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ABSTRACT

The main aim of the thesis is to understand the intrinsic behaviour of electrostatic waves in a
magnetized dusty plasma. It is crucial to learn about the behaviour of dusty plasmas in order to
better understand both laboratory and space plasmas. Dusty plasmas are distinguished from
other forms of plasmas in various astronomical and laboratory contexts by the presence of solid
particles inside the plasma medium. The incorporation of these dust grains increases
complexities in the system and sheds new light on the behaviour of waves and instabilities. The
first step in our investigation is to identify the fundamental ideas that govern dusty plasmas,
including the complex interactions that occur between charged dust particles, electrons, and
ions in a magnetized plasma. We examine the propagation of electrostatic waves and
instabilities within a plasma as well as the mechanisms that generate these waves, delving into
the complex nature of electrostatic waves and instabilities. The results of these studies have
numerous applications in a variety of domains, including materials processing, geophysical
phenomena, astrophysics, microelectronics, fusion science, and the solar wind. The main goal
of our research is to understand the intricate interactions that take place between charged dust
particles, the plasma environment, and the magnetic field to collectively influence the

characteristics of electrostatic waves.

In this thesis, different theoretical models have been developed with the help of the basic
equations i.e., the Vlasov Equation, the Equation of Continuity and Motion and Poisson’s
Equation to govern the behaviour of waves and instabilities. With the help of these equations,
the expressions of frequency and the growth rate have been discovered and the effect of these
have been analyzed on different plasma parameters like the gyroradius parameter, temperature,

and relative density ratio etc.

These studies advance our knowledge of electrostatic waves and instabilities in a magnetized
dusty plasma by providing important information regarding the way these waves include
charged particle movement, wave-particle interactions, and the overall equilibrium of these
systems. The waves and instabilities used in our work are Lower Hybrid Waves (LHWs),
Electrostatic Ion Cyclotron Waves (EICWs) and Inhomogeneous Energy Density Driven
Instability (IEDDI). LHWSs are electrostatic low-frequency plasma waves due to the
longitudinal oscillation of ions in a magnetized plasma and these waves can be studied in

tokamak plasmas, and lunar dusty plasma and have recently received significant attention for
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affecting the current drive at a very high density. The EICWs are one of the fundamental modes
when the plasma is magnetized, and the electrons drift along magnetic field lines. The EIC is a
field-aligned current-driven instability with one of the lowest threshold drift velocities among
current-driven instabilities and these waves have applications in space plasma. A flow of energy
from one region to another region can enable the mode to grow, giving rise to instability. This
is the physical mechanism underlying the IEDDI and this instability can be used to explain a

wide range of experiments in Earth’s Ionosphere and other space applications.

Further studies on these waves and instabilities have been done in collisionless and collisional
plasma. Collisions increase the interactions between charged particles and dust particles,
changing the dispersion relation of the waves and exhibiting distinct characteristics. Moreover,
these waves can be studied in the presence of the transverse direct current electric field. This
electric field changes the dispersion characteristics of waves and the wave behaviour can be
studied with different plasma parameters. Numerous analytical methods, including fluid theory
and kinetic theory, have been used to study these waves. The two approaches possess unique
mathematical equations guiding the behaviour of the waves. Additionally, using electron or ion
beams can be used to induce the excitation of waves and instabilities. From fusion science to
space plasma, it is essential to comprehend the physics of beam-plasma interactions. These

systems have numerous uses, such as particle acceleration, diagnostics and plasma heating.

The investigation of electrostatic waves in magnetized dusty plasmas and the analysis of the
impacts of various plasma parameters on wave dispersion characteristics are the main
objectives of the present work. Our analytical model and the results from numerical
calculations would help in understanding the experimental results from several leading groups

worldwide.

vi

Anshu, Delhi Technological University



LIST OF PUBLICATIONS

Publications in Peer Reviewed Journals

1. Anshu, Jyotsna Sharma, and Suresh C. Sharma, "In the existence of a transverse dc
electric field, the kinetic theory of current-driven electrostatic ion cyclotron waves
excitation in a magnetized dusty plasma", Contributions to Plasma Physics 62.9,
€202200073 (2022).

2. Anshu, Jyotsna Sharma, and Suresh C. Sharma, “Kinetic treatment of lower hybrid waves
excitation in a magnetized dusty plasma by electron beam”, Indian Journal of Physics
published on 29™ August 2023.

3. Anshu, Jyotsna Sharma, and Suresh C. Sharma, “Analytical Modelling of
Inhomogeneous Energy Density Driven (IEDD) Instability in a Magnetized Dusty Plasma
Cylinder”, Brazilian Journal of Physics on 54 (8), 2024.

Communicated Papers

1. Anshu, Jyotsna Sharma, and Suresh C. Sharma, “Investigating EIC Waves in Magnetized
Dusty Plasmas: Unveiling the Impact of Collisions in the Presence of DC Electric Field”.

2. Anshu, Jyotsna Sharma, and Suresh C. Sharma, “Kinetic Theory of Resonant Ion-
Cyclotron Instability Induced by Ion Beams in Collisional Magnetized Dusty Plasmas
Under the Influence of DC Electric Field”.

Publications in Conferences

1. Anshu, Jyotsna Sharma and Suresh C. Sharma presented a poster entitled,” Lower hybrid
waves excitation by a relativistic electron beam in a magnetized dusty plasma: kinetic
theory”, 46™ EPS Conference on Plasma Physics held from 8" - 12™ July 2019 at the
University of Milan, Bicocca, Italy and published the same in ECA Vol. 43C, P2.3016,
ISBN:979-10-96389-11-7.

vii

Anshu, Delhi Technological University



International / National Conference Presentations

1. Anshu, Suresh C. Sharma and J. Sharma presented an oral talk entitled, “A study of EIC
wave in the presence of magnetized dusty plasma using kinetic treatment”, 2 International
Conference on Plasma Theory and Simulations (PTS -2022), Virtual mode by the Department
of Physics, University of Lucknow, India, 20" — 22"¢ June, 2022. (Best Oral Award)

2. Anshu, Suresh C. Sharma and J. Sharma presented a poster entitled, “Theoretical Study of
Dust Grain Parameters on Electrostatic Ion Cyclotron Waves in a Magnetized Plasma”, 23"
International Conference on Cyclotrons and Their Applications (CYC2022), Virtual mode by
the China Institute of Atomic Energy (CIAE) and Huazhong University of Science and
Technology (HUST), China, 5™ — 9™ December 2022.

3. Anshu, Suresh C. Sharma and J. Sharma presented a poster entitled, “The collisional study
of EIC waves in a magnetized dusty plasma with the inclusion of a dc electric field”, 3™
International Conference on Plasma Theory and Simulations (PTS -2023), School of Physical
Sciences, JNU 2023, India, 21° - 23 September, 2023.

4. Anshu, Suresh C. Sharma and J. Sharma presented a poster entitled, “The Impact of
Collisions on an Electrostatic Ion Cyclotron Wave in a Magnetized Dusty Plasma”, 2"
International Conference on International Conference on Atomic, Molecular, Material, Nano
and Optical Physics with Applications (ICAMNOP-2023), Department of Applied Physics,
DTU 2023, India, 20" - 22" December, 2023. (Best Poster Award)

viii

Anshu, Delhi Technological University



CONTENTS

Page No
L 1 T i
Candidate’s Declaration ..............coevveviieiieiiniiieiiniiiiiieiiniiiicieriieciecanns ii
ACKROWIedZemEnt.........ccoeuuiiiiiniiiiiiniiiiinrieissiesisssesssssssssssscsssssssssnes iii
D 1 \4
List 0f PUDIICALIONS .....couueeineiiiaiiiniiiiniiiniiineeisstsssssssssssssssssssnsosnssnes vii
LiSt Of FIGUFES...uuviiuiiiniiineiiiaieiniiiseisssiesasssssssssssssssssssssssssssssssssssnses xiii
List Of TADIes.....ccuueeineiiiniiiniiiiniiiiiiiieiiiniiiieiiiaiiisiiistcisscisscssscsnssnnes xxi
Chapterl
INtroduction.......ccceveeeeeenneiieeeeeeeseesesssesceccccccssasssssassssssnes 1-30
1.1 Background.................o 2
1.2 Plasma. ... )
1.3 Dusty Plasma. ..o 5
1.3.1  CharacteriStiCs .......ouueueiniit et 7
1.3.1.1  Quasi-Neutrality.........ccooviiiiiiiiiiiiiiiiiens 7
1.3.1.2 Debye Length..........coooiiiiiiiiiiiiii 7
1.3.2  Methods of Production................coooiiiiiiiiiia, g
1.3.2.1 Q-Machine (Dusty Plasma Device)....................... 9
1.3.3  Charging of Dust Grains.............cooeviiiiiiiiiiiinieeieennennn. 10
1.3.3.1  Dust Charge Fluctuations......................oooeeinn. 12
1.3.3.2 Magnetized and Unmagnetized Dusty Plasma........... 13
1.3.3.3 Importance of Study of Dusty Plasma..................... 14
1.4 Occurrence of Dusty Plasmas..................ooo 15
1.4.1  Dusty Plasmain Space...........cooeviiiiiiiiiiiiiiiiiiiiiiiiee 15
1.4.2  Dusty Plasma in Laboratory......................coo 16
1.5 Waves and Instabilities in Dusty Plasma............................ 16
ix

