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ABSTRACT

Complex plasma or dusty plasma is a plasma, consisting of small solid
particles of typical size from a few nm to mm scale in diameter in plasma
environment. Some of the known dusty plasma phenomena observed are planetary
rings of planets (e.g., Saturn rings), comet tails, interstellar clouds, fusion reactors
(Tokamak and Stellarator), and contamination in semiconductor industry. The
presence of even a tiny number of dust particles in the microelectronics industry or
in fusion reactors has become an urgent issue. Dust charge and Debye screening
length are two important parameters of dusty/complex plasmas because they
influence not only the Coulomb coupling parameter, but also the transport of dust
grains in electric and magnetic fields, and interaction with nearby dust grains.
Current dissertation involves four specific contributions in dusty plasma mainly
focused on magnetized dusty plasma.

Firstly, one of the primary objectives of dissertation is plasma
characterization of novel asymmetrical design of Dusty Plasma Experimental
(DPEXx-II) setup, which is used for observation and study of dust crystal formation.
Three different probe diagnostics such as Langmuir Probe, Emissive Probe and
double Langmuir Probe is used to find the plasma parameters under varying
experimental parameters like DC voltage, vacuum pressure, temporal and spatial
resolutions etc.

Secondly, sheath structure near emissive wall/probe is studied in presence
of dust particles through numerically. The plasma-electrode/wall interactions is
studied by the potential of the sheath structure, which influences the electron and
ion interactions with the boundary as well as electrode/wall effects on ambient
plasma properties. Virtual cathode is one of the phenomena that occurs near the
emissive wall/electrode in the sheath structure. To observe and explain the behavior
of virtual cathode in the presence of dust particles, a novel mathematical model has
been devised. Virtual cathode is observed in dusty plasma at critical wall

temperature (2494 K), which is significantly higher than in a plasma system.



Thirdly, the charged dust particles collective effects result in the production
of a dust crystal-like structure, which is of importance in physics, chemistry, and
materials science. Experiments have shown that dust crystals grow in plasma with
and without the application of an external magnetic field. However, there is a
limitation of theoretical study on the production of dust crystals in plasma. Hence,
a new mathematical model is proposed with magnetic field and validated with
COMSOL simulation. The behavior of charge dust particles in the presence of a
magnetic field (B) up to 6 T has been studied using numerical and computational
methods. Simulating charged dust particles in the presence of B is done using the
COMSOL Multiphysics software. Interaction of charged dust particles are
measured from the scattering cross-section parameter derived from the
mathematical modelling and plotted with varying B. In both numerical and
computational analyses of charged dust particles, it is proven that the scattering
cross-section reduces as B increases. Furthermore, crystal like structure formation
is observed at higher B and the results are backed up by previous experiments.

Lastly, experimental works of dusty plasma has also observed that dust
particles produces new phenomena in plasma such as longitudinal and low
frequency wave modes. This shows that charged dust particles not just interact with
plasma (electrons and ions) but self consistently can alter the properties of plasma.
Additionally, low frequency modes developed in plasma due to free energy from
ion streaming past charged dust particle is a self-excited wave. Dust acoustic wave
(DAW) is one of the low frequency wave modes. Studies of these waves becomes
important in the field of wave-particle interactions (Landau damping & beam
instabilities), plasma heating in fusion devices, acceleration of charged particles
etc. Looking the importance of DAW in plasma, a novel mathematical model is
proposed for strongly coupled dusty plasma in magnetic field. A kinetic regime of
Quasi-localized Charge Approximation (QLCA) equations is used to derive the
dispersion relation and studied the dust acoustic instability (DAI).
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CHAPTER 1

INTRODUCTION

I have no special talent. I am only passionately curious.

Albert Einstein

From past century, subject physics has been explored in various different
kinds of fields especially quantum mechanics, materials science, radiation physics
and most importantly atomic physics has been exploited a lot. In this mean time,
there was further addition of matter to the existed states of matter, such as plasma,
Bose-Einstein condensate and so on. Irving Langmuir, an American chemist,
coined the term "plasma” in 1928 to characterize the positive column region in the
discharge tube containing about equal numbers of ions and electrons, resulting in a
small space charge. Later on, it was discovered that in universe most of the matter
coexisted in plasma as much as 95% of the matter (e.g., stars, planetary rings,
Nebula, interstellar medium), and remaining 5% consisting of black matter, gas and
dust particles. However, it is very hard to grasp the idea of plasma on planet earth
since very few natural states of plasma exist for example lightning bolt, Neon gas
in tube lights, Aurora Borealis on the northern part of Europe, middle region of fire
flames, etc. Furthermore, subject “plasma” became potential to explore &
understand the underlying physics of ionization and recombination of gaseous

atoms or molecules.

Solid, Liquid and Gas are the states of matter. Each matter on subatomic

level interacts with each other through molecules and atoms. Hence, when solid is



heated the bond between atoms or molecules breaks and forms a liquid phase where
loosely bound molecules or atoms are formed. Further, supply of heat to the liquid
breaks the bond between molecules and becomes a free phase state of independent
molecules or atoms. If we further heat gas phase at a very high temperature at an
increasing rate, then atoms & molecules break down. Due to thermal agitation of
atoms or molecules and with further collisions, gaseous phase becomes ionized by
splitting into electrons and ions respectively. Hence, the state of gaseous phase
consisting of charge particles electrons and ions with neutral atoms or molecules
can be probably said as Plasma. A beautiful representation of this process is shown
in Fig. 1.1. However, state of plasma should be in quasi-equilibrium to be termed
as plasma otherwise recombination rate is higher in these conditions. Therefore, a
plasma is a gas of charged species with neutral atoms in quasi-equilibrium state.
However, not every gaseous medium with charged particles is termed as plasma.
There are some basic conditions or set of laws, which define plasma from charged

gaseous state.

Energy
§ Y § § @
\/ 7 - .. .‘ .
-
Solid Liquid Gas Plasma

Fig. 1.1. The change in states of matter as energy is supplied to the system. For
plasma state to achieve, gas must be heated to very high temperature such that

splitting atoms into electrons and ions.

Dust particles are common in most of the plasma state, coexist alongside
electrons, ions and neutral atoms. Dust particles acquire charges in plasma and
becomes one of the components of plasma medium named as dusty plasma. Dusty
plasma is also called as Complex plasma due to the various nonlinear phenomena

associated which will be discussed later. Dusty plasma can be observed in many



astrophysical phenomena such as galaxies, interstellar medium, Nebulae, cometary
tails etc. In 1954, Hannes Alfven on “On the origin of the Solar System” critically
considered that dust particles in solar nebulae might be the reason for formation of
planets, stars and comets. Earlier during Second World War, in 1941 Lyman Spitzer
put for the idea of the dust particles acquiring charges from the interstellar medium.
Clearly, Langmuir, Spitzer & Alfven were the first to describe or understand the
role of dust particles in plasma [1-3]. Similarly, dust particles were observed in
semiconductor industry while producing chips. Moreover, dust particles are an
impurity or unwanted in producing chips since it deteriorated the quality of chips
[4-5]. Therefore, importance was given for developing clean rooms. Fig. 1.2 shows

the various applications or process associated with the dusty plasma.

However, the attention towards dusty plasma was not achieved until the
images from Voyager 2 was seen. Voyager 2 reveal the Saturn’s ring system, which
was reported by Morfill & Goertz [6-9]. For astronomers the field study of dusty
plasma was a bridge to understand the phenomena observed in space whereas it was
an inessential in semiconductor industry. Although, the observation of levitation of
charged dust particles in RF power during process making of chips became a boon
for plasma physicists. Therefore, dusty plasma offered a medium to investigate
macroscopically through microscopic level, which offered a molecular study.

One of the important applications of plasma is the development of fully
functioning of nuclear fusion plant for the generation of clean and environment
friendly electricity for common uses. During Second World War, worldwide
scientist did understand that the correct usage of fusion other than the producing or
dropping hydrogen bombs. Two lighter atoms of tritium and deuterium are fused
together at very high temperature of 1 million Kelvin producing a He gas. Process

of fusion can be seen in stars and in many natural phenomena.
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Fig. 1.2. Various applications of dusty plasma ranging from very large scale to
even micro size scale. [Pic Credit: Cometery Tails - Copyright 1997 Jerry Lodriguss; Asteroid

zones - NASA/JPL-Caltech; Planetary rings - Image via Ron Miller; Semiconductor Industy —
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During fusion process, large amount of energy is produced, which are used
for burning fuel etc. To make it possible, experimental fusion reactor was initiated
and Russia is the first country to develop a fusion reactor prototype called
‘Tokamak’ in late 1950s. It is donut like shape and plasma is confined with the help

of magnetic field as shown in Fig. 1.3.
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Fig. 1.3. Schematic view of Tokamak with poloidal & toroidal magnetic field coil
used for confining high temperature plasma. This design is also the basis for

producing fusion in ITER, France. (Image Credit: https://www.energy.gov/science/doe-

explainstokamaks).

Generally, fusion in tokamak is established that at very high temperatures
any solid material inside the reactor will be vaporized and ionized. However,
confinement of plasma due to magnetic field especially at the edges i.e., near to the
boundary surface played a key role in sustaining the plasma for a longer period. It
was observed that at the edges, dust particles clearly sustained for a longer duration
because the temperature at the edges are comparatively low than the center of the
fusion process. Highly energetic particles escape the plasma and bombard the
surface edges and form dust particles inside the device. Such bombardments are
regular and large in quantity, so the scale of damaging the boundary surface and
accumulation of dust particles poses a safety issues [10 - 13].

Applications of complex plasma has a varied range synonym to general
plasma applications. One of the major applications of complex plasma apart from

fusion process is ion thrusters. lon thrusters are the propulsion system used for
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rockets, satellites, & spacecraft by using plasma as thrusters. Major problem of
these thrusters is the accumulation of dust particles. When high beam of plasma
ions is ejected out through the exhaust, the boundary material of exhaust is
sputtered, and materials are eroded in small particles. These particles create an
instability for an equilibrium plasma [14]. Hence, it is an especially important to

understand the physics behind the complex plasma and associated phenomena.
1.1. INTRODUCTION TO COMPLEX (DUSTY) PLASMA

Apart from all the phenomena observed within the plasma, dusty plasma is
an interesting topic of fundamental research. Size of the dust particle in plasma
ranges from nanometers to millimeters typically. Contrary, dust particles in
astrophysical phenomena are large ranging from meters to kilometer and heavy
accumulation of charges on it. Dust particles are very large compared to the sizes
of electrons, ions and atoms. Dust particles can be of conducting, metallic or
insulating material and can vary in different shapes. In addition, these dust particles
acquire charges from the surrounding plasma and become positive or negatively
charged accordingly. Interestingly, comparing to the size of electron & ions to the
dust particles, one can observe the behavioral pattern of molecular level structure
of charged dust particles in plasma via illuminating through low power laser source.
It is possible to track the individual positions and movement of the charged dust
particles to maximum accuracy using the still images captured by the camera [15-
16]. Hence, the formation of dust crystals or dust structures, and wave’s instability

lead plasma physicist to study the molecular behavior of dust particles in plasma.
1.1.1. FUNDAMENTALS OF COMPLEX PLASMA

Complex plasma can be looked in a different way if one tries to understand
the underlying physics behind the phenomena (nonlinear) associated with it.
Moreover, it is required to understand some fundamental concept related to dust
particles in plasma. In the following sections, properties of dusty plasma like quasi-
neutrality condition, dust-charging process, dust acoustic waves, coupling

parameter, and characteristic scale lengths of dusty plasma are discussed in detail.



1.1.1.1 CHARGING MECHANISM OF DUST PARTICLES

As discussed in previous section, it is observed that how dust particles in
plasma creates instability and hence quasi-neutrality condition. When dust particles
are introduced in plasma, then they become charged from species (ions & electrons)
of plasma. Dust particle can be negatively charged or positively charged according
to the plasma environment or medium. In most of the laboratory plasma, dust
particle gets negatively charged due to the lesser mass & higher mobility of
electrons, compared to the massive & slow movement of ions. On the contrary to
the astrophysical plasma, where presence of fast-moving ions makes dust particles
positively charged [17-19]. Accumulation of charges on dust particle varies from
102 to 10* Q according to the electron temperature and plasma density. There is
various mechanism for charging the dust particle in the plasma environment as

shown in Fig. 1.4.
Collection of charged species.

Collection of charged species (electrons & ions) from the plasma is one of
the primary sources of charging the dust particle. Charge on the dust particle can
vary according to the size of the dust particle and plasma density. Electrons being
lower mass and possessing much higher thermal speed than ions, foremost reach
the surface of dust particle. Therefore, in early charging process, dust particle
acquires large number of electrons from the plasma and hence becomes negative in

potential with respect to bulk plasma.
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Fig. 1.4. Schematic diagram of different charging mechanism of dust particles: (a)

Collection of charge species from the plasma environment; (b) Secondary electron
emission; (¢) Thermionic emission; (d) Photoelectric emission; (e) field effect

emission.

In consequence, electrons are repelled, and ions get attracted towards the
negative surface potential of dust particle. The magnitude of negative potential on
dust particle becomes appropriately large that the flux of ions and electrons on to
the surface of dust becomes same. As a result, the net current or flux of electrons
and ions at the dust particle surface becomes zero. In other words, there is a sheath
formation around the dust particle. However, dust charge is not constant, and it
keeps fluctuating. Fluctuation of dust charge is one of the interesting phenomena to

understand properly and currently research is going on.
Secondary electron emission

During the process of charging the dust particles, few fast-moving electrons
bombard the surface of dust particles and release the electrons from the surface of
dust particles. This process of bombarding energetic particle to the surface and
removal of electrons is called as secondary electron emission as shown in Fig
1.4(b). Energetic particle can be both electrons and ions, depending on the plasma
environment. The process of secondary electron emission is a distinct process that

involves reflection, absorption, and transmission through electron impact on dust



particle. Suppose an electron reach towards the dust particle surface, it faces a
certain possible scenario i.e., getting reflected/scattered by dust grain, sticking to
the dust particle surface and possibly enter into the dust particle interacting with
one of the scattering centres and passing the energy to the dust material in the
process of removal of electron from the dust surface material. Similarly, the process
of ion impact on dust particle is same as electron impact. This process makes dust

particles as positively charged.
Thermionic Emission

Phenomena of ejection of electrons & ions from the surface of material is
known as thermionic emission. Similarly, ejection of electrons & ions is observed
from the dust particle surface as shown in Fig. 1.4 (c). When dust particles are
heated to high temperature induced through the hot filaments, thermal Infrared (IR)
heating and laser heating etc. In this process, dust particle becomes positively

charged.
Photoelectric emission

When a photon of energy (%v) falls on the surface of the dust particle and if
the energy is greater than the work function of the dust material, then the electrons
are emitted from the dust particle. This process is called photoelectron emission as
shown in Fig. 1.4 (d). Emission will depend on wavelength of the incident light and
surface properties of the dust particle. Ejection of electrons makes dust particle as

positively charged [17].
Field effect emission

Sometimes dust particle in plasma becomes highly negative due to which
electrons are emitted as field emission. There is a condition given by Whipple

(1981) that if the surface electric field of dust particle is between 10® V cm™ — 107

V cm* then field emission occurs. This process is shown in Fig. 1.4 (e).



1.1.1.2 CHARGING TIME AND CHARACTERISTICS SCALE LENGTH

Fluctuations of charge on dust particle is very common, so charge is not
constant over the course of time. This can be attributed to the surrounding plasma
conditions which itself is in a quasi-equilibrium state. When dust particle is
introduced in plasma, the time required to get dust particle charged is called as
charging time (zcn). In addition, it gives information about how rapidly the dust gets
charged when plasma conditions are varied. Shukla & Mamun provide a brief
calculation and equation, and it is observed zcn that varies inversely with dust radius
and plasma density [17]. There are some other scales too, which are very significant
and associated with dust particle in plasma. Initially the concept related to Debye
length, dust radius and inter particle distance between dusts were discussed in
detail.

Debye length

As of now, it is known that in a free space environment or phase space,
plasma is a charged species of electrons & ions with neutral atoms in a quasi-
equilibrium state. However, what happens if some external force or material is
interacting with the plasma? Suppose, if any external force, potential, or material
(dusts) is interacting (or in contact) with plasma, then charged species of plasma
observes that the state of quasi-equilibrium is breaking down due to some external
agency. As a result, charged species tries to shield the external potential or material
forming as a sheath structure around that potential. It is the same phenomena as
charging of dust particles. In dusty plasma, charged dust particles also takes part in
shielding of any external field along with ions and electrons. Therefore, the strength
of shielding of any external agency or matter is called as Debye shielding and it is

measured by Debye length (4,). Debye length can be derived from the Poisson’s

equation and Debye length is derived as [17]

Apepi
Ap = __De?Dl (1.1)

1’ADe2 + ADiZ
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where Apei is the Debye length of electron & ion given as Ap,; =

\/kBTe,i/éLnne,iOeZ . Tei is the electron and ion temperature and neo,o is the
unperturbed electron and ion density. In a dusty plasma, with negatively charged
dust particle ne << nj & Te >> T such that Ape >> Api. This means that for this kind
of dusty plasma /p can be determined from the density and temperature of ions.
Contrary, for positively charged dust particle ne>> nj & Te~ Ti such that Ape << Api
are the conditions for dusty plasma from /p can be determined from the density and

temperature of electrons.
Dust particle radius and Inter dust particle spacing.

