangle) of
the image does not contribute to the calculation of average pixel intensity. The
region of interest is fitted by the solid line in Fig. 7.2(b), where the intensity
decreases monotonically if one goes to the right away from the wire. It is worth
mentioning that the laser light is kept perfectly parallel to the cathode so that
the light scattered from dust particles is not re-scattered from the other plane of
the dust cloud. We have taken care that the camera is not being saturated while
capturing the images of the equilibrium dust cloud and the excitations of dust
acoustic shock waves. We have also verified that the image intensity is linear with
dust number density by checking that the camera has a linear response with no
offset. The equilibrium spatial density profile is constructed with the help of the
intensity profile shown in Fig. 7.2(b) and few measurements of dust density in the
tail part of the dust cloud (z ~ 18 —32 mm). The particles are well resolved in this
spatial region, which allows us to measure the dust density (see the closed circles in
Fig. 7.3). Dust density (ng, = 3/4wd?®) is estimated from the information of inter-

particle distance (d) which is defined as the average distance from the reference
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Figure 7.3: Equilibrium dust density extracted from the intensity profile as shown
in Fig. 7.2 and few measurements of dust density (closed circles) at z 18-32 mm.

particle to the neighboring particles. We have selected a reference particle at a
particular axial location and measured the distance to all its neighboring particles
and calculated the average value. To improve the statistics in the measurements,
again a new reference particle is chosen at the same axial location but a different
X position, and the same procedure is performed to get the statistical mean and
standard deviation. The statistical error on the measurements of the dust density
at the axial location 18-26 mm are quite high since the resolution is very poor. By
assuming the linear response of the camera and using the measured values of dust
density near z ~ 18 — 32 mm, the intensity profile (solid line of Fig. 7.2(b)) is then
calibrated to dust density profile (see the solid line in Fig. 7.3) in the region where
the light intensity decreases linearly. As shown in Fig. 7.3, the equilibrium dust

density falls nearly monotonically from ~ 2 x 10'°/m? to ~ 0.7 x 10? /m3.

7.4 Excitation of Dust Acoustic Shock Waves

The shock waves are then excited in this nonuniform dusty plasma medium by

creating a sudden jump in the dust density. The compression in the dust density
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near the grounded wire is generated by flowing the dust fluid from right to left using
a Single Gas Injection (SGI) technique. In this technique, the dynamic equilibrium
is further perturbed by a short pressure pulse to excite the dust density waves. The
pressure pulse is generated by tweaking the gas flow at the Gas Port (as shown in
Fig. 7.1) for a short interval (~ 500 ms). Due to the abrupt pressure drop near the
gas port, the neutrals rush axially towards the pump and carry the dust particles
along from right to left. When the gas flow rate is restored to its initial value the
dust particles come back to their original positions. The details of this technique of
flow generation in the dust fluid and measurements of the flow velocity are available
in greater detail in Chap. 2.7 and 2.8. In case of smaller change in the gas flow rate,
the dust particles move slowly towards the pump and stop far away from the wire.
When the change in the gas flow rate is sufficiently high, the dust particles simply
overcome the potential barrier created by the wire. Details of such a study of the
dust dynamics can be found in in Chap. 3. If the gas flow rate is moderately high so
that the dust particles cannot overcome the barrier but instead start accumulating
near the wire then that creates a sudden jump in dust density. As discussed above,
when the gas flow rate is restored to its initial value, the dust particles come back to
their initial positions and the dust cloud takes the original shape. The short intense
density perturbation gives rise to a large amplitude propagating dust acoustic wave
which takes the form of a nonlinear propagating wave train of shock structures -
an asymmetric waveform of connected saw-teeth structures [205]. The wave forms
propagate an average distance of 30-40 mm in the course of the average time of
0.20-0.35 s with a velocity ranging from 5-12 ¢cm/s depending upon their amplitude
and width. For the present set of discharge conditions, the dust neutral collision

