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SYNOPSIS

Dusty plasma consists of sub-micron to micron sized particles embedded in two

components electron-ion plasma. Depending on the plasma environment surround-

ing the dust grain, it may get either positive or negative charge. In low temperature

laboratory plasma, due to higher mobility of electrons, the electron �ux on the dust

particle surface is comparatively higher than that of the ion �ux. Because of higher

electron �ux and the large size, dust particle acquires a high negative charge of

the order of 103 − 105e. Owing to the high charge on dust particles, the dust-

dust interaction as well as dust-plasma species (electrons and ions) interaction get

stronger and causes the increase in complexity of the ambient plasma. Thus, they

either modify the collective modes of the electron-ion plasma or show entirely new

collective modes such as linear and nonlinear waves [1�7] and dynamic structures

(vortices) [8�13]. Due to the heavy mass of dust grain, the dynamics of dust par-

ticles is quite slow in comparison to the background lighter species (electrons and

ions). Therefore, imaging of their dynamics is possible by simple imaging diagnos-

tics. Hence, this is a unique medium which o�ers a way to study complex collective

phenomena (due to high charge) at slow time scale (due to heavy mass) which may

not accessible with conventional two component plasma. These novel aspects of

dusty plasma have attracted a great deal of interest to study the dynamics of the

dusty plasma medium in a controlled manner in the laboratory.

For the studies of dusty plasma in the laboratory, it is necessary to create a

dusty plasma with dimensions larger than the characteristic length scale of the

dust collective modes (waves and vortices). In addition to that, a potential well

is required to con�ne the dust grains for the time longer than the characteristic

time of dust oscillation. On the other hand, it is well known that dust dynamics

is self�consistently associated to the motion of the background species (electrons,

ions and neutrals), which gets modi�ed when an equilibrium of the surrounding

plasma is changed. In fact, an equilibrium of dust medium can be modi�ed either

by applying an external �eld or self�consistently (due to the change of discharge

parameters), resulting in the modi�cation of the dynamics of the dust-plasma

system [14�16]. However, various con�gurations have been used to produce dusty

plasma for studying the collective modes [2, 13, 17�20], still the studies of such

modes and its characteristics with an external perturbation in a large volume
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dusty plasma need to be explored.

This thesis focuses on the experimental con�gurations to produce large volume

dust medium at comparatively low argon pressure (≤ 0.07 mbar) and to study

the role of ambient plasma environment on the collective dynamics of the dusty

plasma medium. For producing the dusty plasma, at �rst, conventional DC dis-

charge (cathode�anode) con�guration is employed. Excitation of waves and its

characteristics with an external potential perturbation are investigated in a 3-

dimensional (3D) dusty plasma at an argon pressure of 0.07 mbar. Working at

even low pressure (< 0.05 mbar) using the DC discharge con�guration makes dust

medium highly unstable. Therefore; for the formation of an equilibrium dusty

plasma at lower pressure (0.05 to 0.01 mbar), a novel con�guration using induc-

tively coupled plasma is investigated to con�ne the dust grains. In this electrodeless

con�guration, negatively charged particles are con�ned in a potential well of the

di�used plasma. For injecting dust grains into a potential well, a unique technique

using the DC plasma source is also employed. Collective dynamics of the con�ned

dust grains, which exhibits waves and/or vortex structures, are studied at the wide

range of discharge parameters. The underlying physics causing the modi�cation in

the propagation characteristics of the dust acoustic wave with an external electric

perturbation, particles transport and con�nement in a potential well of the dif-

fused plasma, and collective modes in large volume dusty plasma are thoroughly

investigated.

We provide below the summary of the experimental work carried out in this

thesis.

Dusty plasma in the laboratory is produced using two di�erent discharge (DC

and RF) con�gurations. In the DC con�guration, discharge is initiated by apply-

ing a high negative DC voltage to cathode with respect to the anodes, which are

grounded through a resistance. Strong electric �eld present in the cathode sheath

is exploited to levitate the negatively charged dust particles in an equilibrium bowl

shaped (3D) dust cloud. Due to the poor con�nement at low pressure, the volume

of the dust grain medium doesn't remain constant; therefore, an inductively cou-

pled plasma (ICP) con�guration is taken into account to create a potential well

so that a constant large volume dusty plasma could be obtained. In the case of

ICP con�guration, particles are con�ned in a potential well created by inductively
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coupled di�used plasma. The levitation or con�nement of these particles in both

discharge con�gurations is the result of the action of various forces such as gravita-

tional force, the electrostatic force due to the electric �eld, the repulsive Coulomb

force among the like charged dust particles, ion drag force due to the streaming

of ions relative to the dust particles, and friction force due to collision with the

neutrals. Since, the dynamics of the particle is self�consistently linked to the back-

ground plasma parameters. Therefore, to track the dynamical changes of the dust

medium, plasma parameters are measured using active diagnostics such as a single

Langmuir probe, double probe and emissive probe in the absence of dust particles.

For imaging the self�oscillatory motion of dust grains, a diode pumped solid state

(DPSS) red laser, cylindrical lens, CCD camera, zoom lens, and high performance

computer are utilized. The wavelength, frequency and phase velocity of the low

frequency oscillations are obtained from the video images by using an imageJ soft-

ware and MATLAB based software. In the case of vortex motion, Particle Image

Velocimetry (PIV) analysis [21] is conducted on the still video images to measure

the magnitude as well as the direction of the velocity vector (or �owing particles)

in a given vertical plane of a dust cloud. The angular velocity of a rotating parti-

cle can also be measured using the PIV analysis technique. The dynamics of dust

grain medium at low pressure is presented in the following experiments.

In the �rst set of experiments, a DC discharge plasma is produced by applying

the voltage in the range of 300�500 V between the cathode and two anodes (both

are grounded) at an argon of pressure of 0.07 mbar. A disk shaped electrode having

a plane surface on one side and a step of 5 mm width and 2 mm height around its

periphery on the other side is used as a cathode. The plane surface of the cathode

is parallel to a stainless steel (SS) disk, which acts as an anode (lower anode) and is

kept 10 cm below from the cathode. Another anode (upper anode) is a SS �ange of

7 cm diameter and is kept parallel to the dust particles containing cathode surface

at 15 cm above the cathode. This con�guration of anodes and cathode demands

minimum voltage to breakdown the argon gas. Both the anodes are kept grounded

through a resistance of R = 100 Ω to measure the discharge current in each path.

At �rst, plasma is formed in between the cathode and lower anode at about 320

V and later it strikes between the cathode and upper anode. As plasma density

crosses a critical limit, dust particles on the cathode surface (sprinkled on the sur-
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face before the production of plasma) get negatively charged and are levitated at

the plasma�sheath boundary. These particles are horizontally con�ned due to an

inward component of the radial electrostatic �eld of the sheath formed around the

ring at its periphery balancing the repulsive Coulomb force among the charged

particles. The vertical levitation of the dust particle is primarily a consequence of

the balance between the upward electrostatic force, FE and the downward gravi-

tational force, Fg. The role of other forces in an equilibrium condition is found to

be smaller than the FE and Fg at least by an order of magnitude. The levitated

dust particles are organized into a three-dimensional (bowl shaped) cloud at ∼ 40

mm above the cathode at the discharge voltage of 340 V and argon pressure of

0.07 mbar. At the applied voltage beyond 350 V, the particles start to oscillate

about its equilibrium position and these oscillations are seen to propagate towards

the cathode. At this discharge condition, streaming ions trigger these longitudinal

dust cloud oscillations [22, 23] which consist of the alternating compression and

rarefaction regions. Theses longitudinal low-frequency oscillations are classi�ed as

dust acoustic waves (DAWs) [24]. The measured wavelength and phase velocity are

1.5�2.5 mm and 2�3 cm/sec respectively, while the frequency is lying in the range

of 10�15 Hz. After the characterization of DAWs, experiments are performed to

study the modi�cation of its propagation characteristics in the presence of electric

perturbation, which is applied using a �oating cylindrical object (rod) of radius

(r) larger than the dust Debye length (λD). The �oating rod is introduced into the

plasma perpendicular to the cathode plane (vertical) and in the plane of cathode

(horizontal). In the presence of a vertically aligned �oating rod, the DAWs are dis-

appeared in the perturbed region at discharge voltage Vd ∼ 380�400 V whereas at

higher discharge voltage (> 420 V), the DAWs are observed to propagate obliquely

in the vertical plane. In the radial plane of the �oating rod (horizontal plane),

circular DAWs are found to originate at the outer edge of the perturbed region

and propagate towards the rod surface. Interaction of the horizontally aligned rod

provides the detailed information on the DAWs propagation modi�cation with the

discharge parameters. Keeping horizontal rod alignment unchanged, it is observed

that dust cloud takes various shapes (concave or cone shape) depending on the

position of the rod with respect to the levitated dust cloud. In the presence of a

�oating rod, sheath around it alters the potential contour (or electric �eld distri-

bution) of the cathode sheath region because of the coupling of the sheaths formed
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around the cylindrical and the cathode [25]. As a consequence, the dust grains

follow the modi�ed equipotential surfaces to get an equilibrium position in the

perturbed region. The direction of streaming ions also changes according to the

resultant E��eld, therefore, DAWs are found to propagate obliquely. This work

has been published in (Choudhary et al.) Physics of Plasmas 23, 083705 (2016).

In the second set of experiments, a novel con�guration using an inductively

coupled di�used plasma to create large volume dusty plasma at low gas pressure

is studied. Plasma is produced by passing high frequency (13.56 MHz) current

through an inductive coil, which is wound around a glass tube (called source sec-

tion). Plasma is produced in the source section and after that it di�uses into the

experimental chamber. This di�used plasma provides an electrostatic con�nement

to the negatively charged dust grains. For injecting the dust grains into the po-

tential well, a novel technique using the DC discharge plasma is employed. The

dust grains are homogeneously sprinkled on the SS disk, which is kept �xed in-

side the experimental tube about 30 cm away from the source section. A negative

DC voltage is applied to this disk for levitating the dust grains at plasma�sheath

boundary. Due to the poor con�nement, these particles come into plasma volume

and are found to transport in an ambipolar E��eld of di�used plasma. These trans-

ported particles are found to be con�ned in the electrostatic potential well, which

is formed due to the di�used plasma (ambipolar E��eld) and the charged glass

wall (sheath E��eld) [26]. These con�ned particles form a 3�dimensional (3D)

dusty plasma and remains con�ned for longer time. One unique aspect of this

device is that volume of the dust medium can be controlled precisely by changing

the DC bias on the disc. In this con�guration, an equilibrium dust grain medium

is possible at low pressure (∼ 0.01 mbar) and low rf power (2�4 W). The ambi-

ent plasma parameters are measured to estimate the forces acting on the charged

particle to understand the dynamics of the dusty plasma. The transport and trap-

ping of particles in a potential well created by inductively coupled di�used plasma

are discussed by Choudhary et al. Review of Scienti�c Instruments 87, 053505

(2016).

In the third set of experiments, we have investigated self�oscillatory motion of

the dust particles which are con�ned in an electrostatic potential well of the induc-

tively coupled di�used plasma. It is observed that dust particles show the acoustic

vibrations at the higher rf power (P > 8 W) and particles set up into rotational
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motion below this power. The multiple co�rotating (anti�clockwise) dust vortices

are observed in the dust cloud for a particular discharge condition (P = 7.5 W

and p = 0.04 mbar). When rf power is lowered, transition from multiple to single

dust vortex is observed. The PIV analysis is conducted on the still images to get

the velocity distribution of particles in the vortex structure. It is observed that

particles have non�uniform velocity distribution in a vortex structure. The occur-

rence of these vortices is explained on the basis of the charge gradient in the dust

column orthogonal to the ion drag force [27]. This charge gradient is a consequence

of the plasma inhomogeneity along the axis of dust cloud. The vortex structure

has a characteristic size in the dusty plasma so that multiple vortices could be

formed in an extended dust cloud with inhomogeneous plasma background. The

experimental results on the vortex motion of particles are compared to an available

theoretical model [27, 28] and are found to be in good agreement. A manuscript

with experimental observations of self excited co�rotating multiple vortices in a

dusty plasma with inhomogeneous plasma background is accepted for publication

in (Choudhary et al.) Physics of Plasmas, March (2017).

This thesis addresses novel con�guration to create a large volume dusty plasma

at low pressure, characteristics of the collective modes with an external potential

perturbation, and origin of the co�rotating vortices in a large volume dusty plasma

medium. The thesis is organized in the following manner.

Chapter-1: Introduction. In this chapter, introduction about the dusty plasma

and its occurrence in space and laboratory plasmas are discussed. Basic funda-

mental properties of dusty plasma, forces acting on dust particle in the plasma,

and various con�gurations to create laboratory dusty plasma are discussed. Also,

review of earlier works on the collective modes of dusty plasma and motivation

behind the this research work are presented in this chapter.

Chapter-2: Experimental Setup and Diagnostics. In this chapter, the experi-

mental setup developed for the study of collective phenomena (waves and vortices)

in dusty plasma is presented. A detailed description of vacuum chambers, power

supplies, pumping system, cathode and anode design are provided. Experimental

con�guration to produce the plasma and dusty plasma in both DC and RF (in-

ductively coupled) discharges are presented. Design and operation principle of the

various electrostatic probes to diagnose the plasma are discussed in detail. At the

ix
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end of this chapter, imaging techniques and image analysis using various softwares

are discussed.

Chapter-3: Dust Acoustic Wave and its Propagation Characteristic in Pres-

ence of a Floating Object. This chapter contains the experimental results of dust

acoustic waves and its propagation modi�cation by a �oating cylindrical object.

The chapter begins with the introduction about the dust acoustic wave and its

study in various dusty devices. Characterization of plasma and dusty plasma at

various discharge parameters are presented. Excitation of dust acoustic waves and

its dispersion relation are presented. The interaction of the �oating cylindrical

rod, which is aligned either vertically or horizontally, with the propagating dust

acoustic waves is discussed in detail. The qualitative explanations to understand

the oblique nature of the dust acoustic waves in the perturbed region are given.

The work is summarized at the end of this chapter.

Chapter-4: Transport and Trapping of Dust Particles in Di�used Plasma. In

this chapter, transport and trapping of dust particles in a potential well created by

inductively coupled di�used plasma are discussed in detail. At the beginning of the

chapter, various con�gurations either in DC or RF discharge is used to con�ne the

dust grains are highlighted. Description of the experimental con�guration along

with the coordinate representation is provided. Characterization of di�used plasma

using electrostatic probes to understand the transport and trapping of particles is

described. Calculations of forces acting on the particles to describe the transport

and con�nement in the di�used plasma are given. The dynamical behavior of the

dusty plasma at di�erent discharge conditions is highlighted. Brief summary of

the work is given at the end of this chapter.

Chapter-5: Multiple Co�rotating Vortex Structures. In this chapter, the re-

sults on the origin of multiple co�rotating vortices are discussed. Introduction

about the particle rotation in the absence and presence of a magnetic �eld is high-

lighted. Experimental con�guration to study the self�oscillatory motion of dust

particles at various discharge conditions is highlighted. Formation of multiple co�

rotating vortices, transition from multiple to single vortex, and particle velocity

distribution in a vortex structure are discussed in detail. The quantitative anal-

ysis to describe the origin of vortex �ow and its multiplicity are discussed with

the theoretical model. Summary of presenting work is discussed at the end of this
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chapter.

Chapter-6: Conclusion and Future Scope. This chapter summarizes the major

�ndings of this thesis work, and concludes with a broad outlook for future studies.
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1
Introduction

The purpose of this chapter is to provide an introduction to the subject of dusty

plasma. The de�nition of the dusty plasma, its formation, di�erent examples of its

existence in nature, solar system, atmospheric environments, processing plasmas,

fusion devices etc., and the importance of the research in the �eld of dusty plasma is

highlighted in Sec. 1.1. Some key features of dusty plasma and its applicability as a

model for understanding various phenomena of matters at kinetic level is presented

in Sec. 1.2. Sec. 1.3 discusses the fundamental properties of the dusty plasma. The

forces acting on the dust grain in the plasma background is discussed in Sec. 1.4.

Various electrostatic traps used for dusty plasma formation is presented in Sec. 1.5.

Overview of the previous work is highlighted in Sec. 1.6. The motivation behind

the research work carried out in this thesis is highlighted in Sec. 1.7. The scope

and structure of the thesis is presented in Sec. 1.8.

1.1 Introduction

This section provides the introduction to dusty and its existence in the various

universal systems (Saturn ring, comet tails, nebulas, noctilucent cloud etc.) and

laboratory plasmas (processing plasmas and tokamak plasmas). It also highlights

the importance of this research �eld to understand the various phenomena in nat-

ural occurring plasmas and man made plasmas.

1
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1.1.1 Dusty plasma

An ionized gas consists of negatively charged electrons and positively charged ions

in which these charge particles are not free but strongly a�ected by each other's

electromagnetic �eld and are capable to exhibit the collective motions. Such gas

was named as "plasma" by Irving Langmuir in 1929 with his colleague Lewi Tonks

[29]. Sometime it is called as fourth state of matter after solid, liquid, and gas.

There will also be a fraction of the neutrals in the plasma if the gas is not fully

ionized. Plasmas resulting from ionization of neutral gases generally contain equal

numbers of positive and negative charge carriers, such plasmas are termed as quasi-

neutral. It is believed that that 99 % of the observable matter in our universe is in

the plasma state [30, 31], while remaining 1 % representing other matters such as

planets and dust particles. The presence of small particles of solid matter, called

dust, in the plasma undergo frequent collisions with electrons and ions and acquire

the large amount of charge on its surface. The admixture of the electrons, ions

and charged dust particles (fraction of µm to tens of µm) are termed as "dusty

plasma". In last couple of decades, dusty plasma research has has become an

area of keen interest. The initial motivation to drive the research in the �eld

of dusty plasma was primarily due to two main �elds: astronomy and industry.

Later, dusty plasmas have proven to be a model system for studying the various

properties of �uids and solids at microscopic level. This subsection presents some

popular examples of astrophysical and laboratory plasmas where dust is ubiquitous

ingredient of the plasma.

1.1.2 Dusty plasma in universe and atmosphere

The presence of dust particles in the various astrophysical plasmas has been demon-

strated through the remote observations taken by the various space crafts. In

the early of 1980's, the images of Saturn's rings were taken by Voyager 1 and

Voyager 2, which showed "spokes" moving on the B�ring. Later it was realized

that the "spokes in B�ring" most likely were tiny specks of dust moving around

the rings [32�35]. The presence of "spokes" in the Saturn's B-ring is shown in

Fig. 1.1(a). The formation and evolution of spokes in the Saturn's rings have

been explained by various research groups [36�40]. Similar to the Saturn's ring,

most of the rings of the Jupiter, Uranus, and Neptune are made of microscopic
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dust grains [41, 42]. The dust particles were also found in interplanetary space

and comets. The interplanetary dust, which is mainly composed of carbonaceous

grains, mainly forms the comets and asteroids. The "Comets tail" is an example,

which represents the dust grains in the solar system. As a comet approaches the

sun, part of comet's ice converts into vapor (tiny dust grains), engulfs the comet

nucleus to form a coma. The solar wind (plasma) pushes the cometary coma away

from the sun and forms a "cometary dust tail" [43,44]. An image of "comets tail"

is displayed in Fig. 1.1(b). The interstellar medium, materials between the stars,

also are composed of interstellar gas and dust. The size of interstellar dust particles

is of the order of micron sized. Various things can happen in the presence of dust

clouds like blocking of light (dark nebula), the scattering of favorable light (Egg

nebula), and re�ection of light (re�ection nebula). An image of "Eagle nebula"

(see Fig. 1.1(c)) again clearly shows the presence of dust cloud [45,46] in the solar

system.

Apart from the solar systems, dust environment is detected in the Earth's

atmosphere (in the lower part of the ionosphere). One of the interesting examples

is the formation of noctilucent cloud, which is observed in polar regions in summer

at 85 km altitude [47,48]. They are made of small ice crystals (0.1 µm in diameter).

Fig. 1.1(d) shows an image of noctilucent cloud taken during the summer.

A wide spectrum of the dust environment in the matters of the universe (inter-

planetary space, interstellar medium, comets, planetary rings, earth atmospheres,

etc.) has attracted the scientists to understand the mystery of unusual phenomena

happening in the universe. It is obvious that images or data obtained from the

natural dusty plasma can give a limited amount of information; therefore, detailed

studies of space dust medium are only possible in the controlled laboratory exper-

iments. Various aspects of the universal (natural occurring) dusty plasma such as

dust�plasma interaction both on earth and in space, mysterious dark spokes of Sat-

urn's B-rings, collapse of interstellar clouds, periodic burst of submicron sized dust

particles (dust streams) ejected from Jupiter, formation of planets, dust collisional

fragmentation and vaporization, interaction of streaming dust channels, charging

mechanisms of dust of various sizes and shapes, collisions of dust grains with tar-

gets, driven and self�generated instabilities in the dust medium etc. [43�45,49�51]

have created the worldwide interest to study the dusty plasma in laboratory ex-

periments.
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(a)

(c)

(b)

(d)

Figure 1.1: (a) A view of the nearly radial spokes in Saturn's B ring. (Courtesy of
Jet Propulsion Laboratory). (b) A view of comets tail showing two distinct tails,
namely a thin blue plasma tail and a broad white dust tail (http://burro.astr.
cwru.edu/Academics/Astr221/SolarSys/Comets/west.gif). (c) A view of the
Eagle nebula (http://www.spacewallpapers.net/wallpapers/albums/Nebula/
normal_n7.jpg). (d) Image of Noctilucent Cloud (NCL) taken during summer at
85 altitude (http://www.albany.edu/faculty/rgk/atm101/nlc18.jpg)

1.1.3 Dusty plasma in laboratory

In 1991, Selwyn observed the cloud of dust particles over the substrate during the

plasma processing [52], which is depicted in Fig. 1.2 (a). Afterward, the interest

in the dusty plasma has been emerged in the research related to industrial and

technological applications. These particles are either grown by chemical process

or ejected from the substrate during the etching process. It was realized that

formation of the dust particles in semiconductor fabrication, etching, deposition,

sputtering of thin �lms and microelectronics productions reduce the product qual-

ity. For controlling the plasma processes, it is necessary to understand the in�uence
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of the dust on the plasma parameters, particles growth phenomena, and transport

mechanism of charged dust grains etc. In recent years, studies on the physics of

particles formation and growth, particles transport and trapping mechanism, and

control over the substrate contaminations have been attractive topics for the dusty

plasma community [53�56].

At the same time, some positive aspects of the dusty plasma have been in-

vestigated. For instance, performance of solar cell can be substantially improved

by incorporating nanometer sized particles in silicon wafer [57] and the presence

of dust grains can increase the deposition rate in dust-plasma-enhanced chemical

vapor deposition process [54]. This short history of industrial applications of dusty

plasma research have attracted attention to understand the dust�induced problems

in the material processing technologies.

Also, in last decades, dust particles (few nm to few tens of micron) were found in

the bottom of the most of tokamaks and stellarators during the operation [58�61].

An image of dust grains collected from tokamak plasma is depicted in Fig. 1.2(b).

Dust in the fusion devices, for instance, International Thermonuclear Experimental

Reactor (ITER), is regarded as a potential safety hazard. A wide spectrum of work

on dust generation processes, the composition of dust particles, size distribution,

surface area, and the total quantity of dust produced have been done to reduce

the general hazards of dust [62�64]. Thus, the problem of dust removal from

the fusion devices is one of the most important scienti�c and technical issue. The

presence of dust particles ranging from solar systems to fusion devices have created

an interest in study of dusty plasma. Hence, currently theoretical, numerical and

experimental e�orts are being made to understand the behavior of dusty plasmas.
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(a) (b)

Figure 1.2: (a) Illuminated dust particles (greenish) �oating above silicon wafers
(Selwyn et al. J. Vac. Sci. 1990). (b) Metallic particles with carbonaceous coating
from TEXTOR (J. Winter, Phys.Plasmas 2000).

1.2 Key features of laboratory dusty plasma

Dust grains (sub�micron to micron sized) either in space or laboratory plasma ac-

quire an equilibrium charge of the order of 103−105 times electronic charge [65,66].

The charging mechanism of dust particles involves the collection of electron and

ion currents, photoelectron emission by UV radiation, secondary electron emission

by highly energetic electrons or ions [43,67,68]. It is to be noted that comparative

value of collection currents and emission currents on the surface of dust grains

determines the polarity of the dust charge. In the laboratory plasma, where emis-

sion processes are unimportant, dust grains always get negatively charged because

of the higher electron �ux to the dust surface compared to that of ions. On the

other hand, when emission processes are signi�cant (due to the UV and cosmic

radiations), dust grains are probably positively charged. This is the case in the

space plasma, where positively charged dust grains are expected because of the

higher emission processes. At �rst, the charge on dust was considered constant

because of the continuous charging processes [69]. Later, charge �uctuations due

to discrete currents on the dust surface were predicated [68]. It means the dust

charge becomes a time�dependent quantity and can be treated as a dynamical

variable, which is coupled self�consistently to other dynamical variables of plasma.

The coupling of this additional degree of freedom available to the dusty plasma

can lead to various collective phenomena [70].

The dusty plasma has some remarkable features to di�erentiate from conven-

tional two-component plasma. Firstly, an extremely small charges-to-mass ratio
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which leads to new plasma eigenmodes at very low frequency (< 100 Hz) [71].

The dust dynamics at such low frequency can be visualized even with naked eyes,

which allows us to study the medium characteristics at the microscopic level. Sec-

ondly, a large amount of charges on dust grains substantially increases the average

potential energy of the dust component compared to its average kinetic energy,

which leads the medium to strongly coupled state with liquid-like and solid-like

characteristics [72�76]. The coupling parameter (Γ), a ratio of the potential en-

ergy to the kinetic energy, determines the physical state of the dust grain medium.

Above a critical value of the coupling parameter, Γc ∼ 170, dust grains are found

to arrange in a crystalline state, called as "Coulomb crystal". These crystals are

created in various experimental devices with various lattice con�gurations such as

simple cubic, face-centered cubic, and body-centered cubic structures [73, 77, 78].

The phenomena associated with crystalline state such as melting of coulomb crys-

tal [79, 80], vaporization of the crystalline state [81], phonon excitation in dusty

crystal [82,83] and pure transverse modes [84] have been demonstrated in labora-

tory experiments with controlled manners.

This medium, where phase transition and crystalline structure are so vividly

observed even by naked eyes, is becoming a valuable tool for studying physical

processes in condensed matter, such as melting, annealing and lattice defects.

Hence, dusty plasma provides a platform to understand the underlying physics at

microscopic levels for various multidisciplinary �elds (e.g. solid state physics, �uid

physics, and life sciences).

1.3 Fundamental properties of dusty plasma

Dust grains, either conducting or non-conducting, undergo frequent collisions with

the highly mobile electrons and lumbering ions and get negatively charged. The

presence of dust grains a�ects the dynamics of the ambient plasma species (elec-

trons and ions). Furthermore, these massive charged particles also respond collec-

tively due to the long-range Coulomb interaction. The micro-particles are large

enough to be visualized individually which allows experimental investigations with

high temporal and spatial resolution. Hence, the dusty plasma phenomena such as

waves and instabilities, transport of particles, phase�transition, and vortex motion

etc. can be studied at microscopic level. Before going to dusty plasma studies, the

7



Chapter 1. Introduction

basic fundamental properties of the dust�plasma system need to be known. In this

section, charging of dust grain, dust Debye length, dust characteristics frequency,

Coulomb coupling constant, and forces acting on the dust grain are discussed.

1.3.1 Dust charging processes

When dust particles are exposed to plasma then dust grain acquires charges on

its surface under the various charging processes: the collection of plasma species

(electrons and ions) from surrounding plasma, photo�ionization due to the inci-

dent of UV radiation, secondary electron emission by energetic electrons or ions,

and �eld emission. In most of the laboratory experiments, dust grain charging is

dominated by the collection of plasma species rather than other processes. Other

charging mechanisms (e.g. photo�ionization or secondary emission) are prominent

in the environment of space plasma. The following are the charging processes:

1.3.1.1 Collection of charged species

When dust particles are introduced into the conventional two-component plasma,

they are bathed in highly mobile electrons and slowly moving ions. The collision of

highly mobile electrons makes its surface more negative, which reduces the coming

electron �ux and increases the ion �ux to the charged surface for balancing both

the �uxes. In this situation, both electron and ion currents incident at the dust

surface have equal magnitude. And potential on the dust grain is equivalent to

the �oating potential. This is the case similar to the electrostatic probes used to

characterize the plasma. Therefore, dust is considered as a small spherical probe

in ambient plasma. For calculating the charging current Ij (j = e and i) to the dust

particle carried by the plasma species j, Orbital Motion Limited (OML) [85, 86]

approximation is used. This approach (OML) describes the dust charging processes

subjected to various assumptions such as dust grain is considered isolated (e.g

λD << d) in collisionless (li >> λD) plasma and radius of the dust grain (rd) is

small compared to the Debye screening length (rd << λD). Here, li is the ion

mean free path and λD is the Debye screening length. Assuming that electrons

and ions obey the Maxwellian distribution and their streaming velocities (ve and

vi) are much smaller than their respective thermal velocities (vTe and vT i), the
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equilibrium electron and ion currents are expressed as [43,71]

Ie = −4πr2dne0e

(
kBTe
2πme

)1/2

exp

(
eφd
kBTe

)
, (1.1)

Ii = 4πr2dni0e

(
kBTi
2πmi

)1/2(
1− eφd

kBTi

)
, (1.2)

where ne0 and ni0 are the equilibrium electron and ion densities, Te and Ti are the

electron and ion temperatures, φd is the surface potential of dust grain, me and

mi are the electron and ion masses and kB is Boltzman constant.

On the other hand, if the ion streaming velocity (vi) is much larger than the

ion thermal speed (vT i), then the approximate expression for the ion current is

Ii ' πr2deni0vi

(
1− 2eφd

miv2i

)
. (1.3)

The charge on the dust grain Qd is determined using the expression

dQd

dt
= Ie + Ii, (1.4)

At an equilibrium, the net current �owing into the dust grain surface becomes

zero. It can be expressed as

Ie + Ii = 0, (1.5)

Using equations (1.1) and (1.2) in equation (1.5), we get the expression

1− eφd
kBTi

=

(
Temi

Time

)1/2

exp

(
eφd
kBTe

)
ne0
ni0

, (1.6)

which determines the surface potential φd of an isolated dust grain. Due to the

higher mobility of the electrons compared to that of ions, the dust surface potential

φd is negative, i.e., φd < 0. The dust equilibrium charge Qd is related to its surface

potential by the dust grain capacitance C. The relation is expressed as, Qd =

Cφd. Here, C is the grain capacitance, which is equivalent to the capacitance

of the charged spherical body, given by C = 4 πε0rd

(
1 + rd

λD

)
for rd << λD.

It should be noted that the OML approximation yields accurate values for dust

charge when the electron and ions are collisionless (i.e., their respectively mean

free paths are much larger compared to the plasma screening length). Thus, the
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OML approximation is unable to describe the variation of the dust charge with

the plasma collisionality. Khrapak et al. [87] found that magnitude of the dust

charge is quite sensitive to the level of the ion collisionality. The collisions start to

a�ect the ion �ux to dust surface when the ratio of the mean free path (li) to the

dust screen length (λD) is of the order of 10, i.e., li/λD ≥ 10. In this collisional

regime, the OML approximation provides an accurate value of the dust charge.

The OML model for grains charge calculation applies to the case where the grains

are su�ciently far apart, i.e., λD << d. On the other hand, when the spacing

between the grains (d) is comparable to or less than λD, dust grains are closely

packed. In this situation, the di�erence Φ = φd − φp between the dust surface

potential (φd) and the plasma potential (φp) has a smaller magnitude than in the

case with d >> λD, and consequently the equilibrium charge on the dust grain is

smaller than that for an isolated grain. For the closely packed dust system, we

replace φd in Eq. (1.6) by Φ and ni0/ne0 = (1−Qdnd0/ene0) to obtain the variation

of Φ against the ambient plasma density for a �xed dust density nd0. The charge on

an isolated grain has been experimentally investigated by Walch et al. [66] using

the Faraday cup. Barken et al. [69, 88] have reported the results of laboratory

experiments on the dust charging in plasma column. By varying the ratio d/λD,

they experimentally demonstrated the predicted charge reduction [89, 90] in the

case of closely packed dust grain medium.

1.3.1.2 Secondary electron emission

In the plasma, the embedded dust particles are exposed to electrons and ions with

di�erent energies. The bombardment of the energetic plasma particles can release

secondary electron from the dust grain surface. The process of secondary electron

emission can occur in two ways: (i) by electron impact (ii) by ion impact. During

the interaction of energetic electrons/ions with a dust grain, it may undergo the

following possible situations: (i) it may be scattered/re�ected by the dust grain

before it enters into the dust surface, (ii) it may enter into the dust and stick on the

dust grain surface, (iii) it may enter into dust grain, interact with scattering center,

and exchange a fraction or all of its energy to other electrons which in turn escape

from the dust surface. It is to be noted that probability of secondary electron

emission through the bombardment of energetic ions is comparatively higher than

that of from energetic electrons. If the ions having kinetic energy below 1 kV
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approach the dust particle, they will be neutralized by the electrons which tunnel

through the potential barrier of dust surface. The potential energy released in the

neutralization of ions will excite additional electrons which can then be emitted

from the dust surface. When the incident ions have energies above 10 kV, the

secondary electron yield due to ion impact will be substantially larger than unity.

Thus, secondary electron emission can leave the dust particles to be positively

charged [43].

1.3.1.3 Photoemission

The �ux of incident photons with energy (hν) larger than the photoelectric work

function (W ) of the dust grain may eject the electrons from the dust surface.

The photoemission of electrons depends on (i) the wavelength (λ) of the incident

photon, (ii) the surface area of the dust grain, and (iii) the properties of the dust

grain material. This process makes the dust grain positively charged.

1.3.1.4 Thermionic emission

When the dust grains are heated to a high temperature, electrons may be thermion-

ically emitted from the dust grain surface. In this process, dust grains get positively

charged by losing the electrons. The thermionic emission may be induced by laser

heating or thermal infrared (IR) heating or by hot �laments surrounding the dust

grain. This process also makes dust grain positively charged.

1.3.1.5 Field emission

In some cases, the micron or submicron sized dust particles may acquire a very

high negative (or positive) potential and emit electrons (or ions) from their surface

under the in�uence of the strong electric �eld. It has been observed that onset

of electron emission from the dust surface occurs when the applied electric �eld is

in between 106 V cm−1 and 107 V cm−1. In this process, dust grain potential is

limited by the �eld emitted electrons for the negatively charged dust grain.

The schematic representation of the various dust charging processes is depicted

in Fig. 1.3.
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Figure 1.3: A schematic of charging processes of a dust grain in the ambient
plasma.

1.3.2 Quasi�neutrality condition

The plasma always obeys the quasi-neutrality condition, i.e., ni ≈ ne. It means

that the plasma is macroscopically neutral. But neutrality may not be maintained

over the microscopic scale. In an equilibrium, the quasi-neutrality condition is also

satis�ed in the dusty plasma. It essential means that in the absence of any external

perturbation, the net resulting electric charge in the dusty plasma medium is zero.

Therefore, an equilibrium charge neutrality condition in a dusty plasma is

Qini0 = ene0 +Qdnd0, (1.7)

where nio, neo and ndo are the unperturbed ion, electron and dust number density

, Qi (= Zie) and Qd (=−Zde) are the ion and dust particle charge. After putting
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the values, Eq.(1.7) becomes

Zieni0 = ene0 + Zdend0, (1.8)

where ion charge state Zi = 1 and Zd is the number of the charges residing on the

dust grain surface, then Eq.(1.8) becomes

ni0 = ne0 + Zdnd0. (1.9)

When most of the electrons from the plasma are attached to the dust particle

surface, then we may have Zdnd0 >> ne0. In this case, Eq. (1.9) is replaced by

ni0 ≈ Zdnd0 (1.10)

However, It should be noted that a complete depletion of the electrons is not possi-

ble [90] because the minimum value of the ratio ne0/ni0 turns out to be (me/mi)
1/2

when Te ≈ Ti and φd ' 0. In Eq. (1.10), the dusty plasma can be regarded as

a two component plasma composed of negatively charged grains and ions. Such

situations are met in the space as well in low-temperature plasma.

1.3.3 Debye shielding

A fundamental characteristic of a plasma is its ability to shield the electric �eld of

an individual charged particle or of a surface that is at some non-zero potential.

The Debye length is a distance over which the in�uence of the E-�eld of an indi-

vidual charged particle (or of a surface that has non-zero potential) is experienced

by other charged particles inside the plasma. This shielding of the E-�eld in the

ambient plasma is well explained by Chen [91]. This Debye length (or screen-

ing length) inside a dusty plasma can be quite di�erent than that is observed in

electron-ion plasma. It can be formulated by taking an example of charged body in

the dusty plasma. If a negatively charged ball is inserted in a dusty plasma, a cloud

of ions and positively charged dust particles (if they are present) would surround

it. If the plasma is cold then the E-�eld associated with negatively ball would be

completely shielded. On the other hand, if temperature of the plasma species (Te

and Ti) is �nite then E-�eld would leak outside the Debye length. For calculating

the approximate sheath thickness (Debye length), the Poisson's equation is solved
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by assuming that the electrons and ions obey the Boltzman distribution [43]. For

dusty plasma, the Debye length is expressed as

1

λ2D
=

(
1

λ2De
+

1

λ2Di

)
, (1.11)

where λDe = (kBTe/4πne0e
2)

1/2 and λDi = (kBTi/4πni0e
2)

1/2 are the electron and

the ion Debye lengths, respectively. The simpli�ed form of Eq.(1.11) is

λD =
λDeλDi√
λ2De + λ2Di

, (1.12)

here λD measures the shielding or screening distance in the dusty plasma. In

laboratory experiments, dust grains get negatively charged. In these cases, we

have neo << ni0 and Te > Ti, i.e. λDe >> λDi. Using this condition in Eq. (1.12),

we have λD ' λDi. It means that shielding or screening length in dusty plasma is

mainly determined by the temperature and number density of ions. However, for

positively charged dust grain, shielding or screening length is determined by the

temperature and density of the electrons.

1.3.4 Characteristic frequency

Similar to conventional two component plasma, dusty plasma also holds the macro-

scopic space charge neutrality. When the plasma particles are instantaneously

displaced from their equilibrium position, a space charge �eld will be built up

to restore the neutrality of the plasma by pulling the charged particles back to

their equilibrium positions. But due to their inertia, they will overshoot and will

be again pulled back to their equilibrium position by the space charge �eld of

the opposite polarity. Thus, charged particles continuously oscillate around their

equilibrium position due to the restoring force and inertial e�ect. The frequency

of such oscillations are known as the plasma frequency, ωps = (4πns0Q
2
s/ms)

1/2

associated with the plasma species, s. In the dust-plasma system, electrons oscil-

late with the electron plasma frequency ωpe = (4πne0e
2/me)

1/2, ions oscillate with

ion plasma frequency ωpi = (4πni0e
2/mi)

1/2, and dust grains oscillate with dust

plasma frequency ωpd = (4πnd0Z
2
de

2/md)
1/2. In this thesis, we have used md =

Md for representing the dust mass. The frequency of such oscillations depends on

the mass and charge of the plasma species, which makes the di�erence of about a
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thousand times, i.e. ωpe >> ωpi >> ωpd. In a dusty plasma, collision frequencies

of the charged species with the stationary neutrals are also important for the col-

lective oscillations of the plasma particles. These collisions are characterized by

the electron-neutral collision frequency, νen, the ion-neutral collision frequency, νin,

and the dust-neutral collision frequency, νdn. The collision frequency for plasma

species (electrons (e), ions (i), and dust grains (d)) is de�ned as

νsn = nnσ
n
s vTs, (1.13)

where nn is the neutral number density, σns is the e�ective collision cross�section

and vTs = (kBTs/ms)
1/2 is the thermal speed of the species s (= e, i, and d). The

collective oscillations of the plasma particles are damped by the collisions with the

neutrals. For studying the collective dynamics of the plasma particles, the collision

frequency should be smaller than the plasma frequency, i.e. νen, νin, νdn < ωp.

1.3.5 Coulomb coupling constant

In dusty plasma medium the interactions among the highly charged dust grains give

rise to many new collective phenomena. The strength of the Coulomb interaction is

determined by a coupling constant (Γ), which is de�ned as the ratio of the potential

energy of the dust grains to their kinetic energy. For two dust grains separated

by a distance d, having the charge Qd (= −Zde) and thermal temperature Td, the

Coulomb coupling constant is expressed as

Γ =
Z2
de

2

d kBTd
exp

(
−d
λD

)
. (1.14)

The inter-particle distance d is related with dust number density (nd) by d =(
3

4πnd

)1/3
. The factor exp

(
−d
λD

)
in the expression of Γ is due to the shielding or

screening e�ect. This coupling constant determines the physical state of the dusty

plasma medium. The dusty plasma is said to be in the crystalline state when Γ >>

170, in a liquid state when 1 << Γ << 170, and in the gaseous state when Γ <<

1. In other words, dusty plasma is weakly coupled system for Γ << 1 while it is

strongly coupled for Γ >> 1. In many laboratory dusty plasma experiments, dust

grains are found in a strongly coupled state because of their large electric charge

on their surface, low temperature and small inter�particle distance [73,74,77,78].
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1.4 Forces acting on the dust grains

In a laboratory plasma, dynamics of the dust grain is governed by the various forces

acting on it. These forces are electrostatic (or electromagnetic) force, gravitational

force, ion and neutral drag forces, and thermophoretic force. In laboratory plasma,

dust grains are con�ned in either a potential well or in the plasma sheath boundary

under the action of these forces. The detailed description of these forces acting on

a spherical, non-conducting and isolated dust grain with rd << λD is given in this

section.

1.4.1 Gravitation force

This force comes into the picture when dust particles have �nite mass. For a

spherical dust grain of mass Md , the gravitation force Fg is given by [43,92]

~Fg = Md~g =
4

3
πr3dρd~g, (1.15)

where g is the acceleration of gravity, rd is radius of dust grain and ρd is mass

density of the dust grain.

1.4.2 Electrostatic force

Dust particles get negatively charged (Qd = −eZd) in the laboratory plasma and

experience an electrostatic force FE due to the electric �eld E. The electrostatic

force is given by [92]
~FE = Qd

~E = −eZd ~E, (1.16)

where ~E = −∇φp is the local E-�eld. It essentially means that this force is directed

opposite to the E-�eld direction.

1.4.3 Ion drag force

The streaming ions in the electric �eld exert a force on the dust grains in two ways.

Firstly, the ions transfer momentum to a dust particle through direct impacts,

which is called collection force Fic. Secondly, the ions transfer momentum through

Coulomb collisions with the charged dust particle, which is called Coulomb or
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orbital force Fio. The magnitude of the ion drag force Fi is determined using the

Barnes formula [92]. This formula is applied under the approximation λD/li << 1,

where λD is the dust Debye (screening) length and li is ion mean free path. The

dust Debye length is assumed to be λD ∼ λDi. The collection force (Fic) component

is given by

Fic = nivsmiviπb
2
c , (1.17)

where ni is plasma density and mi is ion mass. The mean speed (vs) is given by

vs =

(
8kBTi
πmi

+ v2i

)
. (1.18)

The collection impact parameter is expressed as

bc = rd

(
1− 2q(φd − φp

miv2s

) 1
2

, (1.19)

where φd is potential at the surface of the dust particles and φp is the plasma

potential. The orbital force (Fio) is given by

Fio = nivsmivi4πb
2
π/2Γ, (1.20)

where

b2π/2 =
qQD

4πε0miv2s
(1.21)

is the impact parameter whose asymptotic angle is π/2, and

Γ =
1

2
ln

(
λ2D + b2π/2
b2c + b2π/2

)
(1.22)

is the Coulomb logarithm integrated over the interval from bc to λD. Hence, the

ion drag force magnitude Fi can be written as

Fi = Fic + Fio (1.23)

So the ion drag force on the con�ned dust particle in the local E��eld (E) can be

written as
~FI = FiÊ (1.24)

17



Chapter 1. Introduction

Kharpak et al. [87] have reported the role of collisionality on the magnitude of

ion drag force. They pointed out that e�ects of the ion�neutral collisions on the

ion drag start when the ratio li/λD ≥ 10. This condition is also satis�ed in our

experimental operating regime. In another study of Kharpak et al. [93], they have

incorporated the screening e�ect (scattering of ions outside the Debye sphere) in

deriving the orbital force. However, the contribution of orbital force is very small

compared to the collection force. Hence, in this thesis, Barnes formula [92] is used

to evaluate the ion drag force.

1.4.4 Neutral drag force

The neutral drag force is the resistance experienced by a dust particle when there

is a relative velocity vr between the dust particles and the neutral gas, i.e. vr =

vd − vn. In absence of directed gas �ow, relative velocity will be vd. For the dust

particles of size smaller than the collision mean free path, i.e., rd << λmpf and

velocities much smaller than thermal velocity of the gas, i.e., vd << vTn then the

neutral drag force experienced by the dust particle is estimated using the Epstein's

expression [94]
~Fn = −mdνdn ~vd, (1.25)

where νdn is the dust�neutral friction frequency and vd is dust particle velocity.

The expression for νdn [43] is

νdn =
8

3

√
2πr2d

mn

md

nnvTn

(
1 +

π

8

)
(1.26)

where mn, nn, and vTn the mass, number density, and the thermal velocity of the

neutral gas atoms.

1.4.5 Thermophoretic force

The thermophoretic force appears due to a temperature gradient in the neutral gas.

The neutral gas atoms present in the high temperature region will exert more mo-

mentum on the dust particles than those present in the lower temperature region.

Consequently, a force towards the lower temperature region is established. The

magnitude of this force is directly proportional to the gas temperature gradient.
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The thermophoretic force is [43]

~Fth = −32

15

r2d
vth,n

(
1 +

5π

32
(1− α)

)
κT∇Tn, (1.27)

where κT is translation thermal conductivity of the gas and Tn is the neutral

temperature. The accommodation coe�cient α ≈ 1 for dust particles and neutral

gas atoms having temperature below 500 K.

The schematic representation of the forces acting on a dust grain in the plasma

is presented in Fig. 1.4.
 

𝜵𝑻n 

T2 

T1 

FE   

Fg   FI   

Fth  
Fn  

Fn  

Figure 1.4: Schematic diagram illustrating the forces acting on the dust particles
during the con�nement in an electrostatic potential well. An Arrow indicates the
direction of force acting on dust grain. T1 and T2 denote the temperatures of
neutrals with T1 > T2.

1.5 Dusty plasma formation using di�erent elec-

trostatic traps

For the majority of laboratory studies, dusty plasmas are generated in either ra-

dio frequency (RF) or direct current (DC) discharge plasmas. In both types of

discharges, the dust particles are suspended in regions of high electric �eld where

the electric force balances the gravitational force, i.e., Mdg = QdE. The strong

E-�eld region can be created using the di�erent discharge con�gurations, which are

displayed in Fig. 1.5. In anode spot trap, dust grains are con�ned in the anodic

plasma where E- �eld is strong compared to the surrounding plasma [1, 18]. In
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Figure 1.5: Schematic representation of the methods used for producing dusty
plasma in the laboratory experiments.

sheath trap, charged grains are levitated near the sheath boundary of the lower

electrode in RF discharge [19] and of the cathode in the DC discharge plasma [95].

The strong E-�eld in the sheath region provides an equilibrium to the massive dust

grains. These con�gurations are widely used to study the physics of dusty plasma.

In di�used edge trap, ambipolar E-�eld of the di�used plasma helps to hold the

dust grains against the gravity [20].
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1.6 Overview of the earlier work

Dust particles immersed in a low-temperature plasma get negatively charged and

constitute a new component of the plasma. The presence of particles in ordinary

plasma makes it more complex in two ways: �rst, these particles alter the properties

of some well-known wave modes of the plasma, such as ion�acoustic (IA), or the

electrostatic ion cyclotron (EIC) etc. and second, collection of the charged particles

supports the various new collective modes, in which dust grain dynamics plays an

essential role. Since, the response of dust grains to a self-consistent electric �eld

and/or an external �eld is very slow because of the large inertia; therefore, its

dynamics lies in a very low-frequency regime. Among the various low-frequency

wave modes, dust acoustic wave (DAW) is the most studied and popular wave

mode in the dusty plasma. The DAW was �rst predicted theoretically by Rao

et al. [96] in 1990. Since then it has been studied theoretically by several other

groups [44, 97�102] in the weakly/strongly coupled dusty plasma. Apart from

the DAW, the dust transverse shear wave (DTSW) [103] and the dust lattice wave

(DLW) [104,105], which arise when charged dust particles were considered strongly

coupled in the unmagnetized dusty plasma. The DAW has the similarity with the

ion�acoustic wave in the ordinary plasma but here the inertia is provided by the

charged grains and the restoring force is mainly the electric force arising from

charge separation of all three charged species, dust, electrons, and ions, during the

compression and rarefaction.

Experimentally, Barken et al. [1] in 1994 �rst investigated the low-frequency

dust acoustic mode (DAW) in a Q-machine. These waves were excited in the kaolin

dust grains of an average diameter 5 µm, which were con�ned in an anodic double

layer formed in front of a positively biased disk. The experimentally measured wave

parameters; phase velocity (vph) 9 cm/sec, wavelength(λ) 0.6 cm and frequency (f)

15 Hz were in good agreement with the theoretically predicted values. Since then

the studies on the self�excited or driven DAWs have been carried out in both

DC [1,2,24,106�111] and RF [4,20,112�114] discharges. In addition to the DAW,

various collective modes in the strongly coupled dust system were investigated in

the various ground based [5, 115] and microgravity [116] experiments.

In most of the DC and RF discharges, the low-frequency modes (DAWs) are
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spontaneously excited due to the ion streaming instability, which occurs when the

ion�drift velocity with respect to dust grains exceeds the phase velocity of the wave

[117]. Such instabilities develop in the dust plasma system at a low pressure so that

the ions drift velocity exceeds or in the order of its thermal speed [22,118,119]. At

higher pressure, the dust�neutral friction dominates over the energy supplied from

the streaming ions; therefore, DAW is no longer excited in the dust medium. Apart

from the streaming ions, instabilities associated with charge �uctuations [120] and

ionization [121] are considered the possible energy source to excite the DAWs at

higher dissipation losses. Fortov et al. [122] computed the di�erent growth rates

for DAW theoretically by taking into account all the possible reasons for excitation

of the DAW.

However, to study the physics behind the instabilities and collective modes,

dust cloud dimension must be larger than the characteristic length/size of the col-

lective modes and the con�nement time must be longer than the inverse of the dust

plasma frequency (ωd). To study the dusty plasma medium, various con�gurations

in both DC and RF discharges [2, 3, 5, 18�20] to con�ne an appropriate volume of

dust grains for a longer time have been used.

In recent years, the study of stable and unstable dusty plasma with an external

electric perturbation, which is applied using a �oating or biased object (probe), has

been greatly interested. It is realized that a dust-free region (void) is formed around

a �oating or biased cylindrical object (probe) during the interaction with the grain

medium, which was observed in the experiments of Thompson et al. [123], Thomas

et al. [14], Sarkar et al. [124], and Klindworth et al. [125]. In the experiments of

Kim et al. [16], they investigated the di�raction of dust acoustic waves during the

interaction with a �oating cylinder. The interaction of a positively (or negatively)

biased cylindrical probe on the crystalline state of the grain medium was reported

by Law et al. [15]. They observed the circulation of dust grains in the perturbed

region of probe. Interaction of the �owing dusty plasma with an electrically biased

wire was studied by Meyer et al. [126] and found the excitation of a bow like shock

structures. The interaction of �owing dusty plasma with a stationary �oating wire

can excites the nonlinear structures (precursor solitons) behind it [127].

Another example of the collective response of the dust-plasma system is the

formation of dynamic structures (or vortices). The rotation of dust component has
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been an interesting fundamental issue in astrophysics and laboratory plasmas. The

rotation of dust component has been observed in various laboratory plasma in the

presence and absence of the magnetic �eld. In the presence of magnetic �eld (B),

dust particles are found to rotate only on the imposition of an external magnetic

�eld exceeding a certain critical magnitude. Maemura et al. [128] proposed a model

to explain the dust grains drift in the presence of a magnetic �eld (B) perpendicular

to the discharge electric �eld (E). In the magnetic �eld, electrons are transported

in the E × B direction at a faster speed while the ions are transported with a

slower speed in the same direction. The negatively charged particles are drifted

in the direction to the E × B with a slower speed to ions. Konopka et al. [129]

observed the dust cloud suspended in the sheath of an RF discharge rotate in

the two fashions: a rigid body rotation and sheared rotation. The azimuthal

ion drag due to the E × B drift was considered the possible cause for cluster

rotation. The experiments of Sato et al. [130] in DC and RF discharge plasmas

also demonstrated the rotation of particles in the azimuthal direction under the

in�uence of a vertically magnetic �eld. Kaw et al. [131] have proposed a model to

explain the azimuthal rotation of dust particles in the presence of magnetic �eld.

Instead of these studies, various experimental groups have studied the motion of

the dust component in the weak magnetic �eld [12, 132�134]. Since, dust grains

are massive therefore strong magnetic �eld (B > 3 T) is required to magnetized

them. A magnetized dusty plasma device (MDPX) is being designed to perform

the next experiments on the magnetized dusty plasma [135,136].

Rotation of dust component and convective vortex motion in the absence of

magnetic �eld in ground-based laboratory plasma as well as under microgravity

conditions have been reported by various groups. Law et al. [15] observed the

dust mass circulation in the crystalline state of grain medium when it is perturbed

by a biased probe. The origin of the circulation is attributed to the formation a

nonuniform electric �eld in the crystal region by a biased probe. The extensive

studies on the dust rotation and/or vortex motion such as spontaneous dust grains

rotation [17], 2D dust vortex �ow [137], dust cluster rotation [138], poloidal rotation

of dust grains with toroidal symmetry [13], horizontal and vertical vortex motion

in the presence of an auxiliary electrode [139], vortex motion in the ice dusty

plasma [11] and vortex motion along with wave [9] have been carried out in various

ground-based experiments. Under the microgravity conditions, dust vortices were
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observed around the dust free region [140]. In the absence of magnetic �eld, the

simulation works [8,141,142] show that vortex structures are generated due to the

non-conservative nature of the forces (ion drag force, electric force, and screened

Coulomb force) acting on the dust grains. Also, the dust vortices are induced

by the convection of the neutral gas, which can be induced by the temperature

gradient at atmospheric pressure and by the thermal creep along the surface at

low-pressure [143�145]. Instead of these mechanisms, the spatial variation of the

dust charge is also a possible mechanism to convert the potential energy of an

external electric �eld into kinetic energy of the dust grains [27]. Usually, the dust

grains achieve electrostatic equilibrium with respect to the plasma by acquiring

a negative charge. The charge on the dust particles is not �xed but is coupled

self-consistently to the surrounding plasma. It causes instabilities and leads to the

excitation of dust collective modes. Vaulina et al. [27,146] have carried theoretical

and numerical analysis of the dust�plasma system by considering the gradient of

dust charge orthogonal to the non-electrostatic force [9, 27]. They have predicted

that charge gradient is a major source to excite the vortex motion. The charge

gradient of dust grain arises mainly due to the inhomogeneity in the background

plasma parameters.

1.7 Motivation behind the present research work

In the plasma, the presence of dust particles can modify the background plasma

parameters (e.g. charge and potential distribution) [147, 148] and usual plasma

waves and associated instabilities [88,149,150]. Furthermore, the presence of mas-

sive charged particles gives rise to new low-frequency collective modes (e.g., waves

and vortices), which is a result of the collective motion of the dust grain medium.

As is well known that dusty plasma is a dissipative medium thereby to exhibit the

collective motion, the dissipation losses must be compensated by available energy

in the dust grain system. In dusty plasma, dissipation losses are mainly due to

dust�neutral friction, which can be externally controlled by changing the back-

ground gas pressure. The instabilities associated to streaming of plasma species

(electrons and ions) and inhomogeneous distribution of background plasma pa-

rameters (n and Te) are observed to be responsible available free energy source

in the dust plasma system [20, 22, 117, 146]. The dusty plasma system supports
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various collective modes when the available energy (free energy) overcomes the

energy dissipations [1, 9, 20, 146, 151]. It essentially means that small amount of

free energy can trigger the low frequency collective modes when the background

pressure is low. Furthermore, it is to be noted that collective motion of dust grains

is self�consistently linked to ambient plasma parameters thereby the characteris-

tics of the dusty plasma medium strongly depend on the background plasma. The

distribution of background plasma species can be modi�ed either by changing the

discharge parameters or by external electric perturbation. In both cases, collec-

tive dynamics of dust grain medium get a�ected. To study the collective modes

in dusty plasma; dimension of dust grain medium must be larger than the char-

acteristic size of collective modes (wavelength for waves and diameter for vortex)

and con�nement time must be longer than characteristic time of dust oscillation

(τd = ω−1
pd ). The studies of self�excited or driven collective modes have been car-

ried in various particle con�nement con�gurations (anode trap, cathode trap and

di�used edge trap) [3,20,151�153]. The previous studies on self�excited collective

modes were performed in a small volume dusty plasma at comparatively higher

pressure. The collective motion of dust grains in a large volume (or in an extended

2D dust cloud) dusty plasma at low pressure is still an unexplored problem. Mak-

ing a dusty device to create large volume dusty plasma at low pressure and to study

of the self�excited collective modes were the major tasks of the present research

work. The characteristics of the dusty plasma medium with an external electric

perturbation was also the aim of the doctoral thesis.

1.8 Scope and outline of the thesis

This thesis addresses experimental investigations of the self-excited collective modes

and its characteristics in the low pressure (≤ 0.07 mbar) large volume dusty plasma.

At �rst, a conventional DC discharge (cathode-anode) con�guration is used to cre-

ate 3D dusty plasma at comparatively low gas pressure. The excitation of dust

acoustic waves and its propagation characteristic with an external electric per-

turbation, which is applied using a �oating cylindrical object, have been studied.

Working at even low-pressure (< 0.05 mbar) using DC discharge con�guration

makes dust grain medium highly unstable, which creates trouble in the study of

collective phenomena. For producing an equilibrium dusty plasma at lower pres-
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sure (0.05 to 0.01 mbar), a novel con�guration using inductively coupled plasma

(ICP) is investigated. It is an electrodeless con�guration to con�ne the dust grains.

For injecting dust grains into an electrostatic trap, a unique technique using the

DC discharge plasma has been explored. The collective dynamics of dust grains

con�ned in an electrostatic trap formed using ICP con�guration have been stud-

ied at the wide range of discharge parameters. The underlying physics causes the

modi�cation in the propagation characteristics of the dust acoustic waves with an

external potential perturbation, particles transport and trapping in a potential

well of the inductively coupled di�used plasma, and collective dynamics of the

large volume dusty plasma have been thoroughly investigated. This thesis consists

of six chapters and is organized as follows:

Chapter-2: Experimental Setup and Diagnostics. In this chapter, the exper-

imental setup developed for the study of collective phenomena (e.g., waves and

vortices) in dusty plasma is presented. A detailed description of vacuum cham-

bers, power supplies, pumping system, cathode and anode design are provided.

Experimental con�guration to produce the plasma and dusty plasma in both DC

and RF (inductively coupled) discharges are discussed. Design and operation prin-

ciple of the various electrostatic probes to diagnose the plasma are discussed in

detail. At the end of this chapter, imaging techniques and image analysis using

various software are discussed.

Chapter-3: Dust Acoustic Wave and its Propagation Characteristic in Presence

of a Floating Object. This chapter contains the experimental results of dust acous-

tic waves and its propagation modi�cation by a �oating cylindrical object. The

chapter begins with the introduction about the dust acoustic wave and its char-

acteristics. The characterization of plasma and dusty plasma at various discharge

parameters are presented. Excitation of dust acoustic waves, its dispersion rela-

tion and its characteristics are presented. The interaction of the �oating cylindrical

rod, which is aligned either vertically or horizontally, with the propagating dust

acoustic waves is discussed in detail. The qualitative explanations to understand

the oblique nature of the dust acoustic waves in the perturbed region is discussed

in details. The work is summarized at the end of this chapter.
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Chapter-4: Transport and Trapping of Dust Particles in Di�used Plasma. In

this chapter, transport and trapping of dust particles in a potential well created

by inductively coupled di�used plasma are discussed in detail. At the beginning

of chapter, various con�gurations either in DC or RF discharge used to con�ne

the dust grains are highlighted. The description of the experimental con�guration

along with the coordinate representation is provided. The characterization of dif-

fused plasma using electrostatic probes to understand the transport and trapping

of particles are presented in this chapter. Calculations of forces acting on the parti-

cles to describe the transport and con�nement of dust grains in a potential well are

given. The dynamical behavior of dusty plasma at di�erent discharge conditions

is discussed. Brief summary of the work is given at the end of this chapter.

Chapter-5: Multiple Co�rotating Vortex Structures. In this chapter, the results

on the origin of the multiple co�rotating vortices are presented. Introduction about

the particle rotation in the absence and presence of a magnetic �eld is highlighted.

Experimental con�guration to study the self�oscillatory motion of dust particles at

various discharge conditions is presented. The formation of multiple co�rotating

vortices, transition from multiple to single vortex, and particle velocity distribution

in a vortex structure are discussed in detail. The quantitative analysis to describe

the origin of vortex �ow and its multiplicity are discussed with the theoretical

model. Summary of presenting work is given at the end of this chapter.

Chapter-6: Conclusion and Future Scope. In this �nal chapter, an overall sum-

mary of the experimental studies on collective phenomena in dusty plasma is pro-

vided. Also, the future scopes and possible extension of the presented work is dis-

cussed.
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2
Experimental Setup and Diagnostics

In this chapter, we provide a description of the experimental setup used for the

study of dusty plasma. The various types of power supply used for plasma pro-

duction and characterization are presented. This chapter also presents various

discharge methods to produce dusty plasma and various diagnostics tool to char-

acterize the plasma as well as dusty plasma.

2.1 Introduction

The thesis work is devoted to the study of collective phenomena in a large vol-

ume low-pressure dusty plasmas. For getting an appropriate dusty plasma, the

experiments are carried out in both DC and RF discharge plasmas. This chapter

provides the detailed description of experimental setup, di�erent power supplies

used for production and characterization of plasmas, plasma production mecha-

nism using the DC and RF power sources and di�erent kinds of instruments and

diagnostics used in the present study of the dusty plasma phenomena such as

dust-acoustic waves and its propagation characteristics, dust particles transport

and trapping in a potential well and the collective modes (waves and vortices) in

a large volume dusty plasma. At �rst, a DC discharge con�guration is used to

create an appropriate 3D dusty plasma at a comparatively low pressure and exper-

iments are performed to study the propagation characteristic of the dust acoustic

modes in presence of an external electrostatic perturbation. Later, to avoid the

limitations of the DC discharge con�guration and to create a large volume dust

grain medium at low pressure, an inductively coupled (RF) discharge con�guration
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is employed. The studies on collective modes (waves and vortices) are performed

in the dusty plasma medium created by an inductively coupled discharge. The

technical speci�cations for the particular experimental con�guration is discussed

in an appropriate chapter.

This chapter is organized as: Sec. 2.2 describes the experimental assembly (vac-

uum chambers), gas pumping system, electrode geometry and the power supplies

used for plasma generation and characterization. The plasma and dusty plasma

production using the DC and RF power sources are discussed in Sec. 2.3. Sec. 2.4

deals with an operation and the measurement techniques to characterize the plas-

mas using the various electrostatic probes (single Langmuir probe, double probe

and emissive probe). The optical imaging of the levitated dust cloud, storage of

images, and image analysis techniques are discussed in Sec 2.5. It includes the spec-

i�cations of di�erent optical accessories (Laser, cylindrical lens and CCD/CMOS

cameras) and image analysis computer software (ImageJ and MATLAB based PIV

software).

2.2 Experimental setup

In this section, the experimental setup used for the study of collective phenomena

in a dusty plasma medium is discussed. The setup mainly consists of a main

experimental chamber, bu�er chamber, pumping system, power supply etc. and

these are described in the following subsections.

2.2.1 Vacuum vessels and pumping system

The entire experiments of this thesis work are carried out in a cylindrical borosil-

icate glass chamber of diameter 15 cm and length 60 cm. This chamber has seven

radial and two axial ports, which are used for di�erent purposes. The radial ports

P1 and P3 have the length of 13 cm and an inner diameter of 7.5 cm, P2, P4 and P5

have the length of 8 cm and an inner diameter of 5 cm, P6 has the length of 8 cm

and an inner diameter of 7.5 cm, and P7 has the length of 8 cm and an inner diam-

eter of 10 cm. A bu�er chamber made of stainless steel (SS) of 15 cm in diameter

and 20 cm in length is attached to the experimental chamber through a stainless

steel tube. The length and the inner diameter of the SS tube are 2.5 cm and
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Figure 2.1: (a) Experimental Setup: A1 and A2 indicate the axial ports of the ex-
perimental tube. P1 to P7 represent the radial ports of the experimental chamber.
(1) Glass chamber, (2) CCD camera, (3) Pirani guage, (4) SS tube for connecting
both chambers, (5) gas inlet through needle valve, (6) bu�er chamber, (7) gas
outlet through rotary pump, (8) Cylindrical lens, and (9) Laser. (b) 3D view of
the experimental setup. 30
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15 cm, respectively and attached to the radial port (P2) as shown in Fig. 2.1(a).

The pumping system and gas injection valve are attached to the bu�er chamber.

To evacuate the experimental chamber up to ∼ 10−3 mbar, a rotary pump with

pumping speed of 350 Liter/min is used. One of the radial ports (P3) is used to

measure the pressure inside the experimental chamber with the help of a digital

Pirani gauge (model-DHPG-020). The chamber is �lled with argon gas (99.99 %

pure) by a precision gas dosing valve (Pfei�er make) at a working pressure (p)

of 0.01�0.1 mbar. Other radial ports are used to diagnose the plasma (or dusty

plasma) using the electrostatics probes (imaging diagnostics). The axial ports (A1

and A2) are used to illuminate the dust particles by Laser light and to capture the

scattered light coming from the dust grains. The 3D view of experimental setup

is presented in Fig. 2.1(b).

2.2.2 Cathode and anode

A DC glow discharge is initiated by applying the dc voltage between a cathode

and anodes. A stainless steel (SS) disk-shaped electrode of 10 cm diameter having

a plane surface on one side and a step of 5 mm width and 2 mm height around

its periphery on the other side (see Fig. 2.2) is used as a cathode. The radial port

(P7) is utilized to hold the cathode through a cylindrical rod (5 mm in diameter)

in the glass chamber. A both sided planar SS disk of 4 cm diameter (see Fig. 2.2)

is used as anode (lower anode). The bottom radial port (P5) is utilized to hold

this anode below the cathode. Another anode (upper anode) is a SS �ange of 7.5

cm diameter. This anode is kept parallel to particles containing cathode surface

and is placed 15 cm above the cathode.
 

Cathode (a) 

Anode (b) 

Figure 2.2: Photographs of the cathode and anode used to produce the DC glow
discharge plasma.
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2.2.3 Power supplies

Power supply is an electronics device, which is used to supply the electric energy

to a load. In our experiments, various types of power supply are utilized for

production of plasma as well as its characterization. In this section, we provide

detailed description of the various power supplies.

2.2.3.1 High voltage regulated DC power supply

To breakdown the gas between the cathode and anode, a high voltage DC power

supply (Aplab make H1010S) is used. The output voltage and current rating

of supply are 100�1000 V and 1 A, respectively. In the measurement of plasma

potential Vp, an emissive probe is used. For heating the �lament of emissive probe,

a DC regulated power supply (Aplab make L3230) of voltage rating 0 to 32 V and

current rating 0 to 30 A is used.

2.2.3.2 Langmuir probe power supply

This supply gives a sweep output voltage (-50 V to + 50 V) at 50 Hz frequency

with a DC shift of -1.2 V to -40 V that is used to bias the Langmuir probe to get

the I�V characteristic. The working principle of the electric circuit of this supply

is described by the schematic diagram (see Fig. 2.3) along with the probe, which

is given as:

1. Voltage source to bias Langmuir probe This circuit consists of a ramp

generator that generates a ramp voltage of +50 V to -50 V with a frequency

of 50 Hz. This ramp voltage is given to probe along with a dc shift of

-1.2 V to -40 V. When the probe is exposed to the plasma it acquires a

potential known as the �oating potential. Langmuir probe draws electron

or ion current according to the positive or negative potential applied with

respect to the �oating potential. The dc shift is adjusted accordingly to

obtain the required electron or ion current.

2. Sensing resistor The biasing voltage to the Langmuir probe is applied

through a variable sensible resistor. The resistance can be varied from 1 kΩ

to 10 kΩ depending on plasma parameters. The potential drop developed

across the resistor is measured using a di�erential ampli�er.
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Figure 2.3: Schematic diagram of power supply used for characterizing the plasma
using a Langmuir probe (i.e., Langmuir probe power supply).

3. Di�erential ampli�er The voltage drop across the sensing resistor is fed

to the input of the di�erential ampli�er circuit. The circuit is developed by

using IC OPA27. It is an ultra low noise and very high precision ampli�er.

The di�erential ampli�er circuit measures the potential di�erence across the

sensing resistor and gives an output, proportional to the current drawn by

the probe corresponding to the applied voltage.

4. Isolation ampli�er In our case, the entire circuit described above is kept

�oating at a high voltage (+50 V to -50 V ramp with a -1.2 V to -40 V dc

shift). To measure such current in an oscilloscope with respect to normal

ground, the isolation ampli�er is used (using IC ISO106B). It isolates two

grounds and gives the same voltage drop across the probe resistance with

respect to normal ground at the output side. The current obtained at the

output of the isolation ampli�er and the applied voltage are measured with

the help of an oscilloscope (Tektronix TDS 2024, 200 MHz and 2 GS/s). The

applied voltage to the probe is attenuated through a 10X probe. These data

are stored on a data storage device. The stored data are used to construct

the I�V characteristic to determine the plasma parameters such as density

(n), �oating potential (Vf ) and electron temperature (Te).
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2.2.3.3 RF power supply

In the case of RF discharge (inductively coupled discharge), to initiate the gas

breakdown in one of the radial ports (P1) of the experimental tube, an RF source

of 13.56 MHz and 100 W is used.

2.3 Plasma and dusty plasma production

The basic requirement to study the collective motion of the dust grain medium is

a suitable plasma source that can produce equilibrium plasma at low gas pressure

(0.01�0.1 mbar) and provides the strong electric �eld to con�ne the negatively

charged particles. The plasma properties such as density, electron temperature,

plasma potential etc. depend signi�cantly on di�erent techniques adopted in pro-

ducing the plasma. In the �rst set of experiments, the DC plasma source is used

to produce the large volume (3D) dusty plasma. In the DC discharge (cathode

trap), poor con�nement and cathode spots (sparking) are problematic to study

the dynamics of dusty plasma at low pressure. In view of these limitations, an RF

plasma source is used to create dusty plasma at low pressure. In both DC and

RF discharges, the properties of the plasma as well as dusty plasma is found to be

di�erent. In this section, we will discuss the DC and RF discharge con�gurations

to produce plasma and dusty plasma in the laboratory.

2.3.1 DC glow discharge plasma

Laboratory plasma is formed when gas is ionized by passing an electric current

through it. For passing the current, either constant current sources or constant

voltage sources can be used. For carrying out the experiments in the present the-

sis, a constant DC voltage source is used. When an electric �eld is applied to the

parallel plates (cathode and anode) of inter spacing d containing argon gas, at suf-

�ciently high �elds the gas suddenly breakdown and transforms to conducting gas.

The schematic diagram for producing the DC glow discharge plasma is depicted

in Fig. 2.4. It is supposed that few electrons are always available in the gap of the

electrodes either by the action of cosmic ray or as a consequence of �eld emission

from asperities on the surface where electric �eld is strong. The free electrons gain

energy in the E��eld and start to drift in the gap. These drifted electrons collide

34



Chapter 2. Experimental Setup and Diagnostics

 

 

 

 

 

 

 

 

 

 

 
An
od
e   

1
0

 c
m

 

1
5

 c
m

 

(1) 

(2) 

(3) 

(4) 

100 Ω 

I
d1

 

 

 

100 Ω 

I
d2

 

10 kΩ 

Figure 2.4: Schematic diagram for producing the DC glow discharge plasma: (1)
Upper anode, (2) cathode, (3) lower anode, and (4) high voltage DC power supply.

with the background gas neutral atoms and transfer the momentum to gas through

an elastic and non�elastic collision processes. In the non�elastic process such as

ionization, electron�ion pair is formed. In this E��eld, the electrons drift toward

the anode and the ions drift toward the cathode. The bombardment of ions to

cathode releases energy because of the recombination of ions and electrons, which

helps to remove the electrons from the cathode. The emission of electrons from the

cathode is called the secondary electron emission. The electrons emitted in this

process start to drift in the E��eld and produces the electron-ion pair. The newly

produced electrons also gain energy in the E��eld and take part into the ioniza-

tion processes. Such process is called as multiplication. Hence, both secondary

electron emission and multiplication processes are being continued to sustain the

gas discharge [56,154�156].

The Paschen's law [157] tells about the breakdown of gases in presence of

electric �eld. According to this law, breakdown of gases depend on the gas pressure

(p) and the distance between electrodes (d). For planar geometry, Paschen's law

is expressed as

VB =
A(pd)

ln(pd) +B
, (2.1)

where VB is breakdown voltage for gas in volt. A and B are constants which

depend on gas composition. If we plot Eq.(2.1), VB verses pd, then the obtained

curve is called Paschen curve. In our experiments, gas breakdown is initiated in
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Figure 2.5: Paschen breakdown (pd) curve for argon gas.

the gap of cathode and anodes at di�erent argon gas pressures. The Paschen curve

is constructed for the gas breakdown between cathode and lower anode, which is

shown in Fig. 2.5. This curve classi�es the operating regions of p and VB for the

experiments presented in this thesis. The obtained value of minimum breakdown

voltage for argon gas is ∼ 320 V at pd value of ∼ 0.5 Torr-cm. The breakdown

voltage (VB) increases on the either side of the minimum value of pd.

After breaking down the gas, charge species (electrons and ions) are drifted

towards the opposite polarity electrode, resulting in current �ow through conduct-

ing gas. The plasma (discharge) current (Id) variation with the applied voltage

(Vd) between cathode and anodes, which is called I�V characteristics, is used to

understand the basic properties of the ionized gas. The current �owing through

the ionized gas is calculated by the measured value of voltage drop across 100 Ω

resistance. The variation of Id in both the discharge paths with applied voltage

at argon pressure, p = 0.07 mbar are depicted in Fig. 2.6. It is clearly seen in

Fig. 2.6 that at �rst, Id1 (represented by closed rectangles) starts �owing at 320

V whereas Id2 (represented by closed circle) is initiated at 340 V. It indicates that

plasma initially forms in between the cathode and the lower anode at about 320

V and later it strikes between the cathode and upper anode. The value of Id1 is

found to be higher than Id2 at any discharge condition. It is also observed that
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Figure 2.6: Current�voltage (Id − Vd) characteristics of the DC glow discharge at
argon pressure of 0.07 mbar.

current �owing in each path depends on the nature of the gas, dimensions of each

electrode and material used for the electrode. It is to be noted that the value

of current shows the conducting strength of the ionized gas. In the normal glow

region, plasma conductivity or ionization rate increases with the applied voltage,

which results in increase the density of the charge carriers (electrons and ions).

As discussed above, the electrons are repelled from the cathode while positive

ions are drawn towards it. Around the cathode there is a region, which contains an

excess of the positive ions than electrons is called cathode sheath. In fact, the cath-

ode is perfectly screened from the positive ions. The potential is less negative near

the cathode and at a certain distance is equal to the potential of the plasma. Due to

this potential gradient, there is a strong electric �eld in the sheath region [158]. The

E-�eld present in the cathode sheath region helps to hold the dust grains against the

gravity, consequently, a 3D dusty plasma is formed when poly-dispersive particles

are used. The detailed characteristics of the dusty plasma are presented in Chap-

ter 3.

37



Chapter 2. Experimental Setup and Diagnostics

2.3.2 Inductively coupled discharge plasma

An inductively coupled discharge is an example of an RF discharge, which is used

to produce the plasma in the laboratory. For initiating the rf breakdown, high

frequency (13.56 MHz) electric current (I) is passed through an inductive coil. As

high-frequency current passes through the inductive coil, the time varying mag-

netic �eld with the coil which is directed along the axis of the source tube (P1

or P5) induces the azimuthal electric �eld in the argon gas. It is supposed that

a few electrons are always present in the background gas due to the cosmic ray.

These electrons pick up energy in the circulating electric �eld. When the energy of

the electron exceeds the ionization potential of atomic gas then it ionizes neutral

atoms by electron impact ionization processes. In this process, an electron-ion pair

is formed. After the end of this process, two slow electrons are produced. These

electrons again gain energy in the electric �eld and resulting in ionize the gas

atoms. This process (multiplication) is being continued; therefore, gas becomes

non-conducting to conducting [158,159]. This discharge is described as "electrode-

less discharge" because there is no requirement of cathode or anode. The solid

enamel copper wire of 2.5 mm diameter is used to make an inductive coil of re-

quired turns. The input impedance of circuit is 50 Ω, therefore the calculated

inductance of an inductive coil to couple maximum power is ∼ 0.6 µH. In our case,

an inductive coil of equally spaced �ve turns (wrapped around the source section

P1) of inductance ∼ 0.8 µH is used to couple the rf power.

For producing dusty plasma, inductively coupled plasma is allowed to di�use

into the experimental chamber. An electrostatic potential well is formed due to

the di�used plasma and particles are found to con�ne in it. Details on the parti-

cles con�nement or dusty plasma formation using an inductively coupled di�used

plasma is discussed in Chapter 4.

2.4 Plasma diagnostics

The electric probe methods are widely used diagnostics to measure the plasma

parameters such as plasma density (n), electron temperature (Te), �oating poten-

tial (Vf ) and plasma potential (Vp). This section deals with design, operation and

techniques to measure the plasma parameters using the single Langmuir probe,
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double probe, and emissive probe.

2.4.1 Single Langmuir probe

The Langmuir probe is one of the most common and widely used plasma diagnostics

to measure the parameters of the bulk plasma. It measures plasma parameters

such as �oating potential (Vf ), plasma potential (Vp), plasma density (n), ion

current density (Ji) and electron temperature (Te). The Langmuir probe is a

conducting wire, planar disk, or sphere of small radius. When it is inserted into

the low-temperature plasma, it drains the current which depends on the relative

potential of the probe with reference to plasma potential. The variation of probe

current (Ip) with external potential (bias voltage) on the probe is called as I-V

characteristic of the Langmuir probe. In 1923, I. Langmuir developed a theoretical

model [160], based on OML theory, to estimate the collected current by a probe

at various relative potentials. This theory deals with the following assumptions:

First, current collected by the probe (Ip) should be smaller in magnitude than

the current �owing between cathode and anode (Id). Second, the probe act as a

perfect absorber of ions and no secondary electrons are emitted from its surface.

Third, electrons or ions should not undergo the collision with neutrals inside the

space charge region (sheath) of the probe. Before using the single Langmuir probe

to characterize the plasma, following necessary conditions have to be taken into

consideration:

1. The size of the probe should be made su�ciently small enough to minimize

the local perturbation.

2. Th material used to construct the probe should have high melting point and

less sputtering rate.

3. In the bulk plasma, the condition λe,i >> rp >> λDe should be satis�ed,

where λe,i is mean free paths for electrons (ions), λDe is a screening length.

4. The electrons of the bulk plasma should obey the Maxwellian distribution.

Keeping in mind all the necessary criteria of the Langmuir probe theory, we have

used a cylindrical probe of length 7 mm and radius 0.25 mm made of tungsten. In

some cases, we have used a planar probe made of a SS disk (planar) of radius 4 mm
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Figure 2.7: Schematic diagram of the single Langmuir probe.

to characterize the plasmas. The probe is connected to a conducting wire which

comes out through a BNC connector mounted on an SS 304 shaft of outer diameter

5 mm. The SS shaft is introduced into the vacuum chamber through a vacuum

feedthrough so that position of the probe can be set at a desired location inside

the chamber. The schematic diagram of a single Langmuir probe (cylindrical) is

shown in Fig. 2.7.

The current collected by the Langmuir probe (Ip) is measured at di�erent probe

bias voltages (Vb). The variation of Ip with Vb is termed as the I-V characteristic

of the probe, which contains information about the bulk plasma. The I-V char-

acteristic of the probe taken at discharge parameters (p = 0.05 mbar and P = 8

W) is presented in Fig. 2.8. The collected current is divided into three regions.

These regions A, B and C corresponds to mainly ion current, both electron and

ion currents and only electron current, respectively. Probe bias voltage at which

it doesn't draw any current is called �oating potential (Vf ). The Vf and Vp are

�oating and plasma potential with respect to the grounded reference. The current

collection to probe is determined by the di�erence of plasma potential and probe

potential. When the bias voltage Vb on the probe is su�ciently negative with re-

spect to the plasma potential Vp, i.e., Vb << Vp, the probe collects mainly positive

ions and the corresponding current is called ion saturation current Iis. The region

A in Fig. 2.8 represents the ion saturation current. In the intermediate poten-

tial range Vf < Vb < Vp, the probe collects both electron and ion currents. It is

called transition region of the I-V characteristic, which is denoted by region B. For

Vb = Vf , ion Ii and electron Ie currents are equal. When the probe bias Vb reaches

to the plasma potential Vp, i.e., Vb = Vp, the I�V characteristic exhibits a "knee"

because at this point probe repelling ions and attracting electrons. For Vb >> Vp,
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Figure 2.8: I�V characteristic of the single Langmuir probe.

probe mainly collects electrons and corresponding current is called electron satu-

ration current, Ies. The region C of the I-V characteristic represents the electron

saturation current. For the Maxwellian ion distribution at the temperature Ti, the

dependence of the ion current on the probe bias is given by [158,161�163]

Ii(Vb) =

−Iisexp[e(Vp − Vb)/kBTi], for Vb ≥ Vp

−Iis, for Vb << Vp,
(2.2)

where e is the electron charge and kB is the Boltzmann constant. When Te >> Ti,

ion saturation current is given by

Iis = 0.6nieApCs, (2.3)

where ni is the ion density at the sheath edge, Ap is collecting area of the probe

and Cs is ion acoustic speed or Bohm speed. Bohm speed [158, 164] is the speed
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at which ions enter the sheath region and expression is given as:

Cs =

√
kBTe
mi

, (2.4)

where mi is the ion mass. It indicates that the ion saturation current is determined

by the electron temperature. As the probe is biased towards the plasma potential,

the electron current increases whereas the ion current decreases because of the

reduction in the strength of the repulsive electric �eld. In this regime (Vb <

Vp), for a Maxwellian electron velocity distribution, the electron current increases

exponentially with increasing Vb. When the probe bias voltage is more positive

than the plasma potential (Vb > Vp), it collects electron saturation current Ies.

The electron current as a function of the probe bias is expressed as [161�163,165]

Ie(Vb) =

Iesexp[−e(Vp − Vb)/kBTe], for Vb ≤ Vp

Ies, for Vb > Vp,
(2.5)

where Ies = 1
4
neeApve,th is electron saturation current. Taking the logarithm of

electron current in the retarded region (expression 2.5 for Vb ≤ Vp), we get

ln(Ie) =
eVb
kBTe

+

(
ln(Ies)−

eVp
kBTe

)
(2.6)

This is an equation of the straight line. Inverse of the slope of the linear region

of the plot between logarithm of the electron current (lnIe) and the potential on

the probe (Vb) will give the electron temperature and is given by

Te =
dVb

d(lnIe)
(2.7)

After obtaining the electron temperature and ion saturation current from I-V char-

acteristics and putting the values in Equation (2.3), plasma density (n = ni ' ne)

in bulk plasma can be calculated.

In our laboratory plasma, ion saturation current, Iis, doesn't remain constant

but it grows linearly with the probe potential Vb. In such cases, erroneous measure-

ments of Iis and ln(Ie) are expected. Therefore, ion current (Ii) is extrapolated

back to �oating potential (Vf ) (Fig. 2.9) to get a better measure of Iis before the
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Figure 2.10: Semilog plot of the electron current collected by the Langmuir probe.
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expansion of sheath around the probe [164]. Further, the extrapolated ion current

is subtracted from the entire probe current (Ie + Ii) for getting the better data for

the semilog electron current curve [166], which is depicted in Fig. 2.10. The inverse

of the slope of �tted line (red line) of ln(Ie) vs Vb plot gives the Te. Thus, plasma

density and electron temperature are calculated using the above said procedures

for a given discharge parameters.

2.4.2 Double probe

In the inductively coupled (RF) discharge plasma, the time varying potential in�u-

ences the electron retardation region of the I-V characteristic of a single Langmuir

probe which can cause an overestimated value of Te [167]. To avoid this situation,

double probe method [158, 168] is used to measure the Te and n. It can also be

used to measure the same of plasma, where the reference point is not available.

The theory of the current collection is similar to that of the single Langmuir probe

(SLP) but the current is limited to the ion saturation current for both positive and

negative voltages. Therefore, the plasma perturbation or theoretically uncertain-

ties at larger electron current (in the case of SLP) are avoided. A double probe

consists of two identical single Langmuir probes with two assumptions: First, tips

of probes should be far enough from each other so that overlapping of the sheath

of an individual probe does not occurs. Second, both probes should not be so far

that they sample the di�erent plasma regions.

To characterize the inductively coupled di�used plasma, a double probe made of

two identical tungsten wires of 9 mm length and 0.5 mm diameter with interspacing

of 7 mm is used. Both wires are fed through separately in each bore of a two bore

ceramic tube of length 20 mm and an outer diameter of 6 mm. These wires (probes)

are connected with copper wire inside the each of bore, which comes out through

a BNC connector mounted on an SS 304 shaft of outer diameter 5 mm. Both

the ceramic tubes and SS shaft are connected with a Te�on bush. The SS shaft

is introduced into the experimental chamber through a vacuum feedthrough. An

approximately 8 mm tip of each symmetric wire (probe) is exposed to the plasma

for the collection of charged particles.
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A DC voltage source (series of DC battery of rating 12 V and 0.5 A) and a

potentiometer (0�100 kΩ) in the series of a 5 kΩ are used as a �oating DC voltage

source. For manual scanning of the current �owing into the probes for applied

dc voltage di�erence of -35 V to +35 V is measured across a 5 kΩ resistor. The

schematic diagram of a double Langmuir probe with its electrical circuit arrange-

ment is displayed in Fig. 2.11. The working principle of the double probe is based

on the Kirchho�'s current law, which states that at any instant the total net cur-

rent of positive ions and electrons �owing to the system from the plasma must

be zero. The details on the current �owing in circuit (Id) at various di�erential

voltage (Vd = V2 − V1) is reported by Johnson and Malter [168]. Fig. 2.12 shows

the schematic representation of the �owing current in the double probe circuit.

The V1 and V2 represent the probe potential with respect to the plasma potential.

The electron and ion currents �owing through probe-1 (Ip1) and probe-2 (Ip2)

are represented by Ie1, Ie2, Ii1, Ii2, respectively. Since, the system is �oating; there-

fore, the total current through the probe circuit is zero [158,169]

ΣIp = Ip1 + Ip2 = Ii1 − Ie1 + Ii2 − Ie2 = 0 (2.8)

Now the current in loop can be written as

2I = Ii2 − Ie2 + Ie1 − Ii1 (2.9)

From Eq. (2.8) and (2.9), we get the current I in the loop

I = Ie1 − Ii1 = Ii2 − Ie2 (2.10)
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The electron currents are given as

Ie1 = A1Je0exp

(
−eV1
kBTe

)
, Ie2 = A2Je0exp

(
−eV2
kBTe

)
, (2.11)

where A1 and A2 are the area of the probe�1 and probe�2 and Je0 is the

electron random current density. The plasma environment around the both probes

is considered same.

Substituting Eq. (2.11) into (2.10), then Equation (2.10) becomes as:

I + Ii1
Ii2 + I

=
A1

A2

exp

(
eVd
kBTe

)
, (2.12)

where Vd = V2 − V1 is the di�erence voltage between both probes. Since, both

probes are symmetric, i.e., A1 = A2 = A; therefore, Ii1 = Ii2 = Iis, then the

simpli�ed form of Eq. (2.13) using the identity of tanhx is

I = Iis tanh

(
eVd
kBTe

)
, (2.13)
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Di�erentiating Eq.(2.14) with respect to Vd near the zero point in Fig. 2.13,

i.e., at Vd = 0, we get (
dI

dVd

)
Vd=0

=
eIis

2kBTe
=

Iis
2Te(eV )

(2.14)

The I-V characteristic of the double probe observed at discharge parameters (p

= 0.04 mbar and P = 7 W) is depicted in Fig. 2.13. We can calculate the electron

temperature (Te) by just �nding the slope of the green line passing through the

origin (at Vd = 0) of the I-V characteristic as shown in Fig. 2.13. The plasma

density (n) is determined by using the measured value of ion saturation current

(Iis) and electron temperature (Te) in Eq. (2.3).

2.4.3 Emissive probe

An accurate measurement of the plasma potential from the I-V characteristic of

a cold probe is sometimes di�cult to get the information of the electric �eld;

therefore, an electron emitting probe (emissive probe) has been used to measure

the plasma potential or space potential [164, 170]. The measurements are taken

from the emissive probe are not sensitive to plasma �ow and beams because it

directly depends on the plasma potential rather than electron kinetic energy. An
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Figure 2.14: Schematic diagram of the emissive probe.

emissive probe is essentially a hot tungsten wire (in hairpin form) inserted into the

plasma to measure the plasma potential. There are three methods for measuring

the plasma potential such as �oating potential method [171, 172], in�ection point

method [173] and separation technique [174]. In our experiments, the simplest

method "�oating potential method" is adopted to measure the plasma potential

[175]. In this method, �oating potential of the probe (Vf ) is shifted to the plasma

potential (Vp) when it starts to emit [170].

To construct an emissive probe, a tungsten wire of 10 mm length and 0.125 mm

of diameter is bent in the form of a hairpin. The tungsten wire tips are inserted

in a miniature two bore ceramic cylinder. The copper wire inside the ceramic

cylinder makes compression contact between the leads of the wires connected to

the heating power supply and the tungsten �lament. A DC �oating power supply

(30 V and 30 A) is used to heat the tungsten loop (emissive probe). The �oating

potential of the emissive probe is estimated from the measured potential (voltage)

drop across a 20 kΩ resistor, which is connected in series with a 20 MΩ resistor.

Fig. 2.14 shows the schematic diagram of an emissive probe with electrical circuit

arrangement.

Initially, when the probe is cold then there is no electron emission from the

�lament. When it is heated then it emits electrons into the plasma and with

increasing �lament heating current, electron emission increases. As the more elec-
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Figure 2.15: The variation of �oating potential of the emissive probe with the
heating current.

trons are emitted from the �lament surface, the potential on it becomes more

positive. Hence the potential di�erence between the probe and the plasma de-

creases. When heating is more then �lament potential (Vf ) reaches close to the

plasma potential (Vp) and electron emission from heated �laments stops because

the emitted electrons will be con�ned near the �lament surface regime and creates

a space charge, which will not allow further electrons to emit from the �lament sur-

face. This value of �oating potential is equivalent to the plasma potential at that

location. After this strong emission point, increasing the emission only slightly

changes the �oating potential due to the space charge e�ect [170]. This charac-

teristic is shown in Fig. 2.15. The �oating potential get saturated at the �lament

current of ∼ 3.6 A which gives the plasma potential, Vp of ∼ 37 V at this loca-

tion.
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2.5 Dust grain diagnostics

Video imaging is a primary diagnostics tool to characterize the dust grains dy-

namics. It involves the processes starting from the illumination of dust grains to

transformation of data to the computer. In our case, there is a provision to cap-

ture the digital images directly rather than videos. These still images are further

processed using standard image analysis software (ImageJ) and MATLAB based

software (PIV). To understand the dust grains dynamics, following steps are taken

into account

2.5.1 Imaging

The levitated or con�ned dust particles are illuminated by using the combination

of a Laser and plano�convex cylindrical lens. Speci�cations of the Laser (model-

LSR635NL-100) used for the present experiments are given in table 2.1. The output

of the Laser is in the form of a beam of ∼ 3 mm diameter. For converting this beam

in the shape of a sheet (for illuminating a large number of dust particles in a plane),

a plano�convex cylindrical lens is used. The circular Laser beam is converted into

a sheet when it passes through a cylindrical lens. There is a provision to convert

the beam into a vertical or horizontal sheet of Laser light. The speci�cations of

the cylindrical lens (Newport corporation make) is given in table 2.2.

Table 2.1: Speci�cations of the DPSS Laser.

Laser type Diode�Pumped Solid State (DPSS) red Laser
Wavelength (λ) 633±0.5 nm
Output power 0�100 mW (variable)
Beam diameter ∼ 3 mm

Table 2.2: Speci�cations of the cylindrical lens.

Lens material BK7 MgF2 coated
Focal length (f) 25 mm
Back focal length (BFL) 17.74 mm
Lens diameter 25 mm
Clear aperture 24 mm
Radius (R) ∼ 13 mm
Center thickness 11 mm
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Table 2.3: Speci�cations of the CMOS and CCD cameras.

Camera type CMOS (Lt-225C) CCD (GEV�B2320C)
Sensor type Color CMOS Color CCD
Resolution (pixels) 2048 × 1088 2336 × 1752
Frame rate 170 fps 16 fps (max. 122 fps)
Pixel size 5.5 µm × 5.5 µm 5.5 µm × 5.5 µm
Wavelength range 350�900 nm 350�900 nm
Bit depth 8 or 12�bit 12 bit
Electronic shutter 26 µ s to 4000 ms 1 µ s to 16 s
Data interface USB.3 GigE Vision
Transfer rate > 1500 mbps) > 1600 mbps
On-board memory and RAM 128 MB 128 MB and 256 MB

The Laser sheet is introduced into the experimental chamber for illuminating

the dust cloud through one of the axial or radial ports. The scattered light is

captured by a CCD or CMOS camera. The intensity of the scattered light is

determined by Mie�scattering theory [176], which is applicable for the particle size

larger than the wavelength of the incident radiation. The intensity of the scattered

light is maximum in the forward direction than in reverse (or in other) direction

and it is more for the bigger sized particles. In the present experimental work,

color CMOS (Lumenera make Lt-225C) and CCD (IMPERX make GEV-B2320C)

cameras are used to capture the dust dynamics at a comparative fast time scale

and slow time scale, respectively. The speci�cations of both cameras are given in

table 2.3.

2.5.2 Magni�cation of the object

A macro zoom lens (model-ZOOM 7000 NAVITAR) of variable focal length (18�

108 mm) is attached to the CCD camera for a close look of the dust grains dynamics

during the experiments. The zoom lens has the capacity to magnify the object 6X

time, which comes from the ratio of their longest (108 mm) to shortest (18 mm)

focal lengths. The maximum �eld of view at minimum zoom mode is ∼ 150 mm

× 75 mm and it reduces to ∼ 25 mm × 12.5 mm at maximum zoom mode. The

magni�cation strength of the zoom lens increases with the increase in the focal

length of the lens system. It is possible when a C�ring of 3 mm width is inserted

between the CCD camera and zoom lens.
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2.5.3 Data storage

The CCD or CMOS camera has an inbuilt analog to digital converter, which dig-

itizes the analog signal of the CCD camera to binary data. These digitized data

are �rst stored in the on�board (head) memory of camera and later transfered to

the computer through the Ethernet cable (GigE vision). A HP make workstation

Z420 (RAM-16 GB, 64-bit operating system) is used to capture the continuous

digital data for good quality of the digital video recording. To increase the data

transfer rate, a Solid�State Drive (SSD) instead of Hard Disk Drive (HDD) is used

to store the digital data. These digital data (images) are displayed on the monitor

of the computer in the format of MPEG and can be saved in SSD of the computer

in the JPEG or BMP format. The video capturing software has many facilities for

the recording and storage of the video images. It is possible to change the digital

gain, exposer time, resolution of images etc. This data capturing software has an

option to save the data in the form of a video or digital images.

2.5.4 Image analysis

After capturing the video images of the dust cloud, it is analyzed to extract the

meaningful information from the images. A java based software named as Im-

ageJ [177] is used to analyze these images. This software is useful to edit the

images such as subtracting the background noise, conversion from RGB to 8�bit

gray images, brightness and contrast modi�cation, making a composite image,

mathematical operations on still images etc. The time-dependent phenomena of

the dusty plasma medium are extracted by either superimposing the consecutive

frames (images) or intensity plot of the consecutive frames using the ImageJ soft-

ware. The wave parameters are measured from the pixel intensity vs. pixel position

plot of consecutive frames. The spatial separation between two peaks gives the

wavelength (λ) while shifting distance of wave over the consecutive frame gives the

phase velocity (vph) of the wave. The frequency of the wave (f) is estimated from

the known values of wavelength and phase velocity by the relation (f = vph/λ). In

addition to ImageJ software, MATLAB based programs are also used to extract

the wave parameters, to calculate the inter�particles distance or dust density, and

to get the information on physical state of the dusty plasma.

Another MATLAB based open access software, Particles Image Velocimetry,
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called openPIV [178] is used to identify the directional �ow of the dust particles.

Normally, PIV technique is a cross-correlation technique for determining the dis-

placement of particles between the pair of images. Thus, the direction as well as

magnitude of the velocity vector can be determined using the PIV analysis [21]

on the still images. For conducting the PIV analysis, images with illuminated

dust grains are decomposed into similar interrogation cells with the dimensions

of m × m pixels. There should be a �nite number of particles within each cell.

To calculate the displacement vector, cross-correlation is constructed for the cor-

responding cells on two images. From their displacement and the known time

interval, 2D velocity vectors can be computed. These velocity vectors are based on

the cross�correlation of the intensity distribution over small interrogation cells of

the images with grain �ow. By progressively decreasing the interrogation cell size,

a better resolution can be achieved; therefore, multi�pass correlation technique is

used.
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3
Dust Acoustic Wave and its Propagation

Characteristics in Presence of a Floating

Object

In this chapter, experimental observations of self-excited dust acoustic wave and its

propagation characteristics in presence of a �oating object (an electric perturba-

tion) in the DC glow discharge plasma are presented. The qualitative description

on modi�cation of propagation characteristics of the waves on the basis of coupling

between the sheath around the cylindrical object and the cathode sheath is also

discussed.

3.1 Introduction

The investigation of the waves in dusty plasma medium has attracted considerable

interest in the last couple of decades because the self-excited waves are an impor-

tant element of the self-organization in nature [179]. Similarly, the patterns are

observed in plastic deformation �ows [180], hydrothermal �ow [181], rhythmic pat-

terns of mobile marine sand, [182] and sand ripples [183]. Also, many fundamental

quantities for characterization of the dusty plasma can be obtained from the analy-

sis of wave propagation characteristics. The dust acoustic wave (DAW) is very low

frequency (< 100 Hz) collective mode of the dusty plasma, which has been widely

studied theoretically and experimentally [1, 2, 4, 20, 96, 113, 184]. It is a modi�ed

version of the usual ion acoustic wave of conventional two-component plasma but
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here inertia is provided by the massive charged dust grains and the thermal pres-

sure to sustain the wave is provided by the electrons and ions. To understand the

underlying physics of the propagation characteristic of such low-frequency modes,

various experimental con�gurations have been employed to create the dusty plasma

in both DC and RF discharges [3, 20, 110,111,185].

In the laboratory plasma, these modes are either excited by external means

[2,186,187] or they occur spontaneously below a critical neutral pressure [1,107,110,

114]. It has been experimentally shown in most of the studies that the self-excited

dust acoustic waves in DC or RF discharge dusty plasma are the consequence of

the streaming ions through the dust cloud [22, 23, 117�119], dust charge variation

in the con�ned dust cloud [188], or spatial charge gradient of dust particles [27]. At

higher neutral gas pressure, the dissipation losses due to the dust�neutral collisions

increases and dust modes get damped. Hence, the spontaneous excitation of DAW

is possible below a certain threshold pressure. Close to the threshold pressure,

the observed waves have linear characteristics but below the threshold, the dust

mode can acquire large amplitude due to the less damping and nonlinear e�ects.

As it has been discussed that instabilities associated with streaming ions through

dust cloud cause the excitation of dust acoustic modes. The self-excited waves

usually propagate parallel to the ion streaming direction. It essentially signi�es

the role of ion dynamics over the collective dynamics of dusty plasma in the DC

glow discharges. Due to an external time-dependent electric perturbation, these

modes get synchronized because of an external time varying potential perturbation

that modulates the ion density [189, 190]. In the case of the stationary (time-

independent) electric perturbation, which can be applied using a �oating or biased

object, di�erent kind of dust motions have been reported in the various dusty

plasmas.

In general, it is observed that a dust-free region (void) is formed around a

�oating object inserted inside the dusty plasma. The interaction of an electrically

�oating metal cylindrical object with a dusty plasma, which is formed in an anode

trap was investigated by Thompson et al. [123]. When the object was at rest,

a dust-free cavity (void) is formed around an object. At the moderate speed

(subsonic speed) of the probe, a similar dust-free region was observed. The dust

void around a negatively biased cylindrically probe and its size dependence on

the bias voltage was examined by Thomas et al. [14]. The dust cavity around
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a biased probe in an rf produced plasma under the microgravity condition was

studied by Klindworth et al. [125]. Kim et al. [16] experimentally investigated the

interaction of dust acoustic waves with a �oating cylinder in the DC discharge and

they reported the di�raction of these waves. Interaction of �owing dusty plasma,

con�ned in an rf sheath, with a stationary biased wire gives rise to some nonlinear

collective modes [126]. When dust medium is strongly coupled (crystalline state)

then observed collective dynamics of the dust grain medium due to the electric

perturbation through a biased probe was di�erent. The biased probe alters the

crystalline state of grain medium and as a result, dust grains were found to circulate

in the perturbed region [15]. The modi�cation of dust dynamics during the �oating

or biased object interaction with a dust plasma system is mainly a consequence of

the modi�cation of the spatial potential or electric �eld distribution and ion number

density distribution in the interaction (perturbed) region. Most of the previous

studies on the dust acoustic waves and its interaction with the object were carried

out in anode trap dusty plasma, which has been discussed in Chapter 1. The

detailed nature of the dust acoustic waves and its propagation characteristics in

presence of an external electric perturbation in the DC glow discharge (cathode

trap) 3D dusty plasma is still an unexplored problem.

In this Chapter, the excitation of dust acoustic waves in a DC discharge (cath-

ode trap) plasma and its propagation characteristics in presence of an external

electric perturbation, which is applied using a �oating object, have been studied.

The chapter is organized as follows: Sec. 3.2 deals with the detailed description of

the experimental setup. Sec. 3.3 describes the plasma production and its character-

ization. A detailed description of dusty plasma production and its characterization

are provided in Sec. 3.4. The experimental observation of dust acoustic waves and

its characteristics are discussed in Sec. 3.5. Sec. 3.6 highlights the detailed charac-

teristics of DAWs in presence of a �oating rod. A brief summary of the work along

with a concluding remark is provided in Sec. 3.7.
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3.2 Experimental setup

Experiments of dust acoustic waves are performed in a borosilicate glass tube with

an inner diameter of 15 cm and length of 60 cm. A rotary pump and gas dosing

valve are attached to a stainless steel (SS) bu�er chamber, which is connected to

the glass tube. The details of the experimental setup is described in section 2.2.

The schematic diagram of an operating con�guration is presented in Fig. 3.1. A

SS cylindrical rod of 5 mm diameter is inserted in the experimental chamber over

the cathode using a Wilson feedthrough. The experimental chamber is evacuated

∼ 10−3 mbar pressure using a rotary pump and the argon gas is then fed into the

chamber. The chamber is then again pumped down to the base pressure of ∼ 10−3

mbar. This process is repeated several times to reduce the impurities from the vac-

uum vessel. Finally, the operating pressure is set to 0.07 mbar by adjusting the gas

dosing valve. The selection of operating pressure at 0.07 mbar is discussed in sec-

tion 3.4.
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Figure 3.1: (a) Schematic diagram of experimental con�guration:(1) Cylindrical
rod, (2) stainless steel(SS) �ange (working as an anode), (3) solid-state red laser,
(4) plano-convex cylindrical lens, (5) kaolin dust particles, (6) SS disk electrode
(cathode) with a ring like step at corner (represented by yellow ring), (7) CCD
camera, (8) stainless steel circular electrode (anode), (9) discharge power supply.
Id1 and Id2 represent the currents �owing in separate discharge path. (b) A full
view image of the dust cloud with a cathode and anodes.
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3.3 Plasma production and its characterization

To produce the dusty plasma using cathode trap, the DC glow discharge is ini-

tiated by applying the DC voltage between a cathode and anodes, as shown in

Fig. 3.1(a). The plane surface of the cathode is parallel to the lower anode, which

is kept 10 cm below from the cathode. The upper anode is a SS �ange of 7 cm

diameter, which is kept parallel to the dust particles containing cathode surface

at 15 cm. This con�guration of anodes and cathode demands minimum voltage to

breakdown the argon gas. Both the anodes are kept grounded through a resistance

of R=100 Ω to measure the discharge current in each path. The experimental

chamber is purposefully made of dielectric material and all the axial and radial

ports are closed by toughened glasses and/or perspex �anges to avoid other dis-

charge current paths. There is an advantage to using this discharge con�guration

for performing dusty plasma experiments, which is explained below. The dust

particles are sprinkled homogeneously over the cathode surface which acts as a di-

electric covered electrode. For the breakdown of gas, negative bias is applied to the

cathode with respect to the grounded anodes. In the absence of the lower anode,

30−40 V more bias voltage is required to breakdown the gas and as a result, it

becomes di�cult to form an appropriate dusty plasma at lower gas pressure. The

mechanism for the gas breakdown has been described in section 2.3.

The plasma parameters at various discharge conditions are measured using a

single Langmuir probe (discussed in subsection 2.4.1). The variations of plasma

parameters with discharge voltage are displayed in Fig. 3.2. The plasma density

(n) and the electron temperature (Te) change from ∼ 1×108 to 7×108 cm−3 and

∼ 3 to 5 eV respectively with the change of discharge voltage from 380 to 540

V at a constant pressure, p = 0.07 mbar. The measured values show that the

plasma density increases, whereas the electron temperature decreases with the

increase of discharge voltage. For a given discharge condition, the plasma param-

eters are measured outside the sheath region where dust particles are found to

be con�ned. Since, the dust cloud is not too much extended in the vertical direc-

tion (−̂z) to the cathode surface; therefore, plasma parameters are considered to be

nearly uniform along the width of dust cloud. The measured plasma parameters at

given discharge condition are used to estimate the parameters of the dusty plasma.
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Figure 3.2: Variation of plasma density (n) and electron temperature (Te) with
the discharge voltage. The argon gas pressure is set to 0.07 mbar during the
measurements.

3.4 Dusty plasma and its characterization

In course of dusty plasma experiments, kaolin dust particles with mass density (ρ)

of 2.6 gm/cm3 and radii (rd) ranging from ∼ 0.5 to 5 µm are sprinkled over the

cathode surface. For producing the dusty plasma, DC glow discharge is initiated

between the cathode and anodes at argon pressure of 0.07 mbar. The discharge

current�voltage characteristics in the presence of dust particles follow the similar

trend as shown in Fig 2.6 but with slightly lower values of discharge current (Id2).

In the background of plasma, dust particles get negatively charged because of im-

pinging of more electrons than ions on the surface of dust particles. The negatively

charged dust particles get lifted up from the cathode surface and levitated at the

interface of plasma and cathode sheath region. The cathode geometry (ring at

its periphery) provides the radial con�nement to the levitated dust particles. The

levitated dust cloud is then illuminated by a red laser of 632 nm wavelengths and

power range from 1−100mW. The Laser beam is converted into a Laser sheet using

a plano-convex cylindrical lens of the focal length of 25 mm, which can be oriented
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in vertical as well as in horizontal plane. This laser sheet is e�cient enough to

illuminate ∼ 3 mm wide vertical (or horizontal) slice of the dust cloud. Due to the

poly-dispersive nature of the particles, the heavier dust particles levitate at the

bottom whereas the lighter particles levitate at the top of the sheath by balancing

the electrostatic force and the gravitational force. An image that shows a snapshot

of the levitated dust cloud over the cathode is shown in Fig. 3.1(b). During the

experiments, we always shine the mid-plane of the dust cloud by the Laser sheet;

therefore, particle of average size (rd ∼ 3 µm) are considered for the theoretical

estimations of wave properties [1,5,110]. The dynamics of the particles in vertical

as well as in horizontal plane are recorded at 130 frames per second (fps) by a color

CMOS camera of resolution 1088 × 2048 pixels. The data is then transferred to a

high-speed computer for the purpose of further analysis using di�erent software.

The e�ect of discharge parameters on the levitated dust cloud is also necessary

to understand the propagation characteristics of DAWs. Therefore, the sheath

thickness and the width of the dust cloud are measured at given pressure for various

discharge voltages. The sheath thickness is estimated by measuring the distance

between the cathode and the topmost layer of the levitated dust particles, whereas

the di�erence of topmost and the bottommost layers gives the width of dust cloud.

The sheath thickness is found to decrease with the increase of the applied discharge

voltage as shown in Fig. 3.3 (represented by solid rectangles). The sheath thickness

(s) in our experiments varies from ∼ 40 to 30 mm in the range of discharge voltage

400 V to 490 V. As sheath thickness reduces, the electric �eld gradient at sheath

edge increases; therefore, the dust cloud get suppressed. The variation of the

width of the dust cloud with discharge voltage is shown in Fig. 3.3 (represented

by a closed circle).

The observed larger sheath dimension is expected at low pressure [191]. How-

ever, this approach fails to give an exact value when the experiments are performed

with large number of particles. In that case, the dust particles can enter into the

plasma due to the mutual repulsion. Although, an approximate sheath dimen-

sion can be estimated using this approach with an error of 5-10%. According to

the Child-Langmuir law [56], the cathode sheath thickness is a direct function of

the electron Debye length λDe. In order to relate the measured sheath thickness

in terms of λDe, a theoretical model given by Sheridan and Goree [192] is used.

This model describes the sheath around a negatively biased electrode introduced
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Figure 3.3: Variation of sheath thickness (solid rectangle) and dust cloud width
(closed circle) with applied discharge voltages. The argon �lling pressure during
the experiment is set at 0.07 mbar.

into the plasma in the collision dominated regime. In their model, the collision

parameter (α = λDe/λi) de�nes the number of collisions in a Debye length λDe,

where λi is mean free path for ions to transfer their momentum to the neutrals.

At a background pressure of 0.07 mbar, λi comes out to be ∼ 0.6 mm, which gives

α ∼ 2− 1 for the range of λDe ∼ 1.2− 0.6 mm (estimated from the plasma param-

eters given in Fig. 3.2(b)). According to our experimental conditions, the above

model estimates the sheath thickness ∼ 40 to 60λDe for the value of α ∼ 1 − 2.

The measured sheath thickness in our experiment also shows a similar value ∼ 35

to 50λDe for the same discharge condition, which is in close agreement with the

estimated value from the theoretical model [192]. If the collision parameter, α is

set to zero (collisionless sheath) in this model, simpli�ed Child's law [193] can be

recovered which has widely been used for various plasmas with di�erent electrode

con�gurations. For an example, Lisovskiy et al. [191] employed the Child-Langmuir

law to compare the higher value of sheath thickness obtained in the experiments

for a collision dominated sheath around a powered cathode, which is similar to our

experiments.
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3.5 Results on the dust acoustic waves

In this section, excitation and propagation of the self-excited dust acoustic waves

and its dispersion relation are discussed.

3.5.1 Excitation of dust acoustic waves

The dust particles are found in equilibrium state approximately at 40�45 mm above

the cathode at Vd = 340 V and p = 0.07 mbar. If the discharge voltage is increased

slightly beyond the ∼ 350 V, an appearance of DAW in the dust cloud is found.

This wave originates in the upper part of the levitated dust cloud and propagates

towards the cathode (along the gravity). A typical video image of this self-excited

DAWs in the Y-Z plane at Vd = 380 V and p = 0.07 mbar is depicted in Fig. 3.4(a).

The stable dust cloud shows the excitation of spontaneous dust acoustic wave when

the ratio E/p crosses a threshold value [22]. This ratio increases either with the

increase of electric �eld (or the discharge voltage) or decrease of gas pressure. At

higher pressure and higher discharge voltage, the wave could not be excited due

to frequent ion-neutral collision; whereas, at higher discharge voltage and lower

pressure, the dust acoustic wave gets highly unstable [110]. Hence considering

these two points, a constant pressure, p = 0.07 mbar, is chosen to perform the

experiments at a range of discharge voltage of 350 V to 550 V. The average intensity

pro�le of scattered Laser light coming from dust grains (Fig. 3.4(a)) is shown in

Fig. 3.4(b). It is observed from Fig. 3.4(b) that the wave initially gets excited with

smaller amplitude on the top and then propagates with increasing amplitude.

3.5.2 Dispersion relation of dust acoustic wave

The dust acoustic wave was modeled as a linear, one-dimensional compressional

wave in which the charged dust grains are considered as medium for the prop-

agation of waves [43, 96]. The dust acoustic wave dispersion is derived by as-

suming that the electron and ion densities are given by Boltzmann distributions

ne = ne0e
eϕ/kBTe and ni = ni0e

−eϕ/kBTi , with electron and ion temperatures Te and

Ti, respectively. All the species (electrons, ions and dust grains) are taken to be

at rest and homogeneous in zero order and dust charge Qd = −eZd is assumed

to be constant. The dust grain medium is assumed to be composed of the cold
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dust grain (Td = 0). Furthermore, it is assumed that the dust grain obeys the

continuity and momentum equations and are closed by Poisson's equation. These

equations are
∂nd
∂t

+
∂ndvd
∂z

= 0, (3.1)

nd
∂vd
∂t

+ ndvd
∂vd
∂z

= −ndQd

Md

∂ϕ

∂z
, (3.2)

∂2ϕ

∂z2
= − 1

ε0
(eni − ene − ndQd) , (3.3)

where ne, ni, and nd are the electron, ion, and dust densities respectively, vd

is the dust �uid velocity, Md is the mass of dust grain, ϕ is the electrostatic

potential or wave potential, and kB is the Boltzmann constant. These equa-

tions take the form after �rst order linearization with above mentioned assump-

tions
∂nd1
∂t

+
∂nd0vd1
∂z

= 0, (3.4)

Md
∂vd1
∂t

= eZd
∂ϕ

∂z
, (3.5)

∂2ϕ

∂z2
= − e

ε0
(ni1 − ne1 − nd1Zd) , (3.6)

where ne1 ≈ ne0
eϕ
kBTe

and ni1 ≈ −ni0 eϕ
kBTi

are electron and ion number density

perturbations, respectively. Assuming nd1 = n̂d1exp(−iωt+ikz), vd1 = v̂d1exp(−iωt+
ikz) and ϕ = ϕ̂exp(−iωt+ ikz) are the �rst-order dust density, dust �uid velocity

and wave potential, respectively. Here, ω is the wave frequency and k is the wave

vector. The dispersion relation of dust acoustic wave is obtained after combining

the fourier transforms of the linearized forms of Eq.(3.4)-Eq.(3.6)

ω =

(
λ2Dωpd

1 + k2λ2D

)1/2

k, (3.7)

where λD is the dust Debye length and ωpd is the dust plasma frequency. Under the

long wavelength limit, where k2λ2D � 1, the wave dispersion relationship reduces

to

CDA =
ω

k
= ωpdλD =

(
nd0Z

2
de

2

ε0Md

)1/2

. (3.8)
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For the laboratory plasma, where Ti << Te, the dust acoustic speed (phase veloc-

ity) reduces to

CDA = vph =

(
kBTi
Md

nd0Z
2
d

ni0

)1/2

. (3.9)

3.5.3 Characteristics of dust acoustic waves

The spontaneously excited DAWs in the DC glow discharge is mainly due to the

ion streaming towards the cathode [22, 23]. The streaming of ions through the

cathode sheath is understood in our experiments by quantitative analysis of ion

current density at various cathode bias voltages. In the DC glow discharge plasma,

the voltage drop across the electrodes is nearly equal to the voltage drop across the

cathode sheath. The current drawn by the cathode is mostly due to positive ions,

whereas the contribution of electron current is negligible [154]. In present set of

experiments, the ion current density varies from ∼ 0.27 ×10−5 A/cm2 (for Id2 = 0.2

mA) to ∼ 1.48 ×10−5 A/cm2 (for Id2 = 1.1 mA) with the increase of bias voltage

from 380 V to 540 V (see Fig. 2.6). The current density for ions at cathode sheath

edge can be estimated from the measured ion density and electron temperature

(using Fig. 3.2) as: Ji = 0.6enics [56], where cs is Bohm velocity of ions. Therefore,

the current density of ions at sheath edge comes out to be ∼ 0.3 ×10−5 A/cm2 and

∼ 1.6 ×10−5 A/cm2 at 380 V and 540 V, respectively. The above estimation shows

that the ion �ux at cathode sheath edge (entering �ux) is approximately equal to

that of at the cathode surface for a given bias voltage. This quantitative analysis

indicates the conservation of ion �ux inside the cathode sheath. Hence, according

to the cathode sheath model [56, 194, 195], the acceleration of ions is expected

after entering the sheath edge at a given discharge condition. This cathode sheath

model is still valid in presence of small particles with certain modi�cations [196].

Therefore in case of dusty plasma, the ion �ux remains constant (with a di�erent

value) throughout the cathode sheath, which essentially signi�es the acceleration

of ions towards the cathode. These streaming ions are the source of free energy to

excite the DAWs.

For a given discharge condition when the ions drift towards the cathode through

the dust cloud, the strength of ion drag force increases with the increase of ion

velocity and particle size [92]. It results in the increase of density �uctuations of

DAWs during the propagation towards the cathode. In present sets of experiments,
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Figure 3.4: (a) Video image of dust acoustic waves in the vertical (Y−Z) plane.
(b) Average intensity pro�le of scattered laser light coming from dust particles (in
dotted region) in -ẑ direction. The direction of the wave propagation is indicated
by the arrow. The data are taken at a discharge voltage and gas pressure of 370
V and 0.07 mbar, respectively.

intensity pro�le of an equilibrium dust cloud (from topmost to bottommost layer)

changes up to ∼1.3 times either due to the presence of bigger dust particles in

the equilibrium dust cloud or/and the higher dust density, which can also cause

the wave to propagate with higher amplitude. Hence, the higher dust density

�uctuations (or amplitude) of DAWs happens during the propagation toward the

cathode is either due to the higher equilibrium dust density or/and the presence

of bigger dust particles or/and higher drift velocity of ions.

For the detailed characterization of DAWs, few consecutive frames are consid-

ered. The time evolution of average intensity pro�le is shown in Fig. 3.5. The red

dashed line in the �gure indicates the trajectory of a particular crest of the DAW.

The phase velocity (vph) and wavelength (λ) are found to be ∼ 2�3 cm/sec and

∼ 1.5�2.5 mm, respectively. The wave frequency (fd) is estimated from vph and

λ. And it comes out to be ∼ 10�15 Hz. It is clear from the �gure that distance

between two consecutive crests increases with time as the higher (smaller) ampli-

tude wave moves with faster (slower) velocity [5]. The estimated phase velocity

(vph) of the DAW is found to be ∼ 3.4 cm/sec for the parameters Te = 4 eV, Ti

= 0.025 eV, Md (for an average radius rd ∼ 3 µm) ∼ 3×10−13 kg, nd0 ∼ 1× 104
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Figure 3.5: Time evolution of intensity pro�le of �ve video frames taken at time
step of 15.2 ms in the vertical plane. Discharge voltage and argon pressure are set
at 370 V and 0.07 mbar respectively for this particular set of experiments

cm−3, ni0 ∼ 1× 108 cm−3, and Zd ∼ 3 × 104. Therefore, theoretical predicted

value of the phase velocity is in close agreement with the measured phase velocity

of DAWs in the experiments. As we have discussed, the spontaneous DAWs are

observed to propagate from anode to cathode (along the gravity) which essentially

in the direction of ion �ow. At lower discharge voltage, DAWs are not found to

excite because of the smaller values of ion �ux and ion drift velocity. When the

discharge voltage is increased beyond 350 V, the �ux and drift velocity of ions

increase due to the more ionization (Fig. 3.2) and higher sheath E-�led (Fig.3.3),

which results in the excitation of DAWs. The excitation of DAWs is possible if

ion�drift velocity (vi) becomes in the order or higher than the ion thermal veloc-

ity (vT i) [22, 117, 118], i.e., vi ≥ vT i. In our experiments, the ion thermal speed,

vT i =
√

(8kTi/miπ) ∼ 3.9×104 cm/sec where mi (= 6.7×10−26 kg) is the mass of

argon ions. The ion drift velocity (vi) can be estimated from, vi = µiE, where µi

and E are the ion mobility and the sheath electric �eld, respectively. The sheath

electric �eld is estimated from an equilibrium condition of dust particles, where

the gravitational force is exactly balanced by the electrostatic force. Hence at an

equilibrium, eZdE = Mdg, where e (= 1.6× 10−19 C) is the electronic charge and

g (= 9.8m/sec2) is the acceleration due to the gravity. For a given values of Md ≈
3×10−13 kg and Zd ∼ 3 ×104, the estimated electric �eld E ≈ 6 V/cm. The

mobility of argon ions µi ∼ 1.8×103/p(torr) cm2s−1V −1 [197]. At p = 0.07 mbar,
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µi ∼ 3.5×104 cm2s−1V −1; therefore, the estimated ion−drift velocity, vi, becomes

∼ 2 × 105 cm/sec for E ≈ 6 V/cm. The ratio of vi/vT i is ≈ 5. Hence, the above

estimation also assures that the ion-dust streaming instability is mainly responsi-

ble for the excitation of the DAWs. It is also found that at higher pressure (≥ 0.2

mbar), the ion-neutral collision frequency increases; as a result, the oscillations of

dust particles get suppressed due to the frequent ion�neutral collisions (or ion-dust

streaming instability suppression) and therefore the waves could not be excited.

3.6 Characteristics of dust acoustic waves in pres-

ence of a �oating object

In this section, results on the propagation characteristics of dust acoustic waves in

presence of a vertically as well as horizontally aligned �oating cylindrical object

(rod) are presented.

3.6.1 Vertically aligned �oating rod

After thoroughly characterization of DAWs, the experiments are carried out to

study the modi�cation of its propagation characteristics in presence of a stationary

electric perturbation, which is applied by using a �oating object. In this set of

experiments, a cylindrical rod is chosen as a �oating object and introduced inside

the plasma perpendicular to the cathode plane as mentioned in section 5.2. The

dimension of the rod is taken in such a way that r � λD. where, r is the radius of

the rod and λD ≈ λDi is the dust Debye length. In our discharge regimes, λD varies

from 0.04 mm to 0.08 mm. In this regime, it is found that a wire of radius r ∼ λD

does not a�ect (perturb) the dust cloud; therefore, the radius of the rod is chosen

bigger in dimension (r = 2.5 mm) so that its in�uence on DAW can be observed.

The e�ective changes in the dust cloud or DAW in presence of a �oating cylindrical

rod are examined for di�erent discharge voltages at a particular pressure, p = 0.07

mbar. A dust�free region (void) around the �oating rod is observed at lower

discharge voltage when dust cloud does not exhibit wave structures. This is the

case when discharge voltage is ∼ 350 V at the pressure, p = 0.07 mbar. However,

the detailed study of the dust-free region (void) around the �oating rod is not the

scope of the present study.
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Figure 3.6: A video image of dust acoustic waves in presence of a vertically aligned
�oating rod. Three distinct regions are observed: (I) Dust void (dotted curve). (II)
Stationary dust cloud (region between dotted curve and lines). (III). dust acoustic
wave (outside the dotted lines). Argon pressure and discharge voltage are set at
0.07 mbar and 380 V, respectively.

At higher discharge voltage (beyond 380 V), the DAWs exhibit the similar kind

of characteristics as discussed in subsection 3.5.1 (Fig. 3.4). When �oating rod

(Vf ≈ −12 V) is moved near the upper layer of the dust cloud, the waves get

modi�ed in the perturbed region. To study the modi�cation of wave properties,

the horizontal (in the X�Y plane) as well as the vertical (in the Y�Z plane) slices

of images near the �oating rod are captured. A typical image of dust cloud in (see

Fig. 3.6) the Y�Z plane shows the in�uence of cylindrical rod on the propagating

DAWs. Few consecutive frames are used to analyze the dynamical behavior of the

dust grains near the rod. Three distinct regions are found when the rod is brought

near the topmost layer of the dust cloud. These regions are classi�ed as: region�

I, dust free region near the rod (between the rod and dotted curve), region�II,

stable dust cloud (between the dotted curve and dotted lines) and region�III, dust

acoustic wave (outside the dotted lines). The length of dust-free region (length

from rod surface to dotted curve) is ≈ 2 mm, whereas the length of the perturbed

region (length from rod surface to dotted line) is extended up to ∼ 6 − 7 mm.

Outside the dust free region (in region�II), the dust grains only show the random

motion instead of participating in the propagation of DAW. The boundary of

di�erent regions changes with the change of discharge parameters and dimension

of the rod.

In the presence of a �oating rod, the sheath around it modi�es the potential

distribution or electric �eld distribution of the cathode sheath. The resultant
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Figure 3.7: (a) A video image of dust acoustic waves in vertical plane (in absence of
rod).(b) Image of modi�ed DAWs in vertical (Y�Z) plane with �oating rod where
discharge voltage is 470 V. (c) A video image of DAWs in horizontal (radial plane
of rod) plane just below the �oating rod. The direction of propagation in each
sub-�gure is shown by the arrow.
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electric �eld in the perturbed (interaction) region is the consequence of the coupling

between the sheaths formed around the rod and the cathode, which has been

investigated in details by Barnat et al. [25] in a two component plasma. As a

result, dynamics of ions as well as dust particles get modi�ed in the overlapping

sheath region. In the region-I, dust grains are expelled near the rod surface due to

the strong sheath electric �eld which causes the formation of dust void [14, 123].

The random motion of dust grains in the region�II is a result of the suppression of

ion streaming towards the cathode (along the direction of gravity). It is observed

that the instabilities in dust cloud are triggered above a critical electric �eld [118].

In presence of the rod, the electric �eld becomes weaker [25] (in the region�II)

that causes the suppression of ion-streaming instabilities in the dust cloud and

transforms the wave crests into stable dust cloud. In the region�III, the in�uence

of �oating rod is negligible therefore the dust cloud exhibits the usual dust acoustic

waves.

With the further increase of discharge voltage (beyond 450 V), the DAWs be-

come unstable (see Fig. 3.7(a)) due to the higher value of E/p as reported by

Merlino et al. [22] but still propagate in the direction of streaming ions (along the

gravity(−ẑ)). With the increase of discharge voltage, the sheath thickness reduces

to nearly 28 mm (Fig. 3.3), which causes to increase the sheath electric �eld. Thus,

the ratio of E/p increases for a given pressure. In this case, the observed average

wavelength and velocity of DAW are ∼ 2 mm and ∼ 4 cm/sec, respectively.

In this particular discharge condition, when the �oating rod with �oating po-

tential of Vf ≈ −8 V is moved from plasma to the upper layer of the dust cloud;

a unique feature in the dust cloud adjacent to the object is observed. A typical

image of modi�ed DAW in the Y�Z plane ≈ 2 mm away from the rod is shown

in Fig. 3.7(b). It is observed that the dust particles are lifted up a height of few

mm from the previous equilibrium position (i.e., in absence of the rod) adjacent

to the �oating rod as depicted in Fig. 3.7(b). It means that the dust particles

are now levitated at a new equilibrium position in presence of the rod and DAWs

are originating because of collective oscillatory motions of charged dust particles

around their equilibrium position. In addition, the linear wavefronts of DAW be-

come curved in nature and are found to propagate in the Y�Z plane. It is to be

noted that the average wavelength and phase velocity of DAW are ∼ 2.5 mm and ∼
3 cm/sec, respectively. It is worth mentioning that wavelength of DAWs increases,
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whereas the velocity decreases when the rod is brought nearer to the dust cloud.

For further characterization of DAWs, the images are taken in the horizontal (X�Y)

plane. In this plane, the circular wavefront of DAWs originates at the outer edge

of the perturbed region and propagates in the inward direction (or towards the rod

surface). A typical video image of DAWs just below the rod in the horizontal plane

is shown in the Fig. 3.7(c). Hence, it is concluded from Fig. 3.7(b) and Fig. 3.7(c)

that the �oating rod modi�es the propagation characteristics of DAWs, which are

found to propagate obliquely (along the radial (−r̂) and gravity (−ẑ)).

It is well known that the dust grains always follow the equipotential contours,

where the electrostatic force acting on them is exactly balanced by the gravitation

force. In the presence of a �oating rod, the cathode sheath electric �eld gets

modi�ed [25] and dust grains now follow the modi�ed equipotential contour to get

an equilibrium position. Hence, the dust particles are lifted up by few mm adjacent

to the rod in the perturbed region. In addition to that, the dynamics of the ions

gets changed due to the change of sheath electric �eld. Initially (in absence of the

rod), the direction of ion streaming is in −ẑ direction whereas in presence of the

rod, the ion �ow direction become oblique; having velocity components along the

radial direction (−r̂) of cathode plane and gravity (−ẑ). As discussed in section 3.5
that the streaming ions are mainly responsible for exciting the dust acoustic waves

in the present set of experiments; therefore, its propagation direction is changed

to oblique according to the motion of ions.

3.6.2 Horizontally aligned �oating rod

To get more insights of the wave-rod interaction, a set of experiments is performed

with a horizontally aligned �oating rod, which is kept always perpendicular to the

Y�Z plane. To study the propagation characteristics of DAWs, the images are

taken in the Y�Z plane for a particular location of X. A series of experiments are

carried out to study the propagation characteristics of DAWs for various discharge

voltages (Vd) at a �xed gas pressure (0.07 mbar). It is to be noted that the position

of the �oating rod is always kept just above the upper layer of dust cloud (near the

cathode sheath edge) even though the dust cloud position changes with the change

of discharge voltage. The change of propagation characteristics of DAWs are shown

in Fig. 3.8(a-d) for di�erent discharge voltages. In this range of discharge voltage,
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Figure 3.8: Video images of dust acoustic waves with �oating rod in horizontal
plane: (a) � (d) for discharge voltage (Vd) 400, 430, 490, and 520 V, respectively.
The argon gas pressure is set at 0.07 mbar during the measurements. The yellow
dotted circles represent the front of the �oating rod. Green arrow indicates the
direction of the propagating DAWs.

the average wavelength and phase velocity of DAWs also change from∼ 2.6�1.7 mm

and ∼ 3.3�4.2 cm/sec, respectively. It is clear from these �gures that the DAWs

propagate obliquely with two velocity components (along the Y and Z) in presence

of the rod. The Z-component dominates over the Y-component at lower discharge

voltage (at 400 V), whereas Y-component dominates over the Z-component at

higher discharge voltage (at 520 V). An arrow in Fig. 3.8(a) to Fig. 3.8(d) indicates

the propagation direction of DAWs, which is obtained by analyzing the consecutive

frames for di�erent discharge voltages. It is also observed that dust particles are

lifted up by few mm near the rod and this e�ect becomes signi�cant for higher

discharge voltage (see Fig. 3.8(c) and Fig. 3.8(d)). Similar to the earlier case (with

vertical aligned rod), a dust free region always present near the rod. The size of

the dust-free region reduces with the increase of the discharge voltage. It is also

found that the dust particles just below the rod always show random motion at a

discharge voltage of 380�420 V.

In the case of horizontally oriented �oating rod, sheath around it interacts

with cathode sheath. It is expected that modi�ed (resultant) sheath electric �eld

changes with the change of discharge parameters. At lower discharge voltage (400

V), a thick sheath region (strong E-�eld) around the rod repels the dust grains and

a dust free region is formed (Fig. 3.8(a)). With the increase of discharge voltage (at
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520 V), the sheath thickness around the rod decreases signi�cantly and as a result,

the void size reduces (see Fig. 3.8(d)). The size of the dust-free region depends

on the magnitude of the electrostatic and ion drag force acting on the dust grains.

The size of dust void reduces with increase in the ion-drag force compared to the

electrostatic force. Increase of discharge voltage (from 400 V to 520 V) causes

a considerable change in the sheath electric �eld, which results in a signi�cant

change in the ion dynamics. It is observed that at lower discharge voltage, the

velocity component of ions along Y-direction becomes smaller compared to that at

higher discharge voltage. As a result, the DAW propagates almost in the vertical

direction (along the gravity) at lower discharges voltage, whereas obliquely at

higher discharge voltages. This e�ect is clearly seen in Fig. 3.8.

The wave characteristics in absence and presence of a �oating rod at pressure

p = 0.07 mbar for various discharge voltages and orientations are summarized in

Table 3.1. The tabulated values show that the wavelength of DAWs decreases,

whereas the phase velocity and the frequency increase with the increase of the dis-

charge voltages in all the cases. In the presence of �oating rod (vertical/horizontal),

the wavelength of DAWs increases and phase velocity decreases than that observed

in absence of the rod at same plasma parameters.

Table 3.1: Dust acoustic wave characteristics without and with the rod orientations
for �xed pressure p = 0.07 mbar and varying discharge voltages.

Rod location/orientation Bias voltage Wavelength Phase velocity Frequency
(Vd) in V (λ) in mm (vph) in cm/sec (f = vph/λ) in Hz

(a) In absence of the rod 370 2.5 ± 0.4 2.5 ± 0.4 10 ± 1.6
470 2.0 ± 0.4 4.0 ± 0.8 20 ± 5

(b) Vertical orientation
Z ∼ 3.7 cm 450 2.6 ± 0.4 3.0 ± 0.5 11 ± 1.8
Z ∼ 3.3 cm 470 2.5 ± 0.5 3.2 ± 0.6 12 ± 3
(c) Horizontal orientation
Z ∼ 4.0 cm 400 2.5 ± 0.5 3.3 ± 0.6 13 ± 3.5
Z ∼ 3.7 cm 430 2.1 ± 0.4 3.6 ± 0.7 17 ± 4.4
Z ∼ 3.3 cm 490 1.9 ± 0.3 4.1 ± 0.6 21 ± 4.2
Z ∼ 3.0 cm 520 1.7 ± 0.3 4.3 ± 0.7 25 ± 5
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Finally, we have further examined the propagation characteristics of DAWs by

keeping the �oating rod at various Z-locations (measured from cathode surface) for

a given discharge condition, Vd = 410 V and p = 0.07 mbar. Fig. 3.9(a-d) shows

the propagation characteristics of DAWs in presence of rod at Z ∼ 32, 25, 17 and

10 mm, respectively. It is to be noted that Z ∼ 32 mm corresponds to the location

just below the topmost dust layer. As the �oating rod is moved from Z ∼ 32 to

25 mm, the rod reaches almost to the middle of the dust cloud and modi�es the

propagation characteristics of DAWs, which is shown in Fig 3.9(b).

It is seen in Fig. 3.9(b), a dust free region of length ≈ 2 mm is formed around 

b 

Y  

Z = 32 mm Z = 25 mm 

Z = 17 mm Z = 10 mm 

Z 

Y 

(a) 

(d) 

(b) 

(c) 

Figure 3.9: Video images of DAWs with �oating rod at various locations in the
sheath region: (a) rod is near the edge of sheath. (b) inside the sheath region where
dust particles are levitated. (c) below the lower edge of levitated dust cloud. (d)
near the cathode surface. The yellow dotted circles represent the front of rod in
X-Y plane. The position of �oating rod is measured with respect to the cathode
surface. The error in measured value of rod position is ∓ 3 mm. Discharge voltage
and pressure are set at 410 V and 0.07 mbar for these set of experiments.

the cylindrical rod; whereas in the outside of the void region, DAW fronts become

concave in nature. It is observed that at Z ∼ 17 mm, the dust cloud takes cone-

like structure above the �oating rod and DAWs propagate obliquely as discussed

in earlier section. In the case of Fig 3.9(d), the �oating rod is moved deeper to

the cathode sheath (Z ∼ 10 mm) where the electric �eld is most strong compared

to three previous locations. In the absence of rod, dust particles normally are not

found at ∼ 10 mm; whereas, in presence of the rod particles are found to exhibit

the oscillatory motion. Interestingly at this location, the dust particles follow the
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�oating rod inside the sheath in the form of a cone-like structure, which is shown

in Fig. 3.9(d).

The observed results with �oating rod at di�erent locations provide a strong

evidence of sheath E-�eld modi�cation around the �oating rod while it interacts

with the dust cloud. In Fig. 3.9(b) (when the rod is kept at the edge of cathode

sheath), the variation of E-�eld around the rod is similar to that is reported by

Barnat et al. [25]. The strong E- �eld near the rod pushes the dust grains against

ion drag force and as a result dust void is formed. Outside the void region, weak E-

�eld gives rise to the curved shape dust cloud along with the DAWs. In Fig. 3.9(c)

and 3.9(d), the cone-shaped pro�le of unstable dust cloud is the result of modi�ed

E-�eld above the rod [25]. The electric �eld gets weaker around the �oating rod

when it is placed inside the sheath region. This lower electric �eld provides an

equilibrium to the dust particles above the rod; therefore, the dust acoustic waves

are found to propagate towards the rod surface inside the con�ned dust cloud.

3.7 Summary and conclusions

In this Chapter, we have reported the experimental observations of self-excited dust

acoustic waves and its propagation characteristics in the absence and presence of

a �oating cylindrical object. The DC glow discharge dusty plasma is produced

in a glass chamber in the background of argon gas. Plasma and dusty plasma

parameters are measured/estimated in a wide range of discharge conditions. In our

experiments, the cathode sheath E-�eld serves two purposes. Firstly, it provides

an electrostatic force that balances the dust particles against gravity. Secondly,

the electric �eld drives the strong downward ion �ow results in the excitation the

DAWs in the dust cloud. A thoroughly investigation on the propagation of dust

acoustic waves is carried out with and without a �oating rod. The main �ndings

of our experimental observations are summarized as follows:

1. The dust acoustic waves are excited spontaneously in an equilibrium dust

cloud above a threshold discharge current and below a critical background

neutral gas pressure. The low-frequency waves are found to propagate along

the direction of �ow of ions (towards cathode). A detailed characterisation

of DAWs is made by measuring the velocity and the wavelength.
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2. The propagation characteristics of self-excited DAWs are modi�ed during the

interaction of a �oating cylindrical object either kept vertically or horizon-

tally. The modi�cation of DAWs in presence of the rod is extended up to

> 100λD from the surface of the object.

3. In presence of a �oating rod (aligned vertically), the DAWs disappear in the

perturbed region at lower discharge voltage (Vd ∼ 380 − 400 V) whereas;

at higher discharge voltage (above Vd ∼ 420 V), the DAW are found to

propagate obliquely. The obliqueness of DAWs changes with the change of

discharge parameters.

4. In the case of the horizontally aligned rod, the DAWs gets excited in a cone

shaped dust cloud in the cathode sheath region. Displacement of dust grains

in downward (upward) direction con�rms that the cathode sheath electric

�eld becomes weaker (stronger) in presence of the �oating objects.

The excitation of dust acoustic waves and the modi�cation of its propagation

characteristics in presence of a �oating object is explained in terms of streaming

ions inside the dust cloud. In absence of the rod, the streaming ions towards the

cathode exert a pressure on the levitated dust grains and turn the dust medium

into an unstable state, resulting in the excitation of DAWs which are found to

propagate in the direction of streaming ions or gravity. In presence of the rod

(kept either vertically or horizontally), the sheath around it alters the potential

pro�le of cathode sheath. It happens due to the coupling between the sheaths

formed around the cylindrical rod and the cathode. In this coupling, the spatial

distribution of potential or electric �eld gets modi�ed in the perturbed region. In

the perturbed region, dust grains follow the modi�ed equipotential surfaces to get

an equilibrium position; therefore, they are lifted up near the rod. The direction of

streaming ions changes according to modi�ed (resultant) sheath electric �eld and

as a result, the DAWs are found to propagate obliquely.
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Study of the dusty plasma at lower pressure (<0.05 mbar) in DC discharge

con�guration is found to be more problematic. At low pressure, dusty plasma is

highly unstable and poorly con�ned due to the high voltage cathode spots. The

volume of the dusty plasma at low pressure does not remain constant for longer

time due to the poor radial con�nement. For the formation of an equilibrium 3D

dusty plasma at low pressure, a new con�guration needs to be explored. Next

chapter provides the detailed descriptions of the novel con�guration for producing

the dusty plasma at low pressure.
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4
Transport and Trapping of Dust Particles

in Di�used Plasma

In this chapter, a novel con�guration using inductively coupled discharge to study

the dynamical behavior of large volume dusty plasma is discussed. In this con�gu-

ration, dust particles are con�ned in an electrostatic potential well which is created

by inductively coupled di�used plasma. For injecting dust particles into plasma

volume, a unique technique using DC glow discharge is employed. The volume of

the dusty plasma can be controlled by tuning the plasma and discharge parame-

ters. The detailed description of the particles transport, con�nement of particles

in the potential well and characteristics of the dusty plasma are presented.

4.1 Introduction

It has been discussed in Chapter 1, the dusty plasmas can be used as a platform

to understand the underlying physics at microscopic level for various multidisci-

plinary �elds such as physics of �uid �ows, crystalline properties of solids, waves

and instabilities in complex �uids, phase transitions of solids etc. The study of

the collective phenomena (e.g. waves and vortices) in the dusty plasma helps to

understand the various structures observed in astrophysical plasma [43, 51, 198].

However, to study the collective dynamics of dusty plasma, the dust grain medium

of dimension larger than the characteristic size of collective modes is required. In

the last couple of decades, various con�gurations have been used to create the

electrostatic trap which enables to con�ne the dust grains for longer time against
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gravity.

In some of the experimental dusty plasma devices [1,2,18,187] which are oper-

ated in DC discharge mode, the dust particles are trapped into the anodic plasma

which sits nearly 50�60 volts above the plasma potential. The dust particles are

introduced in the anodic electrostatic trap either using a �oating tray or by a

dust dispenser. The trapped dust particles exhibit 3D dust structure along with

associated waves and instabilities. However, these con�gurations provide the con-

�nement of dust grains but unable to maintain a steady state equilibrium below a

critical pressure (p < 0.08 mbar). At higher pressure (p > 0.1 mbar), even though

the equilibrium dusty plasma is possible but its volume is not too large [199].

Apart from this anode trap, standing strata also provides an electrostatic trap to

con�ne the dust particles in which one can explore the waves and crystallization

properties of dust medium [200�202]. In strata, the dust grains are con�ned at

lower edge and forms a dust cloud of 5�20 mm in diameter at a higher pressure (p

> 0.1 mbar). Furthermore; in the DC glow discharges, cathode sheath electric �eld

provides a force to hold the dust grains against gravity. In the cathode trap, an

equilibrium dusty plasma volume is only possible when the pressure is more than

0.1 mbar otherwise spontaneous dust acoustic modes will be triggered [5, 110]. A

dusty device, PK-4 [203], working with DC discharge con�guration is being used

to study the waves, instabilities and order structures in dusty plasmas at ground

level as well as at microgravity level.

It has been observed in many experiments that an equilibrium dusty plasma can

be formed in rf discharges even at low pressure (< 0.02 mbar). In rf (capacitive

coupled) discharges, dust particles are con�ned at the sheath edge of the pow-

ered electrode with an additional con�nement ring installed at a lower electrode.

Since, sheath electric �eld decreases monotonically from the electrode surface to

the plasma which allows dust grains to form a 2D dust layer (in the case of mono

dispersive particles) above the rf electrode [19,77,204]. However, 3D dust structure

with less extent (nearly 10 mm) is formed above the rf electrode which still suits to

perform the wave experiments [3, 205]. Moreover, the large volume dusty plasma

is possible at microgravity level using the rf con�guration but the ion drag repels

dust grains from the center region, resulting in dust cavity forms [206]. In another

rf discharge con�guration, di�used edge of inductively coupled plasma has been

used to con�ne the dust particles at low-pressure [20, 114]. In this con�guration,
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an equilibrium small 3D dusty plasma can be created at lower pressure.

The previous studies conclude that self�excited collective modes and instabili-

ties, driven linear and nonlinear collective modes, transient response of an equilib-

rium dusty plasma etc. are still unexplored problems in a large volume low-pressure

dusty plasma. Along with the stable con�nement, it is also necessary to control the

dust density during the experiments. For producing an appropriate dusty plasma,

a novel con�guration using the inductively coupled discharge at low pressure has

been investigated. Also, a unique technique using the DC glow discharge has been

explored to introduce the dust grains into the potential well. This Chapter is or-

ganized as follows: Details of experimental device and techniques are presented in

Sec. 4.2. Sec. 4.3 describes the characteristics of the di�used plasma. The physics

of dust transport and trapping are discussed in Sec. 4.4. A brief summary of the

work along with a concluding remark is provided in Sec. 4.5

4.2 Experimental device and techniques

For producing the dusty plasma at low pressure, the dusty plasma device shown

in Fig. 4.1(a) is used. The detailed description of the experimental device has

been given in section 2.2. The dusty device is made of the experimental chamber

and bu�er chamber. The rotary pump and gas inlet are attached to the bu�er

chamber. This assembly prevents directed gas �ow induced neutral drag on the

dust particles during the experiments. A schematic of the experimental device is

shown in Fig. 4.1(b). In this experimental con�guration, Z = 0 cm and Z = 60 cm

correspond to the left and right axial ports, respectively. X = 0 cm and Y = 0 cm

indicate the points on the axis passes through the center of the tube. The center of

source tube is located at Z∼ 12 cm, whereas the dust reservoir is located at Z ∼ 45

cm. A stainless steel disk of 6 cm diameter is used as a dust reservoir and mounted

at one of the radial ports (Z ∼ 45 cm) of the chamber by a cylindrical rod. Before

closing the chamber, the dust particles are sprinkled on the disk homogeneously.

The experimental chamber is evacuated at ∼ 10−3 mbar pressure using a rotary

pump and subsequently, the argon gas is fed into the chamber. Then the chamber

is pumped down again to the base pressure. This process is repeated three to four

times to reduce the impurities from the vacuum chamber. Finally, the operating

pressure is set to 0.03 � 0.1 mbar by adjusting the gas dosing valve.
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Figure 4.1: (a) 3D view of experimental setup: (1) Left axial port, (2) experimental
chamber, (3) SS rod for holding the dust containing disk, (4) dust containing disk
(dust reservoir), (5) right axial port, (6) gas feeding valve (attached to bu�er
chamber), (7) bu�er chamber, (8) rotary pump, (9) ICP plasma source tube and
(10) inductive coil. (b) Schematic diagram of inductively coupled dusty plasma
device (Top view).
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Figure 4.2: (a) A typical plasma glow in the Y�Z plane. The yellow line represents
the boundary of glow region. (b) The plasma glow pro�le in the X�Y plane. The
white line indicates the boundary of glow region in this plane. Vertical yellow lines
represent the di�erent vertical positions for given a X�value. Argon pressure and
input rf power are 0.05 mbar and 10 W, respectively.

An inductive coil made of copper wire (5 turns) is wound on the source tube

(P1), which is connected to the experimental chamber as shown in Fig. 4.1. An

inductively coupled radio frequency (of 13.56 MHz) discharge is initiated inside

the source tube by coupling of input rf power. The plasma production through

an inductively coupled power has been discussed in subsection 2.3.2. The plasma

is formed in the source section and di�uses in the main experimental chamber.

The typical views of di�used plasma glow in the Y�Z and X�Y planes are shown

in Fig. 4.2(a) and Fig. 4.2(b), respectively. This glow boundary changes with the

change of discharge parameters. This di�used plasma forms an electrostatic trap

for negatively charged dust grains, which will be discussed in subsequent sections.

For injecting the kaolin dust particles (2.6 gm/cm3 and rd ∼ 0.5 to 5 µm) into

this electrostatic trap, the dust-containing disk (dust reservoir) is negatively biased

(about -300 V or above) to form a DC glow discharge (secondary plasma) around

the disk. In this plasma background, dust particles get negatively charged and

are lifted up and found to trap at the cathode sheath edge. However, due to

poor con�nement and high voltage cathode spots, trapped dust particles leave this

region and spread into the bulk plasma. As these charged particles reach the edge

of di�used plasma, they start to drift and con�ne in the electrostatic potential

well. The mechanism of dust transport and trapping in the di�used plasma are

discussed in more details in subsequent sections.

These dust particles are illuminated by the combination of a tunable red diode

Laser and a cylindrical lens. The dynamics of the dust particles are captured by a

Lumenera make CMOS camera having the frame rate of 130 fps and spatial reso-
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lution of 1088 × 2048 pixels. A standard zoom lens of variable focal length (from

18 mm to 108 mm) is used for the magni�cation purpose during the experiments.

The maximum �eld of view at minimum zoom mode is ∼150 mm × 75 mm and

it reduces to ∼25 mm × 12.5 mm at maximum zoom mode. There is a provision

to image the dust cloud in all the planes of the experimental chamber (X�Y, Y�Z,

and X�Z) by changing the orientation of the cylindrical lens and camera. The

series of images are then stored in a high�speed computer and later analyzed with

the help of ImageJ software and MATLAB based PIV software.

4.3 Characterization of di�used plasma

To understand the dust particles transport and trapping in an inductively cou-

pled di�used plasma in more details, it is necessary to characterize the di�used

plasma. The electrostatic probes namely, single Langmuir probe, double probe,

and emissive probe are used to characterize the di�used plasma at a wide range of

discharge parameters. The construction and working principle of the electrostatic

probes have been discussed in section 2.4.

4.3.1 Plasma density and electron temperature variation

Fig. 4.3 shows the variation of plasma density (n) and electron temperature (Te)

along the axes (X, Y, and Z axis) of the experimental chamber at an rf input power,

P = 10 W and argon pressure, p = 0.05 mbar. Fig. 4.3(a) shows the variation

of plasma density and electron temperature in the direction of the experimental

chamber (along the Z�axis) at Y ≈ 0 cm and X ≈ 0 cm. Plasma density initially

increases from ∼ 4×108cm−3 (at Z ∼ 1 cm), reach to a maximum value of ∼
7×108cm−3 (at Z ∼ 12 cm) and then falls monotonically to ∼1 ×108cm−3 (at Z

∼ 30 cm). An axial electron temperature pro�le shows similar trend as much as

like the plasma density. The electron temperature in Z-direction changes from a

maximum value of ∼ 8 eV to a minimum value of ∼ 3 eV. The variation of n and

Te in vertical direction (along the Y�axis) at X ≈ 0 cm and Z ∼ 12 cm is shown in

Fig. 4.3(b). Both n and Te decrease from these peak values (at Y≈ 0 cm) toward

the wall of the experimental chamber. The variation of plasma density and electron

temperature along the axis of source tube (along the X�axis) at Z∼ 12 cm and
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Figure 4.3: Plasma density (n) and electron temperature (Te) pro�les: (a) along
the Z�axis of the experimental chamber (at X≈ 0 cm and Y≈ 0 cm). (b) along the
Y�axis (at X ≈ 0 cm and Z ∼ 12 cm). (c) along the X�axis (at Y ≈ -2 cm and Z
∼ 12 cm. Argon pressure and rf power are 0.05 mbar and 10 W, respectively. The
errors in the measured values of n and Te are within ± 3×107cm−3 and ± 0.3 eV,
respectively.

Y≈ -2 cm is depicted in Fig. 4.3(c). The plasma density is higher (∼ 1×109cm−3)

near the mouth of source tube (at X = -7 cm) and decreases monotonically (∼
5×108cm−3) towards the chamber wall (X = 3 cm). Similar trend is observed for

Te with the changes in Te from ∼ 9 eV to 5 eV. All these �gures essentially indicate

that n and Te decrease monotonically along the direction of di�used plasma.

4.3.2 Plasma potential variation

The plasma potential along the axes (X, Y and Z axis) is measured using an

emissive probe in a wide range of discharge parameters to study the dust grain

dynamics. The simplest method, i.e., �oating potential method is followed to

measure the plasma potential. Use of an emissive probe to measure the plasma

potential is discussed in section 2.4. Fig. 4.4 displays the variation of plasma

87



Chapter 4. Transport and Trapping of Dust Particles in Di�used Plasma

0 10 20 30 40

0

10

20

30

40  Vp ( Vdisk = -350 V )
 Vp ( Vdisk = -450 V )
 Vp ( Vdisk = -500 V )

 

 

P
la

sm
a 

po
te

nt
ia

l 
 (V

)

Axial position Z (cm)

Z = 12 cm

Figure 4.4: Plasma potential pro�les along the axis of experimental chamber at
X ≈ 0 cm and Y ≈ -3 cm for di�erent disk bias voltages. The measurements are
taken in the absence of dust grains at an argon pressure of 0.05 mbar and rf power
of 10 W. The dotted line represents the central region where dust particles get
con�ned during the transport. The measurement errors are within ± 5%.

potential along the axis of the experimental chamber for a given location, X≈ 0

cm and Y ≈ -3 cm, at di�erent disk bias voltages. For these measurements, the

background neutral gas pressure (p = 0.05 mbar) and input rf power (P = 10 W)

are kept constant. It is clearly seen in Fig. 4.4 that the measured plasma potential

decreases on both sides if one goes away from the potential well localized at Z

∼ 12 cm. The change in plasma potential becomes insigni�cant beyond Z ∼ 30

cm. This measurement implies that the gradient in plasma density and electron

temperature along axial direction (see Fig. 4.3) creates a potential well centering

at Z ∼ 12 cm. It is also to be noted that the depth of the potential well remains

almost constant, whereas the magnitude of the plasma potential decreases with

the increase of the applied bias voltage to the disk.

Fig. 4.5(a) shows the plasma potential variation along the Z�axis (similar to

Fig. 4.4) for two di�erent neutral gas pressures, p = 0.05 mbar (indicated by

squares) and 0.025 mbar (indicated by closed circles) at an rf power of 10 W,

whereas Fig. 4.5(b) shows the same for two di�erent rf powers, P = 10 and 13 W

at a particular pressure, p = 0.025 mbar. In the both cases, the DC plasma is
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Figure 4.5: Axial plasma potential pro�les of the di�used plasma for (a) two
di�erent gas pressures p = 0.05 and 0.025 mbar at a �xed rf power P = 10 W and
(b) two di�erent rf powers P = 10 and 13 W at a �xed gas pressures, p = 0.025
mbar. The measurements are taken after switching o� the DC plasma. The black
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potential are within ± 5%.
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Figure 4.6: Plasma potential variation along the direction of gravity (along Y�
direction) for di�erent X locations at Z ∼ 12 cm. The experiments are performed
in argon gas at pressure, p = 0.05 mbar and rf power, P = 10 W. The dust cloud
lies between the dotted lines. The errors in the measured plasma potential are
within ± 5%.

kept switched o� ,i.e., no bias on the disk. It is noticed from Fig. 4.5 that depth

of the potential well increases, whereas the width decreases signi�cantly with the

increase of the gas pressure. Interestingly, the center of the potential well also

shifted from left (Z ∼ 11 cm) to right (Z ∼ 16 cm) when the pressure is decreased

from 0.05 mbar to 0.025 mbar. However, the depth and the width of the potential

well increase when the rf input power is increased from 10 W to 13 W keeping the

center at the same location.

The plasma potential pro�les along the direction of gravity (along the Y�

direction) for di�erent X locations are shown in Fig. 4.6. The di�erent X locations

are X = -3, 0, and 3 cm for a given Z ∼ 12 cm. The plasma potential is measured

for the discharge parameters, P = 10 W and p = 0.05 mbar. It is clearly seen in

Fig. 4.6 that the plasma potential follows a nearly symmetric trend in the vertical

direction from the center (Y = 0 cm) for a given X location. The plasma potential

decreases gradually in the direction of gravity (along and opposite) away from the

center. It is also worth mentioning that the plasma potential decreases from X
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Figure 4.7: Plasma potential variation along the axis of source tube (along X�
direction) for di�erent Y locations (Y = -2 cm, -4 cm, and -6 cm) at Z ∼ 12 cm.
The experiments are performed in argon gas at pressure, p = 0.05 mbar and rf
power, P = 10 W. The dust cloud lies between the dotted lines. The measurement
errors are within ± 5%.

= - 3 (close to the plasma source) to X = +3 cm (away from the source) for the

given Z and Y values due to the gradient in plasma density and electron temper-

ature along the X axis (Fig. 4.3(c)). The variation in plasma potential along the

Y�direction for di�erent X locations con�rms the �nite potential gradient in the

di�used plasma along the gravity. The variation of plasma potential along the

X�axis for di�erent Y locations (Y = -2 cm, -4 cm and -6 cm) at Z ∼ 12 cm is

shown in Fig. 4.7. For Y = - 2 cm, plasma potential monotonically decreases along

the length of di�used plasma (from X = -7 cm to X = 3 cm). On the other hand,

there is a potential well centering at X ∼ -2 cm for other two Y locations, Y = -4

cm and -6 cm. The plasma potential measurements along the di�used plasma in

all the directions (along the X, Y and Z axis) essentially con�rms the formation

of an electrostatic potential well, which can con�ne the negatively charged dust

grains.
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4.4 Dust grain transport and trapping

In this experimental con�guration, a unique technique is followed to introduce

the dust particles in an electrostatic trap. The dust reservoir is negatively biased

(about -300 V or above) to produce a secondary DC glow discharge plasma. The

dust grains get negatively charged in this DC plasma background by acquiring more

electrons than ions. These negatively charged dust particles then levitate near the

sheath boundary by balancing the electrostatic force and the gravitational force.

Because of the poor radial con�nement and high voltage cathode spots, these

particles come into the plasma volume. When the particles fall down at the edge

of potential well (at Z ∼ 30 cm) as shown in Fig. 4.4, they start to �ow towards

the center of potential well as discussed in Sec. 4.3. Finally, these transported

particles get con�ned at a particular axial location where the con�nement is strong.

The axial con�ning potential well in absence of the DC glow discharge is shown

in Fig. 4.5 for two di�erent pressures and rf powers. After the con�nement of

particles in an electrostatic trap, the DC glow discharge is switched o� to provide

even a better con�nement to the particles. It is because the dust particles are

continuously transported toward the central region while DC plasma is on.

The velocity of the �owing particles is estimated by using Particle Image Ve-

locimetry (PIV) analysis [21]. For performing the PIV analysis on still images,

MATLAB based open access software openPIV [178] is used. In this technique,

the velocity pro�le of �owing particles can be constructed by performing cross�

correlation between two consecutive frames. The images with illuminated dust

grains are decomposed into a similar interrogation boxes with the dimension of 64

× 32 pixels. After that, a cross�correlation of two images of a single interrogation

box is used to construct the velocity vector for dust particles lying in an interro-

gation box. The distance traveled by a particle in the two consecutive frames is

known; therefore, the velocity of �owing dust particles can be computed. For the

measurement of drift velocity of the particles, few consecutive frames of �owing

dust particles are considered. Fig. 4.8(a) shows a typical image of PIV analysis,

where arrows indicate the direction of the particles �ow whereas the length of an

arrow represents the magnitude of the grain velocity. It is clear from Fig. 4.8(a)

that particles are drifting towards the center of the potential well not horizontally

rather obliquely. Although, the vertical component of the velocity is negligible
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compared to the horizontal component. Fig. 4.8(b) shows quantitative variation of

these velocity components, vz and vy, along the Z and Y�axis. It is noticed in this

�gure that the velocity (average value is ∼ 0.23 cm/sec) in the Y-direction remains

almost constant, whereas the velocity varies from 1.6 cm/sec to 1.0 cm/sec along

the axis of the experimental chamber. The possible explanation is provided at the

end of this section.
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Figure 4.8: (a) PIV analysis shows the �ow of particles toward the central region
(Z ∼ 12 cm) when the dust reservoir is biased to -450 V. The direction of arrows
indicates the dust particles �ow, whereas length corresponds to the magnitude
of the velocity vector. The white spots in the image correspond to the �owing
kaolin particles. (b) The particle velocity pro�les in two directions (Z and Y�
directions). During the �ow argon pressure and input power are 0.05 mbar and 10
W, respectively.
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When we switch o� the applied DC voltage to the dust reservoir, transport

of the dust particles stop and they get con�ned in a region where they satisfy

the force balance conditions. As a result, an equilibrium large 3D dust cloud

is formed. It is observed that the dust cloud expands at lower pressure and its

center shifts towards the re the reservoir if the other parameters are kept constant.

The dust cloud expansion and its center shifting can be understood on the basis

of broadening of the potential well at lower pressure (see Fig. 4.5(a)). It is also

observed that the expanded dust cloud can be achieved with increasing the input

power at given pressure, which is directly related to the broadening of potential

well (see Fig. 4.5(b)). Hence, it is concluded that by adjusting the gas pressure,

input rf power, and DC bias to the dust reservoir dust number density as well as

the dust cloud volume can be controlled.

To understand the dust grain transport and con�nement in the di�used plasma,

the possible forces acting on the particle are estimated for a given discharge con-

dition. The estimated electric �eld (E) to levitate the dust particles, which comes

from the force (the gravitational force to the electrostatic force) balance condi-

tion [43] is as follows:

E =
r2dρg

3ε0φd
, (4.1)

where, rd is radius of the dust particle, ρ is mass density of particles, g is

gravitational constant, ε0 is dielectric constant of vacuum and φd is the dust surface

potential.

For kaolin dust particles (ρ = 2.6 gm/cm3 and rd ∼ 0.5 to 5 µm), the required

electric �eld turns out to be ≈ 1 V/cm to 12 V/cm. For calculations, we have

considered the kaolin particles of average radius, rd ∼ 3 µm. The gravitational

force experienced by the particle of an average mass, Md ≈ 2.8 ×10−13 kg, comes

out to be Fg ∼ 10−12 N. In the potential well, the downward gravitation force is

mainly balanced by the upward electrostatic force, FE = QdE. The charge on the

dust grain is estimated using the Orbital Motion Limited (OML) theory, which

has been discussed in subsection 1.3.1. For our discharge conditions (Fig. 4.3 (b)),

charge on the dust grain comes out to be Qd ∼ 4× 10−15 C. For this charge value,

the vertical electrostatic force due to the Y-component of the E-�eld is estimated

and it comes out to be FE ∼ 10−12 N for the experimentally measured value of
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E-�eld (from Fig. 4.6), E ∼ 3 V/cm. In this parametric regime, value of the

ion drag force (Fi), which is acting in the direction of gravity comes out to be

∼ 10−13 N. The ion drag force acting on the charged dust particles is estimated

using the Barnes formula [92], which has been discussed in section 1.4. It implies

that the gravitational force is well balanced by the vertically electrostatic force

for the present experimental condition to levitate the microparticles. Similarly, we

have estimated the axial (along the Z-axis) E��eld component using Fig. 4.5 and

X-component using Fig. 4.7 to estimate forces to understand the dust con�nement

along the Z and X�axis. The dust�dust interaction or repulsive force (Fint) for

the discharge parameters (Fig. 4.3(b) and Fig. 4.3(c)) is estimated as Fint ∼ 10−15

N for the inter-particle distance (d) of 0.6 mm. The magnitude of the Z and X

component of the electrostatic force is estimated to be ∼ 10−12 N, whereas value of

the ion drag force components come out to be ∼ 10−13 N. It clearly indicates that

the electrostatic force dominates over the ion drag and dust-dust repulsive force,

which con�nes the particles in the Z and X directions. Apart from theses forces, the

equilibrium of the con�ned particles can be disturbed by the temperature gradient

induced thermophoretic force [207, 208]. In our experimental con�guration, an

inductive coil is wound on the source tube that can heat up the glass chamber

even at low power (3�10 W) but the dusty plasma is formed far from the source

tube. Therefore, the contribution of thermophoretic force on the dust particle

is considerably smaller compared to other dominating forces. Hence, we ignore

the e�ect of thermophoretic force in our calculations. It essentially concludes that

electrostatic force is dominating over the other forces (ion drag, dust-dust repulsive

and thermophoretic) to trap the particles in a potential well of the di�used plasma.

The calculation of forces acting on dust particles (using Fig. 4.3(b) and Fig. 4.4)

helps to understand the transport of dust particles in the di�used plasma. During

the transport, dust particle motion is controlled by the axial electrostatic force, ion

drag force, neutral drag force and the Coulomb repulsive force. The electrostatic

force on the dust particles arises due to the gradient of axial plasma potential

(see Fig. 4.4), which drags the particle towards the center of the potential. The

magnitude of the axial electrostatic force, FE ∼ 10−13 N at Z ∼ 16 cm. The ion

drag force tries to drag the dust particles along its direction (opposite to the dust

motion). The estimated value of the ion drag at the same location is, Fi ∼ 10−14

N. In the absence of neutral �ow, the stationary background neutrals always resist
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the motion of dust particles. The force experienced by the �owing dust grains due

to the neutral background is estimated using the Epstein formula, which has been

discussed in Sec. 1.4. For the given pressure (p = 0.05 mbar) and dust drift velocity

(vz = 1.2 cm/sec), value of the neutral drag force comes out to be Fn ∼ 10−14 N.

Since, the particles density is very low (at Z ∼ 16 cm); therefore, the Coulomb

repulsive force is assumed to be negligible compared to the other forces. However,

the Coulomb interaction between the drifted particles and the stationary dust

cloud also plays an important role during the transportation near the con�ned

cloud. It is clear from Fig. 4.8 that the drift velocity decreases gradually mainly

because of this repulsive force that comes from the con�ned dust particles. The

force estimation shows that an electrostatic force due to ambipolar E��eld of the

di�used plasma is the primary cause of the particle transport.

In an electrostatic trap of the di�used plasma, dust grains are found to con�ne

in an electrodeless sheath under the combination of electric �eld due to di�used

plasma (ambipolar E��eld) and �eld due to the glass wall charging (sheath E�

�eld). Depending upon the discharge conditions, these con�ned dust cloud can

form an equilibrium large volume dusty plasma. It is also observed that the vol-

ume and the location of the dusty plasma can be changed by changing the discharge

parameters. Since the potential well created in this con�guration provides a bet-

ter con�nement to the dust particles; therefore, we can perform experiments for

a longer time with a constant dust density. The dusty plasma volume exhibits

various self�oscillatory motion at particular input rf power and gas pressure. An

equilibrium 3D dusty plasma is also possible at low pressure (p < 0.03 mbar)

when dust density is tuned at low power (P < 4 W). Fig. 4.9 shows the 2D im-

age (in the X�Z plane) of a stable 3D dust cloud at P = 7 W and p = 0.06

mbar. The dust acoustic waves get excited in the large volume dusty plasma at

higher power (P > 8 W) and higher dust density for pressure below 0.1 mbar.

A typical image of dust cloud (in Y�Z plane) exhibits the dust acoustic waves

is depicted in Fig. 4.10. Sometimes it is also observed that the linear wave gets

bifurcated and/or merged during the propagation along its direction. The encircle

regions in Fig. 4.10 represent the wavefront splitting and merging, which may be

due to the large size of the dust cloud. Self�oscillatory motion of a large volume

dusty plasma at wide range of discharge parameters are discussed in next chapter.
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Figure 4.9: A snapshot of dust particles distribution in X�Z plane near the center
of source tube (at Y ≈ -4 cm). The bright points correspond to the dust particles.
Kaolin particles with average radius of ∼ 3 µm are used in this experiment. Input
rf power and argon pressure is set to 7 W and 0.06 mbar, respectively. The �eld
of view of an image is 8.94 mm × 2.8 mm

.

   10 mm p = 0.06 mbar 
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Figure 4.10: A single video frame of the dust cloud in Y�Z plane near the central
region (at X ≈ -2 cm) shows the breaking and merging of dust acoustic wave
at pressure p = 0.06 mbar and rf power P = 10 W. For this experiment, kaolin
particles of average size (rd ∼ 3 µm) are used. The �eld of view of an image is
46.8 mm × 25.6 mm.
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4.5 Summary and conclusions

In this chapter, we have provided a novel con�guration using an inductively coupled

di�used plasma to produce the large volume dusty plasma at low pressure. The

discharge is initiated in the source section after passing a high-frequency current

(13.56 MHz) through an inductive coil, which is wound on the source tube. Plasma

is formed in the source section and di�uses into the experimental chamber. This

di�used plasma is characterized thoroughly using di�erent electrostatic probes.

The non�uniformity in the plasma density and electron temperature of the di�used

plasma in all axis gives rise to a potential trap, which can be used to con�ne

the negatively charged dust grains. The characteristics of the potential well are

investigated for a wide range of discharge parameters. For injecting the dust grains

into the electrostatic trap, a unique technique using the DC glow discharge is

employed. The homogeneously sprinkled dust grains get negatively charged while

a negative bias voltage is applied to dust containing disk (dust reservoir) and found

to levitate at the plasma�sheath interface. As these particles come into the plasma

volume (due to poor con�nement), they are drifted towards the electrostatic trap

under the action of an axial ambipolar electric �eld, which comes from the di�used

plasma. These transported particles are found to con�ne in the potential trap of

the di�used plasma. In this potential trap, particles are trapped in the resultant

E��eld of the di�used plasma (ambipolar E��eld) and glass wall charging (sheath

E��eld). As a result of this con�nement, a large volume dusty plasma is formed

at low pressure. According to the requirements, the volume of the dust cloud can

be controlled very precisely by tuning the bias voltage on dust reservoir. This

electrodeless dusty plasma device is free from micro-arcing, which can a�ect the

dynamics of dust particles, is useful to study the collective phenomena in the large

volume dusty plasma at low pressure.

The limitations to produce dusty plasma at a low pressure in the DC discharge

con�guration, as discussed in Chapter 3, have been resolved using the inductively

coupled discharge con�guration. This con�guration provides a platform to study

the dusty plasma dynamics at a wide range of discharge parameters. The self�

oscillatory motion of dust grains in a large volume dusty plasma at low pressure

are discussed in Chapter 5.
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Multiple Co�rotating Vortex Structures

In this chapter, self�oscillatory motion of the large volume dusty plasma with inho-

mogeneous plasma background is presented. The collective dynamics of dust grains

which gives rise to vortex motion is examined for a wide range of discharge param-

eters. The quantitative analysis of the origin of vortex motion and its multiplicity

are discussed in detail.

5.1 Introduction

In the background of plasma, the interactions among the highly charged dust

grains causes the dust grain medium to follow collective behavior. In presence of an

in�nitesimal perturbation in the dust medium, the background plasma instabilities

[22, 23, 118] provide energy to enhance the local/in�nitesimal perturbation of the

dust grain medium. The evolution of local perturbation, which is result of the

collective response of medium, appears in the form of dust acoustic modes [1, 5,

209�211] and dust vortices [27]. As discussed in Chapter 4, the large volume dusty

plasma exhibits self�excited acoustic modes (Fig. 4.9) or attains an equilibrium

state (Fig. 4.8) at di�erent discharge conditions. Dusty plasma is a dissipative

medium; therefore, the collective modes such as vortices are mainly established

when the energy dissipation is compensated by the available free energy in the dust

system. The main causes of energy dissipation are dust�neutral collisions and dust�

dust frictions. The energy required to establish the vortex motion in presence of the

weak magnetic �eld (B < 500 G) is provided by the driven motion of plasma species

(ions and electrons). On the imposition of magnetic �eld above a critical value, the
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ions and electrons set into the rotatory motion due to the E × B drift and exerts a

drag on the dust grains and drives them along its motion [12,132�134,138,212,213].

The momentum transfer for electron to dust grain is minimal; therefore, dust

motion can be approximated to be una�ected by the electron�drag force. The

application of the strong magnetic �eld (B > 4 T) can magnetize the micron-

sized dust particles, which gyrate in a plane perpendicular to the magnetic �eld

vector [135,136].

The self�excited dust rotation and convective vortex motion have been observed

in the various dusty plasma systems in the absence of an external magnetic �eld.

Agarwal et al. [17] have observed the spontaneous rotation of dust grains in the

DC glow discharge. The strongly coupled dusty plasma exhibits wave motion

along with the vortex motion, which has been experimentally observed in the

DC glow discharge and Inductively coupled discharge [214, 215]. In the DC glow

discharge, the dusty plasma exhibits a 2�dimensional vortex �ow in presence of an

auxiliary biased object [137]. The poloidal rotation of dust grains with toroidal

symmetry has been recently observed in the high pressure dusty plasma [13]. The

rotation of dust clusters in the dusty plasma under di�erent gas pressures has been

experimentally studied by Feng et al. [138]. Spontaneous vortex �ow in ice dusty

plasma, which is con�ned in an rf sheath has been reported by Chai et al. [11].

The horizontal and vertical vortex motion of dust grains in presence of an auxiliary

electrode near the levitated dust cloud in an RF sheath has been reported by Daw

et al. [15] and Samarian et al. [139].

The rotation or vortex motion of dust particulates in the absence of magnetic

�eld can be induced by asymmetric ion �ow or sheared �ow along with electric

�eld [8,216,217], or Rayleigh�Taylor instability [218], or transient shear instability

[219], or convection motion of the background gas [220, 221], or charge gradient

of the particles along with the non�electrostatic forces [27]. Vaulina et al. [146,

222, 223] have carried out theoretical and numerical analysis of the dusty plasma

medium having particle charge gradient orthogonal to the non-electrostatic forces

(i.e. gravity or ion drag force). Their studies indicate that the spatial dependence

of grain charge is a possible mechanism to convert the potential energy into the

kinetic energy of the dust grains, which in turn induces the vortex �ow in the

dusty plasma. The spatial charge variation (gradient) of dust grain arises due to

inhomogeneity in the plasma parameters such as plasma density (n) and electron
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temperature (Te). All the reported work suggest that dust dynamics is strongly

a�ected by the motion of background species (electrons, ions and neutral) and

associated instabilities. The self�oscillatory motion of dust grain in a large volume

dusty plasma at di�erent plasma environments need to be explored.

In this Chapter, the dynamics of dust grains in the extended 2D planes of large

volume dusty plasma, which gives rise to multiple co�rotating vortex structures is

presented. The Chapter is organized as follows: Sec. 5.2 deals with the detailed

description of the experimental setup, plasma and dusty plasma production and

their characterization. The experimental observations of co�rotating multiple dust

vortices and their characteristics are discussed in Sec. 5.3. Quantitative analysis

of the origin of multiple vortices in the dusty plasma medium is presented in

Sec. 5.4. A brief summary of the work along with concluding remarks are discussed

in Sec. 5.5.

5.2 Dusty plasma and its characteristics

The experimental study of the self�oscillatory motion (e.g.vortices) of dusty plasma

medium is carried out in the experimental device, which has been described in

Chapter 4. The schematic of the experimental setup used in the present set of

studies is depicted in Fig. 5.1(a). In this con�guration, Z = 0 cm and Z = 60 cm

correspond to the left axial (A1) and right axial (A2) ports of the experimental

chamber (Fig. 2.1(a)), respectively. The X = 0 cm and Y = 0 cm indicate the

points on the axis that passes through the centre of the experimental tube. The

center of the source tube (P1) is located at Z ∼ 12 cm. This chapter mainly

focuses on the study of self�excited collective modes of a large volume (3D) dusty

plasma at low pressure (p = 0.04 mbar). It is well known that video imaging is a

primary diagnostic tool to track the dust grain dynamics, thereby, it is di�cult to

diagnose the 3D dusty plasma directly using it. The characteristics of 3D dusty

plasma can be obtained after assembling a stack of images of 2D planes within the

volume of the dust grain suspension. In our experiments; even though, the dusty

plasma has 3D nature but the imaging tools restrict us to track the dynamics in

a 2D plane; therefore, dust grain dynamics is studied in an extended dust cloud

in di�erent 2D planes. It is observed that dust cloud is homogeneous in the axial

direction near the center of source section (at Z∼ 12 cm) where plasma potential
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is nearly uniform (see Fig. 4.5). To reduce the complexity of dust grain dynamics

and to get an extended dust cloud, we limit our studies in the X�Y plane at

di�erent Z-locations. The arrangement of red diode laser and a cylindrical lens

to illuminate the dust grains in the X�Y plane is shown in Fig. 5.1(a). To record

the dust dynamics in the X�Y plane, the scattered Laser light is captured through

axial port (A1) with the help of a CCD camera, having a frame rate of 16 fps and

spatial resolution of 2352 × 1768 pixels, and a standard zoom lens. The series of

images are then stored into a high-speed computer and later analyzed with the

help of ImageJ software [177] and MATLAB based open access software, called

openPIV [178]. Fig. 5.1(b) is a snapshot of the di�used plasma (P = 6 W and

p = 0.04 mbar) in the X�Y plane, which represents the location of con�ned dust

grains. A video image of the full view of the con�ned dust cloud in the X�Y plane

at Z ∼ 12 cm is shown in Fig. 5.1(c). The dotted lines in this �gure correspond to

real coordinate system to describe the dust grain dynamics.
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Figure 5.1: (a) Schematic of experimental con�guration (top view). (b) A snapshot
of the di�used plasma in the X�Y plane at Z ∼ 12 cm when gas pressure and input
power are set to 0.04 mbar and 6 W, respectively. The white closed loop represents
the boundary of the left axial port (A1) and the yellow dotted line represents the
boundary of the di�used plasma. Con�ned dust particles at the edge of the glow
are indicated by white spots. (c) A full view image of the con�ned dust cloud in the
X�Y plane near the center of source tube (Z ∼ 12 cm). The yellow line with arrow
indicates the direction of the rotating particles in the X�Y plane. The circular arc
(due to the re�ected light) indicates the inner boundary of glass chamber. The
position of the dust cloud can be determined by using the reference of yellow dotted
lines. The green dotted lines represent the typical measurement axes (along X and
Y axis) for a given X and Y values. The yellow dashed line represents the typical
axis of the con�ned dust cloud in this plane.
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5.3 Observations on dust vortices

This section discusses dust dynamics in an extended dust cloud in the X�Y plane

(at Z ∼ 12 cm) at di�erent input rf powers and the velocity distribution of the

particles in corresponding vortex structures. We also provide some results on the

vortices in di�erent X�Y planes at a �xed input power, which give some insight

into the dynamics of large volume dusty plasma.

5.3.1 Vortices in a plane at di�erent input RF powers

It has been discussed in Chapter 4 that dust particles are con�ned near the centre of

source region (at Z ∼ 12 cm) and form a 3D dusty plasma. As we have discussed,

imaging limitations restrict us to study the dusty plasma volume (3D) at any

instant. To study the dynamics of dust grains, 2D images of the 3D dusty plasma

are captured in di�erent X�Y planes at a given Z location of dust cloud. At higher

rf power (P > 8 W) and low pressure (p = 0.04 mbar), the dust cloud is observed

to be unstable due to the instabilities (ion streaming instability or dust-acoustic

instability) associated to the dusty plasma. The collective motion of the grain

medium gives rise to dust acoustic waves. The present work keeps away from the

study of dust acoustic waves; therefore, these results are not being discussed. The

dynamics of dust particles in the X�Y plane at Z∼ 12 cm with di�erent rf powers at

�xed argon pressure, p = 0.04 mbar is depicted in Fig. 5.2. Five consecutive frames

at a time interval of 66 ms are superimposed to get information of the trajectories

of the di�erent particles. Continuous trajectories are seen in Fig. 5.2(a)�Fig. 5.2(c)

for particles which follow a particular trajectory (or directed motion), whereas the

randomly moving particles show only the dotted points. The dynamics of dust

grain get changed when power is changed. At P = 7.5 W and p = 0.04 mbar,

almost all of the particles participate in rotational motion in the form of separate,

co�rotating, anti�clockwise multiple (three) vortices as shown in Fig. 5.2(a). It is

to be noted that the vortices are found to be stable until the discharge parameters

remain unchanged. Small changes in the ambient plasma parameters lead to the

distortion in the vortex structures. It is also observed that dust cloud dimension

(specially length of the dust cloud) is changed when the input rf power is reduced.

This is due to falling down of the particles from the dust cloud edge. When rf
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Figure 5.2: Video images of the dust cloud in the X�Y plane at Z ∼ 12 cm. Images
((a) � (c)) are obtained by the superposition of �ve consecutive images at a time
interval of 66 ms. Fig.5.2(a)�Fig.5.2(c) are observed vortex structures at di�erent
input rf power (P) 7.5 W, 6.3 W and 5.1 W, respectively. The yellow solid lines
with an arrow indicate the direction of vortex motion of dust grains and dashed
line corresponds to the axis of the dust cloud. The vortex representation (I, II,
and III) are made based on the number notation from the outer edge of the dust
cloud. Kaolin particles are used to perform the dusty plasma experiments at argon
pressure 0.04 mbar.

power decreases to 6.3 W then dust cloud length reduces. At this rf power, P

= 6.3 W, two co�rotating (anti�clockwise) dust vortices are observed in the dust

cloud (see Fig. 5.2(b)). Dust cloud length and dust density decrease with further

reduction of power to 5.1 W. At this discharge condition, the dust particles form

an elongated single vortex structure (see Fig. 5.2(c)) along the dust cloud axis.

It is worth mentioning that dust particles near the mouth of the di�used plasma

(nearby the plasma source) always exhibit the random motion.

5.3.2 Velocity distribution in vortex structures

The Particle Image Velocimetry (PIV) technique [21] is used to determine the di-

rection and the magnitude of the particle velocity in each vortex structure with

the help of a MATLAB based open access software (openPIV) [178] . For con-

structing the vector �eld, an adaptive 2-pass algorithm (a 64×64, 50% overlap

analysis, followed by a 32×32, 50% overlap analysis) is considered. The contour

map of the average magnitude of the velocity, constructed after averaging the �ow

�elds of 40 frames, is shown in Fig. 5.3. The direction of the �eld vectors (shown

by arrows in the �gure) represents the direction of particles motion in X�Y plane.

The average velocity (vd) pro�le of the rotating particles con�rms the non-uniform
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Figure 5.3: Images show the velocity distribution of dust particles in a vortex
structure at di�erent input rf powers (Fig.5.2). Images (Fig.5.3 (a)�Fig.5.3(c)) are
obtained after PIV analysis of the corresponding still images. Velocity vectors are
showing the direction of the rotating particles in X�Y plane at Z ∼ 12 cm. Color
bar on the images show the value of dust velocity in mm/sec. Three anti�clockwise
co�rotating dust vortices are observed in the extended dust cloud at P = 7.5 W
(Fig.5.3(a)). Dust cloud supports only two co�rotating vortices when input power
is 6.3 W (Fig.5.3(b)). A single anti�clockwise dust vortex is observed at power of
5.1 W (Fig.5.3(c)). All the measurements are taken at �xed gas pressure of 0.04
mbar

.

velocity distribution of particles in a particular vortex structure, which is shown in

Fig. 5.3(a). The particles rotate with minimum velocity at the center of the vortex

and increasing towards the boundary. The velocity pro�le of the three vortices

(see Fig. 5.3(a)) at their boundary clearly show that particles in the biggest vortex

(vortex�I) have maximum velocity and minimum in the smallest vortex (vortex�

III). It is worth mentioning that the interface (having anti�parallel �ow) of two

consecutive vortices are well separated. However, it is noticed that the magnitude

of the velocity of the particles in vortex structure depends on the density of dust

particles. The maximum velocity of the particles (at the boundary) in the vortex

structure decreases with the decrease of input rf power, which is clearly seen in

Fig. 5.3. The maximum velocity (for vortex�I) is observed to be ∼ 4 mm/sec and

∼ 2 mm/sec at input power P = 7.5 W and P = 5.1 W, respectively. It is also to

be noted that all the dust particles do not follow a closed path in the X�Y plane

(some of the particles move to another plane) but the dust density remains nearly

constant in the vortex structures.

The radial dependence of particles velocity (vd) and angular velocity (ω) of

vortex�I at P = 6.3 W (as shown in Fig. 5.2(b)) are displayed in Fig. 5.4. The
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Figure 5.4: Radial variation of speed of particle and angular velocity for Vortex-I
(Fig. 5.2(b)) at P = 6.3 W and p = 0.04 mbar. Here, r = 0 mm corresponds to X
= -2.1 cm, Y = -3.7 cm and r = 6 mm corresponds to X = -1.5 cm, Y = -3.7 cm.
Errors in the measured values are within 10%.

measurements are taken from the centre (X0 = -2.1 and Y0 = -3.7 cm) of the vortex�

I to the outer edge (X = -1.5 and Y = -3.7 cm) of the same vortex (see Fig. 5.3(b)).

These two points of Fig. 5.4 are denoted by r = 0 and r =
√

(X0 −X)2 + (Y0 − Y )2

= 6 mm, respectively. It is observed that the speed of the particles (vd) increases

linearly towards the outer edge of the vortex. The speed of particles is found to

be higher with a large number of dust grains involving in the formation of vortex

structure. It is also seen that the angular velocity (calculated from ω = vd/r) of

rotating particles has a radial variation toward the outer boundary of the vortex.

5.3.3 Vortices in di�erent planes at a constant power

It is observed that the con�ned dust grains form a large 3D dusty plasma near the

center of source tube (Z ∼ 12 cm). And dust cloud is extended on the both sides of

the central region, which is shown in Fig. 4.9. The dynamics of the dust grains in

di�erent X�Y planes can show some characteristics of the large volume (3D) dusty

plasma; therefore, the dynamic structures at di�erent X�Y planes (i.e., at di�erent

Z locations) are investigated for a �xed discharge condition. Observation of the

dust vortices in di�erent planes are shown in Fig. 5.5(a)�Fig. 5.5(c). It should be

noted that the dust cloud has its maximum dimension near the centre of the source
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Figure 5.5: Video images of the dust cloud in di�erent X�Y planes. All the images
are obtained by the superposition of �ve consecutive images at a time interval of
66 ms. Fig.5.5(a)�Fig.5.5(c) corresponds to Z = 10 cm, Z = 13 cm and Z = 16
cm, respectively. Yellow lines with an arrow indicate the direction of the rotating
particles in the extended cloud. The measurements are taken at �xed gas pressure
0.04 mbar and input rf power 7.5 W.

region (Z ∼ 13 cm), which then decreases if one goes away from the source region.

The number of vortex structures depends on the dimension of the dust cloud. For

example at P = 7.5 W and p = 0.04 mbar, three vortices are formed at Z ∼ 13

cm, whereas at other locations (Z ∼ 10 and 16 cm) only two vortices are observed.

The observations suggest that the vortex structures are indeed 3D in nature but

the camera sees only 2D image of 3D expending dust structure. At present, our

focus is on the study of the multiple vortex structures in an extended dust cloud,

detailed studies on 3D characteristic of the vortices will be carried out in future

work.

5.4 Origin of multiple dust vortices

In this section, we provide the qualitative as well as quantitative description of the

formation of a vortex structure and its multiplicity in an extended dust cloud. For

the quantitative analysis of the vortex motion, a theoretical model proposed by

Vaulina et al. [27] is used. The details are given as follows:

5.4.1 Formation of a vortex

For the formation of a steady-state equilibrium dust vortex, as described in Sec. 5.3,

energy dissipation of the particles due to frequent dust�neutral collision and/or

dust�dust interaction has to be balanced by the available free energy. The spatial
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dependence of dust charge is one of the possible mechanisms to convert the po-

tential energy into the kinetic energy of the dust particles [27,146,222], which can

drive the vortex �ow in a dusty plasma. The monotonic variation (gradient) of dust

charge in a dusty plasma occurs due to inhomogeneity in the plasma parameters

such as electrons (ions) density (ne(i)) and/or electrons (ions) temperature (Te(i)).

In addition to that, poly�dispersive nature of the dust particles sometimes also

play an important role in creating a charge gradient in a con�ned dust column.

The present studies are carried out in an inductively coupled di�used plasma where

inhomogeneity in Te and ne(i) are expected,which can result in a charge gradient

along the length of the dust cloud. Theoretical analysis and numerical simulations

show such type of dynamical structures (vortices) in the presence of a dust charge

gradient, ~β = ∇Qd = e∇Zd, orthogonal to a nonelectrostatic force ~Fnon such as

gravitational force (~Fg), ion drag force (~FI), or thermophoretic force (~Fth) acting

on the dust particles in the dust cloud [27,146,222]. The role of non�electrostatic

forces (~Fnon) in the formation of dynamical structures in the dusty plasma is deter-

mined by their capacity to hold the particles in the region of the non-zero electric

�eld.

Vaulina et al. [27, 146,222] have carried an extensive study to explain the self-

oscillatory motion (acoustic vibrations, vortex etc.) in a dusty plasma with an

inhomogeneous plasma background. In such a dusty plasma medium, they found

that the curl of the total force acting on an individual particle is non-zero due

to a �nite value of ~β × ~E. In this case, the electric �eld does positive work in

compensating dissipative energy losses. An in�nitely small perturbation emerging

in the dust cloud due to thermal and/or charge �uctuations in such a system grows

in the absence of any restoring force and triggers an instability, which is known

as the dissipative instability [222]. The evolution of this instability gives rise to

regular dynamic structures (or vortices). The particles in a dust cloud start to

move in the direction of Fnon where the particle has its maximum charge value

and form a vortex structure. In the vortex motion, the vorticity (Ω = ∇ × ~vd)
is non-zero along a certain closed curve. The frequency (ω) of the steady�state

rotation of particles in a vortex structure is given by [27,146,222]

ω =

∣∣∣∣FnonMd

β

eZ0νdn

∣∣∣∣, (5.1)
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where Z0 = Qd0/e is the charge on the dust particle at an equilibrium position in

the rotating plane. In the present experimental con�guration, the dust cloud is

con�ned in a X�Y plane (Fig. 5.1(c)). It is realized that the non�electrostatic force
~Fnon required for the formation of the vortex motion of the particle is induced by

the directional motion of ions relative to the dust particles, i.e. ~Fnon = ~FI (ion

drag force) [224]. Hence, ~Fnon can be replaced by ~FI in Eq. (5.1) to obtain the

angular frequency of rotation. It should be noted that the force experienced by

the particle due to gravity is not found to be orthogonal to the charge gradient;

therefore, its role in the vortex motion is not included in the calculations. However,

its component along the ion drag force also contributes to the vortex motion. The

schematic representation of the vortex motion in the presence of charge gradient

(β) and non�electrostatic force (FI) in the X�Y plane is depicted in Fig. 5.6.

According to Matsoukas and Russel's approximations [225], the charge on the dust

grain (Qd) can be expressed as:

Qd = eZd ≈ C
4πrdkBTe

e2
ln
ni
ne

(
meTe
miTi

) 1
2

, (5.2)

where rd is radius of the micro-particle, kB is Boltzmann's constant, e is the electron

charge, ne and ni are the electron and ion densities, me and mi are their masses,

and Te and Ti are their temperatures. For a typical argon plasma, the constant C

comes out to be ≈ 0.73 [225].

Ion drag force ~FI = FiÊ, where Fi is the magnitude of the ion drag force which

is estimated using the Barnes formula. The complete formulation for the ion drag

force is given in section 1.4. The neutrals (either in rest or in motion) a�ect the

motion of the dust particles in the plasma. In the present set of experiments, the

directed gas �ow inside the chamber is negligible [26] thus neutrals are assumed

to be in thermal equilibrium (or stationary). The force experienced by the dust

grains in the stationary background of neutral atoms has also been discussed in

section 1.4. The expression for the dust�neutral frequency (νdn) is

νdn =
8

3

√
2πr2d

mn

md

nnvTn

(
1 +

π

8

)
, (5.3)

where mn, nn, and vTn are the mass, number density, and thermal velocity of the

neutral gas atoms, respectively.
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Figure 5.6: Video image of dust cloud in a X�Y plane with direction of charge
gradient (β) and the ion drag force (FI). The direction of rotation is represented
by a yellow line with arrow. Dust grains rotate in the direction of the gradient of
dust charge.

To estimate the angular frequency of dust rotation, it is necessary to estimate

the dust charge gradient β along the dust cloud axis and ion drag force FI , which

are assumed orthogonal to each other. It is discussed in section 5.3, the dust

cloud axis always lies in the X�Y plane (see Fig. 5.1(c)). For calculating the dust

charge gradient along the dust cloud axis, the plasma parameters such as electron

temperature (Te) and plasma density (n) are measured. The present experimental

con�guration restricts us to trace the plasma parameters along the axis of dust

cloud; therefore, they are scanned along the X�axis for given Y locations and

along the Y�axis for given X locations at Z ∼ 12 cm. These measurements are

then used to reconstruct the pro�les of plasma parameters along the axis of dust

cloud.

The typical variation of Te along the X�axis at Y ≈ -3 cm and Z ∼ 12 cm

for di�erent rf powers (6.3 W and 5.1 W) in the absence of particles is shown in

Fig. 5.7(a). It is seen in Fig. 5.7(a) that there is non�uniformity (or gradient) in Te

along the X�axis for di�erent rf powers. Te is observed to be high near the plasma

source (at X = -7 cm) and decreases along the length of di�used plasma (from X =

-7 to X = +3 cm). The typical variation of Te along the Y�axis at X ≈ -4 cm and

Z ∼ 12 cm is depicted in Fig. 5.7(b). It is clear from Fig. 5.7(b) that Te also has
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Figure 5.7: (a) Electron temperature (Te) variation along the X�axis at Y ≈ -3 cm
and Z ∼ 12 cm for two rf powers, P = 6.3 W and 5.1 W. (b) Te variation along
Y�axis at X ≈ -4 cm and Z ∼ 12 cm for two rf powers, P = 7.5 W and 6.3 W. All
the measurements are taken in the absence of the dust particles at gas pressure, p
= 0.04 mbar.
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Figure 5.8: (a) Plasma density (n) variation along X�axis at Y ≈ -3 cm and Z ∼
12 cm for two rf powers, P = 6.3 W and 5.1 W. (b) plasma density variation along
Y�axis at X ≈ -3 cm and Z ∼ 12 cm for two rf powers, P = 7.5 W and 6.3 W. All
the measurements are taken in the absence of the dust particles at gas pressure, p
= 0.04 mbar.
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a gradient along the Y�axis for di�erent rf powers. Similarly, the typical plasma

density variation along the X�axis at Y ≈ -4 cm and along Y�axis at X ≈ -3 cm

with di�erent rf powers are displayed in Fig. 5.8(a) and Fig. 5.8(b), respectively.

The plasma density varies monotonically along the length of di�used plasma. It is

higher near the plasma source and decreases towards the chamber wall.

Fig. 5.9(a) and Fig. 5.9(b) represent the variation of Te and n along the dust

cloud length for P= 7.5 W and 6.3 W. These plots are constructed using the

measured values of Te and n along the X�axis (X = -6 cm to 0 cm) for di�erent Y

values (Y ≈ -1, -3, -4 and -6 cm) and along the Y�axis (Y = -1 cm to -6 cm) for

di�erent X values (X ≈ -6, -4, -2 and 0 cm) at Z ∼ 12 cm. It is clear from these

�gures that there exists a �nite gradient in electron temperature (see Fig. 5.9(a))

and plasma density (see Fig. 5.9(b)) along the dust cloud axis for a given rf power.

For the estimation of charge resides on dust surface and its gradient, an expression

(Eq. 5.2) is used, which clearly indicates that the gradient of plasma density and

electron temperature causes a gradient in dust charge along the axis of the dust

cloud. However, the e�ect of plasma density gradient on the dust charge gradient

is found to be negligible than that of electron temperature gradient.

For the estimation of electric �elds along X and Y directions near the region

where dust particles get levitated, the plasma potential (Vp) is measured. The

plasma potential pro�les at di�erent rf powers are plotted in Fig. 5.10. Fig. 5.10(a)

shows the potential pro�le along the X�axis for Y ≈ -4 cm, whereas Fig. 5.10(b)

shows the same along the Y�axis for X ≈ -4 cm near the center of the source tube

(at Z ∼ 12 cm). It is to be noted that the plasma potential gradient near the glass

wall (or di�used edge) is observed to be higher at higher rf power, which gives a

higher E��eld near the glass wall. The vertical E��eld (along Y�axis) component

holds the particles against gravity and the horizontal component (along X�axis)

con�nes the particles as discussed in Chapter 4. It is also seen in the Fig. 5.10(a)

that the X�component of E��eld is negligible (�at Vp) inside the dust cloud (from

X= -3 to +1 cm) and it has a �nite value at the both edges of the dust cloud. It

essentially indicates that the E��eld has both components in a plane where the

dust particles are con�ned. The direction of the E��eld (Ê) is assumed to be

perpendicular to the curved glass wall (Fig. 5.1(c)), which is orthogonal to the

dust cloud axis (or along the direction of charge gradient).
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Figure 5.9: (a) Electron temperature (Te) and (b) plasma density (n) variations
along the axis of con�ned dust cloud at rf powers of 7.5 W and 6.3 W. All the
measurements are taken in the absence of the dust particles at gas pressure, p =
0.04 mbar
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Figure 5.10: (a) Plasma potential pro�le along the X�axis at Y ≈ -4 cm and
Z ∼ 12 cm (b) along the Y�axis at X ≈ -4 cm and Z ∼ 12 cm for di�erent rf
powers. The plasma potential measurements are taken with an emissive probe
using �oating point method. The argon pressure is kept �xed at 0.04 mbar during
the experiments. Errors in the measured value of plasma potential are within ± 2
V.
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The charge gradient along the axis of dust cloud is de�ned as ∇Qd = (Qd2 −
Qd1)/(d2 − d1), where d1 and d2 are two spatial points on the dust cloud axis.

For a quantitative analysis, only average sized particles (∼ 2 µm) are considered

based on the force balance conditions. As shown in Fig. 5.4, the observed value of

angular frequency (ωexp) at P = 6.3 W and p = 0.04 mbar is found to be in the

range of ∼ 0.5�0.8 rad/sec. The theoretically estimated value of angular frequency

(ωth) comes out to be ∼ 0.5 rad/sec for β/eZ0 ∼ 0.08 cm−1, Md ∼ 8 ×10−14 kg,

FI ∼ 7 ×10−14 N and νdn ≈ 8 sec−1. Similarly, ωexp and ωth are found to be ∼
0.6�0.9 rad/sec and 0.4�1.1 rad/sec at P = 7.5 W, respectively. At lower power (P

= 5.1 W), the experimentally measured angular frequency ωexp ∼ 0.5�0.6 rad/sec

is comparable with the estimated angular frequency ωth ∼ 0.4�0.6 rad/sec. It can

be concluded that the measured values of angular frequency and the theoretically

predicted values (by Vaulina et al. [27]) are in good agreement for di�erent rf

powers. Moreover, the direction of rotation of the observed dust vortex is also

consistent with the direction predicted by their theoretical model. It essentially

con�rms that the charge gradient of micron�sized particles is a possible energy

source to drive the vortex motion.

5.4.2 Formation of the multiple vortices

The characteristic size D0 of the vortices can be obtained from the viscosity (ηk) of

the dusty plasma medium [28], as D0 = α (ηk/(ω
∗ + νdn))1/2, where ω∗ is e�ective

dusty plasma frequency and α takes into account the di�erence between viscosity

in quasi�stationary and dynamic vortex structure. The coe�cient is estimated as

α ≈ 49 [28]. The variation of kinetic viscosity (ηk) with a wide range of discharge

parameters and coupling parameter (Γ) is reported by Fortov et al. [226]. For

the present set of experiments, the e�ective coupling constant (Γ∗) [28] has values

between 10 to 100 for the particle of size (rd) ∼ 2 µm, inter�particle distance (d) ∼
700�900 µm, particle temperature (Td) ∼ 0.2�0.4 eV and dust charge (Qd) ∼ 1�

5 ×10−15 C. In this parametric regime, the kinetic viscosity ηk is considered to

be ∼ 0.01 to 0.04 cm2s−1 similar to the value reported in Refs. [226, 227]. The

characteristic size (D0) of the vortices (shown in Fig 5.2(a)) for the parameters ηk

= 0.02�0.03 cm2s−1, νdn ≈ 8 s−1, λD ∼ 130 µm and ω∗ ∼ 40 s−1 comes out to

be ∼ 11�15 mm, which is in close agreement with the experimentally measured

vortex diameter ∼ 12�17 mm. The dimension of the dust cloud in this discharge
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condition is L ∼ 55 mm, hence the formation of multiple (n = L/D0 ∼ 3) vortices

could possibly be in the dust cloud. In accordance with the above theoretical

estimation, we have also observed three vortices in our experiments. As discussed

in section 5.4, the length of the dust cloud reduces with lowering the rf power by

losing the edge particles. The length of the dust cloud reduces from ∼ 55 mm

to ∼ 25 mm at P = 5.1 W. In addition to that, the average vortex size along

the axis of the dust cloud increases to ∼ 16�19 mm (see Fig. 5.2(c)). For this

discharge condition, the characteristic size (D0) of the vortex is estimated as ∼
11�16 mm for ηk ≈ 0.02�0.04 cm2s−1, ω∗ ∼ 30 s−1 and Γ∗ ∼ 60, which agrees well

with the observed average size of the vortex. Therefore; in this case, the expected

vortex structures are observed to be n = L/D0 ∼ 1, which is clearly seen in the

experiment. The estimated vortex structures in an extended dust cloud is found

to be similar to the experimental observed vortices. It concludes that multiple

vortices could be formed in a large aspect ratio (extended) dust cloud if the driving

source (i.e., charge gradient) is present in the dust system. It is also observed that

the size of vortex structure depends on various dusty plasma parameters such the

dust-dust interactions (coupling constant and viscosity), gradient of the particles

charge, shape and size of the dust cloud, dust number density, and dust�neutral

friction frequency. To incorporate these e�ects, further studies on the multiplicity

of vortex structures are required and will be presented in future.

5.5 Summary and conclusion

The dynamics of dust grains in an extended dust column in the background of

inhomogeneous plasma at a wide range of discharge parameters is studied. At a

particular discharge condition, multiple co�rotating (anti�clockwise) vortices are

observed in an extended dusty plasma medium in the X�Y plane near the centre of

source section. The transition from multiple vortices to a single vortex is observed

when input rf power is lowered. The rotation speed is found to be non�uniform

throughout the vortex structure and increases towards the boundary of the vortex

structure. The angular frequency of the rotation based on the model provided by

Vaulina et al. [27, 222] is found to be in close agreement with the experimentally

observed values, which essentially indicates that the charge gradient of dust par-

ticles orthogonal to the ion drag is a possible mechanism to drive the vortex �ow.
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In this model, they have pointed out that for the occurrence of these self�excited

vortex motion, a small charge gradient in the dust cloud (∼ 1%) is an e�ective

source for conversion of potential energy to kinetic energy of dust grains. Inho-

mogeneity in the plasma parameters (n and Te) along the dust cloud length is a

major cause for the charge gradient of dust particles. It is observed that a vor-

tex structure has a characteristic size in the dusty plasma medium, which mainly

depends on its properties (i.e. dust�dust interaction, dust�neutral interaction,

dust density etc.). The preliminary quantitative analysis shows that the multiple

co�rotating vortices could possibly be formed in an extended dusty plasma with

inhomogeneous plasma background when the vortex size is smaller than the dust

cloud dimension. The experimental results on the multiple vortex formation are

compared with a theoretical model and are found to be in close agreement.

This Chapter discusses the origin of co�rotating vortices in an extended dust

cloud with inhomogeneous plasma environment, which is observed �rst time in

dusty plasma medium. The detailed nature and reason for multiple vortices and

its size dependence are still under investigation through further experiments. In

this experimental con�guration, dust cloud lies in the X�Y plane; therefore, di-

rect measurement of plasma parameters along the dust cloud axis is di�cult. To

overcome this situation and to get large aspect ratio dust cloud (or large volume

dusty plasma), a modi�ed experimental con�guration using inductively coupled

discharge has been proposed for the future work. Brief introduction about the

modi�ed experimental con�guration, potential well to con�ne particles and some

preliminary observations of the future work is presented in next Chapter.

119



6
Summary and Future Scope

In this Chapter, a brief summary and conclusions of the work carried out in this

thesis is provided in Sec. 6.1 and future directions to perform the experiments on

the low pressure large volume dusty plasma is presented in Sec. 6.2.

6.1 Summary and conclusion

This thesis presents the experimental con�gurations to produce large volume dusty

plasma at low argon pressure (≤ 0.07 mbar) and to study the role of ambient plasma

environment on the collective modes (e.g. waves and vortices) of dusty plasma

medium. At �rst, a DC discharge (cathode trap) con�guration is employed to cre-

ate dusty plasma using poly�dispersive (kaolin) dust particles. A bowl shaped 3D

dusty plasma is formed at argon pressure of 0.07 mbar. The study of dust acous-

tic waves and its propagation characteristics in presence of an external potential

perturbation is investigated in this dusty plasma. Working at even low pressure

(< 0.05 mbar) in DC discharge con�guration makes dust medium highly unstable;

therefore, a novel con�guration using inductively coupled plasma (di�used edge

trap) is investigated to produce a large volume dusty plasma at low pressure (0.05

to 0.01 mbar). A unique technique using the DC plasma source is also used to

inject the dust grains into the electrostatic trap. The collective dynamics of dust

grains, which results in the formation of multiple co�rotating vortex structures, is

studied in an extended 2D dust cloud at wide range of discharge parameters. The

underlying physics causing the modi�cation in the propagation characteristics of

the dust acoustic wave with an external potential perturbation, particles transport
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and con�nement in a potential well of the di�used plasma, and origin of multiple

co�rotating vortices in large volume dusty plasma is thoroughly investigated.

The dusty plasma in laboratory is produced using two di�erent discharge (DC

and RF) con�gurations. In the DC discharge con�guration, strong electric �eld

present in the cathode sheath is exploited to levitate the negatively charged dust

particles in a bowl shaped (3D) dust cloud. In the case of inductively coupled

discharge con�guration, dust particles are con�ned in a potential well created by

an inductively coupled di�used plasma. The levitation or con�nement of these

particles in both discharge con�gurations is the result of the action of various

forces such as gravitational force, the electrostatic force due to the electric �eld,

the repulsive Coulomb force among the like charged dust particles, ion drag force

due to the streaming of ions relative to the dust particles, and friction force due

to collision with the neutrals. It is well known that the dynamics of dust grains

is self�consistently linked to the ambient plasma environment. Therefore, to track

the dynamical changes of the dust grain medium, plasma parameters are mea-

sured using active diagnostics such as a single Langmuir probe, double probe and

emissive probe in the absence of dust particles. For imaging the self�oscillatory

motion of dust grains, a diode pumped solid state (DPSS) red laser, cylindrical

lens, CCD/CMOS camera, zoom lens, and high performance computer are utilized.

The wavelength, frequency and phase velocity of the low frequency oscillations are

obtained from the video images by using imageJ software and MATLAB based

software. In the case of vortex motion, Particle Image Velocimetry (PIV) analy-

sis [21] is conducted on the still video images to measure the magnitude as well as

the direction of the velocity vector (or �owing particles) in a given vertical plane of

the dust cloud. The angular velocity of a rotating particle is also measured using

the PIV analysis technique. The dynamics of dust grain medium at low pressure

is presented in the following parts of this dissertation:

In the �rst part of this thesis, we have studied the excitation of dust acous-

tic waves and its propagation characteristics in presence of an external electric

perturbation (or �oating object). To produce dusty plasma, DC glow discharge

is initiated by applying a voltage di�erence between the cathode and two anodes

(both are grounded) at an argon gas pressure of 0.07 mbar. The two anode con�g-

uration demands minimum voltage to breakdown the argon gas. At �rst, plasma is

formed in between the cathode and lower anode at about 320 V and later it strikes
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between the cathode and upper anode. As plasma density crosses a critical limit,

dust particles on the cathode surface (sprinkled on the surface before the pro-

duction of plasma) get negatively charged and are levitated at the plasma�sheath

boundary. These particles are horizontally con�ned due to an inward component of

the radial electrostatic �eld of the sheath formed around the ring at its periphery

balancing the repulsive Coulomb force among the charged particles. The vertical

levitation of the dust particle is primarily a consequence of the balance between

the upward electrostatic force, FE and the downward gravitational force, Fg. The

role of other forces in an equilibrium condition is found to be smaller at least by an

order of magnitude as compared to the FE and Fg . The levitated dust particles

are organized into a three-dimensional (bowl shaped) cloud at ∼40 mm above the

cathode at the discharge voltage of 340 V and argon pressure of 0.07 mbar. At the

discharge voltage beyond 350 V, dust particles start to oscillate about its equilib-

rium position and these oscillations are seen to propagate towards the cathode. At

this discharge condition, the streaming ions trigger these longitudinal dust cloud

oscillations [22, 23], which consist of the alternating compression and rarefaction

regions. Theses longitudinal low-frequency oscillations are classi�ed as dust acous-

tic waves (DAWs) [24]. The measured wavelength and phase velocity are 1.5 � 2.5

mm and 2 � 3 cm/sec, respectively; while the frequency is lying in the range of 10

� 15 Hz.

After the characterization of DAWs, experiments are performed to study the

modi�cation of its propagation characteristics in the presence of an external electric

perturbation, which is applied using a �oating cylindrical rod of radius (r) larger

than the dust Debye length (λD). The �oating rod is introduced into the plasma

perpendicular to the cathode plane (vertically aligned) and in the plane of cathode

(horizontally aligned). In the presence of a vertically aligned �oating rod, the

DAWs are disappeared in the perturbed region at discharge voltage Vd ∼ 380 �

400 V, whereas at higher discharge voltage (> 420 V); the DAWs are observed to

propagate obliquely in the vertical plane. In the radial plane of a rod (horizontal

plane), circular DAWs are found to originate at the outer edge of the perturbed

region and propagate towards the rod surface. Interaction of the horizontally

aligned rod provides detailed information on the DAWs propagation characteristics

with the discharge parameters. In the case of horizontally aligned rod, it is observed

that dust cloud takes various shapes (concave or cone shape) depending on the
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position of the rod with respect to the levitated dust cloud. In the presence

of a �oating rod, sheath around it alters the potential contour (or electric �eld

distribution) of the cathode sheath region because of the coupling of the sheaths

formed around the cylindrical rod and the cathode [25]. As a result, the dust

grains follow the modi�ed equipotential surfaces to get an equilibrium position in

the perturbed region. Hence, in the perturbed region; dust grains are lifted up by

few mm near the rod. Also, the directional �ow of ions through dust cloud changes

in the perturbed region, which causes the oblique propagation of DAWs.

In the second part of this thesis, a novel con�guration using an inductively cou-

pled di�used plasma to create a large volume dusty plasma at low gas pressure is

presented. Plasma is produced by passing the high frequency (13.56 MHz) current

through an inductive coil, which is wound around a glass tube (called source sec-

tion). Plasma is produced in the source section and after that it di�uses into the

experimental chamber. This di�used plasma provides an electrostatic con�nement

to the negatively charged dust grains. For injecting the dust grains into the poten-

tial well, a novel technique using the DC discharge plasma is employed. The dust

grains are homogeneously sprinkled on the SS disk, which is kept �xed inside the

experimental tube about 30 cm away from the source section. A negative DC volt-

age is applied to this disk to levitate the dust grains at plasma�sheath boundary.

Due to the poor con�nement, these particles come into the plasma volume and are

found to be transported in an ambipolar E��eld of di�used plasma. These trans-

ported particles are con�ned in the electrostatic potential well, which is formed

due to the di�used plasma (ambipolar E��eld) and the charged glass wall (sheath

E��eld) [26]. These con�ned particles form a 3�dimensional (3D) dusty plasma

and remains con�ned for longer time. One unique aspect of this device is that

volume of the dust medium can be controlled precisely by changing the DC bias

on the disc. In this experimental con�guration, an equilibrium dust grain medium

is possible at low pressure (∼0.01 mbar) and low rf power (3�4 W). The ambient

plasma parameters (n, Te and Vp) are measured to estimate the forces acting on

the charged particle to understand the transport and trapping of dust grains in a

potential well of the di�used plasma.

In the third part of this thesis, we have investigated self�oscillatory motion of

the dust grains in an extended dust cloud with inhomogeneous plasma environ-

ment. It is observed that dust particles show the acoustic vibrations at the higher
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rf power (P > 8 W) and particles set up into rotational motion below this power.

The multiple co�rotating (anti�clockwise) vortices are observed in the dust cloud

for a particular discharge condition (P = 7.5 W and p = 0.04 mbar). When rf

power is lowered, transition from multiple to single dust vortex is observed. The

PIV analysis is conducted on the still images to get the velocity distribution of

particles in the vortex structures. It is observed that particles have non�uniform

velocity distribution in a vortex structure. The occurrence of these vortices is ex-

plained on the basis of the charge gradient in the dust column orthogonal to the

ion drag force [27]. This charge gradient is a consequence of the plasma inhomo-

geneity along the dust cloud length. The vortex structure has a characteristic size

in the dusty plasma so that multiple vortices could be formed in an extended dust

cloud in inhomogeneous plasma background [228]. The experimental results on the

vortex motion of particles are compared to an available theoretical model [27, 28]

and found to be in close agreement.

In conclusion, the work performed in this thesis gives insight in several newly

observed phenomena in dusty plasma such as oblique propagating dust acoustic

waves, transport and trapping of negatively charged dust grains in a potential well

of the di�used plasma, and multiple co�rotating vortex structures.

6.2 Future work

• Collective modes in a large volume dusty plasma

The main task of the thesis work was to study the collective phenomena in a

large volume dusty plasma at low pressure. We have designed and built a dusty

device to perform the dusty plasma experiments with various particles trapping

con�gurations. In Chapter 3, a DC glow discharge con�guration (cathode trap) has

been discussed to perform the dusty plasma experiments at low pressure. Chap-

ter 4 discusses an inductively coupled discharge con�guration (di�used edge trap)

for the formation of a large volume dusty plasma at low pressure. The dynamics

of dust grains in an extended dusty plasma (in 2D plane) has been presented in

Chapter 5. The multiple co�rotating vortex structures are observed in an extended

dust cloud with inhomogeneous plasma background. The preliminary quantitative

analysis shows that the charge gradient (β) of dust particles orthogonal to the ion
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Figure 6.1: A schematic of the experimental setup to produce large aspect ratio
(or large volume) dusty plasma at low pressure.

drag force is possible source to drive the vortex motion. These results essentially

suggest that large aspect ratio dusty plasma can accommodate multiple vortex

structures if there exist a possible source to drive the vortex motion. The observed

results in this thesis motivates to further study the large volume or large aspect

ratio dusty plasma at a wide range of discharge parameters. To get a large volume

dusty plasma which can easily be diagnosed, a modi�ed con�guration using the

inductively coupled discharge is proposed. The schematic of the modi�ed experi-

mental con�guration is depicted in Fig. 6.1. In this con�guration, inductive coil is

wound on the radial port (P6) of the experimental chamber and a SS metal plate is

placed near the inner bottom wall of the chamber. The use of this �oating plate is

to modify the shape of the edge of di�used plasma. In this modi�ed con�guration,

the plasma is formed in source section (P6) and di�uses in the experimental cham-

ber. The radial port (P4) is used to hold the dust reservoir. The dust particles are

introduced into the electrostatic trap using a secondary DC plasma source. The

dust grains are found to be con�ned in a potential well created by the di�used

plasma.

To get the shape of potential well, plasma potential is measured along the X,

Y and Z axis at a given discharge parameters. Fig. 6.2(a) shows the potential

well to con�ne the particles axially. The E-�eld component along the Y direction

holds the grains against gravity (see Fig. 6.2(b)). The potential well to con�ne the

particles in the X direction is shown in Fig. 6.2(c). The mechanism for particle
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Figure 6.2: Plasma potential pro�les: (a) along Z�axis for Y ≈ -4 cm and X ≈ 0
cm. (b) along Y�axis for Z ≈ 30 cm and X ≈ 0 cm. (c) along X�axis for Y ≈ -3 cm
and Z ≈ 30 cm. All the measurements are taken in absence of dust particles at P
= 9 W and p = 0.04 mbar. The errors in the measured value of plasma potential
are ± 2 V
.
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Figure 6.3: A video image of the dust cloud in the Y�Z plane at X ∼ 0 cm. The
experiment is performed with kaolin particles at P = 8 W and p = 0.06 mbar.
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Figure 6.4: A video image of the dust cloud in the X�Y plane at Z ∼ 30 cm.
Experiment is performed with kaolin particles at P = 6 W and p = 0.03 mbar.
The yellow curved lines with an arrow indicate the direction of dust grain rotation.
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con�nement is similar to that has been discussed in Chapter 4.

In this modi�ed con�guration, a symmetric (along the Z axis) large volume

dusty plasma can be produced using the poly-dispersive dust particles. A video

image of the dust cloud in the Y�Z plane is shown in Fig. 6.3, which shows signature

of transverse nature of the dust acoustic waves. An another video image of the

dust cloud after superposition of �ve consecutive frames in the X�Y plane is shown

in Fig. 6.4, which shows a series of co�rotating vortex structures near the edge of

the con�ned dust cloud. The center region of dust cloud is observed to have wave

like structures (not clearly seen in Figure). These preliminary observations provide

the future directions to carry the research work in large volume dusty plasma. The

future works are listed below:

1. The origin of the series of co�rotating vortices (see Fig. 6.4) and its size

dependence on dust as well as the plasma parameters can be studied. The

dust cloud is symmetric about the Y- axis for a given Z value in the modi�ed

con�guration; therefore, it can be considered in a plane of the cylindrical co-

ordinate system for solving the equation of motion. The wave like structures

in the central region of dust cloud and vortex at the edge of cloud need to

be understood using the available theoretical model [27].

2. It is observed that particles �ow is opposite at an interface of two co�rotating

vortex structures. These opposite �ow can induce K�H type instability at

an interface of opposite �owing medium at certain discharge or dusty plasma

parameters. Such type of instabilities can also be investigated.

3. It has been discussed in Chapter 5 that vortex structure probably has 3D

characteristics. We can reconstruct the three dimensional structure/�ow

from several parallel planes of the motion using ImageJ (PIV plugin) or

MATLAB based software. To get the images in di�erent X�Y planes, precise

shifting of optical system (laser and cylindrical lens) is required and that can

be done using a motorized shifting.

4. Study of the longitudinal dust acoustic modes (merging and splitting of wave

fronts) in a large volume (or in an extended dust cloud) dusty plasma (see

Fig. 4.10) need to be explored. The signature of the transverse dust acoustic
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modes (see Fig. 6.3) in an extended strongly coupled dusty plasma is also an

interesting problem and can be studied in future.

5. Chapter 4 discusses the transport of dust grains in an ambipolar E��eld of

di�used plasma. The motion of charged particles can be traced with time in

the ambipolar E��eld. The OML theory is applicable in the di�used plasma

where quasi-neutrality condition is satis�ed; therefore, plasma parameters

can be measured using the electrostatic probes. These plasma parameters

can be used to solve the equation of motion of a transported particle in

the di�used plasma to get the charge on dust particle. In addition to that

dynamics of the �owing particles can be used to understand the transport

properties of the dust grain medium.

• Transient response of low pressure dusty plasma

It is observed that an equilibrium dusty plasma (small volume) can be created

using the di�used edge trap (Fig. 6.1) at low pressure (< 0.01 mbar). Chapter 3

discusses the e�ect of a time-independent electrostatic perturbation on the dust

acoustic modes. In recent years, dust grain dynamics under the action of tran-

sient positive pulses of high voltage (1�20 kV) and nanosecond duration have been

studied by various researchers [229�231].

Recently, Choudhary et al. [232] have reported the long�time evolution of low

pressure (at p = 0.001 mbar) plasma after the application of transient high voltage

positive pulses. They have observed the electron heating as well as the presence

of a beam component during the evolution process. They have also reported the

e�ect of pulse width and amplitude of pulses on the evolution time of low pressure

plasma. Fig. 6.5 represents the transient electron energy distribution function for

pulse width of 10 µs and amplitude of 1020 V, which indicates the presence of a

beam component along with the bulk electron group. It is well known that dust

grain dynamics is self�consistently associated to background plasma parameters. It

has been experimentally veri�ed that charge on the dust grain surface is determined

by the energetic electrons in the plasma [233]. In the low pressure dusty plasma, it

is expected that dust grain dynamics may get altered during the relaxation process

(or after removal of the transient positive pulses). Also, dust grain heating is

possible if the inter�particle potential (or charge on the dust) is time varying [234],
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Figure 6.5: Transient electron energy distribution function (EEDF) for pulse width
of 10 µs and amplitude Up = 1020 V at 8 cm far away from an exciter. The argon
gas pressure was 0.001 mbar.

which can also induce some instabilities in the dust grain medium. Moreover, after

application of transient pulses; mechanism of pulse-induced charge variations may

also trigger the oscillation of micro particles and instabilities in the dust cloud.

All these considerations motivate to study the dust grain dynamics with positive

pulses (τp � τd) of higher amplitude (> 1 kV) in future.
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