The change in associated properties of dusty plasma is dependent on dust
particle radius (rq). Looking at the case of the fundamental property of dust particle
in plasma i.e., charging. Charging of the dust particle lot depends on the size of the
dust, if it is large size then large number of charge species is accumulated on the
surface and hence depletion of electrons in the bulk plasma creates ionization
instability. Further, rq is also key role in understanding the dust potential, studying
cross-sectional collision with plasma species and forces acting on the dust particle.
However, there are more than one dust particles inside the plasma and are separated
by a distance called inter dust spacing (a). Generally, dust-to-dust interaction is
through Coulomb interaction where surface charge of dusts interacts with each
other. The screening of dust potential is limited to the dust Debye length (/o).
Outside this screening length, the dust particles are isolated as shown in Fig. 1.5.
Hence, a plasma with dust particles can be termed as ‘dust in a plasma’ or ‘dusty
plasma’ depending on the distance between the dust particles, dust radius and dust
Debye length. If re << Ap < a, then plasma is a collection of an isolated dust particle
with Debye sphere as shown in Fig. 1.5 (a). This system of isolated screened dust
particle is called as ‘dust in a plasma’. On the other hand, if r4 << a < Ap, then the
dust particles interact with each other crosslinking with each dust particle Debye
sphere and acting as a collective behavior as shown in Fig. 1.5 (b). This system of
forming dust clouds is called as dusty plasma. In both the cases, the charging
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process of dust particle changes but the philosophy of collection of charged species

IS same.
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Fig. 1.5. Schematic diagram of dust-in-plasma and dusty plasma. (a) dust in
plasma with isolated dust particles in plasma (a >> Ap) (b) dusty plasma with dust

cloud having numerous dust particles interacting with each other (a < Ap).
1.1.1.3 CHARACTERISTIC FREQUENCIES

In electron-ion plasma, electrons are considered as movable charge where
ions act as a stationery background fluid. When some force field is applied to the
plasma, the charged species tries to shield that force field to maintain its equilibrium
state. Collective motions of electrons and ions tends to restore the neutrality
condition. Therefore, there is displacement of electrons and ions from the
equilibrium positions. This displacement of charged species give rise to the
electrostatic oscillations in plasma, which is termed as plasma frequency [14]

471'11,50 Qs2
= |— 1.2
Wps / m, (1.2)

where s corresponds to the plasma charged species (electrons & ions). For an

electron-ion plasma Qs = g since Z = 1.

In case of dusty plasma, when electrons and ions are displaced due to

external force field, the charged dust particle being heavier pulls back the ions to
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equilibrium position. However, due to dust particles, ions get overshoot and
oscillate around equilibrium position. Thus, charged species in plasma
continuously oscillate around their equilibrium position. Similarly, for charged dust
particles, dust oscillate around equilibrium position giving rise dust plasma

frequency. The dust plasma frequency is given as w,, = \/4nndOZ§q2/md. The
oscillation frequency of ions, electrons and dust particles will not be same due to
dependence of mass and charge of plasma species. Therefore, the difference

between frequencies of each charged species becomes large i.e. wpe > wp; > wpq.

Other than the electrons, ions and charged dust particles, there is neutral
atoms present in the plasma. Collision of stationery neutral atoms with charged
plasma species is also important. lon-neutral collision frequency (vin), electron-
neutral collision frequency (ven) and dust-neutral collision frequency (van) are the
respective frequencies. Therefore, collision frequency of neutral atoms with plasma

charged species is given by

Ven = Npog'Vs (1.3)

where g is a scattering cross-section mostly dependent on Ts, Vs= /vZ + v is
flow velocity of the plasma species, the thermal speed of the species v, =
JkgTs/mg and ny is neutral density. Due to the presence of neutral atoms and

collisions, the oscillations of charged plasma species will be damped on a condition

Vanr Vins» Ven < wp (1-4)
1.1.1.4 CHARGED DUST POTENTIAL AND QUASI-NEUTRALITY
CONDITION

In the earlier section of charging the dust particles in plasma through various
process was discussed. In this section, how charge particles of plasma (electrons &
ions) are collected by the dust particles will be discussed and the floating potential

of dust particles. Similarly, for any probe diagnostics used for characterization of
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plasma is inserted into the plasma, the probe acquires first floating potential.
Floating potential means equal amount of electron currents and ion currents to the
probe surface (le =I;). Dust particles behave similarly as a spherical electrical probe
in a bulk plasma. Further, from floating potential one can determine the dust particle

charge given as
dQq
g Z ’ (1.5)
j

where j is for the plasma species (electrons & ions) and |; is the current associated
with that plasma species. Charging of currents (I;) to the dust particle in plasma is
given by the Orbital motion limited (OML) theory [20, 21]. Electrons and ions are
assumed to obey the Maxwellian distribution. Collisionless plasma is assumed in
OML theory due to mean free path of ions is much greater than the dust particle
radius. The expression for charging currents to the negatively charged dust particles
is given by [17-22]

ksT. N2 (994
I, = —4mrin,.gq <2nme ) exp (kBT > (1.6)
e e
kgT; 12 qPa
I; = 4nr2n;q <2nml.) (1 - —kBT.) (1.7)
l L

where neo, Nio are the equilibrium densities of electrons & ions, Te, T; are the electron
& ion temperatures, ¢q is the surface potential, and me, m; is the mass of electrons
& ions. Exponential factor in Eqgn. (1.6) is due to the repulsion of electrons from
the negatively dust surface. OML theory is only applicable for a condition r; «
Ap, where dust particle radius should be smaller than dust Debye length. Using Eqn.

(1.5), (1.6) & (1.7), then dust charge equation is written as

d
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At equilibrium, currents on the dust surface becomes zero i.e.,l, + I; = 0, which is

given as

1/2

qPa — (Temi)

qPa ) Neo
— — 1.9
kBTi Time exp ( ( )

kgT,/) nig

Therefore, the above equation can give the equation of dust surface potential. Now,
because of electrons being higher mobility than ion in plasma, ¢4 < 0. Dust charge

is related to surface potential of dust by Q; = C¢4, where C is the capacitance of
spherical dust particle given by C = 4meyry (1 +/:—") One thing to note about
D

OML theory is that electrons and ions are collisionless and gives accurate results
for the charge dust particle keeping in mind that mean free paths of electrons &

ions are very larger than the plasma Debye length.

Charging time (zc) of dust particles in plasma can be determined from the
Eqgn. (1.8) where ion and electron current charge the dust particle. Charging time of
dust is inversely proportional to the plasma density and size of the dust particles.
Hence, fast charging occurs for larger dust particles and plasma having high
densities. Accordingly, the charging time equation for negatively charged dust

grain is given by

1
@[T/ T; + (Vre/Vr)exp (—yo)]

TC
where a,, = Cryny /T,; C is the equation constant and yo is the equilibrium constant
proportional to Ti/Te.

Quasi-neutrality Condition

In an equilibrium plasma, the quasi-neutrality condition is given by n; =
n,, which means plasma is macroscopically neutral. Similarly, when there is not
any external perturbation to the dusty plasma becomes macroscopically neutral.
Therefore, for dusty plasma charge neutrality condition is given by,

Qinjp = qneo — Qango (1.10)
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where nqo is the unperturbed dust density, Qi = Ziqg & Qq = - Zqq is the dust particle
charge; Zq is the elementary charges collected by the dust particle. In most of the
laboratory plasma, dust particles are negatively charged. Eqgn. (1.10) can be more
simplified as,

Njg = Ngo + Zdndo (111)

Due to absorption of electrons by dust particles, then the Eqn. (1.11) can be replaced

by,

Nio = ZaNao (1.12)

However, complete absence of electrons is not possible because n.,/n;, =

Jm./m; when Te & T are equal and ¢4 = 0.
1.1.2 COUPLING PARAMETER

In a dusty plasma, highly charged dust particles give rise to distinct
collective phenomena. One of the phenomena is strong electrostatic interaction
between charged dust particles. The strength of interaction between charged dust
particles is determined by the Coulomb coupling parameter (). Coupling
parameter also determines the formation of dust crystals in plasma. Coulomb
coupling parameter can be defined as the ratio of dust potential energy to dust
thermal energy and is given as,

['= exp (— %) (1.13)

where dust thermal energy is kgzT,;. A dusty plasma can be categorized as weakly
coupled system when /" << 1 and strongly coupled system when /" >> 1. Hence,
coupling parameter depends on number of charges on dust particle (Zq), kgT,; and
—a/Ap [23-26]. In most of the laboratory plasma, dust particles are strongly

coupled plasma due to high Zq and small a. Further, dusty plasma is also studied
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for phase transition of dust crystals by increasing or decreasing the dust temperature
(Ta).

1.1.3 FORCES OF DUST PARTICLES

In laboratory dusty plasma, the motion of charged dust particles is the result
of forces acting simultaneously. Electromagnetic force, ion drag force, gravitational
force, thermophoretic force, neutral drag forces etc., are some of the examples,
which act on the dust particles in plasma. A schematic diagram of forces acting on

the dust particles is shown in Fig. 1.6.
Gravitational force

This force generally comes into the affect due to the large mass of dust particle.
Gravitational force on charged dust particle of mass (mg) acting downwards is given
as [17, 27]

— 4

Fy =mag = 3m74pag (1.14)

where pq is the mass density of dust particle and g is the acceleration of gravity.
Electromagnetic force

A sum of the electrostatic force

Fp = Q E (1.15)

and Lorentz force is given by,

F, = Qa(vd x B) (1.16)

gives the electromagnetic force on charged dust particles [17]

Fg = Fp + F, = Qu(E +v3 x B) (1.17)

where E and B are the electric and magnetic field and vq is the dust velocity.

17



lon drag force

Drag force can be termed as rate of momentum transfer of plasma species
(electrons, ions & neutral atoms) to the dust particles or rate of momentum transfer
of charge dust particles to plasma species. Hence, there two types of drag forces in
dusty plasma, namely ion drag force and neutral drag force. lon drag force are the
sum of the rate of momentum transfer of positive ions to the dust particles through
collection of ions, electrostatic Coulomb collision and positive ion flow effects
[17].

Fiq = F&" + FE™ + B (1.18)

where F5P' is the force due to collection of positive ions, F5*! is the force due to
electrostatic Coulomb collision and Fl.’;l"wis the force due to the positive ions flow

through dust particle respectively. Fi’;l"wcan be neglected due to the complexity of
equations to solve and it is very small contribution compared to the other two

forces. Coulomb collision force and collection force is calculated as follows [17]
F&Oll,coul = nimiO'COZl’CoulVitvi (119)
where total ion speed is given by Vi, = (v? + 8kgT;/mm;)*/? and o°% is the

collection cross-section in terms of dust surface potential and ion kinetic energy
(m;v?/2) given as [17],

2
ol = mr (1 — r:ig) (1.20)
LY

Therefore, the collection force is written as,

249a
FEPU = mr2nym, Vv, <1 — m-v2> (1.21)
Vi

From Coulomb theory, one can calculate the momentum transfer cross-section as
[28, 29]
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Ape  pdb
oo = 4mh?2 f (1.22)

b, bg+ b2

where b is the impact parameter and bo is the impact radius corresponding to the

90° deflection given as,

by = 14— (1.23)

m;v;

and b is the direct collision impact parameter.

1

2q9q\?
b, =14 <1 — miv3> (1.24)

After integrating the Eqn. (1.22), Coulomb force is rewritten as,

bé + A2
FEP™ = 2mbZn;m;V;ev; In (M) (1.25)

b§ + b2

Fr \
®
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Fig. 1.6. Schematic diagram of the forces acting on the dust particles. Arrow
shows the direction of forces acting on the dust particle. T1 and T» are the different

temperature of the particular plasma species where T1 > To.
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Neutral drag force

Neutral drag force is generated when there is collision interaction or momentum
exchange between dust particles and neutrals takes place. The relative velocity
between the dust particle and neutrals v, = v; — v,, provides the basis for neutral
drag force. It can be simplified that for ry < Az, (Where Amip is the collision mean
free path) and v,; < vy, (Where vg, is thermal velocity of neutrals), there is a

neutral drag force experienced by the dust particle and can be given by Epstein’s

equation [17, 30]

Fdn = —mMgaVganVq4 (126)
where v, is the dust-neutral friction frequency and is given as [17]

8 m s
Vgn = §\/2nrj m—Znann (1 + §) (1.27)

where m,,, n,, & vy, are the mass, density, and velocity of neutral atoms.
Thermophoretic force

If there are two different temperatures of gas present in the plasma, then the dust
particle experiences a temperature gradient force exerting from the higher
temperature to lower temperature gas region. Such force is called as thermophoretic

force generally towards the lower temperature gas region [31, 32].

R, = 32 rd 1+5ﬂ(1 A% 1.28

where Th is the neutral temperature and . is the translational thermal conductivity
of gas. Accommaodation coefficient («) is close to unity for dust particles.
1.2 REVIEW OF EARLIER WORKS

Dust particles in plasma acquires charges and interact with the plasma

species as well as with other dust particles. This leads to the various phenomena
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originated in plasma medium. In 1986, Ikezi predicted that the large number of
charges acquired by the dust particles forms a crystalline structure [33]. This can
be verified from the coupling parameter discussed in earlier section, which
generally has a large value for dust particles to form crystalline structure. In most
of the experimental work, dusty plasma is produced in radio frequency (RF) and
direct current (DC) discharge plasmas. Dust particles are introduced and are
levitated in the sheath region in one of the electrodes [34]. For a 10 pum dust particle,
elementary charges acquired is of the order of 10* Q [35, 36]. Barkan et al. and
Thomas et al. produced dust crystallization in RF discharge plasma [25, 37]. Since
then, dust crystallization in plasma has been studied vividly [35]. One of the
important factors to be understood is the charge to mass ratio of dust particle or in
general of plasma species. Electrons in the plasma are the first to be magnetized
under the effect of few mT and ions at slightly higher 100mT. Whereas for charge
dust particles, remarkably high magnetic field is required to make it magnetized
despite having high elementary charges because they have low charge to mass ratio
[38, 39]. However, this gives an advantage to study the dynamic behavior of dust
particles in magnetized plasma with high resolution camera. Due to magnetized
dusty plasma, the charging currents to the dust particles alters. It gives an edge to
study the individual dust particle dynamics under the influence of external force
fields. Screening length of dust particle changes and its interaction to nearby
charged dust particles. While the behavior of dust particles in magnetized plasma
helps to understand the dust particles in fusion reactors, where at the edge of the
fusion reactor lots of dust particles are accumulated due to the retention of tritium.
These dust particles become problem in sustenance of plasma in the fusion reactor.
Magnetic field of the fusion reactor plays a major part in containing the plasma. So,
it becomes necessary to study the dynamical behavior of charged dust particles in

magnetized plasma.

Laboratory plasmas or dusty plasma is majorly controlled by gas discharge
parameters i.e., voltage applied between the electrodes and pressure of chamber.

Dynamics of dust particles can be studied through high-speed camera by capturing
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the images of levitated charged dust. In early dusty plasma experiments, many
researchers commonly used RF setup [25, 38-42] for plasma production. Only a
few numbers of experiments were performed in DC setup [43, 44]. This different
kind of setup using in the dusty plasma setup is due to the heating of dust particles
by ion streaming and dust charging phenomena. In RF setup, ions don’t respond to
the high frequency electric field, while in DC setup dynamics of ions are affected
by the cathode sheath region [45-48]. The first observation of dust Coulomb crystal
in DC glow discharge plasma setup was achieved by DPEX device [49].

Collective phenomena of charged dust particles in plasma is one of the
interesting and broadly open subject to explore in various laboratory dusty plasma
system. Formation of virtual cathode near to the wall/electrode has been well
known concept since the 1929 [50, 51]. Langmuir observed that due to space charge
accumulation near the electrode, the accurate measurement of plasma potential was
not possible. He observed that there is deep negative potential well, formed near
the electrode. This gave the term virtual cathode in dusty plasma configuration.
However, for a longer time major focused was to develop a theory to understand
the formation of virtual cathode [52-54]. Plasma potential is the basic plasma
characteristics to understand how plasma spatially varied in the chamber. One of
the popular methods to measure the plasma potential is the probe diagnostics i.e.,
intruding external material in plasma to study the local parameters with varying
applied potential [55, 56]. However, the theory and diagnostic technique are still a

challenging in terms of measuring the plasma potential in very high-density plasma.

After the Ikezi prediction, there was a lot of buzz around the plasma
physicists to really understand the role of dust particles in plasma physics. It is well
known that collective phenomena of plasma species give rise to the different kinds
of wave modes in plasma both longitudinal and transverse waves such as ion
acoustic wave (IAW), electrostatic ion cyclotron (EIC), lon acoustic shock waves
(IASW) etc., [14]. Charged dust particles being heavy and slow response to the

change in force field, produces low frequency wave modes in dusty plasma such as
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dust acoustic waves (DAW), dust ion acoustic waves (DIAW), dust lattice wave
(DLW) etc., [57, 58]. Studies of these low frequency wave modes helps in
understanding the wave-particle interaction and dusty plasma parameters especially
in astrophysical environments such as planet’s rings. After theoretical prediction of
DAW by Rao et al. [59] and experimentally observed by Barkan et al. [60], DAW
has been vividly studied by various groups and researchers [61-63]. DAW and IAW
are very similar in comparison where in DAW inertia is provided by the dust
particles and restoring force by the plasma species. The linear theories very well
describe the small amplitude wave modes. However, for an unstable mode having
larger amplitude, nonlinearities come into effect. These nonlinearities generate
nonlinear structures like shocks, solitons (both oscillatory and monotonic), vortices
etc., [61]. DIA solitary wave was first predicted by Bharuthram & Shukla [64] and
later experimentally confirmed by Nakamura & Sarma [65]. Similarly, Dust
acoustic shock waves (DASW), Dust acoustic (DA) solitary waves, Dust ion
acoustic shock waves etc. were studied extensively theoretically and
experimentally [58]. These linear and nonlinear waves are studied in dusty plasma
without magnetic field. At high magnetic fields, when dust particles are
magnetized, new or existing dust wave modes are modified. A lot of theories have
put forth to understand modes dust wave in dusty plasma but very few have been
explored both in theory and experiment specifically in the presence of magnetic
field.

1.3 SCOPE AND OUTLINE OF THESIS

This thesis addresses the gaps in theoretical works of dusty plasma with the
help of numerical and simulation methods. Initially, especially designed dusty
plasma device called dusty plasma experimental setup (DPEx-II) similar to the
DPEXx has been characterized by three different probe diagnostic techniques to
understand the plasma potential variance in spatial and temporal. DPEXx-II is mainly
used to study the Coulomb structure of dust through various densities, potential and

its associated properties. The collective phenomena of charge dust particles in dusty
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plasma have been studied in presence of magnetic fields. Further, dust wave modes
are studied in presence of magnetic fields with nonlinear parameters. Broadly, the

objective of thesis can be categorized as

® To design and fabricate three different probes for a novel DPEXx-II device

and determining plasma parameters for various discharge conditions.

® Tonumerically analyse and visualise the potential profile close to the sheath
region of an emissive wall or probe in the presence of dust particles.
Additionally, to determine the wall temperature at which a virtual cathode
forms in a dusty plasma.

® To study the interaction of charged dust particles in magnetized dusty
plasma through scattering cross-section. A unique mathematical model
incorporating a magnetic field is proposed and validated by means of
COMSOL simulation.

® To investigate the dust acoustic instability (DAI) in a strongly coupled dusty
plasma with a magnetic field. A novel mathematical analysis of the kinetic
regime for strongly coupled dusty plasma with magnetic field is proposed
for the growth analysis of DAI.

The thesis is organized as follows.

Chapter 2 Experimental Setup, diagnostics, and plasma characterization: This
chapter discuss about the experimental setup of DPEXx-11 dusty plasma device and
three probe diagnostics used i.e., Langmuir probe, Emissive probe and double
Langmuir probe. A detailed description of the asymmetrical design of electrode is
given in DC discharges. Three probe diagnostics are briefly explained with the
design and operational aspects with the I-V curve. Various data points are collected
in axial and radial direction through the probes and the results are plotted with

various discharge voltage and pressure.

Chapter 3 Potential profile of virtual cathode in dusty plasma: This chapter

describes the novel work of virtual cathode formation near an emissive wall in
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presence of dust particles with a mathematical treatment. A numerical method has
been developed to observe virtual cathode near emissive wall/probe through sheath
potential in presence of dust particles. Through phase space plot, an equilibrium
points were identified for the formation of virtual cathode for different emission of
electrons from the wall. It was learnt that virtual cathode indeed formed near
emissive wall/probe in dusty plasma, but at higher emissive wall temperature in

comparison to the absence of dust particles in plasma.

Chapter 4 Scattering cross-section of charged dust particles in magnetized
dusty plasma: This chapter describe the interaction of charged dust particles with
increasing magnetic field. A novel mathematical model is developed for description
of charged dust particles in presence of B. From Coulomb scattering theory,
scattering parameter is derived and plotted with respect to B. To justify the
mathematical treatment, a lab identical DC plasma setup is designed in COMSOL
simulation software and charged dust particles motion is tracked with varying B. In
both numerical and computational treatment of the stated problem, it is observed
that as B increases scattering cross-section of charged particle decreases and further
the formation of coulomb crystals observed in simulation at increasing B. Both the
results complimented each other, thus verifying the mathematical treatment of
charged dust particles. Additionally, these results are compared with the previously

performed experimental works.

Chapter 5 Dust acoustic instability: A quantitative analysis in presence of
magnetic field: Dust acoustic instability (DAI) is studied in a strongly coupled
dusty plasma system. The growth of the dust acoustic waves (DAW) is studied with
Coulomb crystallization and in presence of magnetic field. Quasilocalized Charge
Approximation (QLCA) method is implemented (kinetic regime) to calculate the
dispersion relation and susceptibility of charge species. Most of the works has been
in fluid regime or with fluid equations, hence QLCA method is compared with the

fluid regime.
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Chapter 6 Summary and Future scope of Works: This chapter provides the

concluding remark and major output of the dissertation. Formation of dust crystals

and DAW are analyzed through mathematical model in magnetized dusty plasma.

It is also presented the future scopes and extension of the present work is discussed.
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CHAPTER 2

EXPERIMENTAL SETUP, DIAGNOSTICS AND PLASMA
CHARACTERIZATION

We are both spectators and actors in the great drama of existence.
Niels Bohr
2.1 INTRODUCTION

The complete experimental works have been carried out for this thesis is on
the Dusty Plasma Experimental (DPEXx-11) setup built up at Institute of Plasma
Research (IPR), which hosts the facility for performing experiments such as
dust flow, dust crystals, solitons, phase transitions etc. The main objective of
the device is to study dust particle crystallization and phase transition.
Therefore, the design of the instrument has been influenced by the DPEXx-I
device that studies the flow of dust particles in plasma with various grid
potentials [1-5]. However, the length and diameter of vacuum chamber and size
of the electrodes are different in DPEX-I1 setup. Dimension and design of the
experimental setup are discussed in section 2.2. This section also discusses the
need for such design of experimental setups for the variety of experiments to be
carried out in near future. Section 2.3 discusses the probe diagnostic tool used
for measurement of plasma characterization of DPEx-II. Different types of
probe measurement, design and characterization are explained in this section.
This chapter also includes the brief elaboration of probe diagnostics and design
of probes used for characterization of plasma in experimental setup. Plasma
characterization of DPEXx-II setup through the length and breadth of vacuum

chamber is presented graphically in section 2.4. Section 2.5 is comprising of
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brief discussion of DPEXx-II setup with plasma parameters such as plasma

density, electron temperature etc.
2.2 EXPERIMENTAL SETUP

Experimental setup of Dusty Plasma Experimental (DPEx-II) consist of
vacuum chamber, power supply systems, electrodes etc., and are discussed

about physical and technical details in subsequent sections.
2.2.1 VACUUM CHAMBER AND ELECTRODE CONFIGURATIONS

DPEXx-II is mounted on a tabletop setup with a vacuum chamber of length
60 cm and inner diameter of 15 cm. Vacuum chamber is made of Pyrex glass
to observe visibly the flow of dust particles through CCD Camera and record
the observation though images. Experimental setups consist of various ports
i.e., radially and axially on the vacuum chamber as can be seen from Fig. 2.1.
Along the ports attached are rotary pump, probes, gas injection (MFC - mass
flow controller) etc. MFC is used for control of flow of the gas into the vacuum
chamber. L shaped design is inspired from the well-documented and
characterized DPEx-lI setup. The design of electrodes in DPEXx-II is
unconventional and asymmetric which has its own benefits for studies of charge
dust particles and its associated properties. The anode is positioned 10 cm above
the cathode through a vertical tube with a length of 58 cm and an 1D of 10 cm.
The anode is a circular Stainless Steel (SS) disc with a diameter of 5 cm. The
cathode is a long, elongated rectangular stainless-steel tray that runs the length
of the vacuum chamber. The cathode is grounded and has dimension of 40 cm
x 15 cm x 2 mm, which is very large area compared to the anode area. In most
of the plasma electrode discharge experimental configurations, electrodes are
kept same size and parallel to each other, thus flux of electrons towards anode
and flux of ions towards cathode will be same. Contrarily, in asymmetric
electrode configurations like in DPEx-II setup, anode is kept small compared
to the cathode, such that flux of electrons and ions will be different at respective

electrodes. Cathode with a larger area reduces considerably the ion flux, and
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ions entering the cathode sheath with lower velocity. Therefore, reducing the
impact of momentum on dust particles and reducing the ion heating effect on

dust particles [6].

To pump
58 cm
Anode Emissive Probe
/ To MFC
: ! Langmuir Probe
; )
15 ¢m / YT
| f
— // >
60 cm
A I
Cathode Tray =

Fig. 2.1. Schematic diagram of DPEXx-II device with probe diagnostics

Keeping this in mind, the idea of having asymmetric electrode configuration in
DPEXx-II setup has been considered. Additionally, the edges of the cathode have
been folded up to height of 2 cm along the length of the cathode tray as shown
in Fig. 2.1. Folded edges of the cathode tray enable the flux of ions moving
away from the center of the tray and streaming towards the edges. This fact can
be observed after long exposure of cathode in plasma and burnt surfaces were

noticed due to ion bombardment on edges [7].
2.2.2 POWER SUPPLY AND PUMPING SYSTEMS

To begin, a rotary pump linked to one of the ports in a vertical tube is used
to empty the vacuum chamber to a base pressure of 10 mbar. Two Pirani
gauges, one in a vertical tube and the other above the horizontal chamber are

kept to, measure and monitor the pressure in the chamber. A controlled amount
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of Ar gas is fed through MFC in one of the ports of the horizontal chamber.
Preliminary, the vacuum chamber is flushed out with any external gas or
background contamination present through rotary pump and finally chamber is
filled with Ar in controlled amount of working pressure 0.1 mbar to 0.14 mbar.
A Direct Current (DC) power supply (0 to 1 kV) is used for producing the
plasma in chamber. A current limiting resistor of 2 kQ is connected between
power supply and anode for further safety of power supply. Voltage of 275 V
to 400 V is applied to the anode for plasma generation in chamber.

2.3 PROBE DIAGNOSTICS

Electrostatic diagnostics has been one of the fundamental ways of
measuring or quantifying plasma. Irving Langmuir (1929) demonstrated that a
metallic wire inserted in the plasma collects the electron and ion currents from
the plasma, and plasma parameters are measured with respect to bias voltage.
Due to the collective behavior of plasma, a local perturbation or oscillation
gives an approximation of behavior of plasma particles (electrons and ions).
Electron temperature, electron and ion density, plasma potential and floating
potential are some of the basic parameters that can be determined from the
probe. These parameters are measured from the Current-Voltage (I-V) curve
that is plotted by biasing the probe with voltage source. Mostly used electric
probes in any plasma diagnostics are Langmuir probe, double Langmuir Probe,
Triple Langmuir Probe, lon energy analyzer and Emissive probe. Optical and
spectroscopic techniques are the few diagnostics used without probing or
remotely monitoring plasma. There are three electrostatic diagnostics that are
used in the DPEXx-I1 setup namely Langmuir Probe, Emissive Probe, and double
Langmuir Probe. Discussion of each probe is given in subsequent sections such

as theory, design, and measurements.
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2.3.1 LANGMUIR PROBE

Langmuir probe is a metallic wire connected through bias voltage and
measuring the flux of currents arriving at the wire with different biased voltage.
For many decades, single Langmuir probe is used for estimation of plasma
parameters. A metallic wire is usually made of a material with a high melting
point and is insulated by a ceramic holder as shown in Fig. 2.2 (a) and (b),

respectively. Tungsten is used as the metallic wire in this experiment.

R,

R, Probe Current

————0

Vi ;{ Probe Voltage

(@) (b)

Fig. 2.2 (a) Schematic diagram of Langmuir Probe circuit. (b) Tungsten Probe

with ceramic holder

A tungsten wire of length 10 mm and 1 mm in diameter is probed into plasma
with ceramic holder as an insulating material as shown in Fig. 2.2(b). The probe
part that is required for collection of signals in the form of currents from plasma is
only exposed and rest is insulated. The probe dimension must be fixed in such a
way that it does not disrupt the plasma equilibrium. If the probe is sufficient small,
then probe can melt or break in plasma. Hence, it becomes necessary to have the
right dimension of probe. In addition, through BNC cable, probe is biased through

probe power supply and output is taken from oscilloscope as in I-V curve.
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Schematic diagram of probe biasing circuit is shown in Fig. 2.2 (a). For starter,
floating potential is measured through the high value resistor connected in series
such that a bias voltage to the probe i.e., ramp voltage is determined. Floating
potential, (V) is the potential at which current collected by the probe is zero i.e.,
the net flux of ion and electron reaching the probe surface is same. The equal
number of currents (electrons and ions) from plasma on the probe is zero. If bias
voltage (Vb) to the probe is applied higher than Vi, then the probe gathers the
electron current from the plasma. If Vp < Vs, then probe collects ions currents from
plasma. An ideal I-V curve is shown in Fig. 2.3. The current collected from the
probe is drawn with applied bias voltage. This is the typical characteristics 1-V
curve of Langmuir Probe measurements. The methods to extract the data from I-V

curve was given by Chen (1989).

A
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Fig. 2.3. An ideal I-V plot from the Langmuir probe in plasma.

With the help of MATLAB, ion saturation current (lis), electron saturation
current (les), floating potential (Vr), and plasma potential (V) have been

determined. Let us discuss about the characterization parameter of plasma
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through IV curve plotted as given in Fig. 2.3. For Vs > Vy, ion currents are
collected on the probe. The flat line exhibits ion saturation current for highly

negative Vp w.r.t Vs and can be determined from
Iis = 0.6 qnivbohmAprobe (2-1)

where q is the charge, Aprone IS probe collection area, n; is ion density and Vsohm

is Bohm velocity given by /8kzT,/m; such that the ion mass is mi, ks is
Boltzmann’s constant and Te iS electron temperature, respectively. For a
negatively biased probe, the ions should reach the positive sheath region with a
velocity greater than of Bohm velocity (vsonm) [6]. Further, to achieve this
velocity ion should reach same as Te. Numerical value of 0.6 is due to the factor
of pre-sheath region where ions are accelerated up to Bohm speed [6]. For V, >
Vb > V4, this region is called as transition region where both electrons and ions
are collected on the probe from plasma and give the information about the
energy of electrons. For V, > V), majority of the particle reaching the probe is
electrons. Vp is a plasma potential at which random currents of electrons and
ions are observed on probe. If Vy is increased more positively than V,, sheath
region around the probe starts to diminish and electron currents to the probe
gets saturated as shown in Fig. 2.3. This is called the electron saturation current

(les) and maximum current collected by probe is given by

los = (1/4)qneVTeAprobe (2.2)

where Vre is electron thermal speed given as /8kgT./mm, and me is the

electron mass.
2.3.2 EMISSIVE PROBE

The plasma potential or space potential (Vp) is particularly important
parameter in terms of determining the plasma properties such as confinement
or charge particle (electrons and ions) flows [8-12]. However, experimental

measurement of Vp through Langmuir Probe is not accurate as probe draws
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currents which influences plasma particles indirectly. Further, error in
measurement occurs when there is layer of coatings on probes by plasma ions.
Again, if there is a temperature fluctuation and a non-steady state of plasma,
Langmuir probes cannot be used. Hence, emissive, or hot probes are used for
being simple in practical implementation and measurements with less
uncertainty [13-15]. Langmuir was the first to implement an electron-emitting
probe in 1923, at the same time as he proposed the idea of collecting probes
(Langmuir Probes) [16]. Plasma potential can be measured precisely by a
Te/10qg for high signal to noise ratio. A typical design structure of emissive
probe and probe used in experiments is shown in Fig. 2.4. Filament is enclosed
by an insulating material in a ceramic tube connecting to the Cu leads, which is
connected to the current source. Electrons are emitted from the filament with
increasing current. Moreover, emitted electron temperature (Tw) is always less
than the Te, such that plasma potential measurement becomes more accurate
[17].
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Fig. 2.4. (a) Hairpin structure of emissive probe (b) Real design structure of

tungsten filament of 0.125 mm diameter and 10 mm length.

In low-temperature plasmas, a thin layer of charges called ‘sheath’ is formed

near the plasma-exposed surface and is always negatively charged with respect
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to the plasma due to the fast electrons, which are much lighter than heavier ions.
As a result, the sheath's negative electric field prevents more electron currents
from reaching the probe. The negative charge on the probe is reduced when
electrons are emitted from the emissive probe. Consequently, there is a decrease
in voltage drop in the plasma-sheath interface as emission increases. Therefore,
the technique of floating the electron-emitting probe at a plasma potential is the
basic principle used in measurement of plasma potential in emissive probe
diagnostics. Further, probe can be biased with an electrical circuit in relation to
reference potential. Both floating and biased emissive probes do not provide
precise plasma potential measurements, with the former being less accurate
than the latter. However, floating emissive probes can be still used in harsh
environments of plasmas such as plasma thrusters, gas exhausts, spacecraft etc.
where probes can be kept for a second or less. On the other hand, dependence
of biasing the probe with respect to plasma potential influences emission of
electrons from the probe surface. If probe is biased highly negative than the
plasma potential, then electrons are emitted from the probe surface into the
plasma. Electric field in the sheath accelerates the electrons from surface to the
plasma. If probe is biased highly positive than the plasma potential, then
electrons are not emitted from the probe except only for highly energetic
electrons. This can be seen from the Fig. 2.5 where Vp =0 and Te = 1.0 eV [18].
As probe bias voltage (Vb) is increased above Vp, there is no emission of
electrons. Whereas, for Vi < Vp, constant emission of current is observed. This
1s sometimes called temperature limited electron emission because filament’s
temperature limits the electrons emission. A more rigorous theory is presented
for floating and biased emissive probes [8, 17-19]. Equations which describe
the theoretical curve of I-V for Fig. 2.5 is given by both collected and emitted

currents as

I;exp (M), Vpy <V,

Ie(Vb) = P
1:9e(Vo = Vo), Vo >V,

(2.3)
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Let, Vo

<
lem (V) = —e(Vp- 2.4
)= e (FL) g (1~ ), V2, &4

where g,(V, —V,) and gem (Vs — V3 is the angular momentum of collected
and emitted electrons; I, is the thermionic emission current given by
Richardson-Dushman equation [20] and electron saturation current; and T,,, is
thermionic emitted electron temperature. A more detailed derivation of the

equations can be seen in [21].
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Fig. 2.5. Theoretical I-V curve of an emissive probe. (Image Credit:
Hershkowitz (1989) [17])

However, there is one aspect of hindrance in measurement of plasma
potential through emission of electrons from the probe is space charge effects.
This is the result of imbalance of fluxes collected on the probe to the emission
of electrons from probe. Additionally, difference between electron temperature
collected and emitted electron temperature (Tem) plays a major role in potential
drop of plasma sheath. Therefore, only Te affects the sheath potential decrease
in space-charge-limited emission [8, 22];

Te

¢sheath == (2-5)

e
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When emission of electrons is increased from probe by increasing current
through filament, accumulation of negative charges is observed near probe.
Thus, creating a negative well of emitted electrons near probe in the sheath
called as Virtual cathode. After formation of virtual cathode, only few emitted
electrons escape the sheath, thus potential in the sheath drops more negative.
This phenomenon effects the measurement of plasma potential, as the
difference between floating and plasma potential increases. Space charge
effects is not included in the theory of emissive probe. Ye and Takamura were

the first one to describe the space charge effects analytically [23].

2.3.2.1 METHODS OF DETERMINING PLASMA POTENTIAL FROM
EMISSIVE PROBE

Plasma potential through emissive probe can be determined by three
different techniques: (i) Separation point method, (ii) floating point method and
(iii) inflection point method. In detailed discussion of these techniques are

presented in this section.

Separation Point Method: One of the basic assumptions in this method is to
emit the electrons from the probe below plasma potential. The emission should
maintain in such a way that the modulus of ion and electron collection current
is almost same. Hence, emitted electrons have almost zero energy and space
charge effects are neglected [16]. I-V curves of cold probe i.e., no emission of
electrons and hot probe i.e., emission of electrons are drawn together such that
to see where these two curves diverge. Therefore, the point at which these two
curves diverge is a measure of plasma potential [24, 25]. However, space charge
effects will be dominating in electron emission from probe such that a deviation
of 1-V curve brings error in measurement of plasma potential. Due to this factor,

there is doubt in measurement of plasma potential in separation point technique.

Floating Point Method: This technique is the most popular for the
measurement of plasma potential firstly given by Kemp and Sellen [26]. This

method involves measuring the plasma potential through saturation of floating
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potential. At first, probe is kept as floating in plasma such that flux of electrons
and ions becomes zero at the probe. This floating potential is recorded and
progressively with increase in emission of electrons from probe floating
potential is measured. Initially V increases with increase in emission, and later
at some higher emission, Vi goes saturating. This Vs saturation point is the
measure of plasma potential. This technique is quick and easy to measure the
Vp as it evolves with spatial and temporal. However, space charge effects cause
measurement error where Vs saturates below the V, of the order Te/g. If Te is
small, then there are small deviations from the measurement of V. If Te is very
large, then there is a significant difference in measurement of V, and becomes
inaccurate. Even so, this technique is widely used and even in measurement of

Vp in fusion plasma.

Inflection Point Method: To reduce the space charge effects, Smith et al.
(1979) developed a method related to V¢ [19]. I-V curve is drawn for lower limit
of zero emission as shown in Fig. 2.6. Inflection point exists at the plasma
potential for cold probe but as soon as emission increases inflection point
becomes negative. Inflection point is determined by taking derivative of I-V
curve and identifying the peak point. The inflection point values are plotted
with temperature limited emission, and linear extrapolation to zero emission
yields the inflection point in the limit of zero emission plasma potential
measure. Despite of measuring V, accurately, inflection point method is not
suitable technique for every experiment such as at high density plasma, and
large temporal variations. Furthermore, if the electron temperature is low, the
disparity between the floating point and inflection point methods can be
minimized. Error in measurement of floating-point method can remain constant

if Te is constant and hence measurement of Vp, will still be correct.
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Fig. 2.6. In the limit of zero emission method, I-V traces are drawn with

increasing emission. (Image Credit: Sheehan et al. (2011) [27])

These both methods i.e., floating-point method and separation point method
have been employed in this dissertation.

2.3.3 DOUBLE LANGMUIR PROBE

Double Langmuir probe is a two single Langmuir probes separated by a
distance (mostly greater than Debye length) [28]. Single Langmuir probe
always takes the vessel reference or electrode reference for measurements
making directly contact to bulk plasma. Thus, single Langmuir probe has
limitations of usage in dielectric chamber and electrodeless discharges.
Secondly, single Langmuir probe draws large current from the bulk plasma for
measurements. Conversely, double Langmuir probe doesn’t require any
reference electrode, nor it draws much current making less perturbations to the
plasma. Double Langmuir probe generally measures the electric field in plasma,
but in most of the time, it is used to measure the electron temperature and
plasma density. In this dissertation work, double Langmuir probe is used to
measure the electron temperature profile.

Double Langmuir probe uses two Tungsten wire of length 10 mm and
diameter of 1 mm separated by a distance of 10 mm enclosed in a ceramic

holder as shown in Fig. 2.7. From the measurements of single Langmuir probe,
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Debye length has been estimated around 0.15 mm to 0.35 mm, which is much
smaller than the separated distance between two wires in double Langmuir
probe. The basic operation of double Langmuir probe can be understood from
the electrical circuit diagram as shown in Fig. 2.7 (b). Both probes are biased
with respect to each other. For plotting 1-V curve, one probe is biased with -40
V to + 40 V with respect to another probe and current is measured through the
1 kQ resistor. Potential of the probe 1 (P1) and probe 2 (P2) is taken as ¢1 and
@2 such that

V= ¢,—¢; (2.6)

Electron currents to the P1 and P2 are given as lex and le2, whereas ion currents

is given as liz and li. Therefore, total current on the probe is given as [28]

Ip = Iy — ey +1i3 — I (2-7)

P1

¥

(@) (b)

Fig. 2.7. (a) Double Langmuir probe (b) Circuit diagram of double Langmuir
probe

Generally, current is from the two probes such as Ip = lp1 + Ip2, since equal
number of currents are drawn from both probes I, can be written as 21

21 = Iil - Iel + Iiz - 162 (28)
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From Egn (2.7) and (2.8), | can be written as

I'= Iy = lpy = Ijp = Iez (2.9)

where ler and lez is given as
ler = AuJeoexp (“222) (2.10)
lez = AzJeoexp (_;{Z)Z) (2.11)

Jeo Is the equilibrium electron current density; A1 & Az is the probe area of P1
and P2. Substituting Eqn. (2.10) & (2.11) in (2.9)

[+1n _ Ay p (q%a) (2.12)

= e
li, +1 A, T,

where ¢vq is the voltage difference and A1 = Az as both probes has equal size

and area. Hence, li1 = liz and Eqgn. (2.12) can be written as

7 dPva
I = I tanh( T, > (2.13)
IA Iis
- >
V

Fig. 2.8. Pictorial presentation of I-V characteristics of double Langmuir

probe
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The 1-V characteristics curve of double Langmuir probe is shown in Fig. 2.8.
From the figure, electron temperature (Te) can be measured directly from the
slope drawn at the center of the coordinate axis shown as green line on the

curve.
2.4 PLASMA CHARACTERIZATION

All three probes were connected to oscilloscope through BNC cable and the
data is collected on external pen drive attached to one of the ports on
oscilloscope. A program is developed in MATLAB to find out the plasma
parameters as explained in earlier sections. DC voltage is applied across the
electrodes from 275 V to 375 V and vacuum pressure is varied between 0.1
mbar to 0.14 mbar for Ar gas. Base pressure of vacuum chamber is kept at 0.01

mbar. Fig. 2.9 shows the schematic view of DPEXx-I1 device.

To pump

Confinement strips

Fig. 2.9. Schematic 3D design of DPEXx-II device.

The Langmuir probe is scanned across the cathode tray at a distance of just over
50 mm. Langmuir probe is biased through probe power supply ranging from
270 V to 320 V, which is above floating potential. Foremost, electron

temperature is measured from I-V curve. Fig. 2.10 (a) and (b) shows the
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electron temperature (Te) measurement from the probe for various voltage and
pressure. It is observed that Te varies from 1 eV to 3.5 eV throughout the length
of the cathode tray. Due to the low pressure, and the asymmetry of electrodes,
there was large fluctuations in measurement of parameters. Hence, large error
bar indication in the measurements. As DC voltage or pressure increases,
energy is transferred to the plasma species through inelastic scattering of
electrons. Consequently, electron collision frequency increases with plasma
species. Therefore, it is observed that T decreases with increase in voltage and
pressure as shown in Fig. 2.10. However, there is not much large variation of

Te with increase in voltage and value remains same along the length of vacuum

chamber.
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Fig. 2.10 Te measured at constant pressure 0.12 mbar with varying voltage.
Probe is scanned through the length of cathode tray, taking starting point near
anode to farther end of the cathode.
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With the increase in pressure or voltage, ionization increases inside the plasma
chamber and further reducing the mean free path of the plasma particles
(electrons and ions). Successive collisions result in decrease of Te with increase
in pressure. It is also observed that Te is almost constant along the length of the

vacuum chamber.
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Fig. 2.11 (a) ne with various DC voltage at constant pressure of 0.12 mbar.
Probe is measured along the length of vacuum chamber above the cathode

tray.

Plasma density has been obtained from the theoretical calculation of MATLAB
as shown in Fig. 2.11. From Eqgn. (2.2), it is known that there is an inverse
relationship between T. and electron density (ne). As Te decreasing with
increase in voltage or pressure as shown in Fig. 2.10, the electron density
increases as shown in Fig. 2.11 (a) & (b). It is due to fact that, rate of collisions
between electrons and neutrals increases. Fig. 2.11 (a) shows the ne variation

with increase in voltage with constant pressure of 0.12 mbar. Fig. 2.11 (b) show
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the ne variation with increase in pressure at constant voltage of 325 V. There is
not much difference of ne with increase in pressure due to the very less
difference of pressure. Additionally, it can be observed that, ne remains constant

along the length of chamber.
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Fig. 2.11(b) ne with increase in gas pressure at constant V = 325 V

Floating potential and plasma potential is measured from the probe I-V curve
as shown in Fig. 2.12 (a) and (b). The increase of V, and Vs at particular position
due to the increase in DC voltage can be attributed to the presence of energetic
electrons. Vs ranges from 280 V to 310 V and V, ranges from 290 V to 320 V.
Both Vs and Vp remains same along the length of the chamber with a difference
of 5to 10 V.

All the parameters have been measured and plotted from the Langmuir
probe along the length of vacuum chamber. These measurements will be helpful
in understanding the dynamics and studies of charge dust particles as mentioned

in section 2.1. Although, due to large fluctuations in plasma chamber, recording
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the measurements had been difficult. In such cases, large fluctuations become
problem in measurement of plasma parameters, then emissive probe becomes

useful.
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Fig. 2.12 (a) Vs at constant pressure of 0.12 mbar measured along the length of

the chamber.

Table 2.1. Measurements of plasma parameters by Langmuir probe with

various DC voltages and pressure

Parameters DC Voltage (275 V to 375 V) &
Pressure (0.12 mbar to 0.14 mbar)

Electron Temperature (Te) 1~35eV

Electron Density (ne) 20 ~ 40 x 104 m®

Plasma Potential (Vp) 290V ~ 330V

Floating Potential (Vr) 280V ~320V
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Fig. 2.12 (b). V, at constant pressure of 0.12 mbar.

Results obtained from the Langmuir probe with varying DC voltage and

vacuum pressure is shown in Table 2.1.

As illustrated in Fig. 2.9, an emissive probe with a diameter of 0.0125 mm
is inserted radially into one of the upper ports of the plasma chamber. Out of
the three techniques of measurement of plasma potential from emissive probe,
floating potential method aptly fits in this experimental procedure. Since the
values of plasma density and electron temperature in this chamber for a
particular DC voltage and pressure goes well with floating point method [13,
27]. Firstly, the measurements have been taken with increase in filament current
at a particular position and then observing the floating potential curve saturating
at higher emission. Fig. 2.13 shows the floating potential measurements for
various DC voltages and pressure. Fig. 2.13 (a) shows the floating potential for
various emission at constant pressure of 0.12 mbar and DC voltage varying
from 275V to 375 V. At lower emission or filament current, floating potential

remains unaffected. As soon as when emission becomes evident or increases,
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the Vi starts to increase till it saturates at higher emission. Principally, probe
will float at plasma potential for strong emission of electrons from the probe.
Hence, the measure of Vt saturating at higher emission is V. Similarly, the Vs is
measured for various gas pressure but not much difference is observed due to

not much variance of gas pressure.
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Fig. 2.13 (a) Vs at increasing filament current with varying DC voltage for
constant pressure of 0.12 mbar.

After observing the probe floating at plasma potential for strong emission, the
emissive probe can be moved radially in chamber and measure the plasma
potential for various DC voltage and pressure. Both plasma potential and
floating potential is low near the cathode due to the cathode sheath as shown in
Fig. 2.14 (a). Increase of Vp and Vs at a particular position due to increase in
discharge voltage is because of presence of more energetic electrons. From the
Fig. 2.14 (a), it is observed that V, and Vs increases as probe is moved away
from the cathode. However, with increase in pressure both V, and Vs decreases
as shown in Fig. 2.14 (b).
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Fig. 2.14 (a) Measurement of Vp and Vs at various radial position for 325 V
and 375 V discharge voltages at constant pressure 0.12 mbar. Position 1 cm
corresponds to the probe near the cathode and last position to away from

cathode.
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As pressure increases, collision frequency of electrons increases making
electron losing the energy faster. Thus, resulting in decrease of plasma and
floating potential. In addition, the V, measurement near cathode helps in
estimating the electrostatic force on dust particles. Therefore, Vp and Vs has been
measured for various discharge voltage and pressure. For discharge voltage of
325V and pressure 0.12 mbar, Vp =255 V and V= 185 V. For discharge voltage
of 375 V and pressure 0.12 mbar, Vp, = 295 V and Vs = 225 V. Contrarily, at
constant discharge voltage of 325 V, not much difference is observed in Vp =

255V and Vi~ 180 V with increasing pressure.
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Fig. 2.14 (b) Vp and Vs with increasing pressure at constant discharge voltage
of 325 V.

Accurate measurement of electron temperature (Te) can be done by using

another probe called double Langmuir probe.
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Fig. 2.16. Measurement of Te for various discharge voltage and pressure.

Double Langmuir probe is much better than single Langmuir probe since it does
not draw large currents as single probe. Fig. 2.15 displays the I-V curve of a
double Langmuir probe, and Te may be calculated using the slope of the curve
drawn in the center as demonstrated in the preceding section. From the Fig.
2.16, Te decreases for both increase in discharge voltage and pressure. As
discharge voltage increases, rate of collisions increases and mean free path of
the particle decreases, thus Te decreases. Similarly with increase in pressure,

number of atoms increases and hence collisionality of neutral atoms.
2.5 CONCLUSION

Probe diagnostics has been one of the best and relatively easy way to
measure the plasma parameters of laboratory plasma systems. One of the great
advantages of probe diagnostics is easy to use and simple electronic circuits.
Further, probes can be measured spatially and temporal dimension. The tabletop
setup of DPEXx-I1I is designed such a way to study the characteristics behavior
of dust particles with asymmetrical design of electrodes in DC plasma. Dust

crystals, voids, dust particles in a potential well etc. are the experiments to be
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done in coming future. Three basic probe diagnostic techniques i.e., Langmuir
probe, double Langmuir probe and Emissive probe are used in measurement of
plasma parameters of DPEXx-II. A detailed theory of all techniques is explained
in earlier sections. The need to find plasma potential with various discharge
parameters of DPEX-11 will help in studies of dust particles and its levitation in
vacuum chamber. Langmuir probe is a single metallic wire inserted into the
plasma chamber and I-V curve is plotted with the bias voltage through
oscilloscope. Plasma parameters such as plasma potential, floating potential,
electron temperature, plasma density etc. are determined from the Langmuir
probe with the help of MATLAB. Table 2.1 gives the detailed values of
parameters measured. However, most of the measured parameters are estimated
values from OML theory, and due to large fluctuations, errors in values are also
large. Large fluctuations have been observed in plasma system due to ionization
instability from asymmetric electrodes. Secondly, probe requires continuous
cleaning due to the sputtering of ions on the probe. Hence, to overcome all
these difficulties and measure the plasma potential accurately, emissive probe
is introduced. As seen from the last section, plasma potential is measured more
accurately in emissive probe than Langmuir probe. Direct measurement of

electron temperature can be achieved from the double Langmuir probe.

Three probe techniques employed in DPEXx-1I instrument for measurement
of plasma parameters is successfully done. In summary, it is probably to say
that probe diagnostics are simple to use and have simple circuits design.
Considering the huge fluctuations due to ionization instability, there is not much
complexity in the measurement of parameters by probe through spatial and
temporal dimension of the plasma system. However, any external electric field
or foreign material introduced in plasma creates or initiate instabilities. Probe
theory is also good, but it does not take account of the dynamics of changing
the probe area i.e., radius of the probe which changes due to the ion sputtering
on probe. There is certain necessity in improving the probe theory.

Additionally, insulation of probe from ceramic should not be large due to the
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plasma creeping into the probe space and extending its length. Probes are

difficult to use in large densities, such as in Tokamaks, Stellarators etc., due to

large fluctuations or oscillations and waves. Still, probe diagnostics is the first

basic and rudimental for measurement of plasma parameters. Since 1929, these

techniques have been refined over a time, certainly with probe theory and as a

matter of fact it’s still a challenging due to the complexity of theory.
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CHAPTER 3

VIRTUAL CATHODE IN PRESENCE OF DUST PARTICLES
NEAR EMISSIVE WALL/ELECTRODE

Supposing is good, but finding out is better.
Mark Twain
3.1. INRODUCTION

When plasma is subjected to the introduction of any foreign substance, the
electrons and ions in the plasma will seek to shield it. This allows the plasma to
maintain its state of equilibrium. When a negatively or positively biased
electrode/wall is exposed to plasma, a cloud of ions or electrons forms near the
surface. This cloud is called an ion sheath or an electron sheath, respectively. The
creation of such sheaths near walls or emissive surfaces has been studied and
debated extensively [1-6]. The importance of the potential structure or profile in the
plasma sheath depends on a number of factors, and Tongs and Langmuir were the
ones who originally suggested studying it [7-8]. During last decade, it has been
extensively studied using by both fluid [9-10], and kinetic model [11-12]. Classical
model of one-dimensional sheath shows that plasma potential (¢ (x)) gradually
decreases from its edge to non-emitting surface [13]. However, supplementary flow
of electrons from the metallic wall, changes the potential profile substantially and
it is depending on the charge density near to the wall [5]. The sheath formation in
front of emissive electrode or wall is much of interest and plasma particles
(electrons & ions) reaching the surface is given by Bohm sheath criterion. Riemann
(1991) in his research article beautifully explains the concept of Bohm sheath

criteria and pre-sheath phenomena [2]. Emissivity of the wall/electrode introduces
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more electrons to flow and hence modifies the sheath structure completely. Emitted
electrons from wall are regarded as thermal or secondary emission. The secondary
electron emission is initiated when free electrons hit a wall/electrode has been
ignored because thermally emitted electrons are more useful [14]. Thermally
emitted electrons current density can be found out from Richardson formula. Re-
arrangement of electrons near the wall with respect to wall temperature is a self-
consistent process and introduces a minimum potential region, which is typically
considered as ‘Virtual Cathode’ [14]. A drop in potential or a negative potential
close to the wall indicates the presence of a virtual cathode, and the potential
continues to rise in a consistent fashion until it approaches to the bulk plasma
potential. A typical model of sheath potential in presence of virtual cathode is
shown in Fig. 3.1. The physics behind the formation of virtual cathode is explained
by the accumulation of space charge in front of wall/electrode due to emission of
electrons from it [1]. Flow of electrons from the wall and virtual cathode are

controlled by two parameters namely: wall temperature (Tw) and dust density (ng).

@y P Sheath edge (x..) X

Plasma electrons

Emitted eléctrons

Plasma ions

bS]
P E

__________________________________________________________________________________

EEmissive Wall/Probe

———+ . Dust particles

Fig. 3.1. Schematic diagram of potential profile in plasma sheath with emissive

wall in a typical plasma system.

65



Dust particles in plasma has become one of the mainstream types of
research in plasma physics due to its wide applications in variety of fields. These
dust particles become charged, depending upon the actual plasma environment.
Dusty plasma near to the wall/electrode or inside the sheath is of much interest
since it modifies the stability of plasma sheath and Bohm condition depending on
actual conditions [15-19]. This chapter describes the behavior of the virtual cathode
potential close to the emissive wall/electrode in the presence of charged dust grains
in the sheath to gain a better understanding of the whole phenomenon. To avoid
mathematical complications in model equations, shape and size of the dust grains
have been disregarded. A fluid mathematical model has been considered to get
potential profile in plasma sheath, which is influenced by the wall temperature in
presence of charged dust particles. Collision of ions and further ionization near to
wall/electrode are considered as negligible. A brief discussion regarding Bohm
criteria for ion acoustic velocity and plasma potential in the presence of charged
dust grains is presented. Although, there has not been much difference for Bohm
condition in dusty plasma, since most of the features associated with charged dust
grains have been same for Z¢= 1 and Zg = 1000, where Z4 is number of charges
accumulated on dust grains. lon losses to the wall/electrode are well balanced by
pre-sheath, which is affectively accelerating ions towards sheath [20]. A brief
review of works done on virtual cathode is described in section 2. The stationary
one-dimensional fluid model to understand the virtual cathode concept is presented
in section 3. Phase space diagram of the same has been plotted for differential
equations, which are described in results and discussion part of section 4. Phase
portrait provides a better qualitative analysis of systems because it takes a long time
and a lot of work to discover analytical solutions for nonlinear dynamical system
equations. Similarly, response of the potential structure as function of electron
emission rate in dusty plasma has been studied with increasing electron emission
rate. Variation of local plasma potential with respect to the wall/electrode
temperature has been reviewed and information about double layer formation at

lower dust density has been investigated close to the wall/electrode. Existence of

66



virtual cathode is intrinsic near to the emissive wall/electrode, but on introduction
of charged dust particles, potential profile is modified and behaves non-

monotonously.
3.2 BRIEF REVIEW OF PREVIOUS WORK

Langmuir gave the concept of virtual cathode formation near emissive
probe/wall in 1923 [21]. Child and Langmuir provided the mathematical treatment
of potential profile near the emissive wall/probe and Child-Langmuir sheath [21-
22]. Hobbs and Wesson were the first to offer a fluid model for understanding how
electron emission affects the floating potential [3]. Theoretical study on virtual
cathode and sheath structure in the presence of electron emission has been
meticulously carried out [23-29]. Studies of sheath structure is very much interest
in applications such as discharge plasma due to electron emission [30],
thermionically emitting cathode [31], spacecraft applications [32], tokamak
divertors [33, 34], meteoroids [35], moon [36], and dust particles in laboratory and
space [37, 38]. In probe diagnostics, where it effects the determination of plasma
characteristics (especially plasma potential), consideration of virtual cathode
becomes necessary in measuring parameters [10, 39]. The released electrons
usually have a distribution of energies that can be described using a temperature
parameter Tw. The sheath potential is determined by the ratio of emitted electron
temperature to plasma temperature, according to Sheehan et al. [13, 40]. The model
says that as the temperature ratio gets closer to one, the sheath potential should also
get closer to zero. This prediction was confirmed by the results of PIC simulations
[39] and observations [41] of the sheath around a thermionically generating cathode
in the afterglow of an RF plasma. This work also included a generalization of the
Bohm criterion to account for secondary electron emission (see equation (5) of
[39]). Campanell et al., [42] using one-dimensional PIC simulations studied
barriers with a secondary electron emission coefficient greater than unity. To put it

another way, there were no sheaths if the emission coefficient was close to unity,
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and there were "inverse sheaths" when the secondary electron emission coefficient

was much higher than unity [42].
3.3. MATHEMATICAL MODEL

A schematic diagram of behavior of potential is drawn vaguely to study the
characteristic of virtual cathode and non-monotonic behavior of potential profile
inside the plasma sheath as shown in Fig. 3.1. Virtual cathode is formed near to
wall at distance x = xvc and corresponding potential is given as ¢ = ¢vc. Variation of
local plasma potential ¢(x) is from x = 0 to x = Xse (Se: sheath edge). In equilibrium,
floating potential of wall becomes equal to plasma potential at xse, at which sheath
edge potential is equal to bulk plasma potential. Floating potential is relatively
easier to find at weekly electron emission since potential is independent of T.
However, for strong electron emission, it fluctuates with increasing Tw [14]. When
a metal is heated to a temperature by applying current through it, thermally agitated
electron is emitted from the surface. This thermionic temperature dependent
emitted electrons flow into the plasma sheath and creates an instability. Hence, the
potential profile inside the sheath also changes. The change of potential structures
has been observed in recent studies with respect to thermionic electron emission
and secondary electron emission [43-46]. The thermionic current density (jrg) can

be estimated by Richardson-Dushmann classical expression, which is stated as,

. ) —Ws
Jra = AT,;exp %l (3.1
where, Ws is the work function of material and A is Richardson constant which
depends on property of metal and ks -Boltzmann’s constant. In addition, average
emitted electron velocity (vw) can be written as

2kyT,

m,

IR

(3.2)

Vw

where, me is mass of electron. A constructive result has been obtained with this

thermionic emission law throughout this mathematical model. Electrons sticking
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on the dust particles are considered here, whereas other process of
reflection/transmission has been neglected. The electric field at the sheath edge is
negligible since electron density is less [3]. Density of thermionic emitted electrons
(nee(x)) is considered as constant within the sheath and thermal equilibrium with

the wall/electrode. Boltzmann relation for emitted electrons is given as

—e - X
nee(x) = ngeexp ((pl‘: T (p( )) (3'3)
Biw
where, g is wall potential, e is the charge of electron and
nge = jrd/e Vw (3.4)

Here, density of plasma electrons (npe) is assumed Maxwellian and described by
Boltzmann relation. Whereas ions, which are heavier than electrons have same
energy at any place and mostly referred as cold ions such as that density of ions n;

and ne are given as

-1
ny(x) = ngge |1+ Ze(‘pjjl;f (x))] 2 (3.5)
| Ad]
e (¥) = Mpe soexp [_e(¢;2 —9() (3:6)
pe

where, Tpe is plasma electron temperature, gse is sheath edge potential at xse, mj is
the mass of ions, vo is ion thermal velocity and ¢(x) is a potential variation from
sheath edge to wall, respectively. npese and nise are density of plasma electrons and
ions at the sheath edge. Near the beginning of the sheath area, a breakdown of quasi-
neutrality can be seen [4]. According to assumption, the dust particle number
density is the same in the sheath and equilibrium plasmai.e., Zando = Zang, for linear
case [15]. The plasma is considered one-dimensional sheath and in thermal
equilibrium, such as that potential in plasma sheath is given by Poisson’s equation

forx>0as
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d’p(x) _—e
dx? &

[ (%) — e (%) — npg — Zgna (@ ()] (3.7)

where, ndg(p(x)) is the dust density which is assumed to be dependent on ¢(x) and
also another condition where independent of ¢(x) and nyq is density of thermionic

emitted electrons near to the wall at the minimum potential ¢ can be written as

—e(Pw — Puc)
Nee(X) = ngeexpl kWT = l = MNyq (3.8)
Biw
Quasi-neutrality condition for plasma at the sheath edge (xse) is given as
Npese + Nyrg + ZaoNgo = Nise = Ny (3.9)

no is density of distant equilibrium plasma which is approximately equals to nise.
Making above Eqn. (3.7) to dimensionless form i.e. normalizing velocity, potential,

emitted electrons and dust density as follows,

e(@pse — @) ) Nyq Zqng
— _,M=_,a=—, = 310
¢ kBTpe Cis Ny ﬁ Ny ( )

where, C;s = \/kg T, /m; is ion sound velocity and M is normalized ionic velocity

or Mach velocity, which is necessity condition for Bohm criterion, and Tpe is plasma

electron temperature. Hence, electron and ion density can be written as

2077
n;(x) = ng [1 + M—dz] (3.11)
Npe(x) = (Ng — Nrq — Zgng)exp(—¢) (3.12)

Substituting Egn. (3.10), (3.11) and (3.12) in Egn. (3.7) and taking electric field as

E = -dgldx, then given differential equation is solved by first integral,

1 / 2
552=M2 1+M—¢;—1 +(Q-a-pB(e?-1)—ap—Bp (3.13)

where, ¢ is dimensionless electric field which is given by
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E |20 (3.14)
&= .
nOkBTpe

Solution of Egn. (3.13) is lengthy and tedious, hence stability analysis of the same
as been employed to get an idea of the equilibrium solutions or points. The right
hand side of the Eqn. (3.13) is made to zero for small values of ¢ ( << 1), which
gives useful information about the behavior of ¢. Eqn. (3.13) can be written as

1 /dp\?
E(ﬁ) +V($) =0 (3.15)

where, V(¢) is given as

V(gp) = —M? /1+;1—¢;—1 —1-a-B)(e?-1)+ap+pp (3.16)

The phase portrait of above equation with varying a, is shown in Fig. 2. It is clear
from Fig. 3.2 that as « increases, the stability of the system moves towards the
irregularity, irrespective of Zq and nq value. The curve which has two stable points
i.e., at origin and farther away from origin for a = 0.2, moves away from stability
for a = 0.6, as two points becomes closer and destroys itself at origin as o increases.
This shows that dependence of potential #(x) on « is strong. Dependence of
o (< 1)on Twand ¢ can be written as from Eqn. (3.10)
0
a =" exp [ 22 9 - 0 (3.17)

Bohm’s criterion is governed to sheath edge i.e., at asymptotic limit
Ao/L—0 and is a mandatory condition for strong fields to decay at Ap. This
condition insists ions to have at least ion acoustic velocity (Bohm velocity) to enter

the sheath region [4].
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Fig. 3.2: Phase portrait space diagram of a normalized potential ¢

The right-hand side of Eqn. (3.13) can be expanded in terms of Taylor’s series and
applying above condition, such that Bohm criterion is established for dusty plasma
as

M2>;+N2 (3.18)
e Py :

where, N2is a dimensionless velocity [14]. This equation clearly indicates that if
there is non-emissive wall and no dusty plasma, then the equation retains its
originality condition [47]

M?>1 (3.19)

Conditionality of formation of virtual cathode is given by threshold wall
temperature (Tw,h), such as that the potential difference (¢vc — @w) changes its sign
as wall temperature increases [14] i.e., pvc < gw for Tw>Twn. The potential difference
is proportional to dust density, which is dependent on dust potential. This is

considered as non-linear behavior such that, the equation becomes
Pvc — Pw X Ng (¢d) (3-20)
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The potential difference (pvwe- pw) can be numerically solved from Eqgn. (3.8) to
(3.10), and plotting with respect to Tw, gives an idea of potential behavior in
presence of charged dust grains and virtual cathode. g is normalized dust density
variable, which acts an important aspect in formation of virtual cathode as discussed
in later section. If potential difference is taken in linear form, and ng is kept as
constant variable, independent of dust potential (¢q) in (pvwc- @w) equation, then

equation can be derived as

(3.21)

kBTW Zdnda
((pvc - (pw) = e In

ngel
3.4. NUMERICAL RESULTS AND DISCUSSION
An effort has been made for realistic approach by making use of
experimental plasma properties. Taking into consideration an Argon plasma with a
density of approximately 10°~10! cm™ and a plasma electron temperature of Tpe =
(0.2 ~1.2) eV [48]. Unperturbed density of ions (n;) and electrons (ne) are assumed
to be equal. The potential profile of plasma is measured between Xw < X < Xvc.
& and « can be evaluated from Eqgn. (3.13). Two conditions have been discussed,
with Z¢= 1 and Zq = 1000 for non-linearity case and one with linear case in front of
tungsten emissive wall/electrode. For continuous thermionic electron emission, the
potential to the wall/electrode is supplied by stabilized DC power. In last section,
phase space was drawn to identify the nature of solutions with variables. Therefore,
the Hamiltonian system of equation can be represented in phase space diagram from

which relatively simpler equation is deduced as
2

SHV@) =f (3.22)

where, f is characterized as a scalar function known as Hamiltonian function and
orbits of the Hamiltonian dynamical system in &¢-¢ plane are the curves
corresponding to constant f and {(¢) is generalized potential or Sagdeev potential

which is given by
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+ N? { 1+ 2¢ -1
) (=a=5+")

—(1-a-p)(e?—-1)+ap+pBp (3.23)

¢ =~ (1=

Dimensionless Electric field

0 2 4 6 8 10 12 14 16 18 20
Normalized Potential

Fig. 3.3. Phase-space diagram between dimensionless electric field & ¢) and
normalized potential (¢) as in Eqgn. (3.22). Solid line corresponds to generalized
potential of Eqgn. (3.23).

Throughout numerical analysis, dust density is varied from 10 ~ 108 cm?,
which is relatively lower, compared to the plasma density and emitted electrons
density. For Eqn. (3.22) to be negative f < 0 and for a= 0.4, Fig. 3.3 shows that
#(x) is periodic around the normalized potential, which is not possible in the
presence of emissive wall. Whereas, for f > 0, there are two solutions i.e., for
¢ >0and ¢ <0. For ¢> 0, there is one solution or root at & (¢.)=0 and other

solutions for ¢ < 0 becomes unrealistic since potential is negative and imaginary
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here. For f = 0, we get two solutions, &(4c)=0and at equilibrium point
¢=0, £=0. The continuous bold line is the generalized potential profile, which is
same as Fig. 3.2. Therefore, for large values of x, effective potential becomes zero
i.e., approaches to plasma potential.

For f =0, Fig. 3.4, describes the physical solution of potential structure near
the wall for different values of o and normalizing speed N?=1. Model agrees with
the potential structure of Fig. 3.1 near to emissive wall. As « decreases, the
potential becomes more positive and possibility of forming virtual cathode
diminishes. That is the reason, at « = 0.1 potential is very large and at = 0.4 is
very less positive. Both the graph Fig. 3.3 and 3.4, showed no signs of change with
or without inclusion of Z4 and with change in dust density.

b= " T % F ] F & E E | & % BT

(98]

[y}

Dimensionless electric field

i " L L L f I Y n 1 L 1 " L 1 L L 1 L
0 50 100 150 200 250
Normalized Potetnial

300 350 400
Fig. 3.4. Phase space diagram for f = 0 and « = nra/no. This diagram shows the
physical solution of potential structure formation with increase in thermionic

emission.

To find the threshold temperature for which virtual cathode occurs, potential

differences (pvc— pw) as a function of wall temperature has been plotted considering

Zq¢=1 and shown in Fig. 3.5.
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Fig. 3.5. Potential difference as a function of wall temperature for different nqo
and « is plotted at Zq = 1. Variance of potential difference at (a) nao =10° cm (b)
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Now, considering with dust grain charge Zq = 1000, and plotting in the Fig. 3.6 as

shown below.
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Fig. 3.6. Potential difference as a function of wall temperature for different dust
density and « is plotted for Zg = 1000. Variance of potential difference at (a) nqo
=10* cm™ (b) ngo =10% cm™ (C) nao =10° cm

3.4 (a) For Zg=1:

Virtual cathode is developed at threshold wall temperature Tw when the
condition gve.— pw < 0is satisfied. Fig. 3.5(a) for ng =10° cm™ with increase in «
from 0.2 to 0.8, the potential difference value (¢v.— ¢w) shows a sudden surge of
peaks at almost same value of Tw. This shows that there is a high potential drop
inside the sheath region, which is accountable to formation of positive ions sheath
around negatively charged dust grains. Hence, generation of sheath with high
potential drops in presence of charged dust particles becomes prominent and two
space charge layers is developed, which is termed as double layer. This is where
the screening of dust becomes important, where ¢q plays the key role in forming
double layer. From « = 0.2 to 0.6, potential difference has large values recognizing

two space charge layers holding high potential drops. At « = 0.8, strong emission
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reduces the positively charged sheath, hence reducing potential drop. In Fig. 3.5(b),
for ngo = 10* cm3as « increases, double layer forms at relatively less value of Tu.
In this case, the increase of nqo makes ¢ to become more positive at the same value
of a. Also, the potential drop decreases as « increases such as that ¢ starts
decreasing. It is also clear that for higher ¢, the double layer formation takes place
even at lower value of Ty. But at ngo = 10° cm™, it is observed that for weakly
emission of electrons, potential difference value shows a change in sign at Tw =
52500 ‘K and termed as threshold wall temperature (Tw,m). Thus, Fig. 3.5 (¢) shows
the existence of virtual cathode in dusty plasma at weakly emission regime, which
shows as a linear behavior where nqo is increased and collection of charges is less
by dust grains. Interestingly this threshold temperature remains same with
increasing « (up to 0.6). Therefore, at weakly emission condition, there is no
double layer formation as lack of electrons to shield dust particles. However, at
higher emission (> 0.6), formation of double layer is noticed. Fig. 3.5(d) shows
the appearance of virtual cathode for all values of o at ngo= 10° cm. This density
is called threshold dust density (ngo,m). Interesting thing to note that for ngo > 10°
cm3, the double layer vanishes and behaves more like as linear and collective
effects. This condition may be acted as a multi component or three component
plasma systems with an extra negative charge due to charged dust grains. Thus,
there are two conditions to occur a virtual cathode near to the wall in dusty plasma:
threshold wall temperature (Tw,t) and threshold dust density (ndo,th).
3.4 (b) For Z4=1000

The same double layer is observed when dust charge is included i.e., Zq =
1000 as shown in Fig. 3.6(a). In this condition, virtual cathode forms at very smaller
density ngo. In Fig. 3.6(b), where ng = 10' cm=, shows the potential difference
changing the sign at 52500 °K wall temperature. It is also observed in Fig. 3.6(c),
with increasing nqo, and in this condition, the potential difference becomes more
and more negative. Hence, it confirms that the consideration of dust charge value

enhanced the formation of virtual cathode at very smaller nqo.
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If a voltage is applied to emissive electrode/wall, then there is a material
dependence threshold temperature (depends on work function of material) due to
which the instability initiates in plasma. Hence, studies of virtual cathode and its
associated instability as a function of wall materials are particularly important, and
also it is important to know how it behaves in presence of magnetic field too, which
could be considered as future course of study.

3.4 (c) na=ndo

a=0.2

Potential Difference (¢ - ) V

— v T 1 v r T T " ' v T T 1 T T
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Fig. 3.7(a)
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Fig. 3.7. Plot of potential difference for ng=ngo at various a. For a = 0.2, Tw;th =
2494 °K; a=0.4, Twin= 2573 °K; a = 0.6, Twin = 2621 °K; o = 0.8, Twn = 2656

°K; a=1.0, Tw= 2685 °K are respective values for irrespective of nq.

Dust density (nqg) is considered here as independent of dust potential (¢d). ng is
varied from 10% to 10% cm™ and Z4 from 1 to 1000. Fig. shows that, Tw,n values
varies from 2494 °K to 2685 °K as a increases from 0.1 to 1. Without dust grains
near the wall, Twm was around 1750 °K [14]. Because of introduction of dust grains
and its capability of gaining charges from the surrounding plasma, formation of
virtual cathode is formed at higher wall potential value, hence Tw. at higher value.
There is not much impact of nqg and Zq on the varying of its value on threshold
temperature for formation of virtual cathode. But as bulk plasma density (no) is

increased, the Tw,tn moves towards the higher value. As more density is increased,
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accumulation of charges on dust grain increases thus delaying the formation of
virtual cathode.
3.5. CONCLUSION

From qualitative and quantitative analysis of potential profiles at different
Tw, number of charges on dust grains and dust grain densities, the formation of
virtual cathode near to wall/electrode has been observed, in a system consisting of
ions, electrons and negatively charged dust particles. It has been found that, for
na(4q) virtual cathode appears at Tw = 52500 °K, which is also called as threshold
wall temperature. Hence, the existence of virtual cathode in dusty plasma is
observed at very high Twwhich is very much higher than in the absence of charged
dust grains [14]. Only ¢4 and Zg is effectively considered here for complete
understanding by neglecting the shape and size of dust grain and found that the non-
linearity of nq (¢4) gives at higher Tw. This high Tw can be attributed to the
considered assumption of properties associated with charged dust grains. It is seen
that, for Zq = 1, the virtual cathode is observed at ngo = 10° cm=, whereas for Z4 =
1000, the same is observed at very small dust density conditions i.e., ngo = 102 cm
8. For weekly emission region and Zq= 1 at ng= 10° cm, virtual cathode has been
observed at Tw. Also at lower dust density, the observed potential difference is
very large because electrons emitted from emissive wall has already induced a low
potential (pvc < pw). On the other hand, as dust particles are introduced near to the
wall, the potential difference (pvc > @w) becomes positive. To reduce ¢y, or to make
more negative ¢vw, Tw iS increased so that large number of electrons can be
accumulated near the wall. As ng increases, the potential difference value (¢vc - gw)
decreases. The spike in Fig. 3.5(a), (b) and (c) is owing to formation of double
layer. Whereas for Z4=1000, the trend follows the same, i.e., double layer formation
at ng = 10! cm for higher emission but at ng=10? cm virtual cathode is observed.
Increasing dust density, the potential becomes lesser and more negative, and
behaves linearly at higher Ty.

This is the first time that appearance of double layer is observed in dusty

plasma in front of emissive wall. Double layer forming at lower dust density shows
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that space charge layer with high potential drop and is developed in presence of
charged dust particles and surface of dust particles acts as an equipotential surface.
Also, calculated values clearly shows that double layer does not occur for Zq=1 at
Ng; > 10° cm™ and for Z¢=1000 at ngsn > 10* cm. Addition of dust particles in
plasma sheath tends to delay the formation of virtual cathode and hence increasing
the value of Tw. Whereas for linear case, there is no double layer formation and
small increase of Tw as compared to absence of dust grains. This is the reason
where dust grains show collective behavior at low bulk density (no). If we increase
no, then Twn will also increase, as increase of density, the particle accumulation by
dust grains increases and delaying the formation of virtual cathode. It is also
confirmed that virtual cathode is formed between Twn = 2494 °K to 2685 °K in a
dusty plasma system. It is clear from the observation that Ty effectively depends on
wall material. For given dust density, there are different variations of potential
profile in a sheath near to the wall for different a, no, and Zg4, which has been
discussed in detail in this work. Properties associated with dusty plasma and its
non-linearity dependence of screening potential can be considered for future study
with different materials. Further, virtual cathode in magnetized plasma can be

examined with different emissions.
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CHAPTER 4

SCATTERING CROSS-SECTION OF CHARGED DUST
PARTICLES IN MAGNETIZED PLASMA

However, difficult life may seem there is always something you can do and
succeed at.

Dr. Stephen Hawking

4.1. INTRODUCTION

Studies of charged dust particles in plasma in recent decades are getting
importance due to their relevance to applications in semiconductor industry and
chip manufacturing, and other various space exploration applications. Until the
1980s, dust particles were considered an impurity in plasma etching and processing
of chip manufacturing processes. Ikezi (1986) first found out the growth of dust
inside the plasma system and proposed that micrometres size particles might show
the process of Coulomb crystallization [1]. After this discovery, there have been
several experiments regarding the study of charged dust particles in plasma and its
various structure formation in the laboratory plasma [2-8]. Parallel to the
experimental, insightful research towards the computational method such as
particle-in-cell (PIC) simulation, COMSOL, PlasmaPy and other open-source

packages, has made progress in understanding the fundamental behavior of
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charged dust particles along with the plasma species [9-13]. Nevertheless, the
theoretical understanding of dusty plasma is limited, and at the same time, the
numerical analysis of dust particle interactions in magnetized plasma systems have

not been explored much.

Throughout the decades, significant studies have involved in various
diagnostics of laboratory plasma systems. Most common method is employed by
inserting the probe into the plasma system and corresponding I-V curve obtained
from the probe is used for measurement of plasma parameters. These plasma
parameters describe the best possible way for the confinement of plasma. Charging
mechanism of probes is understood by OML theory, through which plasma
parameters are generally measured. Orbital motion limited (OML) theory describes
the probe theory where electrons and ions are collected by the probe and acquires
a floating potential in plasma systems. Similarly, the dust particles charging
mechanism can be understood by OML theory. Electron and ion currents can be
derived from the well-established OML theory, which is valid for current
investigation [14-19]. Primarily, it deals with the collisionless of electrons and ions
near the particle orbit, which is appropriate in dusty plasma cases where the mean
free path (Amfp) is much larger than the particle size [20]. The OML theory
postulates, for example, that dust particles only absorb plasma particles whose
impact parameters are equal to or smaller than those at which the dust particle is
touched tangentially. On the other hand, dust particles do not absorb plasma
particles whose impact parameters are larger than this critical value. This
assumption is used in this chapter and more brief explanation with theory is given
in [21]. However, Allen-Boyd-Reynolds (ABR) and Bernstein-Rabinowitz-
Laframboise (BRL) are the other probe theories that also describe the probe's
charging mechanism, where BRL theory greatly overestimates the plasma density,
while the ABR theory underestimates it [22]. Therefore, the OML theory is the best
describes the charging mechanism of probes. Magnetic field (B) has become an
essential part of the confinement of plasmas in tokamaks, stellarators, and so on

[23-24]. Therefore, theoretical, and experimental research in magnetized plasma
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and magnetized dusty plasma becomes important to investigate. Charged plasma
species (a = e, i) in external magnetic fields change their trajectories as they
circulate around the field lines. Hence, the introduction of B makes plasma
anisotropic and collisional. As B increases, the Larmor radius of charged species
reduces. Conventionally, plasma or dusty plasma becomes magnetized when the
ion Larmor radius becomes less than the characteristic length of the plasma system.
Due to these perturbations, the charging mechanism of dust particles is modified.
One cannot simply assume the spherical symmetry of potential around the particle
in anisotropic plasma. However, deviations from the spherical symmetry on the

particle charge have not been purely estimated [25].

In this chapter, the influence of B on the interaction of charged dust particles
and the scattering cross-section of the same is studied numerically and simulation
by using COMSOL Multiphysics Software. Charged dust particles interact through
the potential developed across dust particles from the balance of electron and ion
currents. Thus, dust-dust scatters through this developed potential and
measurement of this scattering cross-section are the main motive of this work. The
effect of B on the change in scattering cross-section is observed in few experimental
conditions [26-29]. Yukawa potential is considered and surface potential of charged
dust particles is derived by considering the effect of drift velocity in velocity
equation. The effect of B is evaluated through kinematics of plasma species
charging the dust particles. Theoretically, various efforts have been made [30-31]
to understand the nature of the current collection by dust particles or probes in
presence of B, but no such generalized solution has been developed since the
complexity level of solving equations becomes more rigorous and tedious.
Trajectories of both electrons and ions change in the presence of B as they circulate
around magnetic field lines and their corresponding velocity distribution becomes
anisotropic around the dust particles. This change in the path of electrons and ions
significantly affects dust-dust interaction by a change in accumulation of charge on
the surface of dust particles and hence, change in scattering cross-section. The

velocity of charged dust particles derived from Lorenz's law and collection currents
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derived from the Maxwellian distribution function have been considered. The
Plasma Module of COMSOL Multiphysics simulation software is used to simulate

charged dust particles in the presence of B.
4.2. BRIEF REVIEW OF PREVIOUS WORK

From prediction of dust crystals [1] to observation in laboratory
experiments to astrophysical phenomena, the basic concept underlying in dusts in
plasma has become utmost for many applications. The generation of dust crystals
was detected experimentally in a high-frequency discharge near the bottom
electrode at the boundary of the near-cathode region [32-34]. Fortov et al., observed
the dust crystal in strata of glow discharge plasma [35]. One of the biggest
advantages of these dust crystals is it can be observed through naked eye by
illuminating laser light on dust particle. GE Morfill did the first experimental
observation of dust crystals in a RF plasma with 7 um diameter of dust particles in
a weakly ionized argon plasma [36]. Fortov et al. also observed the dust crystals in
DC glow discharge plasma, atmospheric plasma, and nuclear induced dusty plasma
[2, 3, 37]. Fortov et al., Lipaev et al., and Nefedov et al. produced the dust particles
structures in dc glow discharge plasma [35, 38, 39]. Vasilyak et al., presented dust
structures in long conical tubes forming different layers with varying mass, size and
charge. These structures are depended on pressure and current of the conical
discharge tube [40].

After the prediction and observation of dust crystals in both RF and DC
plasma, it became a hot topic in recent decades for investigation. Dust does acts as
a contamination in all the earth-based experiments only because of its scale length
compared to the plasma species (ions & electrons). In some practical applications
of plasma, dust cloud formation is inevitable and undesirable, such as plasma
etching and coating of thin films. Due to its scale length, charged dust particles
becomes important to study in terms of its complexity and instabilities in plasma.
However, most of the times dusty plasma was considered for the study of

cosmological events, planetary and cometary atmospheres, planet formation,
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interstellar medium etc., [41-43]. Juan et al. showed how dust clusters structures
are formed with the increase of number of dust particles in gradual manner. The
phase transition of dust particles in plasma is also an interesting part where RF or
DC power manipulates the dust crystal formation and melting [44]. Thomas and
Morfill; Morfill et al., observed that with increasing RF power, number density of
plasma species increases and hence decrease in Debye length. Therefore, distance
between dust particle decreases and dust cloud starts shrinking. Authors showed
that with change in pressure inside the chamber, the dust structures could be
manipulated accordingly [45-46].

Researchers got more intrigued on how charged dust particles act in an
external force or in a force field. Such forces can be used for ordering, spatial
movements and change in dynamics of plasma experiments. One of the primary
and external force is magnetic field used for the confinement of plasma in a
Tokamak, Stellarators and fusion devices. Presence of external magnetic field (B)
(most of them are B = 400 G) has larger influence on charged dust particles such
as rotation of dust particles and change in the structure of dust clouds with varying
B [47-54]. Sato et al., performed the dusty plasma experimentat B =4 T in a RF
plasma and stated the difficulties of studies dust clouds in DC discharge plasma
[27]. Vasil’ev et al., performed the experiment in stratified DC glow discharge
plasma with axial B = 2500 G to study the effect of B on dust structures such as
oscillations of dust particles, angular velocity, dust structures etc., [55]. Further,
dust particles can be created during magnetron sputtering process of various
materials such as titanium, copper, graphite, silicon etc. [56-60].

Over the past few years, there is large number of interests in experimental
studies of magnetized dusty plasma with and without external magnetic field [61-
68]. Yet, there has been less significant work in theoretical description of dusty
plasma and understanding the physics behind the dust clouds. It has been

determined through experimentation that the presence of a regular crystalline
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structure is a fact, and it is feasible to center one's attention on an interpretation of

the results of this investigation.
4.3. MATHEMATICAL MODELLING

In the present work, weakly ionized plasma in uniform and externally
applied static magnetic fields is considered. Spherical dust particles having radius
rq are introduced into the plasma system. Particle surfaces acquire charges (-g, +0q)
and rest in a floating potential (pfp). ¢ can be found out from the balance of electron
and ion currents to the particle derived from the OML theory by assuming
collisionless (as discussed in previous section, where mean free path is larger than
compared to system length) and isotropic plasma. The current density of the plasma
species (a = e, i) absorbed by the particle surface is given by the integral equation
[27] as

Ja=4q f v 0,(q, v)f(va)dv (4.1)

where f(v,) can be found out from the Maxwellian velocity distribution function

given as

flv,) = vy’ ex (—v§> (4.2)
“ (Jme)’ ’\o? '

6 is the velocity vector of electrons and ions under the influence of Lorentz force

and is expressed as a function of time

F xB qEt
+
B? mg

H(t) = ‘QC(X X Teq + + V) (O) (43)

where, Q..=|q|B/m,and r., = myV./|q|B is the gyrofrequency and gyro radius of

plasma species along the magnetic field. vi(0) is the thermal velocities of electrons

and ions given by v,, = \/3T,/m, at time t = 0s. T,and m, are the temperature

and mass of the plasma species respectively. Two components of electric field E||
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and E has been considered for diffusion of electrons and ions through parallel and
perpendicular to B as shown in Eqn. (4.3). The effect of B on electrons is quicker
than ions since ions are heavier than electrons. The charging of dust particles at
lower B is relatively small, because the gyro-radius of electrons is larger than the
size of the dust particles. Electron current to the dust particle is reduced and ion
current does not change substantially. As B increases, electron gyro-radius (rce)
reduces and at a certain B, it becomes equal to the size of the dust particles and
increasing the intensity of electrons to the surface of charged dust particles. From
Eqgn. (4.3), it can be shown that at B = 0, the particle's velocity equation shows
thermal velocity. To evaluate Egn. (4.1), it is important to calculate the value of o,
foremost. o, is the absorption cross section and can be derived from the
conservation of energy and momentum of plasma species absorbing on the dust

particles.

Zq‘/’fp>

aa=7trdz<1+m 02
ava

(4.4)

Integral of Egn. (4.1) can now be resolved from Eqgn. (4.2), (4.3) and (4.4) and we

can write currents to the particle surface for electrons and ions as,

I, = _4\/Eqrd2neogeexp(qgafp/’re) (4.5)
I; = Wrqra®ni0;(1 — qop,/T;) (4.6)

Neo and nio are the electron and ion equilibrium plasma densities. From the balance

of electron and ion currents, ¢f, can be expressed as

6(C—1
Prp = (Zq ) (4.7)

where ¢ = TeTi/ (Ti+Te) and ¢ = /6. are given respectively.

The classical treatment of potential has generally been expressed as
proportional to 1/r2. The problem for estimating potential around the dust particles
in various conditions considering their dependence of 1/r%, has been studied
extensively by the physicists over the years and is available in the literature [69].

One of the widely and vividly accepted potential around the dust particle is the
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Yukawa potential (¢(r)). However, the mathematical expression for the potential
varies from one plasma system to another [70-76]. Poisson’s equations can be
solved through numerical analysis carried out with proper boundary conditions. It
was observed that Yukawa potential around the dust particle could deviate or have
asymptotic behaviour. However, the scattering phenomena of dust particles is not
affected by any small deviations of potential around the dust particles [77].
Yukawa's potential for the charged dust particles is given as

o(r) =14 @ exp (_TT) (4.8)

where A~1, = \/ (A3,23,/22, + 22) and A4 ; = /(EoTe,i /q?n,) is the effective

screening length, ¢4 <O for attraction and ¢q> 0 repulsion. Age,i is the Debye radius

of electron and ions, Te,iq is the temperature of electron, ion and dust particle,
respectively and no is the undisturbed plasma density. Any types of collision
between plasma electrons and ions have been neglected. The collisions between
charged dust particles as two elastic bodies are considered as a binary collision,
which works well in weakly ionized plasma. For binary interactions of the charged
dust particles, impact parameter (b) and scattering angle (), are interdependent to

each other which can be calculated as [78]

x(p) =m—2b Jr : (%) (4.9)

where, w(r) is effective potential energy expressed as

1
ep(r) b?)?

£ r2

W(r) = [1 - (4.10)

I'm is distance of closest approach, which indicates that after this point however may
be the attraction between particles, there is not much further penetration in the
central field force of particles as r — 0, w becomes infinite, and if r >> rp, the

particle goes to infinity, and is evaluated by putting y(r) = 0;
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-1

2<p(rm)lT

(4.11)

rmzbll— —

Substituting the potential from Eqn. (4.8) in Eqgn. (4.11), rm is numerically solved
and expressed as

<b2b§/12 bbb, 3)
- (24 2)
4 3" 3

1
2

1
e
— Zbb,A . (4.12)
2 1 3
b2b2A2 (b  bby\*\* 1
< ) _<§+T) ~2bbol

where, bo =2¢rpra/mava®A, mq is the mass of the dust particle and velocity of dust
particles va~ V(Ta/md), Tq is temperature of dust particle is assumed to be the same
as ion temperature Ti. So, scattering cross-section is expressed in terms of y and b

as
o= 27Tf00(1 — cos()())bdb (4.13)
0

Analysis of the above equation is extensively complicated and can be solved
numerically, which is rigorous and time consuming. As can be seen from the Eqn.
(4.12), which is derived for the current mathematical modelling, where distance of
closest approach (rm) is the limit of integration of Eqn. (4.9). In addition, impact
parameter and scattering angle are strongly correlated to each other, which becomes
lengthy and time-consuming problem to numerically solve. Therefore, introduction
of the scattering parameter (5) i.e., ratio of coulomb radius to screening length of
dust particles, which describes the strength of interaction between dust particles
[78-81]. From Eqgn. (4.8), a dimensionless parameter can be derived as g =
pm/mv2A. This can be seen from the effective potential energy Eqn. (4.10), such as
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if we normalize b and r with screening length (1), then w(r) only depends on
parameter $. Similarly, dependence of g for scattering angle (y) in (4.9) can be seen.
From Eqgn. (4.13), normalized o/4 is also dependent on S. From Eqn. (4.10) and
(4.8),

N| =

efraexp (—Tr)
Ar

Y(r) = [1- (4.14)

For a typical gas discharge plasma, such as Te/Ti = 10~100, ra/A ~ 10~10?, the
value of # ~ 0.3-30. For the dust-dust particle interaction, g is derived depending
on the size of the dust particle and floating potential, and  is rewritten as

_ PrpqTa

P =T

(4.15)

For the value of g << 1, standard Coulomb scattering justifies and fails for g >> 1.
Because the interaction of dust particle potential can be well present for 5>41, so the
maximum impact parameter is revised to the distance of the closest approach. From
the well-established, classical Coulomb scattering theory, scattering cross-section
of the dust particles for maximum impact parameter (rm (bmax) = 1) can be written

in terms of the scattering parameter S as [81]

1
Osc = 4mA3[%In (1 + E) (4.16)
This procedure is not rigorous and monotonous, but it agrees with the present work
and will be helpful for the computational studies. The problem of interaction of dust
particles and estimating the scattering cross-section from the velocity profile of the
dust particles is modelled in the COMSOL environment. The more detailed

simulation setup is discussed in the next section.
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4.4. SIMULATION SETUP

COMSOL multi-physics is a simulation software allowing an environment
for modelling physics and engineering problems. Plasma module is one of the
application modules, which models only low temperature discharge plasmas. It is a
system, which involves fluid mechanics, statistical mechanics & thermodynamics,
electromagnetics, heat and mass transfer. Plasma module provides almost all kinds
of discharges such as inductively coupled plasmas (ICP), direct current discharges,
capacitively coupled plasmas (CCP), microwave plasmas and corona discharges.
Plasma module is the built-in interface for modeling low temperature plasma with
the help of static or varying electric field. These interfaces define their own sets of
domain equations, initial conditions, boundary conditions, predefined meshes, and
predefined studies with solver settings for steady and transient analyses. In addition,
plasma module gives the derived values and predefined plots. Poisson's equation
can be used to solve transport equations for all types of species, including electrons,
ions, and neutrals, in a self-consistent manner. Collisional properties of electrons
with background gas can be calculated by mean energy equation gained by electric
field.

For non-equilibrium discharges, the mean free path must be smaller than
the usual reactor size. Low temperature (< 50eV) and weakly ionized, i.e., ion mass
fraction must be less than around 1%. In this case, non-collision plasma requires a
particle in cell (PIC) code. Methodologies involved in simulating plasma are fluid,
kinetic and hybrid (fluid and kinetic) models. The fluid model is used by solving
transport equations and assuming an electron energy distribution function (EEDF).
The kinetic model is a particle-based model, taking the distribution of velocities of
the particles. In comparison, a hybrid model is used involving a mixed fluid/kinetic
model approach with particle and mesh based PDEs. The fluid approach treats all
species as continuous media that can be characterized by macroscopic quantities
such as the temperature. After that, the transport equations are solved for each

species. Kinetic modelling can give accurate results, but its computer intensive
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means a lot of computational time is required and would be considered in future.
The hybrid model limits the computational requirement. For fluid approach in
plasma simulating, at least we need 4 PDEs and transport equations to be used for
electron density transport, electron energy density transport, Poisson's equations for

electrostatics, and which is given as

aﬁ - - - - —> o
Plag + (v. V)vl =qn(E+ 7V xB)—-Vp (4.17)
dp R
—+V.(pv) =0 (4.18)
at

= _q
V.E = g_ (Tli —Ng — Zdnd) (419)

0

where p is the mass density of the plasma species (electrons & ions), hied is the
number density of the ions, electrons and dust particles and p is the pressure of the
plasma gas. In addition to the plasma module, if any other physics phenomena want
to understand, AC/DC module, RF module and Particle tracing module is also
incorporated. Being a true finite element code, one can introduce quadratic, cubic,
and greater basis functions. COMSOL is less computationally intensive and
relatively easy to use. In the present COMSOL simulation program, simple
laboratory scale DC discharge plasma is considered in the presence of magnetic
fields and as shown in Fig. 4.1(a). Plasma is created between the two electrodes;
the upper electrode acts as anode and the lower electrode as cathode. Effect of
collision frequency has also been considered for the whole set of computation.
Magnetic field is applied in the negative z-axis parallel to the electric field.
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Fig. 4.1 A typical laboratory scale setup at B=0 T and E = 20 V in DC discharge
conditions with different time. (a) Simulation setup (b) t=0.5sand (c)t=2s.
Electrode is kept in the XY plane and vertical direction of the chamber is the Z-

axis.

A plane is defined parallel to the XY plane at different time intervals to calculate
the diameter of the scattering cross-section of charged dust grains. XY plane is also
the plane of electrodes kept and vertical chamber is the Z-axis. Magnetic field
variations are kept between 0.25 T to 6 T to study the effect of weak to strong

magnetization on charged species. Electrodes are kept at 20 cm apart and dust
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particles of size 5 um are placed on the bottom electrode. The experimental plasma
parameters considered for the simulation processes are as: ni=ne~ 102 m=3, Te=1
eV, Ti= 0.1 eV = Tq. The dust dispenser is placed 5 cm above the bottom electrode.
The charge gained by the dust particles in the presence of plasma is considered as
10% Q. The effective mass of dust is considered as 1.2x107" kg. All the simulation
is continued for a time frame between 0.5 s to 2 s. Both inner and outer points of
charged dust grains coagulation are considered. For all simulations, XY is
considered as the plane of electrodes. Colour bar on the right-hand side shows the
velocity profile of the charged dust grains. This velocity profile is used in
calculating scattering cross-section of same. The velocity component, which is not
parallel to the magnetic field, will gyrate along the field lines with more

confinement toward the centre.
45. RESULTS AND DISCUSSION

Current work will help the theoretical understanding of charged dust
particles in the presence of an external magnetic field. With initiation of plasma
inside the DC plasma system, the dust particles levitate from the bottom electrode
by acquiring charges and attain floating potential, which is given by balancing the
force due to gravity (Fg) and applied electric field (Fe), such as Fg = Fe. Fig. 4.1
shows the charge dust particles distribution levitated at B = 0 T and at an applied
electric field E = 20 V. Fig. 4.1(b) shows the charged dust particle distribution for
t = 0.5 s simulation time. If simulation time is increased to 2 s, Fig. 4.1(c) shows
the tendency of particles moving towards the upper electrode (anode). Velocity
profile of electron or negative dust particles seem to have a symmetry profile as can
be seen from Fig. 4.1(c). Electric field force at which dust particles levitate is
considered as a critical electric field and has been maintained the same throughout
the experiment, with varying B. Critical electric field Ec = 6 V, at which charged
dust particles levitate above the bottom electrode is established as shown in Fig. 4.2
with dust particles dispersed comprehensively. From the velocity distribution of

charged dust particles, at B = 0 T, the energy of dust particles is low. Hence, there
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is weak interaction between the charged dust particles. Keeping E¢ constant, dust
particle collisions are studied under the influence of increasing B. With increase in
B, dust particles agglomerate towards the center and start moving to the upper
electrode as shown in Fig. 4.3. Magnetization of electrons and ions in this
experiment begins when the value of B changes from 0.25 T to 1 T, and in this case
one can calculate from re, = rq. Higher B results in dust particles agglomerating
towards the center. In both the cases, Fig. 4.3(a) and 4.3(b), simulation-running

time is kept at 0.5s.

Fig. 4.2 Simulation results for the movement of charged dust particles at Ec= 6 V
andB=0Tfort=05s

Rotation of dust particles is observed in Fig. 4.3(a). At higher magnetic fields,
electrons are magnetized and gyrate along the magnetic field, hence concentrating
the electrons towards the center of the plasma system. Electro-negative dust
particles also tend to become tightly bound as in Fig. 4.3(b) forming a multi-layer
structure instead of a single layer structure as in Fig. 4.3(a). In Fig. 4.4(a),
simulation-running time is kept at 0.5 s and dust particles are observed inside the

system in well-defined stacks.
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4.3 (a) 4.3 (b)

Fig. 4.3 Spreading of charged dust particles between the electrodes at (a) B = 0.25
T and (b) B =1T, for the simulation time 0.5 s. Positional change of a particle

with time is shown vertically.

Fig. 4.3(b) and 4.4(a) clearly show that with the increasing magnetic fields,
magnetization of charged particles makes them act in a more collective approach
and overall confinement becomes more effective within the electrodes. Highly
energetic electrons do not reach the surface of the dust particles, and as a result,
depletion of electrons in dust cloud sheath tends to attract surrounding dust particles
to maintain the equilibrium. In these two cases, unlike at B = 0.25 T, charged dust
particles span throughout the length of electrodes but with more confinement.
However, at B = 0.25 T, particles are shifting toward the upper electrode and
making it almost circular in shape. At higher B value, charged dusts remain
throughout the length of electrodes and are observed as cylindrical in shape with
the creation of few concentric circles. Positioning of dust charged particles in this
case resembles them almost like an amorphous crystal. However, complete physical
understanding of the same requires more investigation in future works. When B is
increased further as shown in Fig. 4.4 (b) and 4.4 (c), the dust particles try to form
a parabolic shape and the particles rotate about their axis but are not able to scatter

further. Very few dust particles with less energetic electrons remain in the lower
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part of the electrodes and enhance the confinement significantly. The scattering
cross-section of charged dust grains both in absence and presence of magnetic fields
have been estimated with relative error as shown in Fig. 4.5 and measured relative
to the change in position of dust particles. From the Fig. 4.3 and 4.4, it is observed

that charged dust forms a circular pattern.

4.4 () 4.4 (b)

4.4 (c)

Fig. 4.4 Behavioral changes of charged dust grains between the electrode at (a) B
=2T,t=05s,(b)B=4T,t=1minand (c) B=6 T, t =1 min. Positional change

of a particle with time is shown vertically.
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For the calculation of scattering cross-section, inner point and outer point
of the dust cloud structure has been taken. Comparatively, the inner point has a
smaller scattering cross-section to the outer point as seen from Fig. 4.5. It is
observed that the scattering cross-section is decreasing with an increasing magnetic
field. There is an exponential decrease in the value of scattering cross-section, for
the value of B from 0 to 2 T. This can be associated with the magnetization of
electrons, and confinement of charge dust particles. On further increase of B from
2 T to 6 T, there is not much change in the value of scattering cross-section. The
charge dust particles tend to form a single layer structure from multi-layer structure
as seen in Fig. 4.4(b) and 4.4(c).
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Fig. 4.5 Scattering cross-section of dust particles at inner and outer point of the
dust particle distribution from COMSOL.

Considering the same computational analysis plasma parameter, numerical
equations have been solved in terms of B. Egn. (4.16) shows the dependence of
scattering cross-section on the scattering parameter 5. Whereas, £ is calculated from
the Egn. (4.15), which is directly proportional to ¢sp. All the other parameters in the
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Eqn. (4.15) are kept constant (rq =5 mm, Tq¢ = T; = 0.1 eV) and ¢, can be evaluated
from the Eqn. (4.7) with varying B. ¢xp is derived from the collection of electrons
and ions in the presence of magnetic field from the Eqn. (4.5) and (4.6). Under the
influence of the magnetic fields, the velocity vector of electrons and ions has
components perpendicular and parallel to the magnetic field. Considering these two
components in the velocity vector, Eqn. (4.3) is derived from Lorenz’s law and the
collection current is estimated. Fig. 4.6, corresponds to the floating potential of
charged dust particles with increasing B and { = 6/6. i.e., ratio of cyclotron

velocities. Cyclotron frequency (2..) is normalized to plasma frequency (w,, =

Ve q%2/my ). Itis observed that, floating potential exponentially decreases with

increasing B. Similarly,  decreases with increase in B.

¢= 0i/0e 0.05 o 10 ‘*’e/‘*’

Fig. 4.6 Floating potential of dust particles with increasing B for Te= 1 eV and T;
=0.1eV.
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At lower B, the electron does not reach to the dust particle surface since the gyro
radius of the electron is much larger than the collection radius of dust particle i.e.,
I« > rd, hence lower accumulation of charge by dust particles. As r., = rq satisfies,
only higher energy electrons tend to reach the dust particle surface. Lower electron
energy reflects from the charged dust particle surface and consequently not much
further increase in ¢f,. From the Eqn. (4.6), the graph obtained for scattering cross-
section with B is given in Fig. 4.7. Scattering cross-section decreases with increase
in B as shown computationally in Fig. 4.5 and numerically in Fig. 4.7. Depletion of
charge collection by the dust particles surface weakens the interaction potential and
thus enables the interaction of dust particles with the nearest dust particle.
Therefore, the Yukawa potential considered between charged dust particles is a
good approximation. Interaction is characterized mainly by the collection of
electrons and ions on dust particles. ¢ is implicitly expressed in terms of B

incorporated in the velocity distribution of electrons and ions.
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Fig. 4.7 Scattering cross-section of dust particles in terms of S w.r.t B.
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4.6. CONCLUSION

Interaction of charged dust-dust particles in the presence of externally
applied magnetic fields has been studied numerically and computationally. Parallel
and perpendicular velocity vector components of electrons and ions have been
included in the velocity distribution function. Floating potential (¢s) of charged
dust particles and total velocity vector for electrons and ions is derived in the
presence of a magnetic field. The complexity of the integration involving distance
of the closest approach (rm) as one of the limits in solving the scattering angle is
tedious and requires more than one solution numerically. Contrary, rm implicitly
depends on B and too many variables to resolve the equation. So, the scattering
parameter () becomes useful in solving the scattering cross-section, as it is
proportional to ¢n. With the help of g, the scattering cross-section given in Eqn.
(4.16), is derived in approximation of rm (bmax) = 4. Fig. 4.7, shows the scattering
cross-section decreasing with increase in magnetic field. At lower B, the gyro
radius of plasma species is greater than the size of the dust particles (r..> rq), thus
reducing currents of electrons and ions to the dust particle surface. This leads to
depletion of charge accumulation by the dust particle and increasing the tendency
to gain electrons from nearby charged dust particles. Therefore, reducing the
scattering cross-section of charged dust particles. At relatively higher B, electrons
are magnetized and become r..~ rq. Therefore, only fast electrons or electrons with
a significant amount of energy can reach the surface of the charged dust particle.
Lower energy electrons are reflected from the charged dust particle. Similar results
obtained for DC plasma system in COMSOL Multi-physics simulation software.
Both Fig. 4.5 and 4.7 shows the same results of scattering cross-section. As seen
from the curve in Fig. 4.5, scattering cross-section decreases with increasing B.
Also observed from Fig. 4.3(b) and 4.3(a), at relatively higher B, i.e., near 2 T,
multi-layer dust cloud structure is formed. Whereas at B = 6 T, the charge dust
particles move towards the upper electrode and form a parabolic shape crystal with
high rotational velocities observed in Fig. 4.4(c). Numerical and computational

results of the charged dust particle in presence of B, has shown that scattering cross-
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section of charged dust particle decreases with increasing in B. Charged dust clouds

forms a crystal-like structure at higher B. However, there is a still research gap in

terms of the equation derived for the interaction potential of charged dust particles.
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CHAPTER 5

DUST ACOUSTIC INSTABILITY: A QUANTITATIVE
ANALYSIS IN PRESENCE OF MAGNETIC FIELD

Insanity is doing the same thing over and over, expecting different results.
Anonymous
5.1. INTRODUCTION

Waves and oscillations are one of the powerful information tools about any
dynamical system. Dusty plasma is one such kind of dynamical systems where
oscillations of charged particles (electrons and ions) develops the propagation of
waves at a low frequency range. Further, charged dust particles too participate in
the development of waves due to large dust inertia compared to other charged
species in the dusty plasma system. When Ikezi predicted the Coulomb
crystallization of dust particles in plasma, the immediate response physicist Rao et
al. was to observe the charged dust particle oscillations and theoretical
understanding of dust acoustic wave (DAW) phenomena. After a while, the
laboratory setup of dusty plasma and experiments initiated to develop for only
observation of dust particles phenomena in plasma. For three decades, there has
been extensive research on DAW for various dusty plasma systems, see review
paper Ref [1] both theoretical and experimental. DAW in presence of magnetic

field in dusty plasma is also observed; see Ref [2].

In the environment of charged plasma species (electrons & ions) and
charged dust particles, the dusty plasma system becomes strongly coupled, such
that the electrostatic interaction between neighboring dust particles is larger than
the thermal/kinetic energy of the charged dust particles [1]. This can be defined by
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a parameter called Coulomb coupling parameter (/) which is the ratio of
electrostatic energy between dust to the kinetic energy of dust given as I' =
Z3e?/aT,. Zq4 is the number of charges accumulated or collected by the dust
particles, which is generally given by OML theory. Here ‘@’ is the Wigner-Seitz
radius for a three-dimensional system is given as a® = 3/4 mn,4, where nq is the
number of dust density and Tq is the dust temperature. For the effective screened
potential or Yukawa potential, coupling parameter can be written as I'; = 'e™",
where « is the screening parameter given as a/Aq. For I3 << 1, the dusty plasma
system is in strongly coupled liquid phase but less than the requirement of
crystallization (~170) [3].

Number of plasma systems shows the existence of dusty plasma in strongly
coupled liquid state [4-6]. Most of the studies or experiments have been carried out
in crystalline state [7, 8] and in recent times, the liquid phase has been getting more
attention [9-11]. In colloidal systems, large friction is due to liquids exerting on the
charged particles whereas in dusty plasmas friction is due to the gaseous
background on charge particle dynamics and simultaneously on wave dynamics.
Effects of the strong coupling on dust acoustic wave (DAW) dispersion relation has
been observed in number of theoretical studies [5, 12], such as decreasing of phase
speed and frequency, compared to the weakly coupled dusty plasma [13-16].
Instabilities of DAW too affected by strong coupling dusty plasma system [17-19].
Monte Carlo simulations [20-23] and Molecular dynamics [24-26] are the effective
simulation tool to understand the dynamics of charged dust particles such as
crystallization, phase structures, collective modes, correlation functions etc., in
dusty plasma. There are two ways to analyze the DAW instability or excitation, i.e.,
fluid theory [27-29] and kinetic theory [30-32]. Further, it is established that dust
acoustic instability (DAI) is due to the streaming of ions with drift velocity greater
than the phase speed of the wave. Besides, phase velocity is less than the ion

thermal speed i.e., flow of subthermal ions [30, 33-35].
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The present work has been inspired from Rosenberg et al. (2014) where
authors have analyzed the growth rate of DAI through strong coupling of dust
particles [36]. They have used a different method termed as quasi-localized charge
approximation (QLCA), which was generally first used by Rosenberg and Kalman
(1997) [13]. Basics of QLCA is to describe the strongly correlated particles or
strongly interacting system strapped in a fluctuating potential for a time. A brief
review of QLCA for various plasma systems is given in Golden and Kalman (2000)
[15]. In this work, QLCA method will be used to study the growth rate of DAI in
magnetized strongly coupled dusty plasma with various magnetic fields and
coupling parameter. Lastly, an overview of the studies of DAI with various method

and need of quantitative analysis of DAW is presented.
5.2. ANALYSIS

Dust particles of negatively charged interacting via Yukawa potential is assumed
and the background plasma provides screening. The equilibrium charge neutrality

condition is given as
Ny =N +Zgng (5.1)
where nj is the density of plasma species and dust (j = e, i, d). Electrons and ions

are considered as Boltzmann distribution. The dispersion relation of longitudinal
modes for strongly coupled dusty plasma is given as [13, 14, 38]

2
Qio

. ~0
a)(a) + lvth,d) — D, (k)

e(k,w) =1+ Z)(j - (5.2)
J

where y; is the susceptibility of the charged species in plasma. The second term
represents the strong coupling of dust particles. Q.o is the longitudinal DAW
frequency in weakly coupled phase given as Qg = kApwye/ (1 + k223)%/?,

where wpq is the dust plasma frequency = (4mZ2n,/my)/?, mq is the mass of the

dust. D (k) is the dynamical matrix for the longitudinal modes given as [14, 16]
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D0 = 2% | 1o (e = 1)g(r) (53)

where ¢ (r) = (Z32e?/r)e~"/*p is the Yukawa potential and g(r) is the equilibrium
correlation function. A detailed explicit expression is given in Ref [14, 16]. Kalman
and Golden (1990) first proposed the QLCA method for the analysis of dispersion
relation in strongly coupled plasma and full detailed explicit expression can be

obtained from the paper [37]. Susceptibilities of charged species is given as

. .
= 1+ Z Z I, 5.4
Xe kz/’{%e \/Ekzvth'e L ((E) pe- ( )
- 14— i 2(Z)T _ (5.5)

A k223, V2k, v, —~ l pl_ .
L PR i Z(C)T (5.6)

Xa = kz/%d \/Ekzvth,d - 4 .

Z(4) is the plasma dispersion function [39] is a complex valued function Z having
complex variable ({ = x + iy) which describes the propagation of waves in plasma
having Maxwellian velocity distribution. In the presence of magnetic field, drift

velocity is parallel to the magnetic field, proposed ¢; is given as

_ @+ kVye —ppe +iv,

— (5.7)
‘ \/Ekzvth,e
w — kVy; + pp; + ivy;
= 01 ppl i (5.8)
\/Ekzvth,i
W — ppgq t+ vy
(g = (5.9
¢ ‘/Ekzvth,d
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Vyj is the streaming velocity of charged plasma species (e, i, d) and v; is the collision

frequency of the plasma species. vy, ; is the thermal velocity /T;/m;, where Tj is
the temperature and mass (m;). k; (k,) is the wave vector component along
(perpendicular) the external magnetic field B = B2.T,; = I,(a;)e™*/, where lp is
the modified Bessel function of order p and a; = kiv, ;/p7, pj is the
gyrofrequencies of plasma species gB/m;. Therefore, the dispersion function for

Im{ >0,
i¢
Z(Q) =2i exp(—(z)f exp(—t?) dt (5.10)

The variable ¢ is said to be the ratio of phase velocity of wave to the thermal

velocity. Above expressions can be simplified for small and large ¢ as,

20> 4¢* 8¢°
forsmall{ Z(Q) ~ ivmexp(—{?) — 2([1— ¢ 155 —135+---l (5.11)
forlarge{ Z({) =~ ivmoexp(—{?) — = [1 4{4 8(6 ](512)
( 1
0 y>m
where o0 =11 |y|<% forx >0
5 1
VST

Condition for kinetic limit is {; « 1, implying that wavelength of DAW is very
much less than collisional mean free path of electrons and ions. DAI is driven by
ion instability i.e., Vo;/veni > Voe/Vine. Dust thermal effects has been neglected
for I>>1. The analytical solutions of above equations need to be solved and

observe the growth rate of DA waves in magnetized strongly coupled dusty plasma.
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5.3. SUMMARY & REVIEWS OF WORK.

In Jiang et al. (2007), the proposed dispersion relation doesn’t satisfy for
long wavelength i.e., small k which is the essential to find the acoustic waves [40].
Further, authors have not employed the kinetic theory of QLCA. Golden et al.
(1993) has calculated the dielectric tensor of the collective modes of the plasma by
the method of QLCA where magnetic field is applied perpendicular to the 2D layer
of dust particles [41]. Dispersion relation obtained is almost similar to Rosenberg
et al. (2014) for larger wavelength (k << 1). Bonitz et al. (2010) theoretically
modeled the dispersion function for 2D systems in the presence of magnetic field
perpendicular to the plane and strong correlations of dusty plasma [42]. Hou et al.
(2009) tried to explain the different methodologies for wave spectra of 2D Yukawa
systems such as random phase approximation, QLCA and harmonic approximation
in presence of external perpendicular magnetic field [43]. Kahler et al. (2013)
explicitly explained and presented the wave spectrum equations of QLCA in
magnetized dusty plasma system [44]. The importance of high frequency modes in
strongly coupled magnetized one component plasma (OCP) is shown by Ott et al.
(2011) [45]. Not much development or investigation hasn’t initiated in the studies
of kinetic theory of strongly coupled magnetized dusty plasma. Although the
above-mentioned major development can be continued and comparisons studies of
fluid and kinetic theory can be formulated. Further, most of the work has been the
use of redundant equations which need to be addressed for the development of

plasma wave theory.

Susceptibility Egn. (5.4) — (5.6) is the modified equation of Ossakow et al.
(1975) [46] and Bharuthram & Pather (1997) [38], which includes the strong
coupling of dust particle in magnetized plasma. Kinetic theory of DAI requires a
lot of complex and rigorous analytical approach. Variables such as dynamical
matrix (Dr(k)) needs to analyze explicitly for longer wavelengths for dust acoustic
modes. Modified Bessel function of order p=1 where dust particles get magnetized

at very high magnetic field is required to solve the equations. For most of the kinetic
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QLCA theory establishment, Maxwellian velocity distribution is considered

whereas for DAI can be investigated for Kappa velocity distribution. Since most of

the plasma is in natural space environment such as astrophysical plasmas, planetary

magnetospheres, solar wind, in which non-Maxwellian high energetic particle is

observed. More studies is required to validate this concept both numerically and

experimentally and that would be considered as future course of studies.
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CHAPTER 6

SUMMARY AND FUTURE SCOPE OF WORKS

What feels like the end is often the beginning.
Anonymous

One of the primary goals of this thesis is to understand the nonlinear
behavior of dust particles in plasma in presence and absence of magnetic field.
Theoretical understanding of the dust particles characteristics in plasma, especially
in magnetized plasma has been limited by complex equations, which requires
rigorous and detailed analysis. For this reason, dusty plasmas are also called as
Complex plasmas. A significant amount of study is being done experimentally in
magnetized plasma with dust particles, to observe various phenomena such as low
frequency waves, dust particle phase transition of solid/liquid, electron depletion
instability, dust crystals/voids, etc. However, a limited amount of theoretical work
has been proposed. In this thesis, some of the problems associated with dust
particles has been explored theoretically and verified with experimental
observations with certain limitations. Nature of these works gives insight into the
theoretical aspect of the basic behavior of dust particles in plasma or magnetized
plasma, which lays the foundation work for better analyzing equations and provide

a generalized theory.
Outcome of Objective 1

Plasma potential, floating potential, electron temperature, and plasma
density are the parameters measured from characterization of plasma. This provides
the sufficient information about the plasma in a particular confined space of

experimental setup. The measurement can be made in axial and radial direction of
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device. The probe is inserted into the plasma chamber and current is collected from
plasma with varying voltage. From I-V curve, plasma parameters can be measured
through OML theory. Three different probe technique have been used Langmuir
probe, Emissive probe, and double Langmuir probe, which are designed, fabricated
and installed on the DPEXx-II device. For all three cases, measurement was taken at
three discharge voltage and pressure. Langmuir probe is a simple metallic metal of
10 mm length and 1 mm diameter, screened axially along the chamber above the
cathode. For a 40 cm length of cathode, I-V curve is plotted for each point varied 1
cm apart. Langmuir probe gives the measure of all plasma parameters with the help

of MATLAB programming.

Discharge voltage is varied from 275 V to 375 V, while working pressure
is varied from 0.1 mbar to 0.14 mbar. Keeping pressure as a constant at 0.12 mbar
and varying discharge voltage, the change in plasma parameters can be observed.
Te decreases as voltage increases due to frequent collisions of electrons with plasma
species. Instead of acquiring energy from the electric field, the energy is transferred
to plasma species. From the OML theory, it is observed that Te is inversely
proportional to ne, hence ne increases with discharge voltage. As frequent collisions
increase the rate of ionization in plasma. Floating potential and plasma potential
increases with increase in discharge voltage. This can be attributed to the presence
of energetic electrons reaching the probe. Most of the plasma parameters can be
approximated by the Langmuir probe. However, for accurate measurement of
plasma and floating potential, Emissive probe is used where electrons are emitted
from the probe and plasma currents are collected in relation with the rate of
emission. It is a thin wire (0.125 mm diameter) coiled at the edge of ceramic tube
in a semicircle form and current is passed through the wire for emission of
electrons. Generally, there are three ways of measuring the plasma potential from
emissive probe, i.e., floating point method, separation point method and inflation
point method. Separation point method and inflation method might overestimate or
underestimate from actual potential measurements due to the methods they are

used. Floating-point method gives a straightforward measurement where the
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measurements of potential are saturated with further emission of electrons from the
probe. However, many researchers have argued the formation of virtual cathode at
higher emission might hinder the accurate measurement of potential. Further, it was
realized that the margin of error (Te/e) might be very less compared to how
accurately the potential is determined. With the formula from OML theory, through
measured plasma potential other parameters too can be determined. There is a more
robust and elegant way of measuring the electron temperature rather than finding
from the formula, i.e., double Langmuir probe. It is a probe of two-tungsten wire
of same diameter and separated by a distance greater than the Debye length of the
plasma. Because, while measuring the currents from plasma Debye sphere formed
around probe should not overlap with the adjacent probe. Double Langmuir probe
gives the direct measurement of electron temperature from the symmetry 1-V curve.
Due to the asymmetrical design of electrodes in DPEXx-II, the presence of ionization
instability did made difference in Langmuir measurements. That is the reason; there
is large fluctuations or error bar in the graph. Reason for having asymmetrical
design of electrodes is to slow down the ion streaming to the cathode such that
melting of dust particles can be avoided. Further, to observe the stable dust

crystallization in DC glow discharge plasma at a stable potential above the cathode.
Outcome of Objective 2

Hindrance of measuring plasma potential in plasma through emissive probe
has been one of the rigorous studies faced by researchers. Virtual cathode formed
due to emission of electrons from the probe is one of culprit in this type of
measurement. A negative potential is formed near the probe/wall which does act as
cathode and hence the name “Virtual Cathode’. Due to this, a double layer potential
is also observed near the probe/wall. Dust particles are ambiguous in the plasma
system, either it is introduced into the plasma system or dust particles assimilate
due to gaseous systems or surface particles eroded from the energetic plasma
species. Dust particles levitate near the sheath region of the electrodes once

introduced in the plasma. Such dusty plasma systems do change the natural
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properties or characteristics of plasma. Now, the question was how the dust
particles effects the potential in the sheath or whether virtual cathode is feasible in
the dusty plasma system. For evaluating the potential profile near a wall or
electrode in a weakly coupled dusty plasma system, a mathematical model is put
forth. Equations created from this are also used to forecast the circumstances that
will lead to the development of a virtual cathode. From theoretical and numerical
studies, presence of virtual cathode is predicted at a threshold wall/probe
temperature (Tw,) 2494 °K ~ 2685 °K in weakly ionized dusty plasma. Further, the
stability of virtual cathode formation with different emission is also reported, where
with increase of emission the virtual cathode disappears. Analysis has been done
with the dust particle potential, just dust charge and no charge. Double layer
potential is also observed in the case of no charge taken on dust particles. With
different dust density, the formation of virtual cathode is observed at various
emission. As emission increases, the threshold wall/probe temperature for
formation of virtual cathode increases as shown in the Fig. 3.7. In contrast with the
increase in dust density, Tw shows not much difference. In comparison with the
plasma without dust particles, the virtual cathode was observed at Tw,n = 1750 °K
(Tierno et al (2016)). Therefore, interesting to note that in the presence of dust
particles, which collects electrons and ions from the plasma surroundings delays
the formation of virtual cathode near the wall/probe. As a result, the increase of
Tw,th in dusty plasma. In addition, dust particles create double layer formation near
the wall/probe. However, not much significant work has been carried out in the
magnetized plasma or magnetized dusty plasma, which gives the future prospective
to understand the behavior of virtual cathode in these conditions near wall/probe.
Meanwhile these works will benefit in understanding the boundary-wall interaction

in a finite length plasma.
Outcome of Objective 3

Dust particles acquires charges from the plasma and float or levitate at

certain potential depending on the discharge parameters. In dusty plasma, dust
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particles levitate and forms a crystal-like structure, which is also observed
experimentally. However, these dust particles can be harmful in fusion reactors,
magnetron sputtering, or semiconductor chip processing. On the perspective of
material science, crystallization growth of dust particles in plasma offers a broad
spectrum to analyze and benefit from it. Hence, evolution of crystallization of dust
particles especially in presence of external magnetic field is studied through
numerical and simulation. For the simulation of DC discharge plasma with levitated
dust particles, a novel mathematical analysis is presented and validated using
COMSOL Multiphysics software. It is observed at electric field of 6 V, the dust
particles levitate above the electrodes keeping magnetic field (applied along the
electric field) zero. As magnetic field (B) is increased the dust particles becomes
closer to neighboring particles since the plasma species currents becomes more
streamlined along the field lines of B. Further, charging currents to the dust
particles is reduced due to decrease in Larmor radius of plasma species. At B = 1T,
the dust particles come close to each other forming a crystal-like structure with
multilayers. At B > 1T, dust particles start moving towards the center of chamber
and upwards to the anode. All these phenomena are quantized in terms of scattering
cross-section of the dust particles with neighboring dust particles. Hence, as B
increases the scattering cross-section of dust particles decreases. A mathematical
equation is also introduced where the scattering cross-section of dust particles is
found and validated with the given simulation results. Parameters, such as surface
potential of dust particles is given in presence of B, which plays a major role in
defining the behavior of dust particles. It is shown that both theoretical and
simulation results have same results. Further, the graph and equations show surface
potential exponentially decreasing with B. Experimentally in many plasmas, it is
observed that as B increases the dust particles forms the crystal-like structure. In
some cases, there is an observation of solid/liquid phase transition, which is
separate large topic to discuss. Therefore, the foundation for the theoretical aspect
of charge dust particles crystal like structure is established. Further, these equations

can be improved with more sophisticated dust potential with screening length,
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anisotropic charging currents to the dust and scattering cross-section of many body

systems.
Outcome of Objective 4

Apart from the forming crystal like structure, charged dust particles also
introduces low frequency acoustic waves only due to massive dust particles
compared to the other plasma species components. For decades, researchers have
investigated the rigorous studies of dust acoustic waves (DAW) for various dusty
plasma and magnetized dusty plasma systems. Nonlinear studies such as solitary
waves and shock structures is determined through the famous KdV-Burger’s
equation. Experimentally these nonlinear phenomena have been observed in both
laboratory DC and RF plasma. Charged dust particles also shows the behavior of
strong coupling ('), which determines the crystallization of dust particles in plasma
system. For 1 << ["<< 172 values, the dust particles behave as a solid/liquid phase
also called as Yukawa liquids system because the interaction between charged dust
particles is mainly described by Yukawa potential. Generally, there are two regimes
which are used to study the DA wave phenomena i.e., fluid, and kinetic regime.
Larger section of studies has been carried out with fluid or hydrodynamic equations
with various plasma systems. Whereas for kinematic regime using Vlasov
equations, has also been carried with much vigor. However, many review
publications have described beautifully on the works of DAW but there is not much
development on quantitative analysis of DAW. Kalman & Golden (1990)
developed Quasi-localized Charge Approximation (QLCA) for the study of
dielectric response of strongly coupled dusty plasma. QLCA is used to study the
DA instability (DAI) in magnetized strongly coupled dusty plasma systems. In this
work, a new mathematical model is presented in a strongly coupled magnetized
dusty plasma system with a kinetic regime. Major reason for using QLCA is to
determine the interaction of charged dust particles with neighboring dust particles
in terms of Yukawa potential. Growth rate and damping rate of DAI has been
studied through QLCA method and compared with the other methods.
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FUTURE SCOPE OF THIS THESIS

The experimental characterization of DPEX-11 present in this thesis can form
the basis for the study of dust crystallization, Yukawa liquids, low frequency waves,
phase transitions of dust particles and these studies can be carry forwarded in the
presence of magnetic field (B) in a DC glow discharge plasma. Hindrance in
measurement of plasma potential from probe diagnostics due to the formation of
virtual cathode is well known concept. However, studies of virtual cathode in dusty
plasma system are not explored completely. In this thesis, formation of virtual
cathode is studied numerically in a weakly coupled dusty plasma system. This
theory can be developed more robust with the presence of B in a dusty plasma
system and verify with the experimental studies. Significance of this work will be
more helpful in studies of large plasma devices. Additionally, the explicit
dependence of dust surface potential on virtual cathode formation is not discussed,
which also can be included in the equations and study the influence on virtual
cathode. Scattering cross-section equation can be improved by correct
approximation of impact radius of dust particles and developing more robust
equations. Furthermore, rotation of dust particles has not been considered in the
present work, which also can be included in future studies. Quantitative analysis of
DAW is very necessary at this time since lot of articles has been published in fluid
and kinetic theory with various dusty plasma systems. Assumptions,
approximations, and higher order differential equations in solving DAW need to be
inspected and to develop a conclusive theory. Whereas experimental studies of low

frequency electromagnetic waves and observation is still challenging.
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