frequency (vg,) comes out to be ~ 11 Hz [62], whereas the wave frequency of linear
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dust acoustic waves is measured to be ~ 21 Hz. However, it is to be noted that
the wave is sustained for approximately 1.5 to 2 s after the initial excitation by the
gas which is almost one order higher than the damping time (2/v4,) ~ 180 ms, for
a linear wave. Partly this is due to the nonlinear nature of these waves and the
growth they experience as they travel down the density gradient but could also
be possibly due to the additional energy drive from streaming ions present in the
experiment. The details of these excited nonlinear structures and their propagation

characteristics in the in-homogeneous dust density are discussed in Sec. 7.5.

7.5 Experimental Results

7.5.1 Characterisation of Dust Acoustic Shock Waves

A typical snapshot image of the series of excited Dust Acoustic Shock Waves
(DASWs) in an inhomogeneous dusty plasma is shown in Fig. 7.4(a), whereas
Fig. 7.4(b) represents the corresponding intensity profiles of the density crests
of DASWs. One can see clearly from both the subplots that these structures
have different amplitudes and widths at different axial locations (along the Z-
direction). In addition, it can also be seen that the distance between the crests of
the structures keeps on increasing as one moves away from the wire. The sharpness
of the peaks, the high compression factor, the saw-teeth nature of their individual
density profiles and their high propagation speeds (~ 5—12 ¢m/s) compared to the
dust acoustic speed (~ 1.5 — 3.5 cm/sec) indicate that these structures are indeed
non-linear shock formations. To examine the symmetricity of the wavefronts, we
have calculated a symmetric parameter, defined as the ratio (R) of the half widths

at half maximum. We have chosen five wave fronts widely separated and located at
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Figure 7.4: (a) Experimental image of density crests in an inhomogeneous
dust cloud. (b) Intensity profile of high amplitude density crests extracted from
Fig. 7.4(a). The arrow represents the direction of propagation of the shock fronts.

a different axial location for a given frame and then estimate R for these wave-fronts
for 20 frames. For our experimental wave forms, the value of R comes out to be
~ 1.204—1.402, whereas its value varies within ~ 0.912—1.024 for the case of linear
dust acoustic waves [206] and ~ 0.954—1.006 for the case of non-linear dust acoustic
waves [126,207]. In contrast to these linear and nonlinear waves, the value of R for
dust acoustic shock waves yields a higher value of R ~ 1.62 — 2.05 over time [82].
It essentially ensures that the structures excited in our experiments are indeed
asymmetric in shape and significantly deviate from the conventional symmetrical
structures observed in the excitation of linear or nonlinear dust acoustic waves like
solitons and cnoidal waves. These nonlinear dust acoustic saw-teeth structures are

formed due to a sudden change in the dust density near the wire.

They actually constitute a nonlinear traveling wave with steepened crests - in

other words a wave train with saw-teeth shaped periodic (shock [205]) structures.
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Figure 7.5: Sequence of images: (a) Stable unperturbed inhomogeneous dust
cloud, (b—e) spontaneously excited dust acoustic waves in the compressed dust
cloud, (f-i) excitation and propagation of nonlinear shock waves. (j) image of dust
cloud when the gas flow rate is restored.
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This is the nonlinear state of a dust acoustic plane wave excited by the perturba-
tion induced by the act of density compression near the wire and its subsequent
relaxation. The sequence of events is as follows (see Fig. 7.5): In the initial stage
(depicted in Fig. 7.5(a)) when the inhomogeneous dust cloud is not perturbed there
is no spontaneous excitation of any dust acoustic waves (DAWs). Fig. 7.5(b)—(e)
show that the DAW excitation occurs after the dust density is momentarily com-
pressed near the wire to create a large density perturbation and as this perturbation
moves down the density gradient. Once excited the nonlinear DAW continues to be
generated and to travel from left to right at a speed a few times larger than the dust
acoustic speed as shown in Fig. 7.5(f)-(i). Fig. 7.5(j) shows that the dust cloud
takes approximately its original shape and position (other than the excitations)
when the gas flow rate is restored. We do not fully understand what causes the
continuous generation of the wave after the initial perturbation ceases but we do
observe them experimentally for a long time. A possible continuous driver of these
waves could be the ion streaming which is always present in our experiment [208|
because of asymmetric configuration of the electrodes. The streaming of ions can
be the energy source sustaining the nonlinear wave propagation once the pressure
perturbation has initiated the large amplitude DAW. It is worth mentioning that
these nonlinear structures are not solitary waves as they do not maintain a constant
solitonic parameter (Amplitude x Width?) over time as seen in earlier experiments
of Samsonov et al. [31]. Instead, one can see from Fig. 7.4(a) and (b) that the
higher amplitude density crests get excited with higher width, which clearly show