Anshu, Delhi Technological University



1.5.1  Lower Hybrid Waves (LHWS).........ccooiiiiiiii i 18

1.5.2  Electrostatic Ion Cyclotron Waves (EICWS)......................e. 18
1.5.3  Instabilities in Dusty Plasma.......................... 19
1.5.3.1 Inhomogeneous Energy Density Driven Instability
(EDDD). ..o 19
1.6  Beam Plasma Interaction...............cooiiiiiiiiiiiiiiiiiiiie 20
1.7 Different Approaches to Study Waves and Instabilities........................ 20
1.7.1  FluidTheory............ooooiii 21
1.7.2  Kinetic Theory......o.viuiiiii e, o)
1.8  Applicationsof Plasma..............ccooiiiiiiiiii o)
1.9 Organization of the Thesis...................oo 24
REfeTeNCES. ... ettt 27
Chapter 2
Kinetic treatment of lower hybrid waves excitation in a
magnetized dusty plasma by electron beam..........c..ccoveviniiinnnn. 31-47
2.1 Introduction.........cooiiiniiii i 32
2.2 Instability ANalysiS.......cccoiiuiiiiiiii i 34
2.3 Results and DiSCUSSION. .....ouuiuiitiitiiii i 38
24 CONCIUSION. ....uitit 44
REfEIeNCES. ..ot 45
Chapter 3
In the existence of a transverse dc electric field, the kinetic theory
of current-driven EIC waves excitation in a magnetized dusty
plasma......... 49-72
3.1 Introduction..............coooiiiiiiiiiii 50
3.2 Instability Analysis...............ooo 52

Anshu, Delhi Technological University



3.3 Results and DiSCUSSION. . ...ttt ettt e 58

3.4 CONCIUSION. - - ettt e e e e, 69
R OTCNCES. oo 70
Chapter 4

Investigating EIC Waves in Magnetized Dusty Plasmas:

Unveiling the Impact of Collisions in the Presence of DC Electric

FHeld. e e erenieienireeeeseeeesesessesesscsessesssscsssssssssssssssssassssssssssss 73-98

4.1 Introduction.............cooiiiiiiiiiiiii 74

4.2 Instability Analysis...............oo 75

4.3 Results and DiSCUSSION. . ...ttt ettt et 81

4.4 CONCIUSION. . . ettt e e e e e 95

S (545 1 (o = P 96
Chapter 5

Kinetic Theory of Resonant Ion-Cyclotron Instability Induced

by Ion Beams in Collisional Magnetized Dusty Plasmas Under

the Influence of DC Electric Field.....ccoeeeuiiiiiireiierienienenennnns 99-121

5.1 | Fsln 0o Te 11 Te1510) ¢ PUURENE N 100

5.2 Instability Analysis...........coooiiiiiiiiiiiii 101

5.3  Results and Discussion...............ooooiiiiiiiiiii 107

54 Conclusion............oooiiiiiiiiii 119

R O ENCES . oo, 120
Chapter 6

Analytical Modelling of Inhomogeneous Energy Density Driven
Instability IEDDI) in a Magnetized Dusty Plasma Cylinder...... 123-148

xi

Anshu, Delhi Technological University



6.1  Introduction..............coiiiiiiiiiiiiii 124

6.2  Instability ANalysiS......c.viieiiiiiiii i 126
6.3  Results and DisCuSSION............oooiiiiiiiiiiiii 134
6.4  ConcCluSION.........ooiiiiiiiiiiii i 145
References..........cooooviiiii 146
Chapter 7
Conclusion and Future Prospective........ccoceieiieiiiiiiiiann.. 149-153
71 CONCIUSION. ....uitii e 150
7.2 Future Prospective of the Present Work...................... 153
Xii

Anshu, Delhi Technological University



LIST OF FIGURES

Figure No. Page No.
Chapter 1
1.1  Diagram representing different states of matter................................. 3
1.2 Schematic illustration of a plasma slab with displaced electrons (-)
relocated by a distance of dx away from the stationary ions (+). A restoring
force (F) pulls the electrons back and plasma oscillations set up about the
eqUIlIbIIUM POSTEION. ... .ut ittt e 5
1.3  Picture illustrating the rings of Saturn with the radial spokes shown by the
AITOW MNATK . . .\ e e 6
1.4  Diagram illustrating Debye Shielding....................coooiiiiiiiii. . ]
1.5  Illustration of a Q-machine configuration featuring a rotating dust
dispenser and a movable Langmuir probe................coooiiiiiiiinin. 10
1.6  Schematic showing charging of dust grains...................cooeeviiiin.n.
12
1.7 Picture illustrating Nebula NGC 604 in the Triangulum Galaxy M3 3;
Comet Hale Bopp; Northern lights above Earth’s surface: the Aurora
Borealis. ..o 16
1.8  Diagram showing various applications of Plasma..............................
24
Chapter 2
2.1 Dispersion curve in a magnetized dusty plasma of lower hybrid
WAVES . ¢ ettt ettt ettt et et et e e e ettt 39
2.2 . Lo . — 0 /N0 .
Normalized growth rate variation with & (— n / n, )for the varying value of
dust grain size i.e.,, (a) a=2 um, (b)a=4 um, (c)a=6 um and (d) a=8
T30 P 39

xiii

Anshu, Delhi Technological University



2.3 Normalized growth rate variation with the normalized frequency of the lower

hybrid Wave. ... ..o e 40
2.4 The normalized frequency variation with the dust grain size for different
relative density ratio 5(: n®/n? ) e, (@) 8=6,(b)5=4,(c)5=2,(d)d
2.5 The normalized critical drift velocity variation with the relative density ratio
S(Z M D) e
42
2.6 Normalized phase velocity Vph as a function of relative density ratio
S(Z M0/ ) i
43
2.7 Normalized growth rate graph is plotted versus o (= nio / ng ) for different
beam velocities VI, i.e., (a) v =10x10%cm/sec, (b)v)=8x10%cm/sec,
(c)v?=5.2x10°cm/secand (d)v0=2x10°cm/SeC......................... 43
2.8 The normalized growth rate variation with the beam density....................
44
Chapter 3
3.1 The normalized real frequency as a function of finite gyroradius
parameter for different relative densities of negatively charged dust grains
(a) in the existence of an electric field. (b) in the absence of an electric
field, inset of Figure 3.1(b) displays the results of Chow and
ROSENDEIE. ...t 60
3.2 The normalized growth rate y/m, versus finite gyroradius parameter b
. . .. . 0/.0
for varying values of relative densities ratio o (: n; / Ne ) ..............................
61
3.3 The normalized real frequency @, /@, is plotted with the relative density
of negatively charged dust grains & (: nio / ng )for b, =0.1 (a) in the
existence of an electric field. (b) in the absence of an electric field, inset
of Figure 3.3 (b) shows the results of Chow and Rosenberg.................. 62

Xiv

Anshu, Delhi Technological University



3.4  The normalized growth rate y/w, as a function of relative density of

negatively charged dust grains & (= niO / ng ) forb, =0.1................

3.5  The normalized critical electron drift velocity Uy, /V,, as a function of >
relative density of negatively charged dust grains & (: nio / ng ) .............. o
3.6  (a) The normalized real frequency o, /@, variation of the EIC wave with
the magnetic field B(kG) for relative density ratio 6 =2. (b) The
normalized growth rate y/my of EIC wave with respect to the magnetic
field B(kG ) for relative density ratio 0 =2 .........coovviiiiiiiiiiiieenane. 6
3.7  The normalized growth rate y/w, as a function of normalized critical
electron drift velocity Uy, /Vie for B=3.3KG ..., 66
3.8 The normalized real frequency @, /m, variation with the normalized
temperature ratio T, /T; of an electron to ion.................cooveiiini -
3.9  The normalized growth rate y/w, variation with the normalized
temperature ratio Ty /T, ...o.oiiii -
3.10 The normalized critical electron drift velocity variation with the
temperature ratio Ty /T, ...o.ouiiiii 6
3.11 The normalized growth rate y/e, variation with the dust grain number
4153 050 7 63
Chapter 4
4.1  Variation in normalized growth rate }// @, with the finite gyro-radius
parameter 4; of EIC wave for varying 6 i.e.,(a)0 =0.4,(b) 6 =1.4,(c)
o0=3,and (d) =4 . i, 23

4.2 (a) Variation in normalized real frequency @, / @, with the finite gyro-

radius parameter £ of EIC wave with the electric field for varying ¢ i.e.,

(a)0=04, (b) 6=14, (¢c) 6=3, and (d) 6=4. (b) Variation in

XV

Anshu, Delhi Technological University



normalized real frequency @, /@, with the finite gyro-radius parameter

without the electric field for varying ¢ in the presence of collisions and

the inset of Figure 4.2 (b) portrays the collisionless case...................... %4

4.3  (a) The normalized real frequency and (b) the normalized growth rate
variation for the case o =1 corresponding to the finite gyro-radius

parameter for different electron collisional frequencies v, i.e., (a) v, =0,
(b) v, =1x10°rad/sec, (c) v, =2x10°rad/sec, (d) v, =4x10°rad/sec,
(€) Uy = TX10%1AA/SEC. ..o

85
4.4  (a) The normalized real frequency and (b) the normalized growth rate

variation for the case 6 =3 corresponding to the finite gyro-radius
parameter f; for different electron collisional frequencies i.e., (a)v, =0,
(b) v, =1x10°rad/sec, (c) v, = 2x10°rad/sec, (d) v, = 4x10°rad/sec, (e)
D = TXL0°TAA/SEC ..ot

86-87
45  (a) The normalized real frequency /@, versus relative density ratio

o (: nio / ng ).(b)Variation in the normalized growth rate ]// ;. with
relative density ratio o (: niO / ng ) for varying electron collisional

frequencies v, i.e., (a) v, = 4x10°rad/sec, (b) v, = 6x10°rad/sec and (c)

D =8XL0°TAU/SEC ...t 48,20

4.6  (a) The normalized real frequency @, /@, and (b) the normalized growth
rate ¥ / @, variation for case ¢ =1 corresponding to the finite gyro-radius

parameter /4 for different ion collisional frequencies v,

. 1e. (a)

v, =2x10°%rad/sec, (b) v, =4x10%rad/sec, (c) v, =6x10°rad/sec, (d)

v, =8x10°rad/sec

89-90
4.7 (a) The normalized real frequency @, / @, and (b) the normalized growth

rate ¥/ @, versus magnetic field B(in kG) of the EIC wave..................

Xvi

Anshu, Delhi Technological University



4.8  The normalized critical electron drift velocity U. /V, in relation to the

relative density of negatively charged dust particles o (: niO / ng ) ............
92
4.9  The normalized critical electron drift velocity for different electron

collision frequencies i.e., (a) v, = 2x10°rad/sec, (b) v, = 4x10°rad/sec,

(c) v, =6x10°rad/sec, and (d) v, =8x10°rad/sec as a function of

temperature ratio T, /Ti ..o 9

4.10  The normalized growth rate y/@ as a function of temperature ratio

93
4.11 The normalized real frequency with varying ion collision frequency v,

i.e., (a) v =2x10°rad/sec, (b) v; = 4x10°rad/sec, (c) v; = 6x10°rad/sec

,(d) v, =8x10%rad/sec as a function of temperature ratio T, /T ............
1 e | 94

412 The normalized growth rate 7/, variation with & (: ni0 / ng ) for varying

dust grain number density i.e., (a) ng =2x10%cm, (b) ng =4x10%cm™

,(¢) n =6x10*cm™ and (d) n§ =8x10*cm® of the wave................... o4

Chapter 5

5.1 (a) The normalized frequency and (b) the normalized growth rate graphs

with respect to K,/kfor different beam velocities u,i.e., (a)
u, =1.2x10°cm/sec, (b) u, =1.8x10%cmisec, (c)u, =2.2x10°cmi/sec,

(d) u, =2.8x10°cm/sec and (e) U, =3.2x10%cm/sec........................ 100

5.2 The normalized real frequency @,/@, graph with respect to K, /K for

varying relative density ratiod i.e., (a)o =1, (b) =2, (¢) 0=3, (d)

110
5.3 (a) The normalized real frequency @, / ;. and (b) the normalized growth

rate 7/ @, versus magnetic field B(inkG) ...........ccooviinnn 110-
111

xvii

Anshu, Delhi Technological University



5.4 (a) Variation in the normalized ;// @, with relative density ratio for
varying beam velocities Uyie., (a) U= 2.2x10%cm/sec, (b)
u, =1.8x10°cm/sec (c)u, =1.4x10°cm/sec and (d) u, =1.0x10°cm/sec
(b) Variation in the normalized growth rate /@, with relative density

ratio O (: n’/ ng) for different ion collisional frequencies v, i.e., (a)

v, =2x10°%rad/sec, (b) v, =4x10%rad/sec, (c) v, =6x10°rad/sec and (d)

0 =8x10%MAA/SEC ..o, s

5.5 Variation in normalized real frequency @, /@, with the finite gyro-radius

parameter £ of EIC wave in the presence of collisions for varying ¢ i.e.,
(a)0=0.4,(b) 6=14,(c) =3, and (d) 0 =4. (a) in the presence of
electric field and (b) in the absence of electric field and inset of Figure 5.5

(b) portrays the collisionless case for the same..................ccooeviviinnnnn. 113

5.6 (a) Variation in normalized growth rate /@, with the finite gyro-radius
parameter 14 of EIC wave for varying ¢ i.e., (a)0 =0.4,(b) 6 =14, (c)
5=3, and (d) 5=4. (b) The normalized growth rate y/a, variation
corresponding to the finite gyro-radius parameter 4 for different ion

collisional ~ frequencies © ie. (a) o =2x10%rad/sec, (b)

v, = 4x10%rad/sec, (c) v; = 6x10°%rad/sec, (d) v, =8x10°rad/sec .......... 114-
115

5.7 (a) The normalized real frequency @, /@, versus ion beam energy of EIC
wave and (b) The normalized phase velocity Vy, / Vi; versus normalized
velocity of the beam Uy /Vi; of EIC Wave.............oeeeeeeeeeeeeneeeeiinin, 116
5.8 The normalized real frequency @, /@, with varying beam velocity u, i.e.,
(a) U, =2x10%cm/sec, (b) u, = 4x10°cm/sec, (c) u, = 6x10°cm/sec and
(d) u, =8x10°cm/sec as a function of temperature ratio T /T,

117
5.9  (a) The normalized growth rate 7/, of the wave as a function of dust

grain number density ng (Cm73) with different ion collisional frequencies

xviii

Anshu, Delhi Technological University



Y

ie, (a) o =2x10%rad/sec, (b) v, =4x10%rad/sec, (c)
v, =6x10°rad/sec, and (d) v; =8x10°rad/sec and (b) The normalized
growth rate y/@, for varying u, ie., (a) U= 2.2x10%cm/sec, (b)
u, =1.8x10°cm/sec and (c) u, =1.2x10°cm/sec as a function of dust

grain number density ng (Cmf‘o’) ofthewave..............ooo 18

Chapter 6

6.1 Schematic of electric field model with negatively charged dust grains.......
126

6.2 Variation in (a) normalized real frequency @, / @ and (b) the normalized

growth rate 7/@, with the finite gyro-radius parameter b;(=kyp;)*of

IEDDI in the absence of dust grains..............c.ccoveiiiiiiiiiiiiiniennenn... 136

6.3 (a) The normalized real frequency @, / @ and (b) the normalized growth

rate ) / @ variation for different values of o (: nio / ng ) ,i.e., ()0 =8, (ii)
0=06, (iii)0 =4, and (iv)d =2 corresponding to the finite gyro-radius

parameter b (=kyp:)? in the presence of

137-
138
6.4 (a) The normalized real frequency of IEDDI as a function of relative

density ratio o (: ni0 / nS ) (1) in the electric field presence and (ii) in the
electric field absence and (b) Variation in the normalized growth rate
4 / ;. with relative density ratio o (: nio / nfj) in the electric field (i)

presence and (i1) absence of IEDDI................oooiiiiiiiiii i, 139

6.5 The normalized growth rate J / @, versus normalized wave vector K, /K,

of IEDDI for varying values of the electric field Vg /Vy, i.e., (i) Vg /Vy
=5.5 (ii) Vg /Vy=3.5 and (iii) Vg /V;;=2 (a) in the absence of dust and (b)

inthe presence of dust............ooiiiiiiii i 141

Xix

Anshu, Delhi Technological University



6.6 The normalized growth rate } / ;. with respect to transverse dc electric

field Vg /Vit of IEDDI for (i) existence of dust grains, and (ii) non-existence

OF dUSE GrainS. .. .ot e

142
6.7 The normalized real frequency a)r/ @, versus Vg Vi of IEDDI in the
AbSENCE OF AUSE. ...t 143
6.8 The normalized growth rate Y / @, variation for different values of
5(: n?/ng), ie, ()5=8, (i) 6=6 , (iii)0=4, and (iv)5=2
corresponding to the dust grain size a(cm) of [EDDI.......................... 143
6.9 The normalized growth rate | @, variation for different values of dust
grain size a(cm) , ie., ()a=2x10""cm, (i) a=3x10"*cm , (iii)
a=4x10"*cm, and(iv)a=6x10"*cm with respect to the dust grains
ng (Cm_S) number density...........ooiiiiiii
144

XX

Anshu, Delhi Technological University



LIST OF TABLES

Table No. Page No.
Chapter 3

3.1 Plasma parameters mentioned inthe model..........................ol 59
Chapter 4

4.1 Species and their notations considered in the model........................... 76

4.2 Notations and their formulas..................oiiiiiii 77

4.3 Plasma parameters are specified in thismodel.................................. 82
Chapter S

5.1 Species and their notations considered in the model........................... L2

5.2 Notations and their formulas.................oooii 103

5.3 Plasma parameters are specified in thismodel.......................oan

108

Chapter 6

6.1 Species and their notations considered in the model........................... 126

6.2 Plasma parameters are specified in thismodel.....................c..o 135

XXi

Anshu, Delhi Technological University



INTRODUCTION

- Dusty Plasma Nano Structures
=
7
] wn
= S
A~ =]
TQ Resonant Ton U‘%
'= Cyclotron ;
ig Instability Q
= =
= 3
= (S
(=P
; =,
g Inhomogeneous - Electrostatic 5
= Energy Density % Ton Cyclotron >
= Driven e Waves =
=" h Instability ®
5 =
< &
(=3
N
Laser Produced Plasma  Nuclear Fusion

The goal of this chapter is to give a fundamental grasp of plasma and dusty plasma. It
provides a thorough introduction to these plasmas, emphasizing key traits including the
characteristics, formation and charging of dust grains and illuminating their pervasiveness
in numerous situations. This chapter also explores the fascinating phenomenon of waves
and instabilities that appear in dusty plasma, elucidating their relevance and implications.
It investigates the various methodologies used to study these waves and instabilities in the
context of dusty plasma. The prospective applications of these waves are also briefly
discussed in this chapter, highlighting the broad influence and continued significance of
waves and instabilities in modern science and technology. In this chapter, there is also a

brief discussion of the objectives.
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1.1 BACKGROUND

The human desire to explore the universe and comprehend natural principles has made
plasma an interesting field of research. The fundamental and fascinating phase of matter known
as plasma, sometimes known as the "fourth state of matter," has long captured the interest of
researchers and scientists. Due to its special features, caused by the existence of highly charged
ions and free electrons, it differs from the more typical states of matter, such as solids, liquids,
and gases. From the intense heat of stars to the Earth's ionosphere, where the Northern Lights
dance in the night sky, plasmas can be found throughout the universe. Contrarily, a large
proportion of the universe's solid matter is found as dust, according to multiple observations
[1,2]. As aresult, dust and plasma are the two basic elements that make up most of the universe.
The intriguing interaction between these two fundamental components has led to the
development of the dusty plasmas field, a whole new area of scientific study. Comprehending
and utilizing the characteristics of plasmas and dusty plasmas is not only an area of exploration
but also a practical requirement, across various domains. Plasma physics can reorganize our
understanding of the universe because it has been a major milestone in the study of waves and
instabilities. Additionally, it has a wide range of uses in plasma heating, tokamak, fusion,
cosmology, astrophysics, food industry, radiation processing, proton therapy for cancer

treatment and many more [3-6].

1.2 PLASMA

The phrase "plasma" has its origin in Greek, where it denotes “configuration” or
“formation”. The term "fourth state of matter" was first introduced by W. Crookes to label the
ionised medium within a gas discharge tube in 1879 [7]. The name "plasma" was first used to
describe this distinct “fourth state of matter” in 1929 by Tonk and Langmuir while they were

studying oscillations in an electric discharge tube [8].

In the expanse of the universe there exist four states of matter that occur naturally: solid, liquid,
gas and plasma. The basis for this classification is the thermal energy that the individual atoms
or molecules contain, along with the strength of the interparticle binding interactions. The
strongest interparticle bonds can be found in solids, whereas they are relatively weaker in
liquids and almost non-existent in gases. As heat is given to solids, the thermal energy within
the particles gradually outweighs the potential energy holding them together, leading to the
breakdown of these interparticle interactions. This process causes a change in phase, turning

the substance into a liquid. When a liquid is heated past a certain point, a change from a liquid
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to a gas occurs. As heat is given to solids, the thermal energy within the particles gradually
outweighs the potential energy holding them together, leading to the breakdown of these
interparticle interactions. This process causes a change in phase, turning the substance into a
liquid. When a liquid is heated past a certain point, a change from a liquid to a gas occurs.
However, when a gas is exposed to extremely high temperatures, often at or above 10,000 K,
the gas particles collide so intensely that they steal electrons from one another. This particular
state, which consists of an amalgam of ions and electrons, is known as an ionised gas or simply

a plasma as shown in Figure 1.1.

Solid Liquid Gas Plasma

Figure 1.1: Diagram representing different states of matter

At a specific temperature, Saha's Equation can be used to determine the level of ionisation in a
gas [9]

n T3/2
— % 2.4x10" —exp(-U, / k;T), (1.1)
n.

nn 1

where n; and n, refers to the ionized gas density and neutral atoms density; U; depicts the

ionization energy; T is the temperature of gas (K) and kg refers to the Boltzmann constant.

The gas is completely ionised when the number of ions exceeds the number of neutral particles
at extremely high temperatures. This is the cause of the naturally occurring plasma in celestial
bodies (with temperatures in the millions of degrees). Plasma accounts up nearly 99% of the

visible universe.

Definition: Plasma comprises of three species i.e., neutral particles, electrons and ions which

exhibits collective behaviour.

Any ionised gas cannot be classified as plasma. The ionised gas must satisfy some requirements
such as quasineutrality and collective behaviour in order to be referred to as plasma [10].
The term "quasineutrality" refers to the property of plasmas where the number density of

electrons is almost equal to the number density of ions for plasmas with lengths much longer
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than the Debye length (| >> A, ). Individual charges are shielded within plasmas by the

existence of other charges, and this shielding effect extends across a specific length known as

the "Debye length" i.e., A;. As a result, the plasma attains quasi-neutrality condition and

number densities becomes equal. The expression for the screening length along with

temperature T in a plasma with density n, is given by

KT 1/2
AD:L‘%—B} . (1.2)

2
Nee

Charged particles that constitute plasma move in such a way that they produce magnetic and
electric fields. Due to these long-range electromagnetic forces, even distant particles can be
affected. Essentially, the idea of collective behaviour suggests that the movement of these
charged particles depends not just on the immediate surroundings but also on the state of the

plasma farther away. The Debye sphere must contain a considerable number of particles N
generally much larger than 1 i.e., Ny >>1. This requirement is crucial since Debye shielding

is only viable when the charge cloud contains enough particles.

Two fundamental scales are required for the description of a plasma: the length scale, denoted
by the Debye length ( Ay ), and the time scale (w™'). We have already discussed the idea of the

Debye length, but in order to understand the time scale, it is necessary to appreciate the dynamic
properties and behaviour of plasma oscillations. When electrons in a plasma are disturbed from
their equilibrium positions, it results in a space-charge separation with the ions in background.
In order to return the plasma to its neutral state, an electric field is created. This field pulls the
electrons back to their initial places. The electrons, however, exceed their equilibrium positions
as a result of inertia and begin oscillatory motion around the mean position, as seen in Figure
1.2. This oscillation is distinguished by a particular frequency known as the "plasma
frequency." Due to ions higher mass, they are often thought of as being immobile in the
background since they are unable to react to the high-frequency electric field's fluctuations.

Plasma frequency (rad/sec) is mathematically defined as

ne’

= —| . (1.3)
gM

where e and m defines the electronic charge and mass of plasma, n refers to the density, & is

the vacuum permittivity. A fundamental criterion for any given plasma is that wz >1, where t
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is the mean duration between particle collisions within the plasma. This criterion ensures that

the motion of charged particles is still primarily driven by Coulombic forces by requiring that

the plasma frequency be greater than the collision frequency.

Plasma

ettt
111111l

|

ox

Figure 1.2: Schematic illustration of a plasma slab with displaced electrons (-) relocated by a
distance of dx away from the stationary ions (+). A restoring force (F) pulls the electrons back

and plasma oscillations set up about the equilibrium position.
1.3 DUSTY PLASMA

In 1924, Langmuir observed dusty plasma in a tungsten arc discharge, which was the
beginning of the history of dusty plasmas. He explained the peculiar phenomena of charging
tungsten vapours by attaching electrons to their surface and causing them to move while being
affected by electric fields. In 1941, Spitzer [11] introduced the first statement of the theory that
dust grains charge through photoelectric emission brought on by Ultraviolet (UV) light in the
interstellar medium. Due to two different discoveries, the study of dusty plasma has
experienced substantial growth. The first entailed the observation of dynamic radial spokes
within Saturn's B Rings [12], which was done by the Voyager 2 spacecraft [13] (see Figure 1.3)
and the second observation was that in the field of semiconductors, where the dust
contamination comes from [14]. The study of dusty plasma has long been a subject of interest
to astronomers, but at the same time, semiconductor producers were battling the lingering
problem of dust contamination. The astronomy community and the semiconductor sector came
together as a result of these issues and together they discovered a common framework for
examining the fascinating phenomena related to the charge and movement of dust grains [15-

17]. After extensive research, scientists have discovered an important characteristic of dusty
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plasmas: the change from a fluid to a crystalline state, generally known as a "plasma

crystal"[18-21].

Rings of Saturn

Figure 1.3: Picture illustrating the rings of Saturn with the radial spokes shown by the arrow

mark [22].

Four-component plasma operating at low temperatures is known as dusty plasma. Along with
the background of neutral particles, ions and electrons it also includes a further component
made up of dust particles. The plasma system becomes even more complex as a result of the

additional macroparticle, that’s why it is also referred to as a “complex plasma” [23].

Definition: Dusty plasma comprises of four species i.e., electrons, ions, neutral particles and
charged dust particles. They are electrically conducting gases that exist at low temperatures

and are partially or fully ionized.

The size of dust grains ranges from nanometres to millimetres, and they are massive i.e., 10'?
times the mass of proton. The dust grain charge for 1pm sized particles is of the order of 10%-
10%, where “e” is the electronic charge. Typically, electrons, which are more agile than the
heavier ions, interact with dust grains frequently, causing them to become negatively charged.
This aspect not only heightens interest but is also extremely significant technologically. When

a dust grain's radius “r” is considerably lower than its Debye length “ A, ” the particle is said
to be "isolated" i.e., I << Ay < Iy . However, when I << Iy < A, they are referred to as
"non-isolated" and “r, ” denotes the average intergrain distance. Isolated charged dust grains

have little effect on the plasma's characteristics, however non-isolated charged dust grains
cause the plasma to experience collective phenomena. Due to the existence of this, not only the

wave modes will be affected, but also the different dust wave modes will introduce. To fully
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comprehend the collective wave phenomena coming from the dynamics of dust particles within

the plasma, it is essential to comprehend the characteristics of dust grains.
1.3.1 CHARACTERISTICS

Dust grains can have an impact on the plasma surroundings in the same way that the
plasma has an impact on the dust grains and they can also display novel and peculiar behaviour.
Reassessing important characteristics, such as macroscopic neutrality, Debye length is
beneficial for gaining a thorough understanding of the fundamental principles driving dusty

plasmas. We will give thorough descriptions of these characteristics in the sections that follow.

1.3.1.1 QUASI-NEUTRALITY

Dust particles are principally charged in a dusty plasma system by absorbing electrons
and ions from the background plasma. As a result, dusty plasma maintains its macroscopically
neutral state in the absence of any external forces, much like an electron-ion plasma. This
implies that the overall electric charge within the dusty plasma maintains at a net balance of
zero in an equilibrium condition, in the absence of any external forces. The neutrality condition

determines the densities in an equilibrium state is denoted by the formula
eNg; —€Nge +QyNyy =0, (1.4)

where N, o0 o TEPresents the concentrations of ions, electrons and dust grains, respectively;

Qg4 (==£Z,e) denotes the positively (negatively) charged dust grains; Z is the dust charge state

and e refers to the electronic charge. Note that depending on plasma parameters, the dust grains

charge can change significantly.
1.3.1.2 DEBYE LENGTH

The Debye length is a crucial physical characteristic of dusty plasma: it specifies the
length of the scale over which other charged particles (like ions) in the plasma are affected by
the electric field of a single charged particle [24]. Charged particles are rearranged as a result,
effectively concealing all electrostatic fields within the Debye distance which is known as
“Debye Shielding” (see Figure 1.4). A dusty plasma is surrounded by negatively charged dust
grains and an electron cloud when a positive potential is applied to it. On the other hand, a
plasma is surrounded by positively charged dust grains and an ion cloud when a negative

potential is applied to it. The charge distribution within the cloud is unaltered in the case of
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perfect shielding, imitating a “cold” plasma. At finite temperatures, however, charged particles

have a propensity to break off from the margins of these clouds, resulting in a potential of about

kgT /e penetrating into the plasma which further results in insufficient shielding. The Debye

length is a term used to describe the approximate thickness of a sheath or charged cloud.
According to Shukla and Mamun [25], the Debye length has the following mathematical

formula;:

ﬁ’Deﬂ“Di

——, (1.5)
\/ﬂ’ée"i_;téi
where Ap, =+/T./47n,,° and Ap; =T,/ 47nye® refers to the electron and ion Debye

lengths, respectively.

Ap =

—||||'|'
"

Plasma

s s
O IECO
+5%

Figure 1.4: Diagram illustrating Debye Shielding

1.3.2 METHODS OF PRODUCTION

The production of dust grains is necessary for laboratory research since they are
essential to the study of dusty plasmas. As dust grains are heavy so gravity naturally causes
micron-sized grains in a plasma to fall to the bottom of the plasma. However, in order to prevent
this gravitational settling due to their levitation and confinement within the plasma, an external
field must be applied [26]. Due to the fact that the relaxation period for microparticles is
typically far longer than the time it takes for them to get charged, this difficulty does not pose
a serious problem in most laboratory plasma conditions. This has made it possible to create a
dusty plasma by simply adding dust particles using techniques like sprinkling. Over time,
numerous methods for producing dusty plasmas have been devised, each of which serves a

particular purpose in terms of study and applications. Some of the methods are following:
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¢ Using a Q-Machine, dust grains can be introduced into a plasma to create dusty plasmas

[27, 28].

¢ They can also be created by growing dust inside plasmas made of chemically reactive
gases like silane (SiHs) and oxygen (O2) [29].

¢ By suspending negatively charged 40 pum Silica (SiO2) particles in an argon glow

discharge [30].

To further understand the behaviour of completely magnetized dusty plasmas, the MDPX
experiment for magnetised dusty plasmas was developed with regard to fusion plasmas and
astrophysical plasmas [31]. In the following section, we'll give an overview of an important

method to examine dusty plasmas in the laboratory.
1.3.2.1 Q-MACHINE (DUSTY PLASMA DEVICE)

A single ended Q-machine modified to spread dust throughout the plasma column is
known as a dusty plasma device (DPD). Figure 1.5 provides a schematic illustration of a Q-
machine to help explain the procedure. A fully ionised potassium plasma column with a length
of roughly 80 cm and diameter of roughly 4 cm and is produced within this system. A heated
Tantalum Plate, which reaches temperatures of about 2500K, is used to create this plasma
through surface ionisation, which uses potassium atoms from an atomic beam oven. An
approximately 4000 Gauss longitudinal magnetic field is used to confine the plasma column
radially. In this configuration, the plasma has similar electron and K" ion concentrations of
around 0.2 eV. A low pressure of roughly 10 Torr is maintained for the neutral gas. By making
this choice, the mean free paths for electron-neutral and ion-neutral collisions are made to be
substantially longer than the machine's physical dimensions. The dust dispenser system, which
consists of a spinning metal cylinder and a fixed screen, encloses a portion of the plasma
column. This configuration makes it easier to introduce dust particles into the plasma. The dust
is initially loaded at the bottom of the rotating cylinder and then is moved to the top, where it
is released and falls onto the stationary screen. A series of strong metal bristles attached within
the cylinder sweeps across the screen's outside surface as it rotates. This technique makes sure
that dust particles are distributed evenly throughout the plasma column. The bottom-collecting
dust grains are then recycled to keep the dust density within the plasma column constant and

this ongoing process of dust recycling is essential.

Typically, the materials used in these investigations as dust grains include hydrated aluminium

silicate, or kaolin (Al>2Si,07nH,0), and alumina (Al,O3). The shape and size of these dust

9

Anshu, Delhi Technological University



Introduction

particles varies. A comprehensive investigation of the samples is performed using an electron
microscope. A portable Langmuir probe that travels the axis of the plasma column
perpendicular to the magnetic field serves as the main testing tool. This probe measures the
charge as well as an electron current by the suspended dust grains. The Q-machines are useful

tools for studying instabilities and waves in dusty plasmas.

Potassium Oven

Rotating Dust Dispenser

Dust

Tantalum Hot Plate j@nd Plate

LangmuirProbe’I_/ii i I I_ i i i i i i I
(‘ Solenoid Magnet Coils J

Figure 1.5: Illustration of a Q-machine configuration featuring a rotating dust dispenser and

a movable Langmuir probe
1.3.3 CHARGING OF DUST GRAINS

Spitzer gave the first explanation of the procedures for governing dust grain charge in
the interstellar medium in 1941 [11]. There are fundamentally three main mechanisms involved

in charging dust grains [25]:

% Interactions between dust particles and photons.

7

¢ Interaction of dust grains with energetic particles such as electrons and ions.

R/

¢ Interactions between plasma components and dust particles.

The charge on dust grains embedded in a plasma is created by a variety of methods such as

[32]

>

K/
*

Ion Sputtering

)

X3

» Thermionic Emission

X4

Photoelectron Emission by UV light

L)

X/
°e

Secondary Electron Emission

X/
°e

Collection of electrons and ions from the plasma and many others.
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As probes, dust grains alter their potential until an equilibrium is achieved when the overall

current, encompassing contributions from ions (I;), electrons (1), photoemission (1, ) and

secondary emission ( |, ) on the surface of the dust grains, reaches zero.
2l=lhi+lg+1,+1,~0. (1.6)

Dust grains adopt a negative potential, indicated as ¢g =Vg =V, relative to the plasma in a
conventional laboratory plasma environment where contributions from secondary electron
emission and photoemission are negligible, this potential develops because of the high electron

mobility until I; ~ |,. Here, Vg and V, stands for the potential at the grain surface and at the

plasma.

The charge on the dust grain is the culmination of different processes. The finding of an
equilibrium charge on a dust grain can be quite challenging when all these processes are taken

into consideration. In a plasma, electrons having mass m, (temp T, ) and an ions having mass
m; (temp T,), the electron thermal velocity is significantly greater than the ion thermal velocity
and due to this the dust charge Q and its surface potential ¢ will become negative. On the
surface of the dust grain, the plasma particles can also generate ion and electron currents. This
overall current implies the charging rate dQ/dt of the dust grain by the various charging

procedures. A particle engulfed in a plasma that is initially neutral will eventually become

charged by bringing both ion and electron currents, following the relation [33, 34]
B S B I (1.7)

and |; + 1, =0is the condition for charge equilibrium.

The method of charging a dust grain is simply shown in the Figure 1.6. The dust grain charge

has the connection with the surface potential i.e., Q = ¢;C, where C denotes the capacitance of

dust grain. The surface potential of the dust grain augments as a result of the dust grain
absorbing plasma ions and gaining a positive charge. In general, there is a negative potential at
the surface, which attracts ions and repels electrons. To accomplish zero current at equilibrium,
the ion current rises and the electron current falls. The electric charge of dust particles fluctuates
over time because grain charging relies on the plasma potential and is unstable, making it

necessary to examine it as a dynamic variable [35, 36].
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Figure 1.6: Schematic showing charging of dust grains

1.3.3.1 DUST CHARGE FLUCTUATIONS

It is evident that any fluctuations in dust charge can be caused by disturbances in plasma
currents and ultimately leads to collective effects [32]. Following is the expression for dust

charge fluctuations:

dt loe o

Qe (1.8)

where | and | refers to the perturbed plasma currents; Q,y =Qy —Q,y denotes the perturbed

charge on dust. In order to facilitate their collective participation, dust particle sizes are kept

substantially smaller than the plasma's Debye length and perturbation's wavelength.

The dynamics of dust charge fluctuations are given by:

dQyq
dt

+1Qy =—|IOe|{ﬁ—%j, (1.9)

Noi ~ Noe

1 1
—+
T, Ti—edys

l.|e
where 77 =| e | [
Cq

j represents the charging rate of dust and ¢ refers to the

equilibrium floating potential of dust grains; C, =(a(l+—D denotes the capacitance of
eD

dust grains and Ay represents the electron Debye length.

The variations in dust charge are controlled by changes in the perturbations in ion and electron

densities within a plasma as well as a natural decay rate denoted as 77, as shown clearly by Eq.
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(1.9). The grain potential deviates from its equilibrium floating potential, these charge

fluctuations physically diminish over time as a result of the opposing action of plasma currents

[33].
1.3.3.2 MAGNETIZED AND UNMAGNETIZED DUSTY PLASMA

The behaviour of waves and instabilities within these complex systems are significantly
influenced by the behaviour of magnetized and unmagnetized dusty plasmas, which are two

crucial domains within the larger field of plasma physics.
Unmagnetized Dusty Plasma

Charged dust grains interact with the nearby charged plasma particles in unmagnetized
dusty plasmas, which are characterised by the predominance of electrostatic forces. This
complicated interaction greatly affects the electrostatic waves and instabilities that are
observed. With the help of the electric fields present in these plasmas, dust charge fluctuations
are processed, leading to the emergence of different modes of oscillation such as dust ion

acoustic waves, dust acoustic solitons, and other coherent nonlinear structures [37, 38].
Magnetized Dusty Plasma

On the other hand, magnetized dusty plasmas add a fresh perspective to the research by
taking the impact of magnetic fields into account. These fields have a major effect on the
behaviour of the dust particles in addition to the charged plasma particles. Magnetic fields allow
for the confinement and arrangement of dust grains and charged particles into special structures
including dust crystals and dust chains, which are essential in controlling the behaviour of
electrostatic waves. Different wave modes and instabilities, such as magnetohydrodynamic-like
waves, manifest in magnetized dusty plasmas. The dynamics of the dust charge are significantly
altered by magnetic fields, which also result in a variety of unique electrostatic wave behaviours
and instabilities [39, 40]. These distinguishing characteristics are crucial for comprehending
fusion plasmas, space plasmas, and astrophysical events where magnetic fields prevail in

producing electrostatic waves and instabilities [41].

In addition to advancing our knowledge of dusty plasmas, the investigation of the
aforementioned phenomena in both unmagnetized and magnetized dusty plasmas has important

implications for the advancement of technology.
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1.3.3.3 IMPORTANCE OF STUDY OF DUSTY PLASMA

Dusty plasmas have distinctive qualities that render them incredibly interesting

research. In this section, we discuss the main factors that make the study of dusty plasmas so

crucial.

R/
A X4

The introduction of dust particles into the typical electron-ion plasma alters the pre-
existing wave modes such as dust acoustic waves [42]. Additionally, it adds a
completely new domain of waves, instabilities and collective mode of oscillations that
are conspicuously lacking in conventional plasmas.

The timeframes governing their motions differ significantly due to the significant mass
variations between the dust grains and the background plasma. Many of these intriguing
occurrences can be seen with the unaided eye because the typical dust phenomena
frequency can be as slow as a few Hertz. CCD cameras can record and capture each
dust particle's unique motion with the help of laser illumination on the particles. The
approach makes it possible to create a detailed phase space map that includes the
positions and velocities of dust particles as they move across the plasma backdrop over
time. This enhances our ability to explore the molecular details of plasma physics.

The plasma parameters can be adjusted by altering the plasma conditions. Thus, the
dusty plasma can realise several states of matter. The dusty plasma medium displays
behaviour like a liquid state under the effect of moderate correlations and dust grains
condense into an ordered crystal form under the effect of strong correlations. Many
theoretical and experimental studies within dusty plasmas have examined a number of
transport properties [43] of the fluid phase, including thermal conductivity [44],
viscoelasticity [45], diffusion [46] and more. This provides a clear connection between
the behaviour of the dusty plasma medium and a number of other physics fields,

including complex fluid systems and soft condensed matter physics.

Dusty plasmas are also used for industrial purposes in addition to the above qualities. The

following are some industrial and technological uses for the dusty plasmas [47]:

R/

0

*

The incorporation of nano-crystalline silicon in the layer of amorphous hydrogenated
silicon particles created in silane plasmas has been proven to boost the efficiency and

lifetime of silicon solar cells [48].

¢ Because of the lattice plane's micrometre-scale spacing, dusty plasma crystals are

thought to be suitable for electromagnetic radiation at terahertz (THz) frequencies as
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tunable filters [49]. This concept calls for employing dust crystals as Bragg diffraction

gratings. The dust crystal interplanar distance depends on dust and plasma parameters,

making the dust crystal filters tunable.

As a result, the field of dusty plasmas emerges as an intriguing and quickly developing
multidisciplinary field that attracts a collaborative effort of physicists, chemists, and engineers

across the world.
1.4 OCCURRENCE OF DUSTY PLASMAS

Across a wide range of spatial scales, dusty plasmas are extremely important in both
technology applications and astrophysical phenomenon. Dusty plasmas can be created in
laboratory environments including fusion experiment and plasma processing reactors and can
also occur naturally in large-scale astronomical environments including comet tails, planetary
rings etc. The occurrence as well as importance of dusty plasmas in both space and laboratory

contexts will be briefly discussed in the sections that follow.
1.4.1 DUSTY PLASMA IN SPACE

Numerous astronomical phenomena and objects, such as noctilucent clouds, cometary
tails, the nebula, planetary rings, interstellar clouds and others as shown in Figure 1.7, contain
dust [50, 51]. Due to the frequent presence of charged dust particles in the vicinity of Earth and
the interstellar medium, spacecraft may face both physical damage and electrical issues which
will help us to comprehend phenomena like planetary rings and comet tails etc. Scientists are
intrigued by presence of dust across space such as stream of particles moving around our solar
system, in order to improve our understanding of planet and earth formation and if there is the
possibility of life on other worlds [52, 53]. Due to the wide range of usage of dusty plasmas in
diverse fields, it is crucial to understand the basic properties of space plasma. The space is
composed by elements like hydrogen and helium, cosmic dust which is applicable for
interstellar space also and particles in this space is defined by interstellar medium [51]. This
medium primarily composed of hydrogen atoms and cosmic dust where the hydrogen atoms
are much smaller than cosmic dust. There are a lot of dust grains throughout our solar system,
including the sun and the planets that revolve around it. Lunar ejecta, anthropogenic pollution,
micrometeoroids and space debris are a few of the sources of these dust grains throughout the

solar system [54].
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Nebula Comet Hale Bopp Aurora Borealis

Figure 1.7: Picture illustrating Nebula NGC 604 in the Triangulum Galaxy M3 3
[http://upload. wikimedia. org]; Comet Hale Bopp[http://www.eurastro.de]; Northern lights
above Earth’s surface: the Aurora Borealis [http://orbitingfrog. com]

1.4.2 DUSTY PLASMA IN LABORATORY

The major differences between astrophysical and space dusty plasmas make laboratory
dusty plasmas unique from them. They are kept in enclosed, regulated environments that have
different structural, conductivity and thermal parameters that affect the behaviour of the dusty
plasma. Furthermore, the presence of external circuits in dusty plasmas creates diverse
boundary effects. The main goal of early studies was to reduce or stop dust particles from
coming into touch with surfaces in order to control contamination in plasma processing
reactors. This breakthrough opened up a broad spectrum of particle processing opportunities,
encompassing bulk alterations like melting and crystallisation and surface changes like coating

and etching and many others.
1.5 WAVES AND INSTABILITIES IN DUSTY PLASMAS

In both magnetized and unmagnetized dusty plasmas, different plasma oscillation modes
have been seen. To study these different modes, waves in plasma are categorized in two types
1.e., Electrostatic and Electromagnetic waves. These waves behave differently depending on
their own characteristics and parameters. Electrostatic waves (ESWs) are particularly
important in the context of dusty plasmas unlike electromagnetic waves because they are
primarily controlled by the charged dust grains, producing peculiar behaviours and events. The
dynamics and instability of dusty plasmas are strongly influenced by these waves, making them
an important aspect for study into these intricate systems. ESWs are often low frequency waves
having frequencies in the range from Hz to kHz because dust grains are massive which creates
a significant gap in the time scales between the dust particles and the background plasma.

ESWs are purely longitudinal in nature and the direction of propagation is parallel to the
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electric field i.e., KxE =0. Additionally, based on the oscillating species i.e., ions and

electrons, waves in plasmas can be further categorised. Electrons move more quickly in
plasmas than ions do, mainly because they have a much smaller mass and due to this the
electron thermal velocity is much larger than the ion thermal velocity resulting in larger
electron temperature as compared to ion temperature. With the supposition of stationary and
heavy ions, the electron mass affects modes associated to electrons. In contrast, ion mass affects
modes connected to ions with the supposition of massless electrons and the Boltzmann relation
characterises the redistribution of electrons. It's interesting to note that the Lower Hybrid mode
and the Gould-Trivelpiece mode both depend on ion and electron masses. Another way to group
several modes is according to the way they propagate which can be oblique, perpendicular and
parallel to the stationary magnetic field in a magnetized dusty plasma. Moreover, these waves
can be classified depending upon the collisionality of the dusty plasma i.e., collisionless and

collisional dusty plasmas. The following are the key differences in both the plasmas:

0,

¢ The interaction between dust grains and the charged particles increases due to the
collisions which exhibit less collective behaviour of the wave than the collisionless
plasma.

¢ Particle collisions enhance damping and energy loss during propagation of the waves
in magnetized dusty plasma as compared to collisionless dusty plasma.

¢ Collisional plasmas have stronger dampening effects due to which waves travel shorter
distances in plasma in comparison to collisionless plasma.

¢ Dust grains can participate in wave motion to a greater extent in collisionless plasmas

than in collisional plasma.

These variations demonstrate the significant influence of collisionality on wave behaviour in
dusty plasmas, emphasizing the necessity of studying both collisionless and collisional dusty

plasma.

The wave propagation and the behaviour of dusty plasma are strongly influenced by the above
aforementioned parameters. The different waves have diverse characteristics in magnetized
dusty plasma depending on their plasma parameters and dispersion relation. Some of the waves

and instabilities are briefly addressed in the section that follows.
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1.5.1. LOWER HYBRID WAVES (LHWjs)

The Lower Hybrid Waves are longitudinal oscillations of ions and electrons in a magnetized
plasma. The dominant properties of these oscillations (involving both electrons and ions) are
strongly electrostatic. The propagation direction of the wave should be exactly perpendicular

to the magnetic field. The oscillation frequency is expressed as follows

ci “ee pi

o= (040 )‘lm—?}_m, (1.10)

where @ and @, refers to the cyclotron frequency of ions and electron respectively; w,;

denotes the ion plasma frequency. This frequency is referred to as the lower hybrid frequency

due to the fact that it is a "hybrid" or blend of two separate frequencies.

In the field of plasma physics, LHWs are undoubtedly useful, especially in the context of
current driving in fusion studies [55]. These waves are capable of effectively transferring
energy to the ions and electrons that constitute a plasma. Due to this feature, the researchers
can control the energy deposited into the plasma, which can support and improve the plasma
current, by carefully regulating the parameters of LHWs. These conditions are essential for
maintaining the high temperatures and high pressures for nuclear fusion processes to take place.
A promising method for reaching and sustaining the plasma characteristics required for realistic
fusion energy production is lower hybrid current driving. LHWs can be driven by many
methods like 1on and electron beam and these waves are responsible for many linear and non-
linear phenomenon. The excitation and dispersion properties of LHWs have been the subject

of many experimentalists and theorists [56, 57].
1.5.2. ELECTROSTATIC ION CYCLOTRON WAVES (EICWs)

The Electrostatic Ion Cyclotron Waves are longitudinal oscillations of ions and
electrons in a magnetized plasma. The propagation direction of the wave should be nearly

perpendicular to the magnetic field. The dispersion relation is expressed as follows
o° = i +kAVZ, (1.11)
where @,; refers to the cyclotron frequency of ions and Vg refers to the ion sound speed.

EICWs are one of the fundamental modes when the plasma is magnetized. The EICWs has a

small but limited wave number along the field, allowing electrons travelling along the magnetic
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field to destabilize it. The EICWs is a field-aligned current-driven instability with one of the

lowest threshold drift velocities among current-driven instabilities [58]. In the field of dusty
plasma, EICWs play a key role in the investigation and management of dust particle dynamics,
which is essential for plasma processing and dust reduction in space environments.
Additionally, comprehending these waves can aid in constructing and enhancing experiments
and technologies dependent on plasma. EICWs have significance in comprehending cometary
tail dynamics and planetary ring formation in astronomical scenarios [59]. These waves are
excited by various methods and the dispersive properties of these waves has been a subject of

interest by many experimentalists and theorists [60, 61].
1.5.3. INSTABILITIES IN DUSTY PLASMA

The introduction of diverse free energy sources can cause dusty plasma to become
unstable that may be brought on by outside influences, pressure gradients, localization of
electric field, changes in dust charge, or the movement of electron or ion beams within the
plasma. In addition to these aspects, dusty plasma can also exhibit conventional hydrodynamic
instabilities including Inhomogeneous Energy Density Driven, Rayleigh Taylor, Kelvin
Helmholtz, and other parametric instabilities. Due to their importance in understanding
phenomenon including the solar wind, the magnetopause, the Earth's ionosphere, and fluid
dynamics, these instabilities have attracted a lot of interest. Understanding the mechanisms
governing the emergence of voids and increase or dampening of wave amplitudes detected in
laboratory and space plasmas, demands investigation into these instabilities and the dispersion
relationship with various plasma properties has been established by many researchers [2, 62,

63]. The next section provides an explanation of one of the instabilities.
1.5.3.1 INHOMOGENEOUS ENERGY DENSITY DRIVEN INSTABILITY (IEDDI)

The Inhomogeneous Energy Density Driven Instability was primarily suggested by
Ganguli et al. and relies on the nonlocal approximation [64, 65]. A flow of energy from one
region to another region can enable the mode to grow, giving rise to instability, which is referred
to as the [IEDDI [66]. This is the physical mechanism underlying the IEDDI. IEDD waves have

a wide frequency range that is close to the ion cyclotron frequency and typically propagate in
the E x B direction [67]. The parameter R =k,Vg (r)/K,Vy , the ratio of the azimuthal and axial
doppler shifts in cylindrical coordinates is the key parameter to determine which type of waves

exist in the system [67]. For R << 0.1, the electrostatic ion cyclotron waves are current-driven

(EIC Instability) [68]. For R >> 0.1, the EIC waves are driven by the transverse, localized, dc
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electric field (IEDDI) [66]. An IEDDI can explain a wide range of experiments in Earth’s

ionosphere and might be beneficial for other space applications [69, 70]

The aforementioned waves and instabilities can also be studied in the presence of transverse
direct current electric field. This electric field changes the dispersion characteristics of waves
and the wave behaviour can be studied with different plasma parameters. This expanded
understanding has applications in the domains of materials science, fusion research, and space
physics. Additionally, these waves and instabilities can be excited by employing electron or ion
beams. From fusion science to space plasma, it is essential to comprehend the physics of beam
plasma interactions. These systems have numerous uses, such as particle acceleration,

diagnostics and plasma heating.
1.6 BEAM PLASMA INTERACTION

The interaction of intense particle beams with dusty plasmas is a complex and fascinating
event from a scientific perspective. The kinetics of these interactions shed light on basic plasma
phenomenon and offer priceless information for a variety of uses, such as controlled fusion and

space exploration [71, 72].

A large number of oscillation modes can be produced within the plasma, and some of these
modes cause the amplitudes of these oscillations to be amplified at the expense of the energy
of the beam. The fundamental principle governing how beams and plasma interact is that as a
beam travel through plasma, if its frequency coincides with that of a wave, it converts its energy
into wave energy resulting in the growing wave. The core of this fascinating field of study is
underpinned by these beam-energy interactions, which demand that waves and particles
maintain phase matching for as long as possible. These interactions can occur via Cerenkov
and cyclotron interaction. The notion of employing electron or ion beam for the excitation of
the wave in the magnetospheric and ionospheric plasma was firstly discovered in 1970 and this
innovative concept took shape as the French-Soviet ARAKS project [73]. The beam is used as
a plasma mode radiating antenna in a number of experiments to examine ESWs produced by
electron or ion beams [74, 75]. A beam-plasma system is capable of supporting several plasma

modes due to momentum and energy conservation.
1.7 DIFFERENT APPROACHES TO STUDY WAVES AND INSTABILITIES

Numerous unique methods have been devised and used in the quest to understand the

complex nature of waves and instabilities in dusty plasma. These methods provide a different
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perspective on the behaviour of waves and have different dynamics respectively. This section

will examine a variety of methodologies, including Fluid Theory, Kinetic Theory, and Kappa
Distribution Theory, shedding light on the intricacy of wave investigations and instabilities in

the area of dusty plasma. Some of the approaches will also be briefly explored.
1.7.1 FLUID THEORY

The dynamics of waves in diverse plasma environments is examined using the basic
structure of fluid theory. It offers an insightful viewpoint on instabilities, wave propagation,
and the intricate interaction of particles and fields within plasma. Plasma is understood in fluid
theory as a continuous, macroscopic fluid having parameters involving density and velocity.
This theory is based on a set of macroscopic equations called the fluid equations, comprising
the equation of motion and continuity equation.

The equation of motion says
av e

m— =—eE—-=VxB, (1.12)
dt c

where Eand B are the electric and magnetic field; erefers to an electronic charge; V refers to

the particle velocity; m is the mass of the particle and

the Continuity Equation follows
on
—+V.(nv) =0, 1.13
5 V() (1.13)

where nrefers to the number density.

Both these equations contribute to the description of the behaviour of charged particles in

plasmas and will govern the dispersion relation between frequency and wave number.

The dispersion relation consists of two parts i.e., real frequency and imaginary part [76]. The

real frequency can be evaluated as

& (oK) =0. (1.14)

o=,

and the imaginary part as
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(1.15)

The appropriate dispersion relation comprises all the information on the wave mode's

propagation.
1.7.2 KINETIC THEORY

The kinetic theory is a different theory that is employed in analysis of the waves. Plasma
is understood in kinetic theory as a microscopic description of a plasma including the individual
motions and interactions of charged particles. The evolution of the distribution function of
charged particles in a plasma is described by the Vlasov equation, a key equation in kinetic

theory. The Vlasov Equation is as follows

i+(\7. A)f —E(E+

vxéjﬂzo, (1.16)
ot m

where f is the distribution function.

It is possible to study the behaviour of waves using both theories. When a simplified
explanation of plasma behaviour is adequate, fluid theory is used and when a more thorough

and precise comprehension of plasma behaviour is required, kinetic theory is necessary.

In comparison to fluid theory, kinetic theory provides a more efficient method for solving
analytical models as it deals with the interactions of an individual motion and provide in depth

understanding of the wave’s behaviour.
1.8  APPLICATIONS OF PLASMA

Across many different fields of technology and science, dusty plasmas, an intriguing
interdisciplinary area, has a broad spectrum of possibilities. These applications continue to

develop and have attracted considerable curiosity from researchers:
% Nuclear Fusion

The most demanding use of artificial plasma is to establish controlled thermonuclear
fusion, which has enormous potential for power production. The study of dusty plasma is
pertinent to nuclear fusion. With the help of high density plasma, we can achieve confinement

and the high temperature plasma [16].
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+» Industrial Plasma

Plasma processing is the most significant and essential application of industrial
plasmas. The best known use of it is in the manufacture of semiconductor gadgets for use in
electronics. Other significant uses include those in optics, polymers, bio-medicines, waste
management, vehicles, defence, solar energy, among other fields [47]. Surface treatment is a
persistent subject in numerous new and present applications. For these applications, plasma
enables the conception of novel goods that would be hard to produce using conventional
production techniques. Environmental concerns are crucial since plasma-based applications

produce relatively little industrial waste, which is beneficial for the environment.
% Dusty Plasma

In dusty plasma applications and research, plasma plays a very significant role. The
addition of dust grains in plasma changes the behaviour of waves. They are employed in many
different domains, including materials processing and astronomy. The study of phenomena like
dust clouds in space are made possible by plasma's assistance in controlling the dynamics and

charge of dust grains.

*

* Nanostructures

There are many implications for plasma technology in nanostructures, including carbon
nanotubes (CNTs) and graphene. CNTs can have their surfaces functionalized by plasma
treatment, which improves their ability to interact with polymers or various other substances
for creating composites. It is possible to precisely alter the electrical characteristics of graphene
via doping and plasma etching, which makes transistors, graphene-based sensors, and energy
storage devices possible. Significant tools for modifying nanostructure characteristics for a
range of materials science and electronics applications are provided by these plasma-based

methods.

The wide variety of applications including laser produced plasma, plasma processing of
materials, welding, medical science etc. as shown in Figure 1.8 emphasises the value of

exploring plasmas in both the laboratory and space.
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Figure 1.8: Diagram showing various applications of Plasma

1.9 ORGANIZATION OF THE THESIS

The objective of the thesis is deeply driven by the compelling interests of both experimental
and theoretical realms. The thesis is motivated to understand the modelling of electrostatic
waves in a magnetized dusty plasma. Our research is primarily focused on creating an
analytical model for LHWs, EICWs, and IEDDIs driven by different methods, as well as on
evaluating frequency and growth rate expressions with various plasma parameters and
observing the behaviour of waves and instabilities. By developing our analytical model, we
could better comprehend experimental results from many prominent groups of researchers. The
thesis is organized into seven chapters, each focused to an investigation of the physical

phenomena intrinsic to the waves and instabilities.

R/

¢ Chapter 1: The first chapter delve into the world of plasma and dusty plasma. We
provide the basic idea to these topics including information about how dust grains are
formed and how they get charged up. Additionally, we explore the electrostatic ion
cyclotron waves (EICWs), lower hybrid waves (LHWs) and the inhomogeneous energy
density driven instability (IEDDI) that can occur in a magnetized dusty plasma. This
chapter cover different mathematical approaches used to determine wave dispersion
equation. Furthermore, this chapter discusses beam plasma interaction and thoroughly

examines the applications of plasma.

24

Anshu, Delhi Technological University



Introduction E@ﬂ .

R/
L X4

Chapter 2: In this chapter, we have developed a theoretical model of Lower Hybrid
Waves (LHWs) driven by an electron beam using a kinetic treatment. The electron beam
propagates through a magnetized dusty plasma cylinder which consists of dust grains,
electrons, and positively charged potassium ions (K+). The dispersion relation of the
same has been developed. The dust grains impact has been discussed on the growth rate
of LHWs. The critical drift velocity for excitation of the mode is very essential to
understand the unstable mode. The current study has applications in plasma processing
of material experiments and has recently received significant attention for affecting the
current drive at a very high density.

Chapter 3: We have developed the theoretical model for the electrostatic ion-cyclotron
waves (EICWs) in the existence of a transverse direct current (dc) electric field in a
collisionless magnetized dusty plasma using the kinetic theory model in this chapter. It
is examined that the introduction of dc electric field in the presence of dust grains can
alter the dispersion properties of EIC waves. The developed model accounts for the
various plasma parameters like electron to ion temperature ratio, and finite gyroradius
parameter etc. Moreover, the critical drift velocity for the excitation of the mode with
negatively charged dust grains and electron to ion temperature ratio has been studied.
The impact of dust grains on the low-frequency waves has also been studied. The
present study suggests that after the addition of an electric field, the amplitude of the
wave increases. The present work has various applications in space and planetary
systems.

Chapter 4: After the analysis of the various plasma parameters on EIC waves in
collisionless plasma, this chapter broadens the study by developing the same theoretical
model in the collisional plasma for a more comprehensive understanding of the plasma
system. The effect of collisions in the occurrence of transverse dc electric field and
negatively charged dust grains has been explored using the kinetic theory. The
dispersion characteristics of EIC wave alters in the presence of collisions. Plasma
parameters such as finite gyro-radius, relative density ratio, magnetic field, dust density
and collisional frequency are all taken into account by our model to find out the impact
on EIC waves. In addition, the critical drift velocity is studied for the unstable mode.
The collisional effects of the particles with various plasma parameters, i.e., gyro-radius,
temperature etc. on an EIC wave have been examined. It has been found that the effect
of an electron collision destabilizes and is vital for the EIC wave excitation whereas the

effect of an ion collision stabilizes the wave. Additionally, the influence of dust particles

25

Anshu, Delhi Technological University



Introduction E@ﬂ .

X/
°e

K/

was explored. The present study observed that the wave amplitude was lower in
collisional plasma than in collisionless plasma. The present study can be applied in
various fields, from astrophysics and space physics to laboratory plasma research.
Chapter 5: After studying the effect of collisions on EICWs in a magnetized dusty
plasma, in this chapter, we have developed an analytical model in the collisional plasma
driven by an ion beam in the presence of a dc electric field using the kinetic treatment.
An ion beam parallel to the magnetic field is seen to be the source of ion cyclotron
instability with dust particles in a collisional magnetized plasma. The dispersion
relation of instability is significantly changed by the interaction of ion beams in a
collisional magnetized dusty plasma, relying on properties of the dust grains, beam, and
plasma parameters via kinetic theory. The collisional effects of the particles and
temperature analysis with various plasma parameters have been examined.
Additionally, the influence of dust particles was explored. The observed instability may
be related to a bounded dusty plasma system and could be useful in space plasma
physics.

Chapter 6: Previously, all theoretical model was developed using the kinetic treatment
approach but, in this chapter, we have developed an analytical model of inhomogeneous
energy density driven instability (IEDDI) while incorporating the effect of dust particles
in a collisional magnetized plasma cylinder using the fluid theory. The localization of
the electric field gives rise to IEDDI. Plasma parameters such as relative density ratio,
dust density and size are all taken into account to find out the impact on IEDDI. The
paper conducted a comparison of the existence and non-existence of dust grains and
analyzed their effect on different plasma parameters. The findings revealed that the
introduction of dust grains changes the properties of instability and their effect on
various parameter. The response of dust grains number density and dust grain size on
IEDDI was evaluated. Further, the effects of an electric field on IEDDI were also
examined. The present study can explain a wide range of experiments in Earth’s
ionosphere, and might be beneficial for other space applications. Kinetic theory offers
a more effective approach for solving analytical models compared to fluid theory.
Chapter 7: This last chapter provides an overview of the results of the thesis work.

Furthermore, the future scope of this work was also been included.

26

Anshu, Delhi Technological University



Introduction E@ﬂ .

REFERENCES

[1] A. Bouchoule, Dusty Plasmas: Physics, Chemistry and Technological Impacts in Plasma
Processing Wiley 77, (1999).

[2] A.A. Mamun, P.K. Shukla, Physica Scripta 2002, 107 (2002).

[3] H. Tanaka, M. Mizuno, K. Ishikawa, S. Toyokuni, H. Kajiyama, F. Kikkawa, M. Hori,
Physics of Plasmas 1, 150 (2018).

[4] S.A. Mir, M.A. Shah, M.M. Mir, Food and Bioprocess Technology 9, 734 (2016).

[5] R. Hong, Z. Yang, G. Niu, G. Luo, Plasma Science and Technology 15, 318 (2013).

[6] S. Lee, T.Y. Tou, S.P. Moo, M.A. Eissa, A.V. Gholap, K.H. Kwek, S. Mulyodrono, A.J.
Smith, Suryadi, W. Usada, American Journal of Physics 56, 62 (1988).

[7] W. Crookes, Philosophical Transactions of the Royal Society of London 170, 135 (1879).
[8] I. Langmuir, Physical Review 33, 195 (1929).

[9] F.F. Chen, Introduction to Plasma Physics, Springer Science and Bussiness Media, (2012).
[10] J.A. Bittencourt, Fundamentals of Plasma Physics, Springer- Verlag (2004).

[11] L. Spitzer Jr, Journal of the Royal Astronomical Society of Canada 72, 349 (1978).

[12] B.A. Smith, L. Soderblom, R. Beebe, J. Boyce, G. Briggs, A. Bunker, S.A. Collins, C.J.
Hansen, T.V. Johnson, J.L. Mitchell, Science 212, 163 (1981).

[13] B.A. Smith, L. Soderblom, R. Batson, P. Bridges, J.A.Y. Inge, H. Masursky, E. Shoemaker,
R. Beebe, J. Boyce, G. Briggs, Science 215, 504 (1982).

[14] G.S. Selwyn, J. Singh, R.S. Bennett, Journal of Vacuum Science & Technology A 7, 2758
(1989).

[15] J.Y.N. Cho, M.C. Kelley, Reviews of Geophysics 31, 243 (1993).

[16] J. Winter, Plasma Physics and Controlled Fusion 46, B583 (2004).

[17]J. Winter, Physics of Plasmas 7, 3862 (2000).

[18] S. Ichimaru, Reviews of Modern Physics 54, 1017 (1982).

[19] J.H. Chu, J.-B. Du, 1. Lin, Journal of Physics D: Applied Physics 27, 296 (1994).

[20] Y. Hayashi, K. Tachibana, Jpn. J. Appl. Phys., Part 2, 1.804 (1994).

[21] A. Melzer, T. Trottenberg, A. Piel, Physics Letters A 191, 301 (1994).

[22] R.L. Merlino, J.A. Goree, Physics Today 57, 32 (2004).

[23] O. Ishihara, Journal of Physics D: Applied Physics 40, R121 (2007).

[24] F.F. Chen, Introduction to Plasma Physics and Controlled Fusion, Springer (1984).

[25] P.K. Shukla, A.A. Mamun, Introduction to Dusty Plasma Physics, CRC Press (2015).
[26] L. Boufendi, A. Bouchoule, Plasma Sources Science and Technology 3, 262 (1994).

27

Anshu, Delhi Technological University



Introduction E@ﬂ .

[27] W. Xu, B. Song, R.L. Merlino, N. D’Angelo, Review of Scientific Instruments 63, 5266
(1992).
[28] R.L. Merlino, Plasma Physics Applied S, 73 (2006).
[29] J.H. Chu, L. Lin, Physical Review Letters 72, 4009 (1994).
[30] E. Thomas Jr, M. Watson, Physics of Plasmas 7, 3194 (2000).
[31] E. Thomas, U. Konopka, D. Artis, B. Lynch, S. Leblanc, S. Adams, R.L. Merlino, M.
Rosenberg, Journal of Plasma Physics 81, 345810206 (2015).
[32] A. Barkan, N. D'Angelo, R.L. Merlino, Physical Review Letters 73, 3093 (1994).
[33] E.C. Whipple, T.G. Northrop, D.A. Mendis, Journal of Geophysical Research: Space
Physics 90, 7405 (1985).
[34] M.R. Jana, A. Sen, P.K. Kaw, Physical Review E 48, 3930 (1993).
[35] S.V. Vladimirov, Physics of Plasmas 1, 2762 (1994).
[36] C. Cui, J. Goree, IEEE Transactions on Plasma Science 22, 151 (1994).
[37] B. Tian, Y.-T. Gao, The European Physical Journal D-Atomic, Molecular, Optical and
Plasma Physics 33, 59 (2005).
[38] R. Bharuthram, P.K. Shukla, Planetary and Space Science 40, 973 (1992).
[39] P.K. Shukla, Astrophysics and Space Science 264, 235 (1998).
[40] L.F. Ziebell, R.d.S. Schneider, M.C. de Juli, R. Gaelzer, Brazilian Journal of Physics 38,
297 (2008).
[41] D.A. Mendis, M. Rosenberg, Annual Review of Astronomy and Astrophysics 32, 419
(1994).
[42] N.N. Rao, P.K. Shukla, M.Y. Yu, Planetary and Space Science 38, 543 (1990).
[43] Z. Donko, J. Goree, P. Hartmann, B. Liu, Physical Review E 79, 026401 (2009).
[44] Z. Donkd, P. Hartmann, