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SYNOPSIS

Present thesis reports experimental results and modelling of the poloidal rotation of
mono-dispersed dust particles in toroidally symmetric structures in unmagnetized,
inhomogeneous, cold cathode dc glow discharge dusty plasma. The evolution of dust
rotation and its parametric variation with the discharge parameters has been studied in
details and the underlying physics causing the rotation of dust particles has been
determined. The major results established that a gradient in ion drag force arising due to
a density gradient in the background plasma is the principal cause of rotation of dust

particles.

Dusty plasmas are low temperature plasmas comprising of micron or sub-micron sized
solid objects in addition to electrons, ions and neutrals. Due to the higher mobility of
electrons than ions, the dust particles acquire a net negative charge on their surface.
Depending upon their size as well as background plasma conditions, the dust particles
can acquire charges of the order from 10° e to 10° ¢. Due to the high charges acquired
by the dust particles, they interact very strongly with each other as well as with the
surrounding plasma species and increase the complexity of already complex plasma
system. Their presence gives rise to many interesting phenomena with modified or
entirely new collective modes of oscillation, instabilities and coherent nonlinear
structures in plasmas, making the dusty plasmas a very interesting and challenging

research topic.

Another important phenomenon that occurs in dusty plasma is of dust rotation in both
presence and absence of external magnetic field. Dust rotation or so called “dust
vortices” 1s one of the most interesting fundamental phenomena that have been
observed in many laboratory as well as microgravity experiments. Different
mechanisms can cause dust rotation due to subtle variations in the experimental
conditions and although the vortices appear to be similar, their origins might be quite
different. Dust particle rotation has been observed in many experiments with the
application of external magnetic field. However, in many other experiments in
laboratory plasmas as well as under microgravity conditions, dust particles rotation in
absence of any external magnetic field has also been reported. Under microgravity
conditions, the dust rotation or vortices [1] are usually observed (around the central dust

free region called as “void”), due to the presence of a non-vanishing curl of the plasma



forces [2], such as ion drag force. In Laboratory experiments, if a biased probe [3] is
immersed in plasma near the ordered crystalline structures, the dust particles start
rotating because of the variation in local space-charge flux due to the ion wake
associated with the probe. Gas convection either due to a thermal creep flow [4,5] along
an inhomogeneously heated vessel walls at low pressures or due to a temperature
gradient present [6] in the neutral gas at high pressures (~ atmospheric) can also result
into convective dust rotation. A space charge gradient [7,8] in an inhomogeneous
plasma in the presence of a non-electrostatic force (such as gravity, ion drag force, etc.)
orthogonal to it has also been attributed as the cause of generation of dust vortices. Also
an asymmetry [9] in the ion drag force, near the edges of a metallic plate kept in
plasma, may result into the formation of the dust vortices in a dc glow discharge.
Hence, in most of the observations the role of the ion drag is found to be omnipresent.
The importance of role played by ion drag in dust rotations has been further stressed in
two recent publications. In one publication [10], it has been shown that under
microgravity conditions, the dust vortices arise as a result of the balance between the
driving torques from gradients of ion drag force function and dust charge and the loss of
torque by friction on the neutral gas, while in the other publication [11], the dust cloud
is assumed to behave like a fluid with weakly interacting dust particles. The dust fluid
interacts with the vorticity of the dragging ion fluid and dissipative neutral fluid,

resulting into stationary dust vortices.

The primary objective of the work described in this thesis is to study and understand
the physics behind the formation of poloidal dust rotation by developing an
experimental set-up equipped with advanced diagnostics such as, fast imaging with
proper image processing tools and low noise Langmuir probe system capable of
measurements at high pressure plasmas. Design, fabrication and operation of a state of
art system for studying the rotation of charged dust particles in low temperature
plasmas in the absence of any external magnetic field has been described in this thesis
work. A low noise Langmuir probe system has been developed for proper and correct
measurements of plasma parameters in high pressure plasma in presence of dust. A fast
imaging camera systems with appropriate image analysing tools has been integrated to
the plasma system for velocity and vorticity measurements of rotating dust cloud using
Particle Image Velocimetry (PIV) technique. The cause of rotation of mono-dispersed

dielectric microspheres (dust particles) in the system has been identified and modelled



successfully invoking the gradient of ion drag force generated due to radial density
gradients present in the background plasma leading to dust rotation. The proposed
model is rigorously tested by carrying out experiments in which multiple rotating dust
vortices are produced. Parametric studies of the evolution of the dust rotation with the
surrounding neutral density, plasma discharge current and other background plasma

parameters have been carried out.

The work described in this thesis has two main parts (1) Development of Experimental
set-up and Langmuir probe diagnostics and (2) Physics studies related to the formation
of the poloidal dust rotation. The thesis comprises of seven chapters and has been
organized as follows. The first chapter presents a brief introduction to dusty plasmas,
the motivation and objective of the thesis and a brief review of some earlier works. The
description of the experimental set-up that includes various sub-systems along with a
special camera used to capture the dust dynamics during experiments is presented in
second chapter. The second chapter also provides a brief description of the image
analysis technique used to extract information about the dust rotation velocity and
vorticity etc. The third chapter presents a brief review of the various theories that can be
used to extract information about the plasma parameters from the I-V characteristics of
Langmuir probe and discusses about the Langmuir probe system developed to work in
dusty plasma environment at high pressures. The fourth chapter describes the
observation of poloidal dust rotation in toroidally symmetric structures and provides a
conjecture of the most probable cause behind rotation on the basis of the force analysis.
The fifth chapter provides the experimental evidence supporting the model based ion
drag gradient arising due to density gradient as the cause of dust rotation (as
conjectured and elucidated in chapter 4). The dust dynamics is described using
hydrodynamic formulations and it is observed that the vorticity of the dust fluid is in
good agreement with that provided by the ion drag. Chapter six discusses the
experiments performed related to the evolution of the toroidal dust structures with the
background neutral gas density and discharge current. Finally, conclusions and future

scopes of this thesis work are presented in the last (seventh) chapter.

After providing an introductory description of dusty plasmas as well as the review of
some earlier studies in chapter One, the experimental set-up along with all its sub-
systems is described in Chapter Two. The vacuum vessel is a stainless steel cylinder

having four radial ports and two axial ports for evacuation and diagnostics. For



producing discharges, two parallel plate electrodes are being used. The upper electrode
i.e., anode is inserted through the top port along with its electrical connections. The
lower electrode is a specially designed electrode with a provision of placing concentric
metallic ring / disk on its surface as per experimental requirements. It is used as a
grounded cathode with the facility of active water cooling (for generating a controllable
neutral gas temperature gradient in the discharge region) and is being inserted into the
vacuum vessel through the bottom port. The experimental chamber is evacuated using a
rotary pump through bottom port and gas is also fed through the same port using a
needle valve to avoid any direct neutral flow due to its method of insertion in the
system. The mono-dispersed dust particles made up of Melamine Formaldehyde having
diameter of 6.48 um are used to prevent any size-dispersion related effects. These
particles are uniformly spread over the desired region on the cathode surface. The axial
ports have large diameter glass ports installed on them which provide wide viewing
angles. The specialized sSCMOS camera for recording the dust dynamics is installed on
one of the axial ports and another one is used to view the dust particles through naked
eyes or using a DSLR camera. We have obtained plasma discharge over a wide pressure
range from 20 Pa to 350 Pa with discharge current in the range of 10 mA to 50 mA.
The neutral gas pressure and plasma discharge current are two main controlling
parameters in our experiments. The formation of different types of structures likes low
frequency oscillations, three-dimensional dust structures and vortices are obtained at

different pressures in the same geometry.

1. Manjit Kaur, et al. (2015), “CPED — A test bed for studying dust vortices and
other collective phenomena” (Manuscript under preparation).

In chapter Three, a detailed review of the previous works carried out at various
pressure ranges and a low noise Langmuir probe system capable of working in dusty
plasmas, is provided. When a Langmuir probe is kept in plasma, the dust particles get
deposited on its surface and distort the current-voltage characteristics severely. To
avoid the Langmuir probe contamination from dust deposition, it is maintained at a
potential much less than the floating potential using a DC power supply so that the
negatively charged micron sized particles are not attracted to it. To acquire the full I-V
characteristics, single cycle triangular waveform is superposed on the DC bias at a
frequency of 200 Hz to ensure a very small time duration at which the probe bias is

close to the plasma potential. As the dust plasma frequency is very small (< 10 Hz), the
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dust particles will not be able to respond to the positive probe potential within the small
time duration and hence, the probe contamination can be avoided. At high pressures
(> 100 Pa), the ion-neutral collisions start affecting the probe collection due to
destruction of the orbital motion of ions in the probe sheath and elastic scattering of

ions due to collisions with neutrals.

1. Manjit Kaur, et al. (2015), “Low noise Langmuir probe system for high

pressure dusty plasmas” (Manuscript under preparation).

In chapter Four, observation of dust cloud rotation [12] in parallel-plate DC glow
discharge plasma is reported. The experiments are carried out at high pressures with a
metallic ring placed on the lower electrode (cathode). The dust cloud rotates poloidally
in the vertical plane near the cathode surface. This structure is continuous toroidally.
Absence of magnetic field excludes the possibility of E X B induced ion flow as the
cause of dust rotation. The rotational dust structures exist even with actively water
cooled cathode. Therefore, temperature gradient driven mechanisms, such as
thermophoretic force, thermal creep flow and free convection cannot be the cause
behind the observed dust rotation. Langmuir probe measurement reveals the existence
of a sharp density gradient near the location of the rotating dust cloud. A detailed force
analysis is carried out which reveals that the dust particle rotation is occurring as a
result of the non-conservative nature of the ion drag force. The gradient in the density,
giving rise to a gradient in the ion drag force, is conjectured as the principal cause

behind the rotation of dust particles.

1. Manjit Kaur, Sayak Bose, P. K. Chattopadhyay, D. Sharma, J. Ghosh and Y. C.
Saxena, “Observation of dust torus with poloidal rotation in direct current glow

discharge plasma”, Phys. Plasmas 22, 033703 (2015).

Chapter Five focuses on the deeper understanding of self-organized poloidally rotating
mono-dispersed micro-particles in a toroidal geometry. Observations of two well-
separated dust tori in unmagnetized parallel plate DC glow discharge plasma are
reported in this chapter. A non-monotonic radial density profile, achieved by especially
designed cathode structure using a concentric metallic disk and ring, is observed to
produce double dust tori between cathode and anode. PIV analysis of the still images of
these double tori shows oppositely rotating dust structures between the central disk and

the ring. Langmuir probe measurements of background plasma shows non-uniform



plasma density profile between the disk and ring. Location and sense of rotation of
vortices coincides with the location and direction of radial gradient in the ion drag force
caused by radial density gradient. In order to establish this correlation further, the dust
dynamics is described using hydrodynamic formulations assuming dust particles to be
behaving as an incompressible fluid. The dust vorticity obtained from Navier-Stokes
formulation shows two possible mechanisms charge gradient and ion drag gradient
which can potentially drive vortex in the present set-up. Quantitative calculations using
measured plasma parameters clearly indicate that the ion drag gradient is the main
driving mechanism for the vortex generation in our experiments. These results
corroborate that a radial gradient in the ion drag force directed towards cathode arising

due to a density gradient is the principal cause of dust rotation.

1. Manjit Kaur, Sayak Bose, P. K. Chattopadhyay, D. Sharma, J. Ghosh, Y. C.
Saxena and Edward Thomas (2015), “Generation of multiple toroidal dust
vortices by non-monotonic density gradient in direct current glow discharge

plasma” (Manuscript submitted for publication).

In chapter Six, the evolution of these rotating dust structures with discharge parameters
such as the background gas pressure and the discharge current is reported. The dust
particle velocity in the poloidal plane is found to increase considerably with an increase
in the neutral gas pressure. The observations are made at constant discharge current in
the absence of any directed neutral gas flow in the experimental region of interest due
to method of gas insertion. This behaviour is just opposite to the general trend of
decrease in dust velocity with an increase in neutral friction. With increase in discharge
current too the dust particle velocity in the poloidal plane is found to increase but at a

slower rate than that compared to the case of an increase in the neutral gas pressure.

1. Manjit Kaur, et al. (2015), “On the evolution of poloidal dust rotation with

ambient neutral density” (Manuscript under preparation).

Chapter Seven summarises the content of the thesis and discusses the future scope of

the current work.

Summary of the thesis:

1. Complex Plasma Experimental Device (CPED) has been designed, fabricated
and made operational from the individual component level for carrying out the

physics studies related to the formation of dust vortices in presence of controlled
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density gradients and in absence of any external magnetic field and neutral
temperature gradients.

2. A low noise Langmuir probe system, capable of operating at high pressures, is
developed for obtaining proper measurements of background plasma density
and temperature in dusty plasma environment

3. Poloidal rotation of levitated mono-dispersed dust particles in toroidally
symmetric structures is obtained in an unmagnetized dc glow discharge
operating at high pressures and the observations are successfully modelled to the
extract the cause of these rotation.

4. The cause of dust rotation is explained on the basis of the presence of a sharp
density gradient at the location of the rotating structure. The radial density
gradient gives rise to a radial gradient in the ion drag force directed towards the
cathode surface which acts as a torque on the dust structure making it rotate.
The velocity profile of dust particles is measured using Particle Image
Velocimetry (PIV) techniques, showing a rotating rigid body like behaviour of
the rotating structures.

5. Ton drag force as the cause of formation of rotating structure is further verified
by conducting experiments with by introducing additional density gradient
leading to the formation of additional rotating structure at the location of the
second gradient.

6. The direction of rotation of the dust particles is found to be in accordance with
the direction of the density gradient.

7. The dust particle dynamic is studied using hydrodynamic formulations. The
estimated values of dust vorticity (obtained from these formulations) due to a
gradient in the ion drag force is found to be well in agreement with the observed
value of the dust vorticity.

8. Parametric variations show that the dust particle rotation velocity increases
considerably with increasing the background gas pressure. However, it increases

slowly with increasing the discharge current at constant pressure.
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1 CHAPTER: INTRODUCTION

This chapter starts with a very general motivation for the study of dust vortices in
section 1.1. Thereafter, in section 1.2, some relevant topics of this subject and the basic
concepts of dusty plasma are presented which are essential for the understanding of the
experimental results and physics presented in this dissertation. In section 1.3, the review
of the relevant works on dust rotation has been summarized. Finally, in section 1.4, the

scope and the structure of this thesis are provided.
1.1 Motivation

In 1928, Langmuir, for the very first time, used the term “Plasma” to describe the inner
region of a glowing ionized gas produced by means of an electric discharge in a tube.
Conventionally, plasmas are quasi-neutral systems of electrons, ions and neutral
particles (atoms, molecules), exhibiting collective behaviour. In most cases, plasma
coexists with the micron sized charged dust particles, be it space plasma or laboratory
plasma. Thus, a mixture of charged dust particles, electrons, ions and neutrals is called

as “Dusty plasma” where the charged particles exhibit collective behaviour.

Initial interest in dusty plasmas arose in the field of astrophysics as dust particles are
present in many astrophysical environments [1] such as Saturn's rings, cometary tails,
interstellar medium, nebulae, etc. These dust particles present in space plasmas can
acquire large charges and have been found to determine many properties of interstellar
media, stars and planet formation regions, properties of planetary rings [2,3], cometary
tails, etc. Another field of interest in dusty plasmas is the semiconductor industry. The
dust particles are very much unwanted in semi-conductor chip industries because they

destroy/deteriorate the quality of the chips [4]. Dust appears to be a critical issue in the
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development of microelectronics. Another area showing high interest in dusty plasmas
is the solar cell industry. Incorporation of nanometer-sized dust particles in the
amorphous silicon film increases the stability of the solar cells substantially [5]. In
catalysis too, the deposition of small clusters of palladium (a good catalyst) on the
particle surface grown in plasma results in efficient cauliflower morphology for
catalysis [6]. Apart from their industrial impact, dusty plasmas appear to be of
fundamental interest too. Dusty plasma is an analogue for molecular physics where
each dust particle represents a molecule. Due to their bigger sizes as compared to the
electrons and ions, the dust particles have very high masses and very low mobility that
present an advantage of direct imaging. They can be illuminated using a low power
laser and can be easily seen through naked eyes and captured using a visible camera.
Their individual positions [7] as well as their velocities [8] can be measured to a great
degree of accuracy using the still images recorded by the camera. Therefore, dusty
plasma offers an excellent medium for investigating many interesting and important
phenomena at a macroscopic level that conventionally occur on a microscopic scale in

molecular or solid state physics.

Due to the presence of high charges present on dust particles, they interact very strongly
with each other. Thus, they possess large electrostatic Coulomb energy which, in most
cases, exceeds their thermal energy. In complex plasma due to the strong dust-dust
coupling, it is possible to observe transitions from a disordered gaseous-like phase to a
liquid-like phase and to ordered structures of dust particles — called as plasma crystals.
The charge acquired by the dust particles is not a constant quantity but varies with time
due to the time variation in the surrounding plasma parameters. Therefore, the dust
charge becomes another dynamical variable that distinguishes complex (dusty) plasma

from conventional plasma (where the particle charge does not vary with time).
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In 1986, Ikezi [9] predicted the possibility of dust crystallization in a non-equilibrium
gas discharge plasma which was then achieved in RF discharge [10,11,12,13] as well as
in DC glow discharge [14] in ground-based experiments. The experimental discovery of
plasma crystals triggered an enormous increase of interest in the field of complex
plasmas. Presently, it covers various fundamental aspects of plasma physics,
hydrodynamics, kinetics of phase transitions, nonlinear physics, solid state physics, as
well as astrophysics. Extensive experimental, theoretical and simulation work has been
carried out to understand the different aspects of complex (dusty) plasmas. Dusty
plasmas provide an excellent opportunity to study the charging mechanism of dust

particles, waves and instabilities, crystal formation, vortex formation etc.

The observation of dust plasma crystals on ground-based experiments encouraged the
researchers to perform experiments under the conditions where gravity does not play a
significant role. One such initiative was to do experiments under microgravity
conditions. The results of the sounding rocket (TEXUS) experiments with around
6 min of microgravity time were reported [15] in 1999, which lead to the
establishment of “Plasma Crystal” (PKE-Nefedov) laboratory under the Russian-
German Scientific Cooperation program for doing experiments onboard the
International Space Station (ISS). The main objectives of PKE-Nefedov included the
investigation of dusty plasma crystals, phase transitions, wave phenomena, properties of
boundaries between different plasma regions, etc. in a three-dimensional isotropic dusty
plasma at the kinetic level under microgravity conditions. In these experiments, a dust-
free region— called void (i.e., no dust particles present) is observed in the central region
of the discharge. The void is separated by a sharp boundary from the regions containing
dust particles. Away from the central axis, there are toroidally symmetric vortices in the

absence of any external magnetic field. The dust free regions, i.e., voids get formed due
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to the competition of electrostatic force arising due to the electric field in the discharge,
pointed towards the centre and the ion drag force which pushes the dust particles away
from the centre (towards the periphery) [16,17]. However, the dust vortices are formed
due to the non-conservative nature of the plasma forces arising due to the spatial
variation in electron temperature and plasma density [18]. In complex (dusty) plasmas,
the dust particles are subject to many conservative and non-conservative forces, such as
force due to gravity and electric field, ion drag force, neutral drag force and
thermophoretic force. Together, all these forces make their dynamics quite complicated
and results in many interesting phenomena including dust rotation. The aim of this
thesis is to give an insight about the mechanisms of dust rotation, with and without void

at the centre.

The study of dust vortices in complex (dusty) plasmas continues to be and has been an
active area of research during past several years. Vortices occur in a wide range of
physical phenomena in nature. Smoke rings, whirlpools, tornadoes, hurricanes, the
Great Red Spot of Jupiter and Saturn’s hexagon formed at its north pole are some of the
examples of vortices observed in nature. These are the regions within a fluid (liquid, gas
or plasma) where the flow spins around an imaginary straight or curved axis. The dust
vortices occurring in complex (dusty) plasma experiments are an ideal test bed for
studying turbulence in fluids with low Reynolds number. The studies related to dust
vortex formation are very important and would lead to proper understanding of many
physical phenomena such as fluid flow through a regular porous medium [19], and in
the flow of elastic polymer solutions [20]. Also in dusty plasmas, the dynamics of
appearance of vortices can be analysed on kinetic level which is of practical importance

for the physics of vortices when these are created by the flows around an obstacle.
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1.2 Basics of Complex (Dusty) Plasma

In the following, some of the very fundamental properties of dusty plasmas starting
with the mechanisms of dust charging, its characteristic lengths, frequencies, quasi-
neutrality, coulomb coupling parameter and basic forces acting on the dust particles are

discussed.

1.2.1 Dust Charging Processes

When the dust particles are inserted in plasma constituting electrons, ions and neutrals,
the dust particles act as small probes, collect charged particles from the plasma and
become positively or negatively charged depending upon the charging processes
involved. For the sake of simplicity, we consider the case of an isolated dust grain that
means the dust shielding length (Debye length) less than the inter-dust separation is
considered, as it is easier to discuss the charging phenomena for single particles than
many particles at a time. The different dust charging processes have been discussed

below:
1.2.1.1 Collection of Charged Particles

Let us consider a micron-sized neutral dust particle immersed in unmagnetized cold
plasma whose constituents are electrons and ions. The electrons, because of their lower
masses possess much larger thermal speeds than the ions and reach the dust surface
carlier than the ions. Thus, the dust particle acquires much more electrons than the ions,
and as a result its surface potential becomes negative with respect to the rest of the
plasma. This negative potential repels the further coming electrons and attracts the ions
so that the electron flux towards its surface diminishes and the ion flux increases.
Eventually, the negative potential at the dust grain surface becomes large enough in

magnitude to equalize the rate at which the electrons and ions hit the surface. As a
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result, a state of dynamical equilibrium is reached such that the net current at the dust
grain surface becomes zero. This is basically a phenomenon of sheath formation at the
dust particle surface. However, the charge of the dust grain surface is never constant. It
always keeps on fluctuating which is a one of the very interesting topics of research in

Dusty Plasmas.
1.2.1.2 Secondary Electron Emission

The energetic primary plasma particles may bombard the dust grain surface and may
cause a release of secondary electrons from the dust surface. This process can occur in

two ways: (1) by electron impact (ii) by ion impact.

When an energetic electron approaches a dust grain surface: (i) it may be
scattered/reflected by the dust grain before it enters into the dust surface, (ii) it may
enter into the dust and stop immediately, (iii) it may enter into the dust particle, interact
with the scattering centre and pass a part or all of the dust material, wherein it may lose
its energy. A portion of this energy can go into exciting other electrons which in turn

escape from the dust surface.

If the ions approaching the dust particle have low kinetic energies below 1 keV, they
will be neutralized by the electrons which tunnel through the potential barrier of dust
surface. The potential energy released in neutralization of ions will excite additional
electrons which can then be emitted from the dust surface. When the ions have enough
energy above 10 keV, the secondary electron yield due to ion impact will be
substantially larger than unity. The behaviour of such high energy ions falling on the

dust surface may be same as that of the electrons falling on it.
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1.2.1.3 Thermionic Emission

When a dust surface is heated to a high temperature, electrons or ions may be
thermionically emitted from its surface, as shown in Figure 1.1. The thermionic
emission may be induced by Laser heating or thermal infrared heating or by hot
filament surrounding the dust particles. Generally, this process charges the dust

positively.

Electron and Secondary electron Thermionic  Photoelectric  Field emission
ion collection emission emission emisgion

Figure 1.1: Schematic of the various dust charging mechanisms.

1.2.1.4 Photoemission

Photons falling on the dust grain surface, with energy (hv) larger than the work function
of the dust grain surface, may also eject photoelectrons from its surface. This

photoemission of electrons depends on:
(1) Wavelength of the incident photons
(1) Surface area of dust

(1i1) Properties of the dust surface

This mechanism also contributes to make the dust particles positively charged.
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1.2.1.5 Field Emission

Sometimes, micron or submicron sized dust particles may acquire a very high negative
(or positive) potential and emit electrons (or ions) from their surface due to field
emission. Generally, the onset of electron emission from the dust surface occurs when

the electric field is of the order of 10® Vm™1.

1.2.2 Dust Surface Potential and Charge

Let us consider that the dust particles are immersed in unmagnetized cold plasma.
Initially the ion current is very small as compared to the electron current because of
larger masses and hence smaller mobility of ions as compared to electrons which results
in negative charge acquired by the dust surface. This further increases the ion current

until the net current to the dust surface becomes zero.

Due to the higher mobility of the electrons, the dust particles generally get negatively
charged and their surface potential becomes roughly proportional to the electron

temperature; 1.e.,

pa = —aT,/e, (1.1)

where « is a numerical coefficient of the order unity. The traditional and apparently the
most frequently used method for estimating the surface potential of a floating particle,
when kept in plasma, is by using the Orbital Motion Limited (OML) theory, where
collection cross-sections for ion-dust and electron-dust collisions are determined from
the conservation of angular momentum and energy over corresponding (usually

Maxwellian) velocity distribution. OML theory is applicable as long as the dust particle
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radius is small compared to its Debye length. In case of OML theory, the value of « lies
in the range of 2 — 4. However, OML theory does not take into account the effect of
ion-neutral collisions which predominates at moderate and higher pressures. As the ion
collisionality increases (€;/Ap = 10), the ion-neutral collisions increase the ion flux
towards the surface of the dust particle due to the destruction of the orbital motion of
ions. As a result of it, the value of « starts decreasing and reaches a minima when the
ion-neutral collision mean free path, £; becomes of the order of the plasma screening
length, Ap. Here, A represents the dusty plasma Debye length which is approximately

equal to the ion Debye length.

As the ion-neutral collisionality increases further, the ion-neutral collision mean free
path becomes smaller than the plasma Debye length (¢;/4p < 1). At this stage, ion
motion becomes mobility-limited whereas, the electrons still can be considered
collisionless. In this regime, the ion mobility is suppressed by their collisions with
neutrals, ion flux to the dust particle surface decreases, and a increases with increasing
ion collisionality. However, the magnitude of a does not keep on increasing as the
electron transport to the particle surface also becomes collisional after a certain pressure
value. Both electron and ion fluxes to the dust particle surface are then equally reduced
by their collisions with neutrals, and the dust particle potential saturates to a value
which is independent of plasma collisionality. This “fully collisional” regime is,

however, beyond the scope of the present work and hence, will not be discussed here.

Using the electric potential around the dust particle to follow the Debye Huckel form,

the expression for the ion flux in the weakly collisional limit [21] is given by

116 = VBmrgngvr |1+ at +0.1(ar)? (Y {,i)]. (1.2)
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In an isotropic plasma with T, » T; , we have Ap = Ap; = /Ti/émezn- .
1

The electrons can be assumed collisionless due to the higher values of electron-neutral
mean free path length than the plasma screening length. Thus, the electron flux can be

determined using the OML approach which is given by
I, = V8mr2vren; exp(—a). (1.3)

The dust surface potential is calculated by equating the electron and ion flux to the
surface of the dust particles. In the equilibrium state, when the dust surface has attained
a constant potential, the net current to the dust surface will be zero. By equating both
the electron and ion fluxes, at T, =2 eV, T; =0.03 eV, n; =3 X 10°cm™3, £; =22.6

um, the value of & comes out to be 1.158.

After equating both fluxes, the value of ¢ becomes 1.158 Te/ e. In ambient plasma

with screening length as Ap, the capacitance [22] of the dust particle can be estimated as

follows
Cq = 4megrq (1+ ;—z) (1.4)

From equation (1.1) to (1.4), the formula for charge acquired by the dust particle

becomes

Ta Te
|Zd| = 41T€01‘d a (1 + /,{_>_ (15)
p/ €

Therefore, the charge on the dust particle (Z;) depends upon its size and number

density, background plasma density and electron and ion temperature. It is estimated to

24



be typically 8 x 103 e~ for Argon discharge with a typical electron temperature of 2 eV
and plasma density 3 X 10° cm™3 for a dust particle size of 6.48 um at a pressure of

133 Pa.
1.2.3 Charging Time

Charge on a dust particle is not fixed, it varies with time. This fluctuation can be
because of varying plasma parameters of the surroundings. Charging time, 7.,
indicates how rapidly a particle's charge can vary, when plasma conditions vary. It has
been observed that hypothetically dust particle has no charge but after being immersed
in plasma, its charging time can be defined as the time required for a particle's charge to
reach a fraction (1 — e™?1) of its equilibrium value [23]. Like a capacitor, dust particles
also take some time to get fully charged. The charging time varies inversely with

plasma density and particle size.
1.2.4 Quasi-neutrality Condition

In equilibrium (in the absence of any external force), the net electric charge in a dusty

plasma is zero. Therefore, the equilibrium quasineutrality condition in dusty plasma is

qin; = qeNe + qana, (L.6)

where n;, n, and n, are the unperturbed number density of ions, electrons and dust
grains respectively. q; = Z;e is the ion charge. For the sake simplicity, let us consider
the case of singly charged ions for which Z; = 1. For the case of dust particles,
qq = Zge for positively charged dust grain and q; = — Z e for negatively charged
dust grain. Now let us take the case of a negatively charged dust grain where equation

(1.6) can be written as

en; = en, + Zzeng,
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In equation (1.7), the term Z, % 1.e., the ratio of dust charge density to ion density, is
L

definied as the Havnes’ parameter P. When P < 1, i.e., Zgng < n;, the number
density of dust grain particles is very small as compared to the number density of ions,
the charge and floating potentials approach the values for an isolated particle. Hence,
the dust particles can be treated as 'Isolated'. Whereas, in the opposite limit, i.e., P > 1,
there are enough number of dust grains. Due to their large number density, they can
interact with each other and do not remain isolated, can be called as non-isolated dust
particles. As a result, the dust particle charge and floating potential are significantly

diminished.
1.2.5 Characteristics Lengths

It is possible to define three different scale lengths for a combined dust and plasma
mixture, a) plasma Debye length, b) dust grain radius, and c) average inter-dust

separation. The details of these characteristics are given below:
1.2.5.1 Plasma Debye Length

A fundamental characteristic of plasma is its ability to shield the electric field of an
individual charged particle or of a surface that is at a non-zero potential. This shielding
of electrostatic fields is a consequence of the collective effects of the plasma particle.
Let us consider plasma consisting of ions, electrons and charged dust grains and
applying an electric field by inserting a charged ball in the plasma. Now the plasma will
try to shield this electric field. If the ball is positively charged then a cloud of electrons

and dust grains (if they are negatively charged) will surround the ball. In case of cold
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plasmas, there would be just as many charges in the cloud as in the ball. Poisson’s

equation can be written as
V2 = 4m(en, — en; — qana),

V? <1+1>
P=\o7T73 |9
Al%e /11%1'

W¢=%@
AD

where

1
Ap = ———,

1 1
EREN
<Af)e )‘%)i

is a measure of the shielding distance or the thickness of the sheath around the dust

(1.8)

particle. For a dusty plasma with negatively charged dust grains, we have n, < n;. The
loss of electrons on the dust has to be compensated by increased ionisation due to
strengthened electron acceleration. Thus, the presence of dust leads to an increase in
electron temperature as compared to the dust free case to compensate the electron loses
r.e. T, > T; which leads to Ap, > Ap;. Accordingly, we have A, = Ap;. It means that A,
for such dusty plasmas can be determined by the temperature and the number density of
the ions. However, when the dust particles are positively charged i.e. n, > n; and
T, = T; or where T,n; < T;n, we have Ap, < Ap; which results into A, = Ap,. That
means Debye length of such a positively charged dust grain containing dusty plasma

can be determined by the temperature and the density of the electrons.

1.2.5.2 Dust Particle Radius (r,;)

The dimensions of the dust particles are an important characteristic length in dusty

plasma. The dust particle size determines the magnitude of the dust charge as Z; « ry
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and the collision cross-section between various species present in the plasma. It is also a
crucial parameter in deciding the magnitude of various forces acting on the dust
particles such as gravitational force (F; r3), electrostatic forces (F o 1), etc. For
example, for a micron or submicron size particle the exact balance between downward
gravitational force and upward electrostatic force due to electric field existing in the
plasma sheath region decides the height at which the particle will levitate and thus,

determines the equilibrium characteristics of the dust cloud.
1.2.5.3 Inter-particle spacing (a)

As the name indicates, it is the minimum distance between one dust particle centres to
another dust particle centre. The coulomb field is a long range field and is usually
screened in plasmas. The screening substantially changes the dust-dust interaction.
Assume, for example that the coulomb field of the dust particles is completely screened
upto (some sphere) the distance Ap. Then, the strong interaction is absent outside this
sphere and the dust particles “feel” each other only when the distance between them is
equal to or less than the screening distance. Otherwise they behave as a bind of “hard

sphere “not interacting until they touch (contact) each other.

(a)

. Dust Grains

O Debye Sphere

Dust in Plasma Dusty Plasma

Figure 1.2: Image a) shows the case when the dust particles are separated by a large distance and do not
interact with each other, i.e., @ > Ap, and b) shows the case of dust particles interacting with each other,
i.e., a< AD'
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Depending upon the relative values of these three characteristic lengths, the plasma
constituting dust particles can be termed as either “dust in plasma” or “dusty plasma”,
as shown in Figure 1.2. So, the case r; < Ap < a, in which charged dust particles are
considered as a collection of isolated hard spheres, corresponds to “dust in plasma”
while in the situation r; < a < Ap where the dust particles participate in the collective

behaviour, corresponds to “dusty plasma”.
1.2.6 Characteristics Frequency

Being quasi-neutral in nature, a slight displacement of particles from their equilibrium
position in dusty plasma will result into a space charge field which pulls the particles
back to their equilibrium positions to restore the original charge neutrality. But their
inertia causes them to overshoot and again pulled back to their equilibrium positions by
space charge field of opposite polarity. This gives rise to (electrostatic) oscillations of
dust particles around their equilibrium positions. In such a case the system of
electrostatic oscillations of the dust particles can be described by the continuity

equation

2+ V. (nqva) = 0, (1.9)
the momentum equation
]
S+ (e VIva = —1L gy, (1.10)
And the Poisson’s equation
Vip, = —4mqang. (1.11)
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Assuming the dust oscillations to possess infinitely amplitude and all charged particles
to be at rest under equilibrium conditions, the above system of equations can be

linearized to get

9 V2, + 4ntdIe g2y = . (1.12)

a%t mgyg

Integrating the above equation (1.12) twice with respect to space r(x, y, z), we obtain

%
aztd + wpdz(pd = Oa (113)
where
w2, = 4mMadg _ madq (1.14)
pd mq ngd’ '

is the dust plasma frequency with which the dust particles with charge q; (= Zz€e)
oscillate about their respective equilibrium positions. Like electron and ion plasma
frequency, dust plasma frequency also depends upon the charge acquired by the dust
particles in plasma, their mass and number density. For an inter-dust separation (a) of
0.5mm, ie., ng=a 3 =8x10°m3, the dust-plasma frequency comes out to be
13.21 Hz. Thus, it is clear that the dust plasma frequency is the much smaller than the
electron plasma frequency (of the order of MHz) and ion plasma frequency (~ few
hundreds of kHz). Due to the bigger size (~um) of the particles and their slower time
scales, they can be seen through naked eyes and their dynamics can be easily captured

and studied using a normal visible camera.
1.2.7 Coupling Parameter

Due to the high charges acquired by each dust particle in plasma, they interact very

strongly with each other and give rise to many new phenomena. Crystalline structure
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formation is one such phenomenon which generally occurs in plasma when the
interaction energy between the adjacent dust particles exceeds their thermal energy.
Thus, a dimensionless parameter is defined in this regard for providing information
about the extent of coupling between the particles and is called as the Coulomb

Coupling parameter (T').

) (c)

Solid State Liquid State Gaseous State

Figure 1.3: The above images correspond to an example of: a) a solid state where the dust particles are
bound very strongly to each other for ['>>170, b) a liquid-like state where the dust coupling is weak i.e.,
1<['<170, and c) the gaseous state where the dust particles donot interact with each other for I' << 170.

It is defined as the ratio of potential energy of interaction between the dust particles,
having charge (Z;e) and separated from each other by a distance a to their kinetic

energy. Thus, the expression for Coulomb coupling constant is given by

—q—‘ziexp (—%), (1.15)

o 4megakpTg

where 41ey = 9 X 10° and T is the dust particle temperature in eV. From the above
equation, it is clear that the coupling parameter reduces with an increase in the inter-
particle separation and an increase in the plasma density. Depending upon the strength

of the coupling constant, the complex (dusty) plasma can be categorized as:
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a) I'> 170, the dust particles interact very strongly with each other and are said
to be in the solid state, as shown in Figure 1.3 (a).

b) 1 KT « 170, the inter-dust interactions are weak and they are said to be in the
liquid state, as shown in Figure 1.3 (b).

¢) T' K« 1, the dust particles are in the gaseous state with feeble interactions among

each other, as shown in Figure 1.3 (c).

Let the inter-dust particle separation (a) be 1 mm and dust particles are at room
temperature (i.e., Ty = 0.03 eV) and possess a charge of Z; = 5.18 X 103 , then the
value of the Coulomb coupling constant in such a case becomes 1200 > 170. Thus, in

the above case the dust particles will be strongly coupled to each other.
1.2.8 Forces on the dust particles

The main forces on dust particles in plasma, namely electric field force, ion drag force,
thermophoretic force and neutral drag force are mostly irrelevant in the context of usual
plasmas as these forces comes into picture only in the presence of dust particles. So it is
important to discuss these forces as these may govern the entire dynamics of the dust
particles in plasma. For the sake of simplicity, the forces acting on an isolated, spherical

and dielectric dust particle in an unmagnetized cold plasma are discussed.
1.2.8.1 Electric field force

These micron-sized particles after getting charged experience repulsion due to the
sheath electric field and get levitated. The force due to sheath electric field on the dust

particles is given by
F, = Z,4E. (1.16)
Since Z; & 1y, so Fg also depends linearly upon the dust size when r; < Ap = Ap;.
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1.2.8.2 Gravitation Force

The gravitational force is simply as

=3 4T

Fy = myg ="T13pad, (1.17)

where g is the acceleration due to gravity and p,; is the mass density of the dust
particles. The force obviously scales as the third power of radius of the dust particle
sphere. Thus, it is the dominant force for particles whose radius lies in the micro-meter
range whereas for nano-meter sized particles, gravitational force becomes negligible.
For a dust particle size of 6.48 um having density as 1.51 gecm™3, the dust mass
becomes 2.15 X 10713 Kg and hence, the gravitational force on such a particles
becomes 2.15 X 10712 N. For levitating such a dust particle in the sheath electric field,

one needs an electric field around 3.75 Vem™? for a dust charge of 3.5 X 10% e~
1.2.8.3 lon Drag Force

Drag is a mechanical force. It is generated due to the interaction or contact of a solid
body with a fluid (liquid or gas). It is not generated by a force field, like a gravitational
field or an electromagnetic field, where one object can affect another object without
being in physical contact with it. For a drag to be generated, the solid body must be in
contact with the fluid. If there is no fluid, there is no drag. Drag is generated by the
difference in velocity between the solid object and the fluid. Therefore, there must be
motion between the object and the fluid. If there is no motion, no drag gets generated. It
makes no difference whether the object moves through a static fluid or whether the fluid

moves past a static solid object.

Ion drag force is an exceptionally important example of ion-dust interaction which

arises due to the momentum transferred by the ions flowing past the dust particles [24].
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It is responsible for a number of phenomena occurring in plasma like in the formation
of voids — dust free regions in experiments under microgravity conditions, in the
rotation of dust particle clusters in the presence of magnetic field etc. Ion drag force
affects the properties of low-frequency waves, contributes to the inter-dust interactions
and leads to the vertical alignment of dust particles in the presence of ion wake.
Therefore, a good understanding of this force is necessary for studying the physics
behind a wide variety of phenomena occurring in space plasmas and under laboratory
conditions. For determining the ion drag force on the dust particles, generally two main

theoretical approaches are used.

The traditional method to determine the ion drag force is based on the “binary collision
formalism”. It is generally used in collisionless plasmas with the assumptions of an
isotropic attractive Debye-Hiickel (Yukawa) interaction potential between the ion and
the dust particle and a shifted Maxwellian velocity distribution function for ions. It
makes use of the standard theory of Coulomb scattering that is basically a linear
approximation where it is assumed that the characteristic length of the ion-dust
interaction is much shorter than the plasma screening length (i.e., the ion screening
length) and most of the ions are scattered with small angle within the Debye sphere.
This theory considerably underestimates the momentum transfer cross-section and
resulting in underestimating the ion-drag force. The reason behind this is that the dust
surface potential is of the order of the electron temperature and the ions are strongly
coupled to the dust particles in a wide surrounding region, provided the electron-to-ion
temperature ratio is large. This implies that the characteristic length of the ion-dust
particle interaction can be comparable and even more than the plasma screening length.
However, the Coulomb scattering theory neglects all collision events with impact

parameter larger than the plasma screening length. There were attempts to improve the
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situation by postulating the plasma screening length to be equal to the electron

screening length [25] which in turn enhances the ion drag force to a great extent.

Khrapak proposed an extension of the Coulomb scattering theory to the regime of
moderate ion-dust coupling [26]. The force depends upon the thermal scattering
parameter fSr = Qgze/ApT;. For sub-thermal flows at moderate coupling strength

Pr = 5, the expression for ion drag force is given by

__1 (V2
Fi_S\/E(e) AdiBTMT: (118)

where Ay; is the dust-ion Coulomb coupling logarithm. In the linear regime [ < 1, the
logarithm reduces to Ag; =~ 2In 71, which is identical to that obtained from the
standard Coulomb scattering theory. In the opposite regime of strongly nonlinear
scattering, 7 > S = 13, we obtain the following expression for ion drag force

2 |2 (TH*

Foxs ;(;) In? B, M. (1.19)

The above approach for calculating the ion drag force suffers some limitations too.

Some of them are summarized here:

e In this approach, ion-neutral collisions are completely neglected. So this
approach should not be used at pressures where the ion-neutral mean free path
starts affecting the ion flux to the dust particle surface.

e The above approach presumes a certain potential distribution around the test
charge, although the potential is a self-consistent function of the surrounding
plasma parameters (e.g., ion collisionality, ion flow velocity, etc.).

e The approach presumes certain velocity distribution for the flow of ions.
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Ivlev et al. [27] [28] proposed a kinetic model that accounts for the effects of ion-
neutral collisions on the ion drag force experienced by a dust particle when kept in

plasma. Following assumptions were taken into account:

e Electrons are assumed to be following Boltzmann distribution.
e Jons are described by the kinetic equations with the collisional integral in the
Bhatnagar-Gross-Krook (BGK) form with constant ion-neutral collision

frequency.

The ion and electron density perturbations are coupled to the Poisson equation. The
polarization field induced by the dust particle at its origin can be obtained by linearizing
this system of equations. The product of the polarization field with the dust particle

charge yields the ion drag force experienced by a non-absorbing dust particle.

For sub-thermal ion velocities, (v; < vy or My < 1), in the bulk quasineutral,
collisional plasma, the expression for the ion drag force acting on the dust particles with

Maxwellian collisional ions is given by

1 (2

F=: _(ﬂ)z [lnﬁT—l + %g{ (AD/&)] BEMy + O(M3), (1.20)

mT\e

where X (x) = xarctanx + <\/E— 1) X

2 1+ x2

- \/’;Tln(l + x?) is the “collisional
function”. For ¢; > Ap, the function K (AD/ p.) 1s negligibly small compared to the
l

Coulomb Logarithm and hence, can be neglected. If the collisions become “very
frequent”, £; < PBrAp, the kinetic effects completely disappear and the resulting ion

drag force is given by
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Rz (o) (2) (A’”/gi> B3My. (1.21)

2
where My = v;/Vsp;, is the ion thermal Mach number, By = Zae / ATy is the ion-dust
l

C\1/2
interaction parameter and Ap = Ap; = (4;‘%) is the effective plasma Debye
L

length. After putting the value of S in the above equation, the expression for ion drag

force takes the below mentioned form

E;

IR

1 Zde 2 ADi
—(ZeZ) (22t 1.22
6(/1D> (fi)MT (1.22)

Zy, ny, Ti, v; and vyy,; are dust particle charge number, plasma (ion) density, ion

temperature, ion drift velocity and ion thermal velocity, respectively.
Since the inequality mi/me > Te /T- is valid for any plasma, the electron drag can be
l

neglected [29], because electron and ion flows on a dust particle are equal to each other

and the momentum transfers are determined by the quantities /m,T, and \/m;T;.

1.2.8.4 Neutral Drag force

Neutral drag force is the measure of the rate of momentum exchange between dust
particles and the surrounding gas neutrals during their collisions with each other. For
the estimation of neutral drag force, the whole working regime is divided into two parts
depending upon the value of the dust Knudsen number (K;,); which is defined as the
ratio of the neutral mean free path to the dust particle radius. When K, << 1, the
working regime is called as the hydrodynamic (high-pressure) regime where the neutral

drag force can be determined using Stokes’ law. For K;,, > 1, kinetic regime comes into
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pictures. For most of the experiments involved in the complex (dusty) plasmas, K,, > 1
i.e., kinetic regime should be used. In such a case the neutral drag force can be
determined by considering a Maxwellian distribution of surrounding neutrals.
Generally, the relative velocity of dust particles (v;) with respect to the neutrals (u,) is
found to be very small than the thermal velocity of the neutrals (vrpy,) i.€., [vg — uy,| K
Vrnn- Therefore, according to Epstein friction [30], the neutral drag force experienced

by the dust particles, for a perfect diffuse reflection, is given by
Fan = MgVpa(Va—un), (1.23)
where vy, is the dust-neutral collision frequency.

8 T m
Vdn = —§ (1 + §) VZT[T‘; m_Znanhn (124)

When the neutrals are in the diffused state, u,, = 0. In this case the expression for the

neutral drag force becomes

Fan = —MgVnqvq (1.25)

3

For a dust particle velocity of 4 cms™! and neutral gas density of 3 X 101® cm™3at a

pressure of 134 Pa, the neutral friction will be 1.4 X 10712 N.
1.2.8.5 Thermophoretic force

Let us consider plasma with a finite temperature gradient in the neutral gas. Then the
neutrals present in the high temperature region will exert more momentum on the dust
particles than those present in the lower temperature region, resulting in a net
momentum transferred to the dust particles. The rate of net momentum transferred to

the dust particles by the neutral temperature gradient is called as the thermophoretic
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force (Fry). The magnitude of this force is directly proportional to the gas temperature
gradient and is directed in the direction of the heat flux. At high neutral pressure, when
the characteristic lengths of the dusty plasma is much larger than the neutral mean free
path (few microns), the thermophoretic force can be assumed to be independent of the
neutral pressure and mass of the neutral gas. The expression for thermophoretic force

under such conditions can be written as below [30]:

5 Ta 2
Frp, = — ———| kgVT,, (1.26)
Th 4\/7(01]) Bhon

where kg is the Boltzmann’s constant and oy is the Lennard-Jones collision diameter

of the gas. For Argon gas, it is equal to 3.4 A.

The thermophoretic force experienced by the dust particles for a temperature gradient of
VT, ~ 1 Kcm™1 is 1.0 x 10713 N, which is one order less compared to the gravitation

force ( and other forces as mentioned above).

After discussing the different forces experienced by the dust particles present in plasma,
the order of magnitude of these forces is estimated for typical conditions of a dc glow

discharge at high pressure. The results are given below in a tabular form:

Force Formula Magnitude (in N)

Gravitational force, F ar o ~10712
3 TaPag

- AT ~10-12

Electrostatic force, Fg dmegry ( 141 ) le 9o =F, 10
Ap/ e
Ton drag force, Fyy 1 <Zde)2 (/101') v ~10712
6\ 1p i ) Vrp
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Neutral drag force, F, 8 s m ~10~12
g dn g(1 +§) \/anjm—Znanhnvd
Thermophoretic force, Fry, 5 (1) ~10713
—|— kgVT,
42 <0L1> s

Table 1.1: Order of magnitudes of different forces experienced by a levitated dust particle in plasma.

For the calculations given in the above Table 1.1, Argon gas plasma at a pressure of 133
Pa with ion temperature as equal to room temperature is considered. Mono-dispersed
dust particles of diameter 6.48 um and mass density as 1.51 gm cm™3 are assumed to
be moving with a velocity of 4 cms™!. The electron temperature is considered as 2.15

3

eV and plasma density as 3 X 10° cm™3 with a neutral gas temperature gradient as

~1Kcem™1,
1.3 Overview of Earlier Works

Dusty plasmas are low temperature plasmas which, in addition to electrons, ions and
neutrals, contain micron sized dielectric particles. When immersed in plasma, these
particles acquire large charges depending upon their size and background plasma
parameters. Because of the ability of the dust particles to acquire large charges, their
presence in plasma increases the complexity of the whole system. The presence of
charged dust grains not only modifies the existing low-frequency waves [31,32], but
also supports the formation of crystalline structures [11,10], voids and self-organized
structures [15,33], waves [34,35,36] and rotation of dust particles [15,37]etc.

Dust rotation is an interesting fundamental issue which has been addressed in many
laboratory experiments. In some of these experiments, magnetic field was applied
[38,39,40,41,42,43,44] where the common feature was the magnetic field perpendicular

to the existing electric fields inside the plasma induces an azimuthal (E X B) rotation of
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ions which further causes the levitated dust particles to rotate in azimuthal direction.
The rotating ions, in addition to interacting with the dust particles directly, may also
interact with them via neutrals. In this case, part of the momentum transferred to the
neutrals by the ions may be imparted by the neutrals to the dust particles causing them
to rotate [43] in the direction of the ions.

Rotation of dust particles and convective vortex motion in the absence of magnetic field
in laboratory plasmas as well as under microgravity conditions has also been reported in
many experiments. Under microgravity conditions, a dust-free region called — void is
observed in the central region of the discharge [15], around which dust vortices get
formed. Later, it is shown in a simulation work [18] that the dust vortices around the
void [15] get generated due to the non-conservative nature of the forces, such as ion
drag force, electric force, and screened Coulomb force, acting on the dust particles. In
ground-based experiments, the dust rotation in crystalline structures was observed to be
induced by a biased probe immersed in plasma [45] where it was suggested that ion
wake fields generated due to the biased probe give rise to a local space charge
accumulation; the variation in the space charge leading to the formation of a non-
uniform electric field is proposed to be the origin of dust circulation. In an
inhomogeneous plasma, the dust charge gradient [46,33,47,48,49] in the presence of a
non-electrostatic force orthogonal to it may cause an instability which further leads to
the formation of the dust vortices. In a dc plasma, a two-dimensional dust vortex flow
near the edge of a metal plate can be generated due to an asymmetry of ion drag force
near the metal plate [50]. Also, the presence of temperature gradient in the background
gas, can give rise to two types of gas convection; (a) free (Rayleigh-Benard) convection
at high (almost atmospheric) gas pressures and (b) convection induced by thermal creep

at low pressures [51]. At low pressures, the dust vortices are observed to form in a low
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frequency discharge produced in an inhomogeneously heated vertical glass tube due to
the presence of a thermal creep flow (TCF) [52]. Later on, a special experiment was
designed to isolate the thermal creep flow (TCF) from other temperature gradient effects
and the role of TCF on vorticity formation was verified at low pressure [53]. The role of
ion drag force in the formation of dust vortices as well as its importance has been further
stressed in two recent publications. In one publication [37], it is shown that the dust
vortices, under microgravity conditions, may arise as a result of the balance between the
driving torques due to ion drag force and dust charge and the loss of torque by friction
on the neutral gas. In another publication [54], it is shown through an analytical
formulation that a shear in the ion flow leads to vortex generation in a bounded setup.

In a nutshell, one can notice that there are different mechanisms that can cause dust
rotation. In this thesis, the observation of poloidal rotation of dust particles in toroidal
structures formed in parallel plate dc glow discharge plasma is presented. The subtlety
in our experiments is that the dust particles are kept on the lower electrode (not
sprinkled from top) with a concentric metallic ring surrounding them. The metallic ring
induces non-homogeneity in the plasma whereas the presence of dielectric dust particles
enhances this inhomogeneity. We suggest that the dust rotation may arise due to a
gradient in the ion drag force, caused by a gradient in the plasma density (which is
evident from Langmuir probe measurements) in the presence of an electric field force.
This was arrived at by carefully eliminating other probable causes in our experiments.
The cause of rotation is then confirmed by conducting another set of experiments where
the introduction of an additional density gradient leads to the formation of an additional
dust vortex. The direction of rotation of dust particles in vortices is also observed to

follow the direction of the density gradient. Additionally, the dust particle velocity is

found to be very high (~4- 5cms™!) with a radial gradient in it. The observed
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rotation/vortices in this kind of structures may have interesting relation to various
processes involving rotational flow of matter, ranging from those at the astronomical
scales, like galactic star formation [55], to those at the micro- or nano-scales, like
mixing of heterogeneous fluids [56]. Vortex flow is fundamental to fluid dynamics as
the vortices are analytic building blocks in a scale-free dynamical formulation of the
fluid turbulence [57]. The vortices forming in laboratory dusty plasmas provide the
opportunity to study these dynamic building blocks at the microscopic level of the

medium which is impossible in any other conventional fluid medium [58,59].
1.4 Scope and Outline of the Thesis

Dust vortices/rotation has been reported in numerous experiments due to the dust
charge gradient or thermal effects (such as thermal creep flow, free convection) in the
absence of any external magnetic field. The cause of rotation (in the absence of thermal
effects) in most of these experiments is supported either by qualitative explanations or
by producing simulation studies. The effect of the different discharge parameters on the
dust vortices has also not been studied in details. As mentioned earlier, this thesis deals
with the study of dust vortices, with and without void at the centre, discovered in
experiments performed using micron-sized mono-dispersed dust particles immersed in
dc glow discharge plasma at high gas pressure. The investigation of the phenomena
aims at the better understanding of the principle driving mechanisms behind the dust

rotation.
This thesis consists of seven chapters and is organized as follows:

The main features of experimental set-up, in which the experiments are performed, have

been described in Chapter 2. This chapter also gives an overview of the working of the
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sCMOS camera and the PIV analysis that has been used for determining the different

parameters associated with the rotating dust structures.

Chapter 3 gives a short review of the different existing theories that can be used for
extracting out the useful data from the -V characteristics of a Langmuir probe at
different pressures and densities. This chapter also explains the instrumentation

involved for preventing the dust contamination and for removing the capacitive current.

The experimental observations of the rotation of mono-dispersed dust particles and the
probable cause are conjectured in Chapter 4. This chapter also discussed the various

properties of the rotating dust structures.

Chapter 5 provides the experimental evidence supporting the model based on the ion
drag gradient, arising due to density gradient, as the principal cause of dust rotation (as
conjectured and elucidated in chapter 4). The dust dynamics is described using
hydrodynamic formulations. It is observed that the vorticity of the dust fluid is in good

agreement with that provided by the ion drag.

Chapter 6 discusses the experiments performed related to the evolution of the toroidal
dust structures with the background neutral pressure and discharge current. The effect
of discharge current and pressure on the dust vortices have been investigated as well as
some behavioural changes such as transition of filled to hollow and then again to filled
vortices are presented. The increase in the dust velocity with an increase in the pressure
is observed, contrary to an increase in the neutral friction. An analysis in order to
understand the mechanism responsible for this behaviour of dust particle velocity is

attempted.

Chapter 7 summarizes the major findings of this research, and concludes with an

outlook for future studies.
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2 CHAPTER: EXPERIMENTAL SET-UP

In this chapter, section 2.1 introduces the basic experimental set-up, along with the
various sub-systems, employed to perform experiments using mono-dispersed dust
particles. Thereafter, section 2.2 gives a brief overview of the working of the sSCMOS
camera. The PIV technique used for determining the different parameters associated
with the rotating dust structures is described in section 2.3, followed by a summary in

section 2.4.
2.1 Experimental Set-up

2.1.1 Vacuum Vessel and Electrode Arrangement

The experimental set-up consists of a cylindrical vessel of diameter 31 cm and length as
50 cm. It has two axial and four radial ports, as shown in Figure 2.1. The bottom radial
port is being used for evacuating the system as well as for inserting the bottom
electrode. The bottom radial port has two perpendicular KF 25 ports attached to it. One
of these KF 25 ports is being used for introducing the working gas inside the system
through a needle valve. A convectron gauge is used at the same port to measure the gas
pressure. Another KF 25 port is being used for taking out connections of the
thermocouple attached to the bottom electrode. To evacuate the vacuum vessel, a rotary
pump with pumping speed of 600 litres/min is used. The ultimate vacuum, which is
achieved with this rotary pump, is 5 X 1073 mbar. The top radial port is used for
inserting the upper electrode and its electrical connections inside the system. For
inserting the laser sheet to illuminate the dust particles, one of the side radial ports is
used and another side radial port is used for inserting the probe diagnostics to determine

the plasma properties, as shown in Figure 2.2.
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Figure 2.1: Front view of the experimental system with various sub-parts attached to it.

Electrode
sCMOS assembly y
Camera

Figure 2.2: Three-dimensional view of the experimental system. The camera is directed in the
x-direction, vertical Laser sheet enters the experimental region of interest in the y-direction and
z represents the (vertical) direction of electrode axis.

46



There are two axial ports on the cylindrical vessel with glass flanges of outer diameter
20 cm attached to them. On one of the axial ports, a SCMOS camera is permanently
installed for capturing/imaging the dynamics of the dust particles illuminated by a laser
sheet. The other axial port is being used for capturing the colored images of the plasma
conditions using a DSLR camera. It can also be used either for inserting other electrical

diagnostics or beam probes, etc.

(a)

Figure 2.3: (a) shows the photographs of the anode covered using BN cup and (b) represents the specially
designed water cooled cathode

The discharge is being produced between two parallel plate SS304 electrodes. The
upper electrode is a disk of outer diameter as 10 cm and act as anode, as shown in
Figure 2.3 (a). Its edges have been covered by an insulator which allows only the front
part of anode to take part in the plasma production and the exposed diameter to the
anode is 90 mm. The lower electrode, which is a grounded cathode, is a disk of
diameter 13 cm, as shown in Figure 2.3 (b). The lower electrode has a provision of
water cooling. A thermocouple has been installed on it. For the better confinement of
the dust particles, an Al ring with inner diameter as 63 mm, outer diameter as 82 mm
and height 3.5 mm has been kept on the lower electrode in a groove on it which makes

the height of the metallic ring above cathode as 3 mm and is in electrical contact with
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the lower electrode. The whole body of the cylindrical system along with the lower
electrode is acting as a grounded cathode. The inter-electrode separation can be varied
from 1 — 10 cm but for the present experiments it has been fixed as 4 cm. The discharge
voltage is varied between 270 V to 470 V with discharge current ranging from 1 mA to
50 mA. No magnetic field has been used in these experiments. Mono-dispersed
Melamine Formaldehyde particles of diameter 6.48 um has been used and kept on the
lower electrode inside the confinement ring. The dust particles are being illuminated by
using a vertical laser sheet of thickness around 2 mm. A green laser of wavelength 532
nm and power as 100 mW is used for illuminating the dust particles. For converting the
laser beam into a sheet, it is followed by a cylindrical lens. The laser sheet is being
introduced in the system from one of the side radial port. The light scattered from the
dust vortices is being captured by a sSCMOS Neo camera which has been installed on

one of the axial ports.
2.1.2 Laser Sheet Formation Optics

A circular laser beam can be converted into a thin sheet by means of a cylindrical lens
to illuminate the micron or submicron sized dust grains present in the plasma forming

different structures. A lens is generally characterised by its three basic parameters:
1. Focal length of a lens

2. Aperture number

3. Image magnification

The aperture of a lens is a hole or opening through which the light travels. The aperture
is the ratio of its focal length to diameter of the opening, whereas image magnification
of given by the ratio of image distance to the object distance. A cylindrical lens is a lens

which focuses the light passing through it on to a line unlike the spherical lenses which
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focus on to a point. The curved face or faces of a cylindrical lens are sections of a
cylinder and focus the image passing through it onto a line parallel to the intersection of
the surface of the lens and a plane tangent to it. The lens compress the image in the
direction perpendicular to this line, and leaves it unaltered in the direction parallel to it
(in the tangent plane). When a cylindrical lens acts as a magnifier, it magnifies only in
one direction. The plano-concave cylindrical lens expands the laser beam in the vertical
direction leaving the horizontal direction constant followed by a spherical lens. The
resulting system acts as a beam expander in the vertical direction. This arrangement is
generally used where uniform illumination along the propagation direction is required.
However, this arrangement cannot be used where long regions for illumination are

needed because for that one needs large aperture spherical lenses.

A laser provides a light beam of very small diameter. To convert this beam in the shape
of a sheet (for illuminating a large dust particle cloud), various types of cylindrical
lenses are used. In our experiments, we have made use of a Vertical Cylindrical Lens

which converts the laser beam into a vertical sheet of light.

The cylindrical lens used for the present experiment has the following specifications:

Lens Type PCX cylinder

Glass Type BK7

Size (Height x Length)|f~ 25 mm x 25 mm|

Effective Focal Length|25 mm

Back Focal Length ~ 18 mm
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Radius ~ 13 mm

Centre Thickness ~ 11 mm

Edge Thickness ~ 1.5 mm

Table 2.1: The details of the cylindrical lens used for converting the laser beam into a vertical plane.

2.1.3 Selection of Dust Particles

In dusty plasma, the gravitational pull is balanced by the repulsion because of sheath
electric field. So, it is always tempting to choose smaller dust particles. The advantage
with small particles is that the weight of these particles is small. They require less
sheath electric field for levitation. However, it is very difficult to illuminate using
visible light sources as well as image the dust particles having small sizes generally
below 1 micron. So from the point of view of cameras, one may choose to work with
bigger particles. The advantage of using bigger particles is that they are easy to record
using a camera, but they pose a problem when we go to work with particle sizes above
10 micron as to levitate these particles, stronger sheath electric fields are required. From
the above discussion one can conclude that is it is always better to work with the dust

particles sizes lie in the range 3 — 9 micron.

In experiments, mostly, dielectric particles are used than metallic particles as it is much
easy to work with them. Dielectric particles can be kept on one of the electrodes while
in case of metallic particles, one has to sprinkle these particles from the top so that they
can get suspended in plasma. In general the metallic particles are heavier than the
dielectric particles of the same size because of their higher mass densities, thus require

higher electric fields for levitation. Metallic particles have one very important
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advantage too. Because of the conduction, whatever charge they acquire, it gets
distributed on the whole body of the dust particle which does not happen in case of
dielectric particles. In case of dielectric particles, in addition to the particle size it is

always advisable to use the dust particles with good chemical and physical properties.

Figure 2.4: The image of a sample of melamine formaldehyde (MF) condensation resin particles being
used in experiments having average diameter as 6.48 um, obtained using a microscopic shows that the
dust particle are spherical in nature (to a very good approximation). The size distribution is extremely
narrow (standard deviation is 0.1 um).

Based on the considerations discussed above and depending upon the availability of
standard sizes of mono dispersive melamine formaldehyde (MF) particles of diameter
6.48 pm are used in the present experiments due to their excellent mono-dispersivity
(CV < 3%) and highly uniform spherical shapes. An image of the mono-dispersed
particles taken with the help of a microscope is shown in Figure 2.4. Approximately ~ 1
gm of mono-dispersed MF dust particles are spread on the cathode surface inside the
metallic ring uniformly using a mesh as the levitation of dust particles is found to be

sensitive to the distribution of dust particles on the cathode. These particles have a low
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mass density (~ 1.51 gcm™3) and are resistant up to high temperatures (~ 300° C) and
they do not agglomerate easily. Apart from MF particles, Silica particles of
approximately same size as that of the MF particles are also used in some of the
experiments. Silica particles also have a low mass density (~1.8- 2 gem™3) and

resistant to high temperatures (~ 1000° C).
2.2 Camera

2.2.1 Principle of Operation

A Charge Coupled Device (CCD) camera does four basic tasks for generating an image.

These tasks are

e Charge generation

e Charge collection

e Charge transfer

e Charge measurement

The first operation relies on a process named as photoelectric effect when light quantas
with some energy strike certain surfaces, give rise to the generation of electrons known
as photoelectrons. In the second step these photoelectrons are collected in the nearest
discrete collecting sites. The collecting sites are defined by an array of electrodes
formed on the CCD chip and are called as gates. This step depends upon three different
parameters: 1) the area and number of pixels present on the CCD chip, 2) the total
number of photo generated electrons that a pixel can hold and 3) the ability of the

“target pixel” to efficiently collect the photo-generated electrons.

The third operation which is charge transfer is executed by manipulating the voltage on

the gates in a systematic way so that the electrons move down the vertical registers
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from one pixel to next in a conveyor-belt like fashion. At the end of each column there
is a horizontal register of pixels, which collects one line at a time and transports each
packet to an on chip amplifier in a serial manner. The last step is executed when an
individual charge packet is converted into an output voltage. This voltage of each pixel
can be amplified off-chip and digitally encoded and stored in a computer. Camera is
one of the major diagnostic tools for dusty plasma experiments. Thus, it is very
important that one determines the required camera very carefully. The probable
procedure that can be followed, while choosing the right camera for imaging the micron

sized dust particles in complex (dusty) plasma, is as follows.
2.2.2 Selection of Camera and Accessories

In order to study the physics underlying the formation of dust vortices, three-
dimensional structures, waves and oscillations, it is not sufficient just to produce them,
but sophisticated diagnostics and analysis tools are also required to extract the accurate
information from the experimental data. Depending upon the physics problem to be
studied, the choice of camera depends on three very important parameters (other than
the full well capacity, dynamic range, etc.). These three basic parameters are: (1)
Number of pixels on the camera chip, (2) Size of each pixel and (3) Frame rate of the
camera. The field of view is decided by the number of pixels, pixel size and the camera

lens used.

The main physics issue for which this camera would be used is the dust rotation where
locating each and every particle for PIV analysis is of prime importance. In this

experiment, the dust particles are expected to rotate in the circular orbits at very high

speeds ~2-10 cms™1. To resolve the particles moving with such high speeds, the
exposure time of the camera should be sufficiently small otherwise the particles can

travel over a number of pixels in a single exposure time and will appear as lines. At the
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same time, in order to capture the complete dust structures large field of view is
necessary. In the CPED system, depending on the cathode and ring dimensions, field of
view of ~ 85 X 40 mm? is required. Apart from the rotation studies, locating the dust
particles precisely and accurately to determine the inter-particle separation between
them is also important in studies related to various types of crystalline structures. The
pair correlation function that tells about the various states of the dust structures (like
fec, hep ete) critically depends on the inter particle distances that needs to be measured
very accurately. Therefore, to capture the rotating structures of dust particles, a fast
camera with a high frame grabbing rate (inverse of exposure time) and high resolution
with pixel size comparable to the size of the particles and large number of pixels, is

required.

The second physics problem, which is widely studied in complex plasmas, is the wave
study. In this case, a camera with high frame rate, not high resolution, is used.
Typically, the dust plasma frequency lie in the range 1 - 50 Hz for particle sizes of the
order of few microns. In case of wave study in complex plasmas, the region of interest
will be of the order of around 50 mm X 50 mm. Considering all the above
prerequisites, a black & white sSCMOS Neo®™ camera containing 2560 X 2160 pixels

with each pixel of size 6.5 ym has been chosen for the experiments in CPED.

In addition to these requirements, the dynamic range, full well capacity and dark noise
should be taken into account very carefully. Depending upon the requirements of our
experiments, some primary experiments are performed to check whether the full well
capacity, dynamic range, signal to noise ratio etc. of the camera are in accordance with
the experimental requirements or not. For doing so, an optical beam probe is used to
collect the light coming from the plasma and the illuminated dust particles. The number

of photons are determined from the data obtained using the beam probe.
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The number of photons — 2.09 x 1014 __Photons
) cm?.srnm.sec’

Let the area of one pixel =6.5um x 6.5 um
=42.25 ym?

= 0.4225 x 1076 cm?

Let the frame rate of the camera =100 fps

Let focal length (f) of the lens =16 mm

Let the F- number of the lens be (N) =4

then the solid angle of the lens — ( % )2

Thus, the solid angle - (%)2: 614 s = 004957

Since we intend to calculate the number of photons striking each pixel for each frame,

photons
cm2. sr.nm. sec

Th ber of phot
€ numboer of photons = 2.09 x 1014

0.4225 X 107% cm? x 0.049 sr
100fps

photons
frame.pixel’

=4.326 x 10*

(Omitting nm)

The quantum efficiency of the camera  =50%
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Thus, the number of photoelectrons —4.326 x 10* —Photons . 50
) frame.ppixel = 100

=2.163 x 10% —2horons
) frame.pixel’
This camera gives 0.48 e ~ per count.
So, the number of photo-electrons,
" _ 2.163 x 104 Photons

frame.pixel

X 0.48 e~ per count

photoelectrons
frame.pixel *

=10382.4

Thus, enough electrons are available as compared to the full well capacity of the camera

photo-site.

The full well capacity of the camera = 30,000 e~

The read out noise =10e”

Then the signal to noise ratio becomes  — 30'10000 = 3,000

The dynamic range =75dB

We know that

Dynamic range =20log,, (signal to noise ratio) decibel
Levels =70dB = (20log1o G )dB
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Signal to noise ratio (SNR) =10"%0 = 3162.2778

If a 14 — bit A/D converter is used then there will be 212 = 4096 levels.

So the minimum requirements for our camera are full well capacity 30,000 e,
dynamic range 70 dB and 12 — bit A/D converter which are being fully satisfied by

the camera that has been chosen for doing experiments.
2.2.3 Interfacing media

The camera being used possesses a maximum resolution of 2560 X 2160 pixels at a
frame rate of 100s~1. The size of each pixel is approximately equal to 6.5 um. So, the

rate at which the camera can produce images is given by
Image production rate = 2560 X 2160 byte X 100 s~ = 552.96 MB/s.

The transfer rate of the interfacing media should be more than the production rate of the
camera. According to Nyquist Criteria, the highest camera frame transfer rate should be
at least four times the production rate. If the camera does not has an on-head memory
for momentary saving the data, then the data has be to transferred to the computer. The
data transfer can be done using three modes: GigE Vision, CameralLink base and
CameraLink Full. GigE Vision can transfer at a rate of around 120 MB /s, CameraLink
Base around 200 MB/s while CameralLink Full can transfer at a rate more than
370 MB/s. Thus Camera Link full is the better option for a camera with no on-head
memory. However, if the camera has an on-head memory then the connector with less
transfer speed can be used. In the present case, the camera being used in our

experiments has an on-head memory capacity of 4 GB.

The computer should also be capable to store/write the data at the same rate at which it

is reading it. PCI cards have a transfer speed of 130 MB/s. So they cannot be used.
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Whereas, PCI express cards that transfer the data, faster than PCI cards, are selected for
transferring the data from camera to the computer. The suitable card in this case is PCle

X 4 card which is has a speed of 1GB/s.

The camera can deliver sustained 30 fps or up to 100 fps in burst mode at full
resolution. The camera is equipped with 4 GB of on-head memory buffer. The on-head
memory buffer can store 400 to 500 frames corresponding to 4 to 5 seconds of videos
having maximum frame grab rate capacity at full resolution of the camera. For studying
faster dust dynamics, the frame rate can be further increased by reducing the camera
resolution (i.e., the effective number of pixels), for example frame grabbing rate of ~
405 fps can be achieved for the present camera at a resolution of 512 X 512 pixels.
For a fixed region of interest, higher kinetic series lengths are possible by lowering
frame grabbing rates. But if both, the frame grabbing rate and kinetic series length, are
required to be increased (like for determining the dust temperature), then the data must
be spooled continuously to either the computer hard drive or computer RAM with

greater than 4 GB capacity.

The data from the camera is transferred to the computer hard-drive from the on-head
buffer through a CameraLink cable of required transfer speed. The speed of data
transfer is limited by the writing speed of computer hard-drive. To increase the writing
speed, the unused RAM of the computer is converted into a virtual hard drive with
much faster (~ 50 times faster than the physical hard-drive) writing speeds using a

special software RAMDisk. Later, the data is transferred to the conventional hard-drive.

To obtain the required field of view (i.e., ~ 85 X 40 mm?), the camera is being used
with a Carl Zeiss made macro-lens of focal length of 100 mm. To increase the signal-

to-noise ratio, a band pass laser-line filter has been used in-between the camera and the

58



macro-lens, which attenuates the background plasma light and allows the laser light

scattered from the dust particles to pass through it.
2.3 Data Analysis Using PIV Technique

Particle Image Velocimetry (PIV) technique is a cross-correlation technique for
determining the displacement of particles between pair of images. An image is
decomposed into “interrogation cells” that are square of size n X n pixels, where n
typically varies between 8 and 128. Within each cell, a finite number of particles are
present. A two-dimensional Fourier transform is performed on a cell in Image 1 and
Image 2. Then, the cross-correlation is constructed for the corresponding cells on two
images. The peak of the cross-correlation represents the most probable displacement of
the group of particles in the cell. It should be noted that the cross-correlation calculation
can result in multiple peaks. The “quality” of the PIV analysis is measured as the ratio
of the heights of the first and second cross-correlation peaks. For fluid systems, a ratio
of 1.5 or greater is typically considered a good measurement. In practice, these studies

have used ratios of 4 or greater for analysis of dusty plasmas.

There are additional refinements that can be used to improve the quality of the results
generated in the PIV analysis. The first technique involves the overlapping evaluation
regions. In the present work, 50% overlap is used. This is more than double the number
of independent vectors that are computed and more accurately maps the velocity field.
It is noted that a 50% overlap is the maximum overlap that can be used and still obtain
independent PIV vectors. The second technique is multi-pass correlation. In this
process, the correlation analysis is repeated m times. In the first pass, a displacement
map is generated. In the next pass, when the correlation analysis is repeated, the sub-

region extracted from the second image used in the correlation analysis is offset in the
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direction of displacements that were computed in the first correlation analysis. This
process is then repeated until m iterations. For each iteration, the displacement field that
was generated in the previous correlation analysis is used to generate the image shift for
the sub region in the second image. Finally, it is important to remember that PIV is not
a particle measurement technique. Each vector constructed using PIV represents the
motion of a group of particles within the interrogation cell. The cells are fixed in space

and the particles flow in and out of the cells

Interrogation

Interrogation
region

frame 1
particle

displacement

Crosscorrelation

Vector field

Figure 2.5: Typical arrangement showing the different steps of PIV techniques.

2.4 Summary

In this chapter, the main features of the experimental set-up developed for the study of
dust vortices is described. An overview of the working of the SCMOS camera and the
determination of its different parameters through calculations is provided. The PIV
technique, that has been used for determining the different parameters associated with
the rotating dust structures, has also been described.
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3 CHAPTER: LANGMUIR PROBE FOR
MEASUREMENTS IN DUSTY PLASMA AT

HIGH PRESSURE

Langmuir probe is routinely used for the local measurements of plasma parameters.
However, its use at high pressures in a dusty plasma environment is very complicated.
This chapter is divided into eight sections. In section 3.1, we briefly describe the issues
pertaining to the use of the Langmuir probes at high pressures and in a complex (dusty)
plasma environment followed by a brief description of the basic Langmuir probe [-V
characteristics and the different terms used to describe it in section 3.2. Section 3.3
describes the theories that may be used to interpret the probe characteristics keeping in
mind the requirements of dusty plasma experiment. In section 3.4 we have discussed
the probe design and its construction. The prevention of probe contamination and
Langmuir probe instrumentation are discussed in section 3.5. Processing of the
Langmuir probe data is discussed in section 0. In section 3.7, a double Langmuir probe
used for the determination of electron temperature is described followed by discussion

and summary in section 3.8.
3.1 [Issues Pertaining the Use of Single Langmuir Probe

Langmuir probes are one of most widely used plasma diagnostics used for measuring
plasma parameters. A Langmuir probe, in its simplest form, consists of a single
electrode which is inserted into the plasma and biased at various potentials with respect
to a reference electrode. The current collected by the probe is measured as a function of
the probe bias and is called as its I-V characteristics. This I-V characteristics of the

Langmuir probe is analysed to determine the various plasma parameters such as floating
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potential, plasma potential, electron temperature, plasma density, electron energy
distribution of the plasma, etc. Unfortunately, the theory underlying the probe response
used for interpreting the 1-V characteristics is not always straight forward but rather
complicated. Probes are basically boundaries to the plasmas, and near the boundaries,
the equations that govern the plasma behaviour get altered. This complicates the
analytical treatment. Quasi-neutrality does not hold near the boundaries; a thin layer
exists where electron- and ion- number densities differ significantly, which is often
called the Debye sheath. The sheath region can sustain large electric fields which affect
the motion of electrons and ions approaching towards the probe, hence the current
collection. Occurrence of electron-neutral and ion-neutral collisions in the sheath region
at high operating pressures makes the prediction of electron and ion trajectories even
more difficult. The ratio of parameters like probe radius to Debye length, mean free path
to probe radius determines the regime of operation of Langmuir probe. While designing
a probe, one has to carefully choose the probe dimensions such that a well-defined
theory exists for predicting the current collection by an attractive probe correctly in the

regime of operation.

Probe operations in dusty plasma require special consideration, such that the disturbance
caused by the probe to the local plasma parameters is minimal and the measured
parameters faithfully represent the plasma parameters in the absence of the probe. One
of the ways to minimize the disturbance to the plasma is to use a very fine probe tip and
operate the probe mostly in the ion attracting mode such that the current collection by
the probe is minimal. The usage of a fine probe tip reduces the current collected by the
probe. A very low probe current increases the demand on the measuring circuit, which

further requires special attention to ensure a good signal to noise ratio.
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In a dusty plasma environment, the negatively charged dust particles easily get attracted
by the positively biased probe. These dust particles tend to stick to the surface of the
probe and reduce its conducting surface area. This leads to an alteration of the probe I-V

characteristics which makes determination of density from the probe current difficult.

Our experiments in dusty plasma are being carried out at high gas pressures. The probe
operation at high pressures demands to consider the effect of ion-neutral collisions that
may increase or decrease the probe collection current depending upon the relative values
of ion-neutral mean free path and sheath thickness. The Langmuir probe system used in
our experiments for measuring the plasma parameters addresses all the above stated
problems comprehensively. The different solutions that have been employed to solve the

above mentioned problems are discussed in this chapter.
3.2 Single Probe I-V characteristics

The variation of the current collected by a Langmuir probe with different bias potentials
is represented by the I-V characteristics. Figure 3.1 shows the I-V characteristics of a
typical Langmuir probe operated in collisionless plasma. I-V characteristics can be
qualitatively understood by inspecting the motion of electrons and ions to the probe at
different probe potentials. If an electrically isolated Langmuir probe is placed in the
plasma, then the probe will charge negatively until reaching a potential at which the net
current to the probe becomes zero. This potential at which the net probe current
becomes zero is called the “floating potential” (V). At floating potential, the electron
and ion flux to the probe becomes equal. When the probe potential is more negative than
the floating potential then the probe attracts ions and repels electrons more strongly
resulting in a net current dominated by ions. As the negative bias to the probe is

increased further, the probe current saturates since the probe repels all the nearby
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electrons and collects all the ions reaching probe sheath. This maximum ion current is

called the ion saturation current.

- Electron Saturation -
L region -

_ Yoy _

I (mA)
™
L |

& Transition |
B Vf region 7
- Ion \ -
[ saturation region —

1 | ! l 1 l 1 | 1 |
Probe biasing Voltage (V)

Figure 3.1: Typical I-V characteristics of a single Langmuir probe

When the probe potential is made more positive with respect to the floating potential,
the electron current collected by the probe increases rapidly whereas the ion current gets
decreased. This region of the I-V characteristics is called the transition region. On
increasing the probe potential further, the probe acquires a potential equal to the plasma
(space) potential (1},). At this potential, no electric field (no sheath) exists between the
probe surface and the plasma. Both ions and electrons impinge upon the probe surface
by the virtue of their random motion. Because of higher mobility of electrons, the
current collected by the probe is dominated by electrons at plasma potential. Plasma
potential is represented by the knee of electron saturation region as shown in Figure 3.1.
At potentials higher than the plasma potential, the probe starts attracting the electrons
very strongly. All the electrons reaching the probe sheath are collected by the probe.
The current collected by the probe saturates and this region of the I-V characteristics is
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called the electron saturation region. However, unlike the ion saturation region, the
probe current is not parallel to the voltage axis in electron saturation region, rather the
probe current increases slowly with an increase in the probe potential. This is due to
expansion of the probe sheath at higher probe potentials. As a result of which the

effective current collecting area of the probe increases.

Over the years different theories have been formulated based on the trajectory of
electrons and ions in the vicinity of a probe to quantitatively estimate the current
collected by the probe at different operating regimes of the Langmuir probe for the
determination of plasma parameters. The motion of the electrons and ions collected by a

Langmuir probe depends on the parameters mentioned below:
1. Dimensions of the probe (for cylindrical probe, its radius (7;,) and length (1,,))
2. Mean-free-path of ions (#;) and electrons (€,)

3. Debye length of the plasma (Ap,)

4. The anisothermicity parameter (T = %)

Except the above mentioned parameters, the shape of the Langmuir probe also
significantly alters the analytical formulations describing the current collection by the
probe. Langmuir probe is generally constructed in many geometric shapes: spherical
probe, cylindrical probe and planar probe etc. But out of these different geometries, the
cylindrical geometry is widely used as it is easy to make. Hence, depending on the
geometry of the probe and the above mentioned parameters one may select a suitable

probe theory to interpret the I-V characteristics and determine the plasma parameters.
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3.3 Theories for interpreting Langmuir probe characteristics

Considering that DC glow discharge plasma can be operated over a wide range of
operating pressure and plasma density, it is very important to wisely choose a suitable
probe theory for accurate interpretation of the probe data. In this section, a brief

description of the various probe theories available and their validity at intermediate

pressure range (~ 90-350 Pa) and low densities (108 —5 X 10° cm™3) for the

interpretation of the probe data is provided.

Over the past several decades, a number of theories have been formulated for
interpretation of the I-V characteristics of Langmuir probe. In 1926, Mott-Smith and
Langmuir [60] proposed the Orbital Motion Limited (OML) theory for interpreting the
Langmuir probe data as shown in Figure 3.2. They assumed the orbital motion of
charged particles, moving with constant energy and momentum in low-density plasmas,
around the probe in the space charge sheath. It is assumed that the probe radius r, is
much smaller than the Debye length Ap, and the mean free path is much greater than

Debye length.

Allen, Boyd and Reynolds (ABR) [61] performed calculations for spherical probes for
two situations namely thin sheath for which Ap, <7, and a thick sheath for which
Ape ~ T, . They assumed the ion to be cold and considered ions to perform radial
motion towards the probe surface after entering into the sheath region at Bohm velocity.
Hence, every ion entering the sheath gets collected by the probe. In 1965, Chen [62]
extended ABR model of cold ion collection for cylindrical probe geometries, thus,
making it possible to interpret cylindrical Langmuir probe characteristics using ABR

theory.
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Figure 3.2: The schematic showing the orbital motion of the ion inside sheath region in a collisionless
regime. The sheath boundary is well-defined and outside the sheath region, the plasma is assumed to be
perfectly neutral.

Laframboise [63] extended the Langmuir probe theory further by considering ions
having Maxwellian distribution in plasma. This represents the most detailed description
of current collection by the probe in the absence of collisions. Analytical formulae
which fit Laframboise’s numerical results were provided by Kiel [64], Peterson and
Talbot [65], Steinbriichel ef al. [66,67,68], Mausbach [69] and Chen [70]. However,
Laframboise’s results are not very helpful from the point of view of our experiments as
most of the experiments have been carried out at low density and high pressure regime
as a result of which collisions are expected to occur within the sheath. Neither of the
above mentioned theories takes into account the effect of collisions for determining the
current collected by a Langmuir probe. Hence, one must take into account the effect of

collisions on the collected probe current.

In general, the ion-neutral collisions can affect the probe collection current in two
ways:
1. As the ions collide with neutral in the sheath, they lose their kinetic energy. This

result in destruction of their orbital motion and their trajectories become nearly
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radial, as shown in Figure 3.3 (a). Thus, the ions after losing their energy get
collected by the probe and therefore, results in an increase in the probe current.
In this regime, the probe current increases with an increase in the ion-neutral
collisionality and reaches maxima when the ion-neutral mean free length

becomes equal to the sheath thickness [71,72]. This effect predominates at lower

pressurcs.

Destruction of Ion Orbital Motion Elastic Scattering of Ions

Figure 3.3: The schematic shows the influence of ion-neutral collisions on the probe collection current; a)
represents the destruction of orbital motion of the ions inside the sheath leading to an increase in the
collection current whereas, b) represents the elastic scattering of ions inside the sheath leading to a
decrease in the probe current.

2. As the pressure increases, elastic scattering of the ions inside the probe sheath
(as shown in Figure 3.3 (b)) increases due to an increase in the frictional force
on the ions and decreases their velocity towards the probe surface. This leads to
a decrease in ion current collected by the probe surface [73,74,75,76]. The
elastic scattering of ions is more dominant at high pressures.

A number of theories have been formulated to address the effect of collisions under

different operating regimes. The various ranges of Knudsen number <Ki = f%«p),
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Debye number (D,l = rp/ Ap )and ?;/Ape describes the well-known domains of
e

operation and are mainly classified into two main categories:
A. Classical regime (corresponding to K; > 1)
i.  f;e > 1, > Ape, collisionless thin sheath
ii.  £;¢ > Ap, M 1, collisionless (orbit limited) thick sheath

. Ape » ¥, > 1, collisional thick sheath (low and intermediate plasma

density)

B. Continuum regime (corresponding to K; < 1)
i. 1, > Ape » £;¢, Collisional thin sheath
. Ape » 1, > £, Collisional thick sheath

ii. 1 > £, > Ap,, Collisionless thin sheath (high plasma density)

From the above classification, it is clear that the condition K; > 1 does not necessarily
mean that the sheath is collisionless. But it is decided by the relative magnitudes of the
?; e and Ap,. For example, if £; . > Ap,, then the probe sheath is collisionless whereas
for Ape > £;., it is collisional. However, in the continuum regime (i.e., K; < 1), the
probe suffers a large number of collisions with the neutrals, but still the sheath may be
collisionless depending upon the relative magnitudes of Ap, and ¢;,. A very small
value of ion Knudsen number implies collisional plasma while a large value indicates
the collision-free regime. The anisothermicity parameter, T (the ratio of electron
temperature to the ion temperature), represents the level of thermal non-equilibrium

between the electrons and ions in the plasma; 7 = 1 represents a plasma that is in
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complete thermal equilibrium, whereas T+ — 0 yields the cold ions with frozen flow

situation.
- Orbital motion regime (OM) -~
Dy=035 Dy=3
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Continuum limit:
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Figure 3.4: The different Probe theory regimes for plasma density determination under different operating
conditions.

A complete picture of the different theories that can be used under different conditions
is provided in Figure 3.4. Zakrzewski and Kopiczynski [72] described the effect of
increase in ion collection by the probe due to destruction of orbital motion for 0.5 <
K; < oo and 1,,/Ap, < 3. They expressed the collisional probe current in terms of the
collisionless Laframboise current so that it can be easily used for determining the
plasma density from the experimental data. In their theory, Zakrzewski and
Kopiczynski successfully predicted the maxima in the probe ion collection when the
ion-neutral mean free path becomes equal to the sheath thickness. However, one cannot
use this theory for cases with K; < 0.5. Chou et al [75] proposed a theory for the ion
collection by the spherical probes for any arbitrary Knudsen number and a wide range

of 1,/Ap, that was further extended by Talbot and Chou [76] for cylindrical probes.
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However, this theory did not predict any maxima in the probe collection current as it
does not take into account the increase in the ion collection because of orbital motion
destruction arising due to ion-neutral collisions in the probe sheath. In 1994, Tichy et
al. [77] combined the Zakrzewski and Kopiczynski theory [72] and the kinetic theory
by Talbot and Chou [76] for cylindrical probes and named it as “modified Talbot and
Chou” model. The advantage of “modified Talbot and Chou” model is that it is
applicable for any arbitrary Knudsen number i.e., 0 < K; < oo as long as the orbital
Motion Limited model is valid i.e. 7, /Ap, < 3. This model describes the increase in ion
collection to the probe due to destruction of orbital motion in the same way as by
Zakrzewski and Kopiczynski theory [72] whereas the decrease in ion collection due to
elastic scattering of ions is calculated here using Talbot and Chou theory. In this theory,
at an arbitrary value of Knudsen number (K;), the measured ion current (I,) is

normalized using the factor I* so that

I* = I+ 3.1

+_I*’

where [* is the probe collection current in the absence of ion-neutral collisions and is

given by

* kpTe
1 =Apr0benie ij. (32)

with m; as the ion mass and Ay,;.op as the surface area of the probe. I} is a function of
Knudsen number, K; <= fi/;«p), Debye number, D; <= " / 1 ) and the
e

anisothermicity parameter, T. The continuum regime of probe operation (in case of

collisional thin sheath) is discussed by Su et al. [78] where both the electrons and ions
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are assumed to be mobility limited. However, this regime is out of the scope of this

work and will not be discussed here.

Depending upon the surrounding plasma conditions, one can choose to work with any
of the above described theories. However, dusty plasma experiments are generally
carried out in low density plasmas. In the present case, we are dealing with low plasma
densities (108 — 10° cm™3) that means large Debye lengths and hence, a broad sheath.
Thus, we will mainly concentrate on the theories based on thick sheath model. Also in
most of our experiments, the working pressure regime is such that the ions are either
partially collisional or in the collisional state /.e., the ion mobility is restricted due to
their collisions with the neutral atoms. Whereas, the electrons are always in the
collisionless regime as the electron-neutral collision mean-free-paths are usually much
larger than that of ions. Hence, for determining the plasma density from ion current

collisional thick sheath theory is employed.
3.4 Probe design and construction

The design of a Langmuir probe to be used for measuring plasma parameters in low
density cold plasma is governed by a number of factors. The dimensions of the probe to
be used for acquiring the I-V characteristics should as small as possible such that
current drawn from the plasma by the probe is very less. The lowest value of the current
that can be drawn by the probe and hence the lower limit of the characteristic probe
dimension is determined by the requirement to enough current such that a substantial
signal to noise ratio can be ensured for the entire expected operating regime of the
probe. The ratio of the probe dimension and other parameters like Debye length,
collisional mean free path should be such that a well-defined theory exists for

interpreting the probe characteristics.

72



The Langmuir probe dimensions must be carefully designed to minimize the effect of
the probe holder on the Langmuir probe characteristics. The thickness of the space
charge sheath around the insulated probe holder is usually of the order of Debye
lengths. Therefore, the length of the Langmuir probe used should exceed this thickness
considerably and the diameter of the probe holder should be around the diameter of the
probe wire in order to minimize the error that arises due to collection of charged
particles from the plasma volume disturbed by the probe holder within reasonable

limits.

The experiments have been carried out in high pressure dc glow discharge plasma in
grounded cathode configuration. In such experimental conditions, the potential in the
positive column with respect to the grounded cathode can be around ~250 V. Hence,
while designing a Langmuir probe one must ensure that the grounded metallic shaft of
the probe feedthrough is never in contact with the plasma. Otherwise, the metallic shaft
will act as an electrode and cause local discharge, which may adversely affect the

plasma.

In our experiments, the expected plasma density and electron temperature, in the region
of dc glow discharge plasma in which the probe measurements are to be carried out, are
in the range of ~(108 — 5 X 10%) cm™3 and ~(1 — 3)eV. These parameters will result
into an electron Debye length of ~0.2 mm. Thus, for satisfying the thick sheath
working regime, the probe dimensions should be smaller than 0.2 mm. Thus, we
choose the dimensions of the cylindrical Langmuir probe are fixed as diameter
~0.125 mm and length ~6 mm (with total probe areca, A,yope~2.37 mm?). For the
pressure range of operation in our experiments, the value of Knudsen number (K;)
varies from 0.5 to 0.2 and the value of Debye number (D, ) varies from 0.1 to 0.45. This
range of plasma operation falls within the range of validity of “modified TALBOT and
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CHOU model” [77] of positive ion collection by a cylindrical probe. Thus, the value of

plasma density at intermediate and high pressures is estimated using this theory.

The probe is made using a Tungsten wire and is inserted into the plasma using a
Huntington made linear translator feed-through. A very thin non-machinable ceramic
tube of outer diameter ~ 0.8 mm and length ~ 35 mm is used as (non-conducting)
probe shaft material to shield the probe for minimizing the disturbance caused by the
probe shaft. A picture of the single Langmuir probe along with the insulating ceramic
shaft is shown in Figure 3.5. Axis of the cylindrical probe is kept parallel to the plane of
the electrode surface for determining the radial variation in the plasma parameters as

shown in Figure 2.2.

Figure 3.5: Picture of the Single Langmuir probe employed for determining the plasma parameters.

3.5 Specially Designed Langmuir probe circuit to prevent its
contamination
The Langmuir system is specially designed for operation in dusty plasma environment.

Dust particles present in complex plasma environment generally acquire high negative

charges owing to the higher mobility of electrons. These negatively charged dust
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particles are easily attracted by a positively biased probe. The dust particles tend to
stick on the probe surface and reduce the current collecting area and thus, leading to
misinterpretation of the probe data. Figure 3.6 (b) shows the light microscope image of
cylindrical Langmuir probe after carrying out measurements in complex plasma

[79,80]. Although the depth of the focus is small, single dust particles (ry; = 1.74 um)

which stick to the surface of the probe tip can be easily identified.

Figure 3.6: Light microscope image of Langmuir probe (a) before use and after use (b) in complex
plasma [79]
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Figure 3.7: A Single cycle of triangular wave supperposed on the DC bias applied to the Langmuir probe.

In order to prevent the contamination of the probe surface by negatively charged dust
particles, the probe is held at a dc bias much less than the floating potential, such that

the probe repels the negatively charged dust particles. Probe I-V characteristics are
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acquired by applying a single triangular waveform of frequency much higher than the
dust plasma frequency such that the dust particles are unable to respond to the

momentary positive potential applied to the probe.

Figure 3.7 shows the triangular waveform applied to the probe. The frequency of the
triangular pulse is ~ 200 Hz, the dust plasma frequency (faust-piasma) I OUr case is
~14 Hz (faust-piasma /framp ~ 0.07). Since the fundamental frequency of the
triangular waveform is much higher than the dust plasma frequency, the dust particles
in the plasma are unable to respond. Additionally, the time for which the probe strongly
attracts the dust particles (i.e. the duration of time for which the probe is positive with
respect to plasma potential) is ~ 4.5 ms which is much faster than the dust plasma
response time (i.e., inverse of dust plasma frequency). Thus, the dust particles are not
expected to get attracted to the probe anymore, which is found to be true experimentally
also. In our experiments, the Langmuir probe bias is varied in the range ~(170 —
230) V, depending upon the voltage applied between the cathode and anode electrodes,
so that it attracts the pure ion current at voltages much lower than floating potential and

a pure electron current at high bias applied to it.

Figure 3.8 shows the effect of dust contamination on the Langmuir probe I-V
characteristics on the ion-saturation region under similar discharge conditions. A fast
time varying probe potential may introduce an unwanted signal in the probe measuring
circuit. For example, time variation of potential on a conductor kept near a grounded
conductor generates a displacement current between the conductor connected to the
probe and other grounded conductors. This displacement current gets added to the
legitimate probe current collected from the plasma and pollutes the measurement of the

probe current if not minimized sufficiently.
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Figure 3.8: The effect of dust contamination on the ion saturation part of the probe I-V characteristics
under similar discharge conditions

Figure 3.9 (a) shows a typical single Langmuir probe circuit. The probe circuit consists
of a triangular wave generator, a current measuring resistance R, and a coaxial cable
connecting the current measuring resistance to the probe tip. Figure 3.9 (b) shows the
equivalent circuit of the Langmuir probe circuit. The coaxial cable is replaced with its
equivalent circuit. However, the cable inductance (L), resistance (7;.) and conductance
(G.) can be neglected for our frequency of operation. Figure 3.9 (c) shows the
simplified equivalent circuit of the Langmuir probe operated by sweeping the bias
voltage in the absence of plasma. I-V characteristics are acquired by sweeping the
biasing voltage of the Langmuir probe and measuring the probe collection current at
different bias voltage. Swift variations of the potential in the central conductor of the
coaxial cable with respect to the grounded outer shield results in displacement current is

given by Ip;s = C. X dV;,,/dt, where C, is the cable capacitance.
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Figure 3.9: (a) A typical Langmuir probe circuit, (b) Equivalent circuit of the Langmuir probe circuit, (c)
Equivalent probe circuit after neglecting cable inductance (L), cable resistance (r.) and cable
conductance (G).

A commonly used coaxial cable for wiring a Langmuir probe circuit has a capacitance
100 pFm™1 between the inner conductor and the outer shield. Generally, Langmuir
probe cable in the laboratory is few meters long. If one considers a 2 m long Langmuir

probe cable and 100V sweep at a frequency of 100 Hz, the displacement current

100V
10725

comes out to be 2 pA [IDiS = (200 x 10712 F) x ( ) =2x107¢ A] which is
comparable to ion saturation current obtained using a thin probe for low density

collisional plasmas.

In the past, some researchers have overcome the displacement current by using the dual
cable method [81,82] where one cable, connected to the probe, is active, while the other
acts as a dummy cable. Both of these cables of equal lengths laid parallel to each other
and are swept simultaneously. By subtracting the signal acquired from the dummy cable
from that of the active cable using a differential amplifier. One can measure the probe
current free from the displacement current. However, this method requires complicated

electronic circuits. So, instead of using the dual cable method, we propose the usage of
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a triaxial cable. The implementation of a Langmuir probe circuit using a tri-axial cable

is simple and easy to use.
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Figure 3.10: Various arrangement of a triax cable for carrying out the Langmuir probe current
measurements.

A triaxial cable typically comprises of a central conductor and two coaxially placed
outer shields isolated from each other. For simplicity, the inner shield is called as the
guard and the outer shield as the shield. The effective capacitance between the guard
and shield of a triaxial cable is [C; C,/(C; + C,)]. By driving the guard with the same
voltage as the inner conductor, the capacitive current between the inner conductor and
the guard can be drastically reduced. We demonstrate it experimentally using a current
measuring resistance and a function generator connected in series. Figure 3.10 shows
three configurations in which the triaxial cable can possibly be used experimentally for
carrying out Langmuir probe current measurements. In Figure 3.10 (a), the inner

conductor is driven while the outer shield is maintained at ground potential and the
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guard is kept floating. In Figure 3.10 (b), the inner conductor is driven while the outer
shield and the guard are maintained at ground potential. In Figure 3.10 (c), both the
inner conductor and the guard are driven while outer shield is grounded. In all the above
cases, the inner conductor is driven by a sinusoidal signal of amplitude ~ 6V, and

frequency ~ 1 MHz to determine the capacitive current in all three configurations.

In case (a) the effective capacitance between the inner conductor and the outer shield is
a series combination of the capacitance between the inner conductor and the guard, and
the guard and the outer shield. In case (b), the capacitance between the inner conductor
and the guard is the effective capacitance as the outer and the guard are shorted
(Ceq~C1). In case (c), since the inner shield is driven by the same potential as the inner
conductor, the potential difference between the inner conductor and the guard tends to
zero. Hence, the capacitive current from the inner conductor to the driven guard tends to
zero. Thus, it is expected that the capacitive current for the case (b) is maximum
followed by case (a). The capacitive current in case (c) is expected to be minimum. Our
experimental results show that capacitive current for case (a) is 2.5 mA, case (b) is

4.57 mA and case (c) is 10uA, which is in good agreement with the predictions.

/—\ %g
g 1R N

Resistance
_Jr box connected High
- to driven shield | Yoltage
unipolar —
amplifier

Figure 3.11: The schematic of the Langmuir probe circuit for measuring the probe IV characteristics.
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Since the experiments are being conducted in DC glow discharge in grounded cathode
configuration, a high plasma potential in the bulk plasma above the cathode sheath
region is expected. For a typical DC discharge with anode to cathode voltage being ~
250 V, the potential in the bulk plasma region is expected to be ~ 210 V. This is
because bulk of the voltage drop occurs in the cathode sheath region. Thus, a high
voltage low noise Langmuir circuit, as shown in Figure 3.11, is developed. The circuit
consists of a single Langmuir probe connected to the inner conductor of a triaxial cable.
A shunt resistance is attached in series to the central conductor of the triaxial cable and
to a special high voltage triangular wave generating circuit. The voltage drop across the
shunt resistance is measured using an isolation amplifier.

The triangular wave generating circuit consists of a high voltage amplifier PA85 being
operated in unipolar mode with an adder circuit at its input. The circuit of a high
voltage PA85 amplifier is shown in Figure 3.12. In the present scenario, the gain of
PASS circuit has been adjusted as ~ 40. The adder circuit adds a single cycle triangular
waveform to a DC voltage. The DC bias to the probe is kept continuously on to ensure
that the probe is always biased at a fixed voltage much below the floating potential.

This ensures that the probe does not attract any negatively charged dust particles.
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Figure 3.12: Circuit of a High Voltage amplifier.

3.6 Analysis of Single Langmuir probe 1-V characteristics

A typical I-V characteristics obtained with the help of the Single Langmuir probe is
shown in Figure 3.13. The background discharge parameters corresponding to the data
shown in Figure 3.13 are: Argon gas pressure= 133 Pa, plasma discharge current (1)
= 20mA and voltage drop between the cathode and anode (Vgrop) = 235V. The
respective values of plasma potential (1},), floating potential (Vr), electron temperature
(T,) and plasma density (n;) obtained from this curve are 216 V, 207V, ~ 2 eV and
1.4 X 10% cm™3, respectively. Figure 3.14 shows the typical algorithm, in the form of a

flow chat, used to evaluate the ion density n; at a pressure p.
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Figure 3.13: Langmuir probe characteristics at a pressure of 133 Pa and discharge current as 20 mA.

First of all, the floating potential (V) and plasma potential (V},) are identified from the
IV curve at a pressure p. Then the electron temperature (T,) is evaluated from the slop
of In Igjectron VS Vaiqs plot at a point near the floating potential (V) as the effect of ions

collisions with neutrals is minimum near floating potential. For the same pressure, the
ion Knudsen number, K; (= ei/q,) is also calculated. Corresponding to the value of Kj,

a graph between I;D? vs D, using the Tichy’s graph [77] for an anisothermicity
parameter, T as 100 is plotted. The value of ion saturation current (/) is obtained at a
point where Vg;os =V, — 15T, from the probe IV curve. These values of T, and I, are
used in equation (3.1), for obtaining the value of “calculated density” (n;.) using
equation (3.2). The value of I} is obtained for an approximate D;,from the I} D% vs D;

curve; D,,=approximate Debye number.
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Figure 3.14: Flow chart for the determination of plasma density (n;) at a pressure p using “modified
TALBOT and CHOU theory”.

After obtaining the value of n;. in this way, the value of Debye number Dj. is
calculated; D, = calculated Debye number, and is compared with D,,. If the two values
of Debye number are approximately equal, then the calculated n;. is the actual plasma

density otherwise the whole process is repeated again for another value of the
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approximate Debye number. Hence, determination of n; is obtained after few iterations

as shown on Figure 3.14.

3.7 Double Probe

Double probe is an arrangement of two equal-sized single probes, separated by a
distance (couple of Debye lengths apart), immersed in plasma [83]. When a voltage is
applied to these two probes with respect to each other, the obtained IV characteristics
resembles the ion current part of the single probe characteristics in both the polarities of
the applied voltage. The major advantage offered by the double probe is that it does not
require any reference electrode for measurements (unlike the case with single Langmuir
probe) and can be employed to work in electrode-less (RF) plasmas. It is usually
employed to measure the electric field in plasma, but it can also be used to determine
electron temperature and sometimes, plasma density too. In the present work, we have

used the double probe for determining the local electron temperature profiles.

Let us consider two probes in the plasma having area A; and A,. Let a voltage V be
applied between the two probes. Let V; and V, be the potential of probe 1 and 2,

respectively such that

V=V,—V,>0. (3.3)

Let iy4, i1—, i+ and i,_ be the ion and electron currents to the probes 1 and 2,

respectively. The system of these two probes is floating and this demands that

i1+ + i2+ - il— - iz_ =0. (34)

Consider the case when current I is flowing in the loop and is given by

Current entering probe 2 + Current leaving probe 1 = 21
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(14 = 13-) + (l24 — o) = 2L (3.5)

Adding equation (3.4) and (3.5), we obtain
14 — i1 =1, (3.6)
e —ip- =1, 3.7

where the expressions for i;_ and i,_ are
V;
i = Agjel Yte) (3.8)

ev;
iy = Ayjel” rare), (3.9)

here j, is the random electron current density.

From equation (3.8) and (3.9)

I+ i1 = Aljre(eV1/kBTe) = Aljre((ev-i-eVl)/kBTe) = %e(ev/kBTe)_ (310)
2

Using equation (3.6) and (3.10), we obtain

It As (Vigr,) G.11)
v =1 A

IfAl - AZ - A, then i1+ = i2+ = i+

I =i, tanh (eV/kBTe). (3.12)

This formula has been found to fit the experimental plot pretty well. Now for the

determination of the temperature assuming that i, s independent of V
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dv—dv  dv

Using equation (3.8) and (3.9)

Aljre(evl/kBTe) dV1 + Azjre(evz)/kBTe) dVZ _
dv
Rewriting equation (3.3) gives
_dvy dl,
av - av’

eV; d
el isr.) -

AtVZO,V]_:VZ

avy Ay
dV V=0 A1 +A2

From Equation (3.13)

[ A4 1 e e(evl/kBTe).
A1 + A, kgT,

Since

er
/kBTe

J+ =Jre ’

[d] _ A1A2 . e
o A+ 1‘12]+ kgT,

Letiyy = jyAjand iy = ji 4,

|4 C(ev2) dv.
L Azjre( /st (d_Vl -1

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

87



[ﬂ __¢ l14124 (3.21)
dvly  kgTeiyy +ipy .

Equation (3.21) provides an estimation of the electron temperature. The double probe,
that has been employed in the present experiments, is made up of a tungsten wire of
diameter 0.5 mm and length 1 cm. The -V characteristics of a double probe obtained
at a height of 9.5 mm above the surface of cathode and at a radial location of 5.3 cm, is

shown in Figure 3.15.
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Figure 3.15: A graph of the double Langmuir probe at a height of 9.5 mm above the surface of cathode.

The double Langmuir probe is used at different heights above cathode surface
corresponding to different discharge conditions for determining the radial profiles of the
electron temperature. One such radial profile corresponding to a background pressure of
105 Pa at different vertical heights above the cathode surface is shown in Figure 3.16
which shows that the electron temperature profile does not possess any significant

radial variation above a height of ~ 9.5 mm.
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Figure 3.16: Radial profiles of electron temperature at different heights at a discharge current of 25 mA
and an operating pressure of 105 Pa

3.8 Summary and conclusions

The Langmuir probe measurements in high pressure dusty plasmas are not
straightforward. There exist two major issues which need attention during Langmuir
probe measurements in high pressure dusty plasmas. First is the deposition of dust
particles on the probe head. Being negatively charged the dust particles get attracted
towards it when the probe bias rises above floating potential. The dust deposition alters
the probe -V characteristics significantly leading to gross errors in estimating the
plasma parameters. Secondly, when used in high pressure (p > 100 Pa) plasmas, the
elastic scattering of ions due to their collisions with neutrals reduces the ion collection
current and substantially decreases the signal to noise ratio. Whereas, the destruction of
the orbital motion of the ion, due to their collisions with neutrals, results in an increase
in the probe current. The effect of collision on ion current has to be taken into account
to interpret the probe data correctly. After taking into consideration the above
mentioned complications, a specially designed Langmuir probe system is described

here, which is immune to dust contamination and is capable of working at high pressure
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and provides us with correct estimates of plasma parameters. The biasing circuit of the
probe has been suitably designed to minimize the effects of capacitive current and noise
on the probe characteristics using tri-axial cable in a driven guard configuration. The
method of analysis of Langmuir probe I-V characteristics is described in this chapter.
Additionally, a double Langmuir probe that has been used for carrying out electron

temperature measurements has also been described.
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4 CHAPTER: DUST PARTICLE ROTATION

In this chapter, the poloidal rotation (vortex) of mono-dispersed dust particles in a
toroidal geometry is presented. A systematic investigation on the formation of a single
vortex will be presented. In section 4.1, the observation of the formation of single dust
vortex is presented. In section 4.2, the PIV analysis of the still images is presented,
followed by a detailed Langmuir probe measurement in section 4.3. Finally, a probable
cause of the rotation is discussed in section 4.4 and summary and conclusions are

provided in section 4.5.
4.1 Observation of Dust Rotation

Experiments are performed using mono-dispersed Melamine Formaldehyde (MF)
particles (6.48 um) placed on the cathode in a parallel plate DC glow discharge. The
cathode is covered with the dust particles from the centre to the inner diameter of the
metallic ring. Vacuum vessel is first purged with Argon gas at high pressure (~ 300 Pa)
for at least 10 minutes and then pumped down to low pressures. This process is repeated
several times before producing the discharge to minimize the background gas impurity
level. The discharge is produced at a low pressure (p = 20 Pa) with a low discharge
current (~20 mA) between the two electrodes. Initial observations of the dusty plasma
illuminated by laser sheet are made by directly viewing them with naked eyes and are
recorded using the sCMOS camera. At low pressures (p = 20 Pa), cathode sheath is
observed to be more than 1 cm thick and the levitated dust particles are found to
oscillate with very high amplitudes in the central region of cathode inside the metallic
ring. Cathode sheath thickness decreases as the working gas pressure is increased. As
the pressure is increased to 50 Pa, a stationary three-dimensional crystalline structure is

visible at the centre and thick dust clouds of very fine particles are visible above the
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metallic ring surface. As the particles (in these dust clouds formed above the metallic
ring surface) are too small, it is very difficult to resolve the dynamics of the individual
dust particles in these clouds. The presence of these fine particles might be due to the

breaking of mono-dispersed micro-particles by ion bombardment.

Figure 4.1: The diametrically opposite poloidal cross-sections of the dust torus in the vertical r - z plane
at different pressures; (a) 70 Pa, (b) 76 Pa, (c) 100 Pa, and (d) 110 Pa, respectively. The laser sheet is
passed along the diameter of the cathode through the side radial port and the camera is placed
perpendicular through the axial port.

As the pressure is further increased up to 69 Pa, the cathode sheath thickness decreases
further. The mono-dispersed dust particles form slanted horizontal sheets of dust

particles above the sheath. In addition, a stationary three dimensional crystalline
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structure is observed at the centre. Beyond ~70 Pa pressure, the dust particles present
in the slanted horizontal sheet start showing mild rotation in the vertical plane as is
shown in Figure 4.1(a). At 76 Pa pressure, the dust number density as well as the
extent of vertical rotation of dust particles in the slanted sheets increases; the central
three-dimensional crystalline structure disappears and the size of the fine-particle dust
cloud also decreases with increase in pressure as shown in Figure 4.1(b). At 100 Pa, a
clear vertical rotation of the dust particles in the clouds is seen as shown in Figure
4.1(c). Two such fully grown rotating clouds at a pressure of 110 Pa are visible near
the diametrically opposite sides of the metallic ring as shown in Figure 4.1(d) in r — z

plane [84].

For all the above observations, the vertical laser sheet was passed along the diameter of
the cathode. Cathode has a circular symmetry, so it is interesting to know whether the
dust clouds also have some kind of symmetry. For that the vertical laser sheet is
scanned in the horizontal direction above the surface of cathode, from its centre to its
edge. A top view of the schematic of the horizontal scanning of the laser sheet is shown
in Figure 4.2. When the laser light is scanned in the horizontal plane from 1 to 2, the
images of two rotating dust clouds get successively closer and merge into one cloud
virtually. The images of the merging of dust clouds taken with the help of a DSLR
camera are shown in Figure 4.3. When the laser sheet is passed along the diameter of
the electrode, two well-separated opposite poloidal cross-sections are seen (in Figure
4.3 (a)). As the laser sheet is scanned horizontally away from the diameter, poloidal
cross-sections get successively closer as shown in Figure 4.3 (b)—(e). Figure 4.3 (f)
shows the edge of the dust torus. Figure 4.3 confirms that the two rotating dust clouds
are basically the two poloidal cross-sections of a torus illuminated by the vertical laser

sheet passing along the cathode diameter.
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Figure 4.2: Top view of the arrangement of the camera and the vertical laser sheet, scanned horizontally
to capturing the whole area of the torus.

From these images, it is clear that the dust cloud structures are toroidally continuous
and this toroidal nature arises due to the circular symmetry of the electrode and the
metallic ring. The dust cloud (i.e., dust vortex) is a poloidal cross-section of the
toroidally continuous structure. Thus, for the rest part of the thesis, the toroidal co-
ordinate system will be followed where z represents the vertical direction (opposite to
direction of gravity), ¢ represents the toroidal direction and 6 represents the direction
of the poloidal rotation of the dust particles, respectively as shown in Figure 4.4. In the
working range of pressure (p > 100 Pa) and discharge current (I3, > 20 mA) of the
present experiment, the cathode sheath is seen to be very thin (thickness < 6 mm) and
covers only a small fraction of the inter-clectrode separation. While viewing the
discharge through naked eyes, it is observed that the discharge conditions, with and
without dust particles, are quite different. It is always desirable to look for any kind of

symmetry in the system of interest as it helps us in the simplifying of the problem.
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Since the dust clouds have a toroidal symmetry, so one may study any individual

poloidal plane and correlate it with the rest of the structure.

-

Figure 4.3: The different cross-sections of the dust toroidal structure illuminated by the vertical laser
sheet when the cathode diameter is scanned from centre towards its end.
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Figure 4.4: A schematic of the co-ordinate system where z represents the direction opposite to g, ¢
represents the toroidal direction and 0 represents the direction of the poloidal rotation of the dust particles
above the metallic ring.

4.2 PIV analysis

In this section, we study the velocity profile of the dust particles in a poloidal plane. To
analyse the velocity profile of the rotating dust clouds (vortex), Particle Image
Velocimetry (PIV) technique is employed. A number of sequences of still images are
stored with the help of sSCMOS camera and one of these images is shown in Figure
4.5(a). PIV analysis is performed on these images to measure the particle streaming
velocity. The velocity profile can be reconstructed by performing cross-correlation
between two consecutive images. On each image, identical regions with the illuminated
grains are decomposed into a rectangular grid of interrogation boxes. Each interrogation
box is a square of m X m pixels in size, for example 32 X 32 pixels, 64 X 64 pixels,
etc. A cross-correlation of two images of a single interrogation box is used to construct
a displacement vector for all particles within the interrogation box. Since the time
interval between the two images is known, a velocity vector for each interrogation spot

can be computed.
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Figure 4.5: a) The still image of the poloidal cross-section of the dust torus taken with the help of sSCMOS camera,
and b) The dust particle velocity profile in the poloidal cross-section.

For carrying out PIV analysis, MATLAB based free software called openPIV [85] is
used. A two-dimensional velocity profile of the rotating dust cloud, in the r — z plane
measured using openPIV software, is shown in Figure 4.5 (b). The particle motion is
recorded at a frame rate of 200 frames/s (exposure time is set at 5 ms) and a total of
800 still images are recorded. Here the interrogation window size is taken as 32 X 32
with a 50% overlapping. PIV analysis provides a total of 799 flow fields for averaging.
The average dust flow velocity profile is a representative of the majority of the flow
fields. Flow velocity is seen to be rotational as indicated by the velocity vectors. It is

observed that the dust velocity is not uniform throughout the cloud poloidally. As the
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dust particles move towards the bottom their velocity increases and attain a peak value
at the bottom. Since the dust particles move very fast at the bottom of the cloud, so they
look like lines (as they travel a number of pixels in a single exposure time) as they
reach near the bottom of the cloud and become faint in comparison to rest of the cloud.
From the still images, it is seen that the particles appear as faint lines near the bottom of
the cloud and as well-defined points at the top. For this reason, PIV analysis gives

errors at bottom locations of the cloud and reasons attributed are:

a) The dust density at locations, like (400, 450), is much higher than that at other
locations.

b) The particle (due to its appearance as a line) occupies large fraction of the
interrogation box and moves a considerably large distance in a single exposure
time (in two consecutive frames). The PIV velocity profiles are best obtained
when the particle moves a small distance (less than 30%) across the
interrogation box [8].

c) In the PIV approach, the most likely displacement of the particles in the
interrogation region is obtained by fitting the peak in the correlation plane to a
Gaussian. This approach allows for the sub-pixel measurement of the
displacement. However, when the streaking is observed in the image data, the
result is a peak in the correlation plane that is notably broader. In this case, the
Gaussian fit will still provide the most likely displacement but the error in the

resulting vector will be significantly larger and the vector may not be valid.

For bottom locations, the dust particle velocity can be estimated by determining its
track length in single exposure time. Using this method, the dust velocity at
(1150, 650) is estimated as ~7cms 1. For the rest of the cloud, PIV analysis provides

very accurate results. In the velocity profile analysed with the help of PIV, the dust
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particles are moving in the vertical plane with a velocity of around 4 - 5cms™?!

towards the bottom electrode as shown in Figure 4.5 (b). The dust particle velocity has
been found to be varying radially too in the cloud. At the centre of the cloud (which is
close to bottom) dust velocity is minimal and increases as one move away from the
centre and reaches its maximum value at the edges of the cloud. This is a velocity
pattern similar to that of rotating solid bodies. Also, the centre of the dust vortices does
not coincide with its geometric centre. It is shifted vertically downwards and

horizontally in a direction opposite to the density gradient.
4.3 Langmuir Probe Measurements

In order to understand the cause behind the rotation of the dust particles in toroidal
structures, a Langmuir probe is used to characterize the background plasma parameters.
Plasma density is measured at different horizontal as well as vertical locations using a
Langmuir probe at a pressure of 133 Pa. The results of the measurements are plotted in
Figure 4.6. Without dust particles, it is observed that plasma density peaks inside the
ring (in between the cathode centre and the ring) and falls off rapidly outside the ring
towards the end of the cathode as shown in Figure 4.6 (a). With the dust particles, it is
found that the radial profile of the plasma density peaked slightly outside the edge. In
addition, the density gradient is steeper as compared to that without dust particles. The
density has a vertical variation too. As one moves from cathode to anode, the plasma
density is found to decrease (n; at z =9 mm is more than that at z = 11 mm), as
shown in Figure 4.6 (b). It attains a maximum value at a height above cathode surface
(away from sheath) and then again decreases in the cathode sheath region. Presence of
dielectric dust particles makes the discharge even more concentrated near the metallic

ring. This results in steep density gradient near the metallic ring. Therefore, it would be
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interesting to know whether plasma density gradient plays any role in the formation of

rotating dust structures.

n (10’ cm®) n, (10° em™)
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Figure 4.6: Radial density profiles a) in the absence of dust particles and b) in the presence of dust
particles at two different heights above the surface of cathode

4.4 Probable Cause of Dust Rotation

Dust rotation can occur as a result of various forces acting on the dust particles in
plasma. One of the main forces is due to gravity which arises due to the finite mass of
the dust particles. The force due to gravity (F;) on the micro-particles is estimated to be
2.15 X 10712 N and it acts downward. In the ambient plasma with plasma screening
length Ap, the charge on the dust particle can be estimated by taking into consideration
the ion-neutral collisionality, using equation (1.5), to be 8.1 X 103 e~ for Argon plasma

with T,~3 eV and n; ~3 x 10% cm™3. These micron-sized particles after getting
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charged experience a repulsive force upward due to the sheath electric field and get

levitated.

Besides the above discussed forces, ion drag force is also one of the very dominant
forces experienced by the dust particles. In the case of dc glow discharge, the directed
ion flow towards the cathode surface drags the dust particles along their way. The ion
velocity has mainly two components: thermal and drift. In quasi-neutral bulk plasma at
high pressures (p = 100 Pa), the ion drift velocity is much less than the thermal
velocity v; < wvr;. For frequent collisions, €; < frAp, the value of the ion drag force
can be estimated using equation (1.22). From the equation (1.22), it is observed that
there is a strong gradient in the ion drag force (~1 x 1071% Nm™1) at the region of
strong radial density gradient. Electron temperature is found to be nearly constant
radially. The strong radial gradient in ion drag force may exert a torque on the dust

cloud present in the vicinity of the gradient.

Due to the ion bombardment on cathode surface, cathode heating takes place and it
increases with the discharge current. Presence of finite temperature gradient can give
rise to thermophoretic force. This may affect dust dynamics depending on its relative
magnitude compared to other forces. In our experiments, the cathode can attain a
temperature from 40°C to 65°C without water cooling. It takes more than an hour for
the cathode temperature to increase up to the maximum temperature depending upon
the discharge current. For example, it takes more than two hours to reach 65°C with a
discharge current of 25 mA at a pressure of 120 Pa. However, our experiments are
conducted for short periods. Besides, to exclude the effect of temperature gradient,
experiments are carried out with actively cooled cathode. The cathode surface is
maintained at room temperature. In this scenario too, the dust rotation is observed.
Although, with active water cooling, temperature gradient is not expected, a
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temperature gradient of VT,, ~ 1 Kcm™? is considered to estimate the thermophoretic
force. The neutral pressure, in our experiments, is more than 100 Pa, i.e., the distance
between the dust cloud and the cathode surface (~ 3 — 6 mm) is much larger than the
neutral mean free path (~20 — 30 um). Therefore, the thermophoretic force can be
assumed to be independent of the neutral pressure and mass of the neutral gas and is
estimated, using equation (1.26), to be 1.0 X 10713 N, which is one order less
compared to the all other forces experienced by the dust particles. Therefore, the
thermophoretic force is not expected to contribute towards the rotation of dust particles.
Additionally, being a conservative force, it cannot give rise to rotation of dust particles

as its curl will always be zero.

Camera
/
/
/
/
H =1 L
] . Needle -
Valve =
Las |
aser To RP g
X

L

Figure 4.7: A two-dimensional schematic of the experimental set-up, clearly showing the evacuation and
gas insersion through the bottom port.

Apart from thermophoretic force, two other phenomena may also occur in the presence

of temperature gradient. One of these, thermal creep flow, arises because of non-
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uniformly heated gas being in contact with a solid surface. In presence of a non-
uniformly heated body in a rarefied gas, the gas starts flowing along the boundary in the
direction of the temperature gradient. This phenomenon requires a hot boundary and
occurs only at low pressures (less than 90 Pa) [53,52] near the boundary. In our case,
thermal creep flow has no role, primarily as the working gas pressure is high. Other
phenomenon, free convection flow is driven by buoyancy. Free convection is a
phenomenon of heat transport in the fluids generated as a result of the density
difference in the fluid due to temperature gradient. For free convection to be the reason
behind the rotation of the dust clouds, the Rayleigh number should be of the order of
few thousand [51]. Rayleigh number for our experiments is less than 1. Therefore, the
working pressure range in presented experiments is high enough for the existence of

thermal creep flow and low enough for the existence of free convection.

Dust particle dynamics can be affected by directed neutral flow. To mitigate this, Argon
gas is fed through the bottom port. This port is connected to the rotary pump via a gate
valve for evacuating the system as shown in Figure 4.7. So, only diffused gas is allowed
to enter into the system. During the experiment, both the gate valve located at the
mouth of the rotary pump and the needle valve (being used for feeding the gas) are
closed, simultaneously. By doing so, no significant effect on the dust cloud formation
and rotation is observed, as is also clear from Figure 4.8. This observation rules out the
presence of any directed gas flow and its effect on the dynamics of the dust cloud.
Thus, the neutral gas can be assumed to be at rest and acting as frictional background
on the dust particles, resisting their motion. The value of the neutral frictional force
(which is proportional to the instantaneous velocity of the dust particle) can be

estimated using equation (1.23). For the observed dust velocity of 4 cms™?! and neutral
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gas density of 3 X 1016 ¢m™3 at a pressure of 133 Pa, the value of the neutral frictional

forceis 1.4 X 10712 N.

Figure 4.8: The still images taken with the help of sSCMOS camera at a pressure of 124 Pa and discharge
current of 26 mA represents; (a) the case when the rotary pump as well as the needle valve are
disconnected to the vacuum vessel whereas (b) the case when both of these are connected to the vacuum
vessel.
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From the above analysis, it is clear that the main forces responsible for dust rotation in
the system under consideration are downward directed sheared ion drag force, neutral
drag force, and the forces due to sheath electric field and gravity. The dust particles in
the cloud are observed to be flowing towards the cathode surface against the sheath
electric field in a region, where the ion density and hence the ion drag force is
maximum. The dust particles start moving upward near the sheath edge, where the ion

drag force becomes less.

In the simplest terms, the above observations of dust cloud rotation can be interpreted
as follows. The levitated dust cloud is confined effectively by a balance of the non-
uniform electrostatic space potential present above the bottom electrode and the
gravitational force acting downwards. This is subjected to additional non-conservative
forces, e.g., the ion-drag force, neutral friction, etc. As a spatial gradient of the ion drag
force is present across the cloud dimensions, the dust cloud experiences a torque which
makes it rotate. The electric field present in the cathode sheath region does not allow

the negatively charged dust particle to fall on the cathode surface.
4.5 Summary and Conclusions

In a parallel-plate dc glow discharge plasma, the poloidal dust rotation in the vertical
plane in absence of any external magnetic field has been observed and studied in detail.
A concentric metallic ring is placed on the cathode. Dust particles are placed on the
cathode surface unlike other experiments where dust is sprinkled from the top using a
dispenser. A stable dust rotation is observed in the poloidal (vertical) plane and it is also
toroidally continuous. Plasma behaviour is analysed with 2D profile measurements of
plasma density, electron temperature and floating potential using a single Langmuir

probe. Probe measurements reveal a strong radial density gradient at the location of the
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dust cloud. The radial density gradient causes a shear/gradient in the ion drag force. The
gradient in the ion drag force exerts a torque on the dust particle cloud. The dust
particles move downwards against the sheath electric field in the regions of high ion
drag force and upward in the regions with low values of ion drag force. PIV analysis is
also performed to estimate the velocity profile of these vortices. PIV analysis reveals

the velocity profile is similar to that of a rotating solid body.
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5 CHAPTER: DOUBLE TORI

This chapter presents the observation of double torus. Section 5.1 provides a brief
description of the modifications carried out for conducting the experiments and the
initial observations with the help of a DSLR camera and Langmuir probe. A theoretical
background will be outlined in section 5.2. Detail experimental analysis is presented in

section 5.3. Finally, summary and conclusions are given in section 5.4.
5.1 Observation of double torus

Additional evidence that the density gradient is the root cause behind the poloidal
rotation of dust particles is done by performing another experiment. In this experiment,
in addition to the metallic ring, another metallic disc (diameter ~ 20 mm) is placed at
the centre of the cathode concentric to the electrode system, as shown in Figure 5.1. In
this case dust particles are kept on the area of the cathode in between the metallic disc

and ring.

Figure 5.1: The picture shows the concentric metallic disk placed on the cathode surface along with the
concentric metallic ring. The annular region between the ring and disk is covered by MF dust particles.
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The presence of the metallic disc at the centre is expected to increase the plasma density
at centre. Since the dust particles are dielectric in nature and have been spread
uniformly (in this white dust ring shaped area when seen from the top as shown in
Figure 5.1) over cathode, so this area is expected to have lesser plasma density than its
surroundings. Thus the presence of metallic disc at the centre is expected to give rise to
a density gradient near the centre in addition to the density gradient near the metallic
ring surface. However, the direction of this new density gradient (at centre) is expected
to be in the opposite direction (i.e., radially inward) to that present near the metallic ring

(which is radially outward).

Figure 5.2: (a) A still Image showing the poloidal cross-sections of the double tori captured by a DSLR
camera, illuminated by a laser sheet along the diameter of both the tori. Here, “I”” and “II”” represents the
cross-section of the dust torus formed at the edge of the metallic disk and near the metallic ring,
respectively. This image shows the radial extent of the vertical plane from centre to ~ 60 mm away from
centre. (b) The radial profile of the plasma density at a height of 10 mm above the cathode surface at a
pressure of 133 Pa and discharge current as 20 mA in the presence of a concentric metallic disk and ring.
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After the placement of a concentric metallic disk on the cathode surface in presence of
the metallic ring, additional toroidal dust structure is observed [86], as shown in Figure
5.2 (a), forming near the metallic disc boundary at a pressure of 133 Pa. For the sake of
simplicity, this new toroidal structure is called as the inner torus and the older one as
the outer torus. The dust particles in inner torus designated as “I” are also found to
rotate poloidally but the sense of rotation is opposite to that of the outer one designated
as “II”. The radial density profile obtained using the Langmuir probe confirms the
existence of another density gradient near the centre in addition to that present at the
metallic ring surface. The probe measurements also confirm that the direction of the
density gradient near the centre is in the opposite direction to that present above ring
surface as shown in Figure 5.2 (b). In both the cases, the dust particles are found to
move towards the cathode surface where the ion density is higher and in the opposite
direction where it is less. The generation of additional dust torus due to an additional
density gradient and the direction of rotation of the dust particles confirms that gradient
in the plasma density is playing a key role behind the rotation of dust particles in the

poloidal direction.
5.2 Theoretical background for Dust Vorticity Generation

In the present work, we are interested in discussing the phenomenon occurring at a slow
time scale at which the dust inertia plays a crucial role. Electrons and ions move so fast
relative to the dust particles that they have enough time to equalize their temperature
and contribute towards shielding. Electrons and ions can, therefore, be treated as a
weakly coupled fluid due to their much smaller electric charges and higher temperatures
compared to the dust fluid. For the description of the dust fluid, we adopt the

hydrodynamic approach. Thus, the dust particle dynamics, in the presence of various
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forces (such as ﬁ'g, ﬁ'E, ﬁi, ﬁTh and ﬁn) acting on them in plasma, can be described using
Navier-Stokes equation:
61_7) - -
magng <_d + (Ud. V)vd>

at
(5.1)

= —Vpg + ng(Fg + E, + F, + E, + Fpp) + nA,,
where, ﬁ'E, I:":q, ﬁi and ﬁn are the forces due to electric field, gravity, ion drag and neutral
friction, respectively. n,; is the number density of the dust particles, pg is the
electrostatic pressure due to inter-particle interactions and confinement. At high gas
pressures (> 100 Pa), dust viscous friction AV, can be neglected in comparison to the
neutral gas friction; 1 represents the dust viscosity. Temperature driven flow is also

neglected as dust vortices form even with actively cooled electrodes.

For determining the most probable cause of dust rotation theoretically, we define a new
quantity, i.e., vorticity. The vorticity (@) is defined as the curl of the velocity vector
(¥4). Thus, after taking the curl of both sides of equation (5.1), and replacing @ = V X

V4, we obtain
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In the present case, the dust particle velocity is two-dimensional in nature, i.e., it has
components which depend upon two coordinates (say y and z, and v, = 0). In this case,
vorticity, (W = V X ¥Uy), has only one component in the x-direction, and (w.V)v is
identically zero. Using these conditions in equation (5.2), the rate of change of vorticity
for a two-dimensional, non-uniform density, viscid, incompressible flow can be written

as

—
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where w is the vorticity experienced by the dust fluid and p; = myn, is the dust
particle density in the cloud. In equation (5.3), the different terms (i) - (iv) represent
the effects of; (i) change in vorticity along a streamline; (ii) generation of vorticity
when the gradient in the dust density and pressure gradient are not aligned; (iii) torques
due to non-conservative body forces and (iv) diffusion of vorticity associated with the
viscous torque. The dust particle density is not uniform in the cloud. Due to the non-
uniformity in the dust density, centre of mass of the dust cloud is displaced from its

geometric centre and it can also contribute towards the generation of stream-wise
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vorticity. But for the sake of simplicity, we assume the dust density in the cloud to be

uniform. Under steady state conditions, the equation (5.3) takes the following form,
N N 1 -> > > -
my(Wg. V)@ = m—v X (Fg + FE, + F; + F). (5.4)
d

The direction of ion drag force experienced by the dust particles is same as that of (the

ion flow and) the electric field as F; o 7, where 7, = y;E. Thus, the ion drag force can

be written as
ﬁi = FiE, (55)

where F; is the absolute value of ion drag force and E is the unit vector in the direction

of electric field.

Using equations (1.16), (1.17), (1.25) and (5.5) in equation (5.4), we obtain
md(ﬁdV)(l_j =V X (Zdﬁ + FlE + mﬁ - md'l/dnl_}d), (56)
VZy X E + VF; x E = mgvg,V X #g. (5.7)

This kind of treatment has also been done in Ref [37]. The left hand side (LHS) of
equation (5.6), i.e., the convective derivative of vorticity, is neglected in comparison to
the neutral friction. In equation (5.7), the RHS represents the dissipative mechanism.
Whereas, 1% and 2™ terms on the left hand side (LHS) of equation (5.7) represent the
deriving mechanisms associated with the dust dynamics. Thus stationary dust rotation
can be driven by a gradient of the ion drag force and/or by a charge gradient when
either or both of them are aligned at an angle with the electric field. The presence of

stationary rotation of dust particles in these structures indicates that the difference
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between the drag force and repelling electric force is continuously being compensated

by the dust friction on neutral gas.
5.3 Experimental Analysis

In the following, we estimate the values of all these three terms present in equation

(5.7) experimentally and determine the dominant driving mechanism.
1) Gradient in the dust charge

After taking into account the ion-neutral collisionality, the charge on the dust particle,
kept on plasma, is given by equation (1.5). For experiments dealing with mono-
dispersed dust particles, the charge acquired by particles can vary only due to a
variation in the density and temperature of the surrounding plasma. Since the electron
temperature is nearly uniform over the radius, a radial variation in dust charge can arise
if there is a radial variation in the plasma density. Figure 5.3 (a) shows the radial profile
of the dust charge and its gradient, respectively. The dust charge gradient is calculated

from every pair of dust charge measurements as [{(Z a€r, — (Zg e)rl} /(ry — rl)] and is

plotted versus the radius at {(r, +17)/2}. The values of the charge gradient at the
location of inner dust torus I and the outer dust torus II are eVZ; ~ 1.5 X 10°¢~ m™!

and eVZ; ~ 1.4 X 10%e~ m™, respectively. In a constricted discharge like ours (inter

electrode separation ~ 40 mm and electrode diameter ~ 90 mm), though small, but

substantial electric field ~3-4 Vem™1!

exists in and above the negative glow region
[87] where the rotating dust structure is located in our experiments. Hence, taking an

ambient electric field of 3 Vem™1, the value of curl of electric force comes out to be

eVZy XE ~72x10712 Nm ! for the inner torus I and eVZy; xE ~ 6.7 X

10712 Nm™1 for the outer dust torus II.

2) Gradient of lon Drag Force
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The ion drag force is one of the most dominant forces that come into picture due to the
directed flow of ions towards the cathode surface. The major part of the dust cloud
resides in the bulk plasma, where the ion velocity, v; is composed of two parts; drift

velocity and the thermal velocity, v.p;. At high pressures, the ion drift velocity is much

less than their thermal velocity i.e., v; < vuy;. Here v; = wiE, w; (= i ) being the

m;
ion mobility. However, these slowing drifting ions towards the cathode surface can still
impart a considerable momentum on the dust particles present in their way in the bulk
plasma. For frequent collisions, ¢; < ffrAp, the expression for ion drag force [88],
arising due to the sub-thermal ion flow is given by equation (1.22). Ion drag force is a

function of dust charge as well as the plasma density at a pressure p.
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Figure 5.3: Radial profiles of a) dust charge and dust charge gradient and, b) ion drag force and its
gradient at a height of 10 mm above the surface of cathode.
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As is clear from equation (1.22), the ion drag force is a function of plasma density and
charge acquired by the dust particles. The charge on the dust particles is found to be
almost constant, whereas the plasma density has a sharp density gradient at the location
of the formation of the rotating dust structures. The radial gradient in the plasma density
(as shown in Figure 5.2 (b)) gives rise to a gradient in the ion drag force acting on the
dust particles, as shown in Figure 5.3 (b). From the experimentally measured plasma
density profile and an ambient electric field of ~ 3 Vem™2, the radial variation of ion
drag force as well as its gradient is estimated and is shown in Figure 5.3 (b). Again, the

gradient in the ion drag force is calculated as [{(Fl-)r2 - (Fl-)rl}/ (ry — rl)] for every

pair of estimated ion drag force and is plotted versus the radius at {(, + r;)/2}. From
Figure 5.3(b), the corresponding values of gradients in the ion drag force for the inner
dust torus I and outer dust torus IL, are VF; X E ~ 4 x 107'° Nm and VF; x £ =~ 2 x
10710 Nm™1, respectively. The ion drag force corresponding to a single height above
the cathode surface is determined. However, there might be a variation in the value of
the gradient in the ion drag force but since the its value is coming out to be of the order
of the curl of the neutral friction, so it may be one of the main dominating factors

playing a role in the dust rotation.
3) Curl of Neutral friction

At a gas pressure of 133 Pa with neutral temperature of T,, = 0.03 eV, the value of the
dust-neutral collision frequency, using equation (1.24), comes out to be ~ 167 Hz.

1

From the PIV analysis, the vorticity (w) of the dust fluid possesses a value ~ 20 s~ ata

height of 9 mm above the cathode surface as shown in Figure 5.4 (c). The dissipative

term in the RHS of equation (5.7) comes out to be

VXE, = mgvg,VX¥; =~ 6 X107 Nm™1,
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Figure 5.4: (a) The image of the poloidal cross-sections of the double dust tori while the laser sheet is
passed along the diameter of both tori captured with the help of sSCMOS camera at an exposure time of
4.9 ms in plasma formed with pressure of 133 Pa and discharge current as 20 mA. The spatial resolution
of the image is as 1 pixel=38.9 um. (b) Velocity vectors showing the direction of rotation of the dust
particles is obtained using Davis software; the colour bar shows the value of dust velocity in cms™. The
left cloud shows the dust rotation in anti-clockwise direction and right hand cloud in the clockwise
direction. (c) shows the vorticity profile associated with the rotation; the colour bar shows the value of
vorticity ins™.

As mentioned earlier, the stationary dust rotation can be driven by a gradient of the ion

drag force and a charge gradient. From the above estimations, it is found that for both

the dust tori the value of eVZ; X E ~ 7 x 10712 Nm~1, which is more than one order
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smaller to the other two terms in equation (5.7). This implies that the dust charge
gradient is not responsible for exciting the dust rotation in the present experiments.
However, the gradient in the ion drag force (= 2 — 4 X 1071° Nm™1) is of the order of
the curl in the neutral frictional force (= 6 X 1071° Nm™1) for both the dust tori, which
implies that the gradient in the ion drag force arising due to density gradient is the
principal factor causing the dust particle rotation in the presented experiments.Both the
results of single and double dust tori have two common features: a) vortices appear only
where there is a density gradient and b) the dust particles move towards the cathode
surface at locations with higher values of plasma density, while in the opposite direction
where plasma density is lesser. The direction of dust rotation in these structures is
consistent with the direction of the ion drag gradient arising due to the spatial density
gradient. Therefore, the experimental observations and quantitative analysis clearly
indicate that the shear in the ion drag force arising due to a gradient in the plasma

density is the principal cause of vortex generation.
5.4 Summary and Conclusions

Self-organized poloidally rotating toroidally symmetric dust structure is reported in
chapter 4, in unmagnetized parallel plate dc glow discharge at high pressures. In these
experiments, a radial density gradient was created by placing a concentric metallic ring
on the cathode surface. The location of the rotating dust structure was observed to
coincide with the location of density gradient in the background plasma. A shear in the
ion drag force arising due to the presence of the density gradient was conjectured to be

the principal factor responsible for the poloidal rotation of the dust particles.

In this chapter, in order to further establish the correlation of ion drag force with the

formation of dust vortices, an additional concentric metallic disk is placed on the

117



cathode surface inside the metallic ring to create another density gradient at a different
radial location. In this configuration, a (non-monotonic) pair of density gradients, one
near the boundary of the disk and another near the ring, lead to the formation of two
toroidally symmetric, poloidally rotating dust structures. The direction of rotation of
dust particles in the two vortices is also found to be opposite. This consolidates the
importance of the role played by a density gradient in the formation of rotating dust
structure. The gradient in dust charge and ion-drag force is estimated from the
Langmuir probe measurements of background plasma density and temperature. The
dust particle velocity in the rotating structures and the associated vorticity are measured
using PIV analysis of images acquired with fast camera. The values of measured dust
vorticity and estimated gradients of dust charge and ion-drag force are used in the
vorticity equation obtained from Navier-Stokes formulation. Doing so, clearly, indicates
that among the two possible driving mechanisms (i.e., dust charge gradient and ion drag
gradient), the ion drag gradient is the main driving mechanism for the vortex
generation. The results presented in the present research work may be of special
significance towards the deeper understanding of the cause of generation of dust
vortices/rotation observed in different laboratories and microgravity experiments as

well as in different astrophysical events.

118



6 CHAPTER: EVOLUTION OF DUST ROTATION

WITH DISCHARGE PARAMETERS

In CPED, numerous experiments are performed covering a wide range of discharge
parameters such as gas pressure and discharge current. In this chapter, the results on the
parametric study of discharge parameters on the poloidal vortex are presented. This
chapter has been divided into three sections. In section 6.1, the evolution of the
poloidally rotating structure with respect to the discharge current is discussed. Whereas
in section 6.2, the evolution of these structures with background gas pressure is

provided which is followed by a brief summary and conclusion in section 6.3.
6.1 Evolution with Discharge Current

In the previous chapter, it is observed that the ion drag force is the main driving
parameter behind the poloidal rotation of dust particles in the toroidally symmetric
structures. Therefore, with an increase or decrease in the driving factors, the properties
of the rotating dust structures are also expected to vary accordingly. In this section, the
parametric dependence of the poloidal vortices has been studied with respect to the
discharge current by keeping the background pressure fixed. In a typical set of
experiments, it is observed that the size of the dust cloud increases with an increase in
the discharge current as shown in Figure 6.1. The dust particle velocity in the poloidal
cross-section is also found to increase with an increase in the discharge current.
Whereas, the dust density (number of dust particles per unit volume) in the poloidal

cross-section decreases with an increase in the discharge current.
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Figure 6.1: The still images taken with the help of SCMOS camera show the evolution of the poloidal
cross-section with the a variation in the discharge current; a) I4= 20 mA, Voltage drop across electrodes
(Vdrop):254 V, b) Idis =25 mA, Vd.rop =258 V, C) Idis =30 mA, Vdrop =260 V and d) Idis =35 mA, Vdrop
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=262 V for a background pressure of 156 Pa. On the right hand side, the images with primes show the
velocity profiles of the dust particles corresponding to different values of discharge current; different
colours in the colorbar show the different magnitudes of dust velocity in cms™.

To determine the reason behind this behaviour of these parameters, the radial
measurements of plasma density are carried out at a height around 10 mm above the
cathode surface. The plasma density measurements with the single Langmuir probe
show that the plasma density increases as the discharge current is increased by keeping
the background gas pressure constant (see Figure 6.2). Additionally, the radial density
gradient is also found to increase with discharge current, which contributes towards an

increase in the ion drag gradient.

Density (10° cm™)

r (cm)

Figure 6.2: Langmuir probe measurements show an increase in the radial density gradient with an
increase in the discharge current.

The increase in dust particle velocity may be attributed to the fact that there is an

overall increase in the background plasma density and its radial gradient which is
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basically the driver of these vortices. As the driving term increases, the dust particles
start moving with higher velocity than that possessed by them initially. As the particle
gains higher velocity (and hence, energy), it moves to a higher radial location than
before. Hence, the dust density at the centre starts diminishing with an increase in

discharge current.

Also with an increase in the background plasma density, the charge acquired by each
dust particle is expected to increase, leading to an increase in the dust-dust repulsive
forces. This may also contribute towards a decrease in the dust density with an increase

in discharge current.

6.2 Evolution with Pressure

In this section, the experimental studies associated with the effect of the gas pressure on
dust vortex (poloidal cross-section of the dust torus) are provided by keeping the
discharge current constant. The poloidally rotating dust cloud forms above the surface
of the metallic ring at high pressures. It has already been shown that as long as the dust
clouds form with an increase in the pressure, dust particles present in the cloud possess
a rotational motion in vertical plane. Due to the low mobility of ions, a high electric
field is usually required to make them accelerated. In DC glow discharge, a large
potential drops near the cathode for enhancing the ion bombardment on the cathode
surface (for the ejection of electrons from its surface) and hence, producing a self-
sustained discharge. The electric field, formed at the surface of cathode because of the
large cathode potential drop, is high enough to make the negatively charged micron-
sized dust particles levitate and thus, it prevents the downward moving particles from

falling on the cathode surface.
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After the formation of poloidally rotating dust structures, the gas pressure is increased
at constant discharge current. With an increase in pressure, depending upon the
discharge current and the density of the levitated dust particles, two types of distinct

phenomena can be observed as shown in Figure 6.3 and Figure 6.4.
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Figure 6.3: The variation in the poloidal cross-section of the dust torus with an increase in the
background pressure at a discharge current of 25 mA: a) 92.9 Pa, b) 126 Pa, c) 184 Pa, d) 196 Pa, ¢) 213
Pa and f) 220 Pa. The colorbar shows the velocity in cms ™.

At high values of discharge current and low dust density, it is observed that the dust
particle vortex undergoes a transition from a filled vortex to a vortex with void (dust-

free region) at the centre and then again to a vortex with no void. Additionally, the size
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of the vortex first increases and then attains a constant value. Whereas, no vortex
structure with void at the centre inside is observed in case of low discharge current with
high dust density. Also, the size of the dust cloud increases, reaches a maximum value
and then start decreasing. The dust particle velocity is found to increase with an
increase in pressure. The dust particles after gaining higher velocities go to higher radial
locations leaving a dust free region at the centre and resulting in an increase in the size
of the dust cloud. This dust free region acts as a vapour like phase with outer boundary
(dust ring) as the fluid like phase. The filling of the dust ring can be because of the
thermal agitation of the dust particles at higher pressures. In the following section, the
effects of the increase in background gas pressure on the dust particle are discussed in

detail.
6.2.1 Number of Dust Particles

With an increase in pressure, the number of dust particles in the dust vortex (appear as a
disk of particles) first increases, then the vortex gets transformed into a dust ring at high
discharge current. The number of dust particles gradually decreases, reaches a minima
and increases again as the void in the dust ring starts filling with dust particles.
Whereas, at low values of the discharge current, the levitated dust density always
increases with an increase in pressure despite of reduction in the total number of
levitated dust particles. The levitated dust number density, in addition to the discharge
conditions, also depends upon the amount of dust particles present on the cathode as

well as its distribution on cathode surface.
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Figure 6.4: The variation in the poloidal cross-section of the dust torus with an increase in the
background pressure at a discharge current of 37 mA: a) 84 Pa, b) 90.5 Pa, ¢) 115 Pa, d) 124 Pa, ¢) 205
Pa and f) 253 Pa. The colorbar shows the velocity in cms ™.

6.2.2 Dust Vortex Height above Cathode Surface

As the neutral gas pressure is increased, the height of the dust vortex/cloud above the
electrode surface decreases as is shown in Figure 6.5 (a) and (b). In this case, the height

of the cloud is measured as the distance of the bottom of the cloud above the cathode
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surface. It is well-known that the cathode fall thickness decreases with an increase in

the neutral gas pressure.
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Figure 6.5: The decrease in dust particle cloud above the cathode with an increase in the background gas
pressure at a fixed discharge current of (a) 25 mA and (b) 37 mA.
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Also, the functional behaviour of the cathode sheath thickness with the pressure is same

as that of the cloud height with pressure at constant discharge current. Thus, the

decrease in the cloud height above the cathode surface may be due to a decrease in the

cathode sheath thickness with pressure.

30
28
26
24
22
20
18
16
14
12

imensions (mm)

Cloud D

14
13
12
11
10

-

Cloud Dimensions (mm)
- -}

~1

LJ l LJ L] L] Ll ' L] LJ L] L l L] L] LJ
—O— Vertical Height a)
—O— Horizontal Width

100 150 200

—O— Vertical Height b)
—O— Horizontal Width

100 150 200 250 300
Pressure (Pa)

Figure 6.6: The evolution of the dust particle vortex dimensions with an increase in the background gas
pressure at a fixed discharge current of (a) 25 mA and (b) 37 mA.
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6.2.3 Dust Vortex Dimensions

With an increase in gas pressure, the size of the dust cloud also changes. As the dust
vortex cross-section is elliptical (vertical ellipsoid with major axis at an angle with the
Z — axis) in nature, so it is easier to discuss the variation in its dimensions in terms of
its vertical “height” and horizontal “width”. As the background gas pressure increases
at a low discharge current, the dimensions of the dust vortex first remains nearly
constant and then decreases sharply as shown in Figure 6.6 (a). Also, the effect of

change in pressure is more dominant on the width of the vortex than on its height.

At high discharge currents, the dimensions of the dust vortex show an opposite behavior
to that at low discharge current. With an increase in pressure, the vortex dimensions
first increases sharply and then becomes almost constant as shown in Figure 6.6 (b).
Additionally, the effect of increase in pressure is more dominant on the height of the

vortex than on its width.
6.2.4 Dust Particle Velocity

The most interesting effect of the background neutral gas is seen on the dust particle
velocity. The dust particle velocity in the poloidal vortex is found to increase with an
increase in the gas pressure inspite of an increase in the neutral friction experienced by

the dust particles, contrary to its usual behaviour reported in other experiments [33].

It has already been discussed in previous chapter that the dust rotation is driven by a
radial gradient in the plasma density which further induces a gradient in the ion drag
force. The radial gradient in the ion drag force acts as a torque on the dust particle cloud
and makes it rotate. Therefore, the velocity of rotation of the dust particles in the vortex
depends upon the value of gradient in the ion drag force. As the dust velocity increases

with an increase in pressure, there should be a net increase in the driver too.
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Figure 6.7: Increase in the particle velocity in the dust cloud with an increase in the background gas
pressure at a fixed discharge current of (a) 25 mA and (b) 37 mA.

The expression for ion drag force from equation (1.22) can be further simplified as

1(Zze)* eE

- eE 6.1
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ek . . .. .
where v; = WE = ——— Vin 18 the ion-neutral collision frequency. From the equation
iVin

(6.1), it is clear that the ion drag force, F; o \/n;E and it is not an explicit function of
pressure. That means the driver may increase with an increase in pressure either due to
a steepening in the radial gradient of plasma density or due to an increase in the ambient

electric field.

To determine the steepening in the radial gradient in plasma density (if present), the
radial measurements of plasma density are carried out using Langmuir probe with an
increase in pressure at fixed discharge current and is plotted in Figure 6.8. It is observed
that initially the gradient in the plasma density increase with pressure but saturates at
high pressure. Also, the absolute value of the plasma density decreases with an increase
in pressure at the height at which the probe measurements are carried out. Thus, the
steepening in the plasma density may contribute towards an increase in dust velocity

but not at all pressure ranges.
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Figure 6.8: The radial variation in the plasma density with increase in pressure at a discharge current of
25 mA. The probe measurements are taken at a height of ~10 mm above the cathode surface.
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Also, it has been observed by Carstensen et al. [43] in their experiments in presence of
vertical magnetic field that the ion rotation in the horizontal plane can set the neutral
gas into rotation via ion-neutral collisions which further acts as a driving force (in the
direction of ion drag force) on the dust particles. This mechanism helped in the rotation
of dust particles and result into an increased dust rotation frequency in their case. The
expression for the force (F;;,) experienced [43] by the neutrals due to their collisions

with ions in a small volume dV is
dFin = nimiviv{ndV, (62)

and the viscous damping force (F,;s.) experienced by the neutrals at viscosity (1)

becomes
dF,isc = —nAu,dV, (6.3)

where v, and u, are the ion-neutral collision frequency and neutral velocity
respectively. For the neutral gas to have a flow in the direction of the ions, these two

forces should balance each other i.e.,
dF; visc = dF, in
nAu,dV = —nymvvi,dV

A, =_% (6.4)

where v;, is the ion-neutral collision frequency which is a function of ion drift velocity.

In case of present experiments, the left hand side of equation (6.4) can be written as

Au, ="/ (6.5)
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where d is of the order of the length of the gradient in plasma density. After using

equation (6.5) in equation (6.4), we obtain

nimivivi,ndz
n

u, = (6.6)

For Argon gas ions at room temperature and a pressure of ~133 Pa in an electric field
of E=3Vem™, n; =1x10%cm™3, neutral viscosity, n = 2.2 X 1075 Pa.s and
d = 1c¢m, the value of ion-induced neutral flow velocity becomes ~ 6 cms™1.
However, it is clear from equation (6.6) that the neutral flow velocity does not increase
with pressure pressure, rather it decreases. Whereas, in our experiments, we observe a
clear increase in the dust particle velocity which means if dust particle velocity is
increasing due to ion-induced neutral flow then the neutral velocity should increase
with an increase in pressure that may further contribute towards an increase in the dust
particle velocity. Therefore, based on the above analysis, it is suggested that the ion-
induced neutron flow may not towards an increase in the increase of the velocity of dust
particles with an increase in pressure (at higher pressures). This phenomenon is not

fully understood till now and is an open question in the present situation and may be

studied further.
6.3 Summary and Conclusions

The observations and results with an increase in the discharge current and background
pressure can be summarized and concluded in the following way. With an increase in
the discharge current, the dust velocity is found to increase with a small increase in the
size of the poloidal cross-section which can be attributed to an overall increase in the
absolute magnitude of the plasma density and an increase in its radial gradient. An

increase the fill-in gas pressure results into many interesting changes. A decrease in the
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cathode fall thickness occurs which results into the decrease in dust particle cloud
height from the cathode surface. A transition from filled-vortex to a vortex with void at
the centre and then again to a filled-vortex is observed. The size of the dust vortex is
also observed to vary with pressure in an interesting manner depending upon the value
of the discharge current. Above all, the dust particle velocity increases at a sharp rate.

Below are the major observations of the present experiment:

1. With the increase in background pressure, the dust particle velocity increases,

contrary to an increase in the neutral friction.

2. At high discharge current, the dust vortex undergoes a transition from a filled-

vortex to a vortex with void at the center and again to a filled-vortex.

3. At high discharge current, before the formation of vortex with void (at low
pressures), the dust cloud was oblate like in shape while after the formation of the

vortex with void (at higher pressures), it appears more like a prolate.

4. The height of the dust vortex from the surface of cathode decreases as the pressure

increases.
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7 CHAPTER: CONCLUSIONS AND FUTURE

SCOPE

In this chapter, a brief summary and conclusion of the present work carried out in this

research is provided in section 7.1 followed by a future scope in section 7.2.
7.1 Summary and conclusions

A device for carrying out sophisticated and complex dusty plasma experiments is
designed, fabricated and made operational at the Institute for Plasma Research, India.
The device is named as “Complex Plasma Experimental Device (CPED)”. The main
aim of this multipurpose machine is to study the formation and behaviour of dust
vortices in absence of external magnetic field under the effect of various plasma
parameters. Further, the device is equipped with advanced imaging diagnostics for
studying many other interesting phenomena such as dust oscillations, three-dimensional
crystalline structures and dust rotation, etc. The device is quite flexible to accommodate
many innovative experiments related to dust oscillations, three-dimensional dust
structures and phase transitions, intrinsic dust rotations, etc. Experiments on formation
of poloidally rotating toroidally symmetric dust vortices in absence of external
magnetic field in this device established the role played by gradients of ion drag force
in dust cloud rotation along with the understanding of several other phenomena such as
high amplitude dust oscillations, dust acoustics modes, crystal structures etc. Detailed
design of the device, its diagnostics capabilities and the advanced image analysis

techniques has been presented in this thesis.

As the working pressure in the present experiments is high (> 100 Pa), so the ion-

neutral collisions greatly affect the current collection to the probe. Also, the negatively
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charged dust particles, present in plasma get, deposited on the current collecting surface
of the probe when it’s potential rises above the floating potential. While designing and
using a Langmuir probe both these issues should be addressed. In the present research
work, a specially designed Langmuir probe system is described and used for
determining the pristine plasma parameters, which is immune to dust contamination and
is capable of working in high pressure plasmas giving correct estimates of plasma
parameters. Also, the biasing circuit of the probe has been suitably designed to
minimize the effects of capacitive current and noise on the probe characteristics using

tri-axial cable having a driven shield.

The rotation of dust particles in the vertical plane in a parallel-plate DC glow discharge
plasma is reported. The experiments are carried out at high pressures (> 100 Pa) with
a metallic ring placed on the lower electrode. The dust cloud rotates poloidally in the
vertical plane near the cathode surface. This structure is continuous toroidally. Absence
of magnetic field rules out the possibility of ExXB induced ion flow as the cause of dust
rotation. The dust rotational structures exist even with water cooled cathode. Therefore,
temperature gradient driven mechanisms, such as thermophoretic force, thermal creep
flow and free convection cannot be causing the observed dust rotation. Langmuir probe
measurement reveals the existence of a sharp density gradient near the location of the
rotating dust cloud. The gradient in the density, giving rise to a gradient in the ion drag
force, is identified as the principal cause behind the rotation of dust particles. The
gradient in the ion drag force exerts a torque on the dust particle cloud. The dust
particles move downwards against the sheath electric field in the regions of high ion
drag force and upward in the regions with low values of ion drag force. PIV analysis is
also performed to estimate the velocity field profile of the vortex rotation. This analysis

reveals that the velocity profile is similar to that of a rotating solid body.
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Observation of two well-separated dust vortices in an unmagnetized parallel plate DC
glow discharge plasma is also reported in this thesis. A non-monotonic radial density
profile, achieved by an especially designed cathode structure using a concentric metallic
disk and ring of different radii, is observed to produce double dust tori between cathode
and anode. This consolidates the importance of the role played by a density gradient in
the formation of rotating dust structure. PIV analysis of the still images of the double
tori shows oppositely rotating dust structures between the central disk and the ring.
Langmuir probe measurements of background plasma shows a non-uniform plasma
density profile between the disk and the ring. Location and sense of rotation of the dust
vortices coincides with the location and direction of the radial gradient in the ion drag
force caused by the radial density gradient. The experimentally observed dust vorticity
matches well with the calculated one using hydrodynamic formulations with shear in
ion drag dominating over the dust charge gradient. These results corroborate that a
radial gradient in the ion drag force directed towards cathode is the principal cause of

dust rotation.

In this thesis, we reported the evolution of these rotating dust structures with the
discharge current and background gas pressure too. The dust particle velocity in the
poloidal plane is found to increase considerably with an increase in the discharge
current as well as with neutral gas pressure. The observations are made in the absence
of any directed neutral gas flow arising due to method of its insertion and evacuation in
the experimental region of interest. This behaviour of increase in the dust particle
velocity with background neutral gas pressure is just opposite to the general trend of its

decrease due to an increase in neutral friction.

The major accomplishments and findings of thesis are as follows:
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. Complex Plasma Experimental Device (CPED), with a specially designed lower
electrode (cathode) having the provision of active water cooling, is developed
and operated at IPR for carrying out the physics studies related to the formation
of dust vortices due to the presence of controllable density gradient.

. For diagnosing the background plasma parameters, a low noise Langmuir probe
system, capable of working at high pressures in a dusty plasma environment, is
developed.

. The observation of the poloidal rotation of mono-dispersed dust particles in
toroidally symmetric structures is reported and is explained on the basis of the
presence of a sharp density gradient at the location of the rotating structure. The
radial density gradient gives rise to a radial gradient in the ion drag force,
directed towards the cathode surface, which acts as a torque on the dust
structure, making it rotate.

. lon drag force as the cause of formation of rotating structure is further verified
by conducting another experiment by introducing additional density gradient.
This leads to the formation of additional rotating structure at the location of the
second gradient.

. The dust particle dynamic is studied using hydrodynamic formulations. The
estimated values of dust vorticity, (obtained from these formulations) due to a
gradient in the ion drag force, is found to be well in agreement with the
experimentally observed value of the dust vorticity.

. The velocity profile of the dust particles is studied with the help of Particle
Image Velocimetry (PIV) techniques which shows a rotating rigid body like

behaviour of the rotating structures. Also, the dust particle velocity increases
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while it moves towards the cathode surface (downwards) and decreases again in
its upward motion.

7. The direction of rotation of the dust particles is found to be in accordance with
the direction of the density gradient.

8. The evolution of the poloidal rotation of dust particles is studied with respect to
the variation in the background gas pressure as well as the discharge current.

9. With an increase in the background gas pressure, the dust particle velocity in the
poloidal plane is found to increase considerably. This behaviour of the dust
particle velocity is exactly opposite to its usual behaviour.

10. With an increase in the discharge current, the dust particle velocity does

increase but with a slower rate.
7.2 Future scope

In this section, a brief list of future works that can be carried out further is provided.

A two-dimentional density profile can be measured to make the argument, of a gradient
in the ion drag force arising due to density gradient as the principal cause of rotation of
dust particles, stronger. A two-dimensioal mapping of the ambient plasma electric field
can help in understanding the cause of an increase in the dust velocity with an increase
in the background pressure. Both these measurements would be laborious but would

provide a much detailed understanding of the phenomenon observed.

The cause of the vortex transition from a filled-vortex to a vortex with void at the centre
is still very much unknown and can be studied further. The effect of ion induced neutral
flow on the dust particle velocity with an increase in background pressure can also be
studied further which may provide a new insite into the observed phenomena and may

contribute towards the understanding of the peciliar behaviour of increase in dust
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velocity with pressure. In some of the experiments, Kelvin-Helmoholtz type of rotating

structures have been observed which can also be studied further.

In the present thesis, the entire work has been done with one particle size and using
Argon gas. This study can be further extended by using different mono-dispersed

particle sizes and different background gases.
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