that these excited structures are not Dust Acoustics Solitary Waves.
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7.5.2 Merging of two shock fronts

We have next carried out an experiment to study the merging of two such wave
fronts are carried out in a homogeneous dusty plasma. Fig. 7.6 shows one of
the events where the merging of two shock structures are presented. The higher
amplitude crest propagates from behind with a velocity, vs ~ 70 mm/s and collides
with a crest of lower amplitude propagating with a velocity, v, ~ 40 mm/s at

t=40 ms which are then merged and move together. Interestingly, the newly
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Figure 7.6: (a) Amplitude and (b) Space time graph of two colliding non-linear
waves.

formed crest moves with a higher amplitude and greater velocity v ~ 75 mm/s
with respect to the original two colliding crests as shown in Fig. 7.6(a). Figure
7.6(b) displays the space-time plot of these two colliding waves, which also depicts
the merging of these two density crests at ¢ = 40 ms and propagates till ¢ = 80 ms.
As merging of two waves is one of the characteristics of shock waves [82], hence the
present findings in our experiments essentially proves that these nonlinear waves

can be identified as Dust Acoustic Shock Waves (DASW).
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7.5.3 Modification on the propagation characteristics of DASWs

due to dust density inhomogeinety

To study the modification in the propagation characteristics due to the inhomo-
geneity in the equilibrium dust density, we carry out a detailed analysis of the
evolution of the dust acoustic shock waves when they are excited in an inhomoge-
neous dusty plasma. Figure 7.7(a) shows the time evolution of one of the shock

fronts in intervals of 0.1 s. The shock front is represented by the density compres-
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Figure 7.7: (a) Time evolution of shock wave front in space. (b) Variation of
amplitude and width of that particular shock front in space as shown in Fig. 7.7(a).

sion factor, defined by the standard expression n4(z)/nq.(z) ~ 1(z)/1,(z) [82,209],
where n4(z2) is the instantaneous dust density and ng4,(2) is the background equilib-
rium dust density at the same z-location, whereas I(z) and I,(z) are the intensities
of the perturbed dust cloud and background equilibrium dust cloud, respectively.
It is clear from the figure that the shock front propagates from left to right (i.e.
away from the wire) and while propagating, the compression factor ny/ng, of that
particular shock front increases due to the decrease in the dust density. Figure
7.7(b) shows a quantitative analysis of the amplitude and width of shock wave
front while it propagates. One can clearly see that the amplitude of a particular
shock front increases and width broadens up in the course of propagation. In ad-

dition, as seen in Fig. 7.7(a), the wave front progressively travels longer distances
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(7.90 mm, 10.73 mm and 11.4 mm) for a given time duration of 0.1 s. It essen-
tially indicates that the wave front propagates with a higher velocity as it moves
through a lower density medium. As is well known from theoretical and experi-
mental studies of nonlinear waves like cnoidal waves, solitons etc., the speed of a
nonlinear wave depends on its amplitude [30,177,199,210|. The change in ampli-
tude is inversely proportional to the equilibrium values of both the dust charge
and the dust density as discussed in past theoretical studies [92,211,212]. Thus
the existence of a density gradient and charge gradient can change the amplitude
and thereby change the velocity of the wave. The two gradients are related - a dust
density gradient can lead to a dust charge gradient [54]. In our experiments, the
dust density drops from 2x10'° to 0.7x10* /m? over a distance of 35 mm. Using
the Collision Enhanced Plasma Collection (CEC) model [54] we have calculated
the corresponding change in dust charge over the same distance and found it to
change from 1.50x107% to 1.53x107!% C. Thus while the percentage change in
dust density is ~ 65% the corresponding change in charge is only ~ 2%. There-
fore the influence of the dust charge density can be taken to be negligible and the
principle effect on the amplitude comes from the density gradient - it increases as
it travels towards a region of lower density and consequently its speed increases.

This is consistent with the experimental observation.

The shock parameters, namely the amplitude and the width are obtained by
following the technique used by Heinrich et al. [82] and Annibaldi et al. [209]. For
a given z, the amplitude is estimated by n4/ng, — 1, whereas the shock width (or
thickness) is defined as the difference between the steep edge point and the peak
point of a shock front. It is to be noted that all the shock fronts are considered

for different experimental shots and their amplitudes and widths are calculated
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by binning the space along the axial direction and this is plotted in Fig. 7.8. It
shows that as the shock waves propagate from higher density (nearby the wire)
to lower density (far away from the wire), both the amplitudes (see Fig. 7.8(a))
and the widths (see Fig. 7.8(b)) follow the same increasing trend. These present
findings are in contrast to a homogeneous dusty plasma where it is found that
both the amplitude and width of shock waves decrease in course of time due to the

presence of strong dissipation in the medium [82]. However in our experiments, the
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Figure 7.8: Variation of (a) amplitude and (b) width of shock fronts along z-
position.

wave train with its large amplitude (due to the manner of its excitation) is highly
nonlinear and experiences both growth (due to propagation in a decreasing density
gradient) and damping due to dust-dust correlations (viscosity) and dust-neutral
interactions (collisions). The combination of these factors lead to a propagating
steady state wave form with the characteristics of an asymmetric (steepened) wave
form that we observe in the experiments. The increasing profile of shock amplitude
is in agreement with past theoretical predictions of Zhang et al. [92]. However, the
increasing trend of shock thickness (width) with the density inhomogeniety has
not been observed or studied earlier.

In order to distinguish between the inhomogeneity effects on a linear perturba-
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tion and that on a nonlinear structure like our present shock structures we have
compared the plot of the experimental compression factor with that of a hypo-
thetical linear compression factor as it propagates in an inhomogeneous medium.
The compression factor of a linear perturbation would increase as n;l by the very
definition of the factor. This is shown in Fig 7.9 where the curve with ‘0’ symbol
represents the estimated compression factor of a linear wave propagating down

“* symbol shows the experimentally obtained compres-

a density gradient. The
sion factor of the shock fronts at different spatial locations and the trend shows
a significant deviation from the linear result thereby establishing that the prop-
agation characteristics of the dust acoustic shock wave is distinctly different in
an inhomogeneous medium as compared to a linear wave. The solid line fitted
to the experimental data shows the scaling of the peak amplitude (ngmaz/Md0) tO

5/4

be proportional to 1/(ng,)°*. The amplitude scaling is similar to that predicted

theoretically by Singh et al. [211,212] for nonlinear dust acoustic waves.

35} *

10

Z-Position (mm)

Figure 7.9: Spatial variation of compression factors obtained experimentally and
theoretically.
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7.6 Theoretical Modelling

To model our experimental results, we have derived analytically a modified KdV-
Burger equation in an inhomogeneous dusty plasma. As discussed in Sec. 7.2 and
Sec. 7.5, our experimental conditions ensure that there is no significant axial vari-
ation of dust size and dust charge in the dust layer under investigation. We have
therefore ignored such variations in our theoretical model. Instead, we have only
considered the effect of dust density gradient to study the propagation characteris-
tics of dust acoustic shock waves in an inhomogeneous dusty plasma. Furthermore
the experimental results pertain to shock front propagation in the axial direction
only and so our theoretical model is restricted to one dimensional wave motion. For
the dust acoustic wave dynamics the inertia of electrons and ions can be neglected
as they are lighter than the dust component. Under these conditions, the elec-
trons and ions are governed by Boltzmann distributions defined by their respective

temperatures 7T, and 7; as:

Ne = NeoCIP ((;_qb) , (7.1)

N; = NioEIP (—%(é) , (7.2)

where ¢ is the electrostatic potential. It has been reported in the earlier experi-
ments of Jaiswal et al. [115] that the plasma density remains nearly constant along
the axial direction. Hence, the equilibrium electron (n.,) and ion (n;,) densities are
taken to be constant in the theoretical model. In the theoretical model, the dust
particle motion is assumed to be adiabatic and as a result, we use the y-model

to express the dust pressure (pg) as Vpg = v4T4Vng, where vy, Ty and ng are
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the adiabatic constant, the dust temperature and the instantaneous dust density

respectively. The governing fluid equations for such a system can be written as:

8nd i 8(ndvd)

ot e 0, (7.3)
8vd 8vd Zde 8gb 2 1 Qnd m 62vd

—_ _— —_—— 4
ot t v or  my Ox + Vana + Yavig ng 0r  ng 0x?’ (74)
D¢

@ + 471'6(%1‘ — Ne — Zdnd) = 0, (75)

where v,y = \/g;:i and ng, vq, ¢, Mg, Z4, vyq are the density, velocity, electrostatic
potential, mass, charge, and thermal velocity of the charged particles respectively.
The dust velocity vy used in the continuity and momentum equations (in Eqns. 7.3
and 7.4) is the instantaneous velocity of the perturbed dust fluid element - the
perturbation that leads to the formation of the nonlinear dust acoustic wave. In
the model calculation we have ignored the gas flow velocity assuming it to be
much smaller than the dust acoustic speed [211,212]. The other parameters come
from the background properties of the medium with vy,, n;, n;, ne, representing
the dust-neutral collision frequency, viscosity and the background electron and
ion densities respectively. The coupling between the dust particles provides bulk
viscosity |75] in the medium which plays the role of dissipation. Due to this reason,
the strong coupling induced viscosity is included in the momentum equation. In
addition, the effect of frequent dust neutral collisions is also considered in the
momentum equation (Eq. 7.4) through the inclusion of the fourth term, by which

the waves experience collisional damping while propagating.

A suitable set of stretched coordinates for the inhomogeneous plasmas can be

([ 5 e) e (75

defined by
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where € is the smallness parameter and ) is the velocity of the moving frame which

3/2

can be determined self consistently 7, = €'/?n, and vy, = €¥/?v,. Since we are

considering only spatial gradients so,

ando_ ) 8)\_ ) 8¢O_ . (%do_
= =0; 85_0, % = 0; 5 =0. (7.7)

Using equations (6)—(7) into equations (3)—(5) we obtain the continuity equation
in the form,

=0, (7.8)

and the momentum equation becomes,

Oy Ovg Ovg  ZzehOp  ZzeN’edp  Iyqvz, Ong
— N2 =2 = — — L 2d 0y N2y,
8§+ Ud8§+vd€ n my O€ ma On nd 054— EV,Uy
)\Qewvfd ong  mn, 0%y n 2AN,€2 0%vg M2 OXNOng  myed 0y (7.9)
— M —— = —¢ — — ) .
ng On ng 0& ng 0&0n  mng On 0§ ng on?
The Poisson equation is now given as:
6@ + 262\ ¢ — 62@% + 63)\2@
e? 9Eon  On O on?
+ 4r)? (nwexp( —;gb) — neoea:p((;—(b) - Zdnd) = 0. (7.10)

We next expand the dependent variables ng, vy and ¢ in terms of the smallness

parameter € as

= tho+ ey + Py + .. (7.11)

The first order equations in € of continuity, momentum and Poisson equation leads
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to the self consistent relation,

A =40 + 1/ (C3, + vav?)), (7.12)

where = \/(C?%, + v4v7;). In order to derive a modified KdV Burger equation for
the in-homogeneous dusty plasma we equate the coefficients of €2 to zero. The final
modified KdV-Burger (m-KdV-Burger) equation governing the shock propagation

in a nonuniform dusty plasma can be expressed by:

Mgy Pna gy nai O*na
A Bng—— — =D .
877 + 853 + bnagr 85 +C 5 852

(7.13)

The terms of Eq. 7.13 having the coefficients A, B and D represent dispersive,
non-linear and dissipative contributions that normally appear in the KdV Burger
equation. The term proportional to ‘C’ in the model equation arises due to the
dust density inhomogeneity and dust-neutral collisions. The detailed expressions

for the coeflicients are:

1

A= G (7.14)
B = % Z%(szw—neo)—% : (7.15)

- Qv}adoag;uz?da’ (7.16)
P = e (7.17)

As the background dust density (ng,) is a function of the axial distance all the
coefficients including C,, are also functions of the axial distance. In Eq. 7.13 as

well as in the above coefficients, normalized quantities are used where space is
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normalized by ,/6250%287 time is normalized by %, velocity is normalized by
\/% and density is normalized by n;,. The normalizations are the same as
used in references [211,212] with ¢y and kg being the permitivity of free space
and Boltzmann constant, respectively. While calculating the above coefficients,
we have used the experimental values of T, = 4eV, n;, = 1.5 x 10 m=3, Z; =
10, vo = 11 Hz, no = 0.2 [83] and o.; = T./T; = 133 for T, = 0.03 eV. A
general solution of this equation, even numerically, is quite challenging. So to make
some progress and make contact with the experimental results, we have solved

this equation locally for constant coefficients at different points of the density

profiles and corresponding different values of the coefficients. Fig. 7.10 shows

3 ’ —_
z=12 mm £
ny,=1-65 X10 /m’ £
o] c
25F [ b
z=21 mm £
——— - Z-Position
S n,,= 1.31 X10 /m’
£ 2} :
o
c

Figure 7.10: Typical shock wave train obtained from the numerical solution of
m-KdV-Burger equation. Inset shows the same that is obtained experimentally.

typical such numerical solutions of Eq. 7.13, by assuming a uniform dusty plasma
with a density value corresponding to the experimental value at z = 12 mm (solid
line) and z = 21 mm (dashed line). In other words, the solutions are obtained
by calculating the corresponding values of A, B, C and D for these two points

and assuming them to remain constant. These plots show that the modified KdV-
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Burger equation admits solutions that qualitatively describe the profile of our
experimentally observed sawteeth structures and represent nonlinear propagating
wave trains [205] resulting from the balance of nonlinear steepening, nonlinear
growth due to the inhomogeneity, dispersive broadening and dissipative damping
due to dust-dust correlations and dust neutral collisions. The inset in Figure 7.10
shows the experimentally obtained profile of a single shock front extracted from
the experimental image shown in Fig. 7.3(a). One can see that the numerically
obtained profile of a single shock front is very similar to that of the experimental
profile. To see the change in amplitude as well as the width of the sawtooth
profile as a function of z we have used such local solutions over the entire range
of the density profile, namely from 2.0 x 10 to 0.7 x 10! /m3, and plotted the
values of the amplitudes and widths in Fig. 7.11. The corresponding values of
the coefficients vary in the range A = 0.0383 to 0.1466, B = 0.4595 to 1.7588,
C' = 0.4931 to 0.7648 and D = 0.0008 to 0.0073. One can now clearly see, that as
in the experiments, the amplitude and width of a single shock structure increases
when it propagates down the density gradient. Thus the m-KdV Burger model

provides a good qualitative description of the present experimental results.

25 o 5.1 o
o
o
oy o © £ S o
s 2 2 o
_g o s 4.9
< o° 48 0°
1.5} O 1o
4.7
0 10 20 30 40 0 10 20 30 40
Z-Position (mm) Z-Position (mm)

Figure 7.11: (a) Amplitude and (b) Width profile estimated from the numerical
solution of m-KdV Burger equation.
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7.7 Conclusions

To summarize, we have carried out for the first time a systematic experimen-
tal study on the excitation and propagation of non-linear dust acoustic shock
waves in an inhomogeneous dusty plasma. The experiments are done in the Dusty
Plasma Experimental (DPEx) device in which a direct current glow discharge Ar-
gon plasma is formed. A dusty plasma of Kaolin particles is then formed in between
an axial confining strip and a grounded copper wire which is installed radially at
the midway of the cathode. The inhomogeneity in the dust density is then created
by inducing an imbalance of the dynamical equilibrium between the pumping speed
and the gas flow rate. A sudden increase of dust density is created by compressing
the dust cloud using a single gas injection technique that led to the excitation
of a series of nonlinear structures. These structures are characterized by a high
compression factor, sharp peaks and a single saw-tooth like profile which are all
signatures of a shock wave. The amplitude and the widths of these shock waves
are measured along the axial direction from the wire where the equilibrium dust
density falls monotonically. It is found that the amplitude increases and width
broadens up as the shock structure propagates down the dust density gradient. To
provide some theoretical understanding of our experimental findings we have de-
veloped a model equation in the form of a modified KdV-Burger. The model takes
account of the density in inhomogeneity of the dust component, the bulk viscosity
due to dust-dust coupling and damping due to dust-neutral collisions. Numerical
solutions of this equation at various density values show spatial profiles as well as
variations in the amplitude and width of shock like structures that closely resem-

ble the experimental results. The results, obtained under controlled laboratory
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conditions, can help in extending our basic understanding of shock structures in
inhomogeneous media and may also find useful applications in the interpretation

in related phenomena in astrophysical situations.
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which a DC glow discharge Argon plasma is produced in
between a circular anode and a grounded tray cathode as
shown in Fig 1. A dusty plasma is then generated either
using mono-dispersive MF particles or poly-dispersive
Kaolin particles. The flow in the dust fluid ranging from
subsonic to supersonic is generated over a charged object
using different techniques. Subsonic flow of dust fluid
generates normal wake patterns whereas a slightly
supersonic flow leads to excitations of various structures
in the fore-wake region called precursor solitons. The
shape and size of the charged object plays an important
role to determine the characteristics of the precursor
solitons and there exists a threshold value of object height
below which the dust fluid simply flows over the object

without exciting any nonlinear structures. The measurement of shape and size of the charged object
is done by new technique called dust as a dynamic microprobe. Generation of highly supersonic flow
changes the complete dynamics of fore wake structures which leads to the excitation of stationary
structures called pinned solitons (see Fig. 2(a)), which remains attached with the object from the

frame of fluid. The experimental findings of precursor and
pinned solitons are qualitatively compared with the
numerical model of the forced-KdV equation. The study of
nonlinear structure (shown in Fig. 2(b)) in an
inhomogeneous dusty plasma is also carried out by
investigating the propagation characteristics (amplitude,
width and velocity) of shock waves when they travel
downhill along a density gradient. The modified-KdV-

Fg-2 Experimental images of (a) pinned
solitons and (b) shock waves

Burger equation is derived for such a case and numerically solved for a dusty plasma medium with a
dust density gradient and where the dissipation effect comes from the strong coupling induced

viscosity as well as neutral damping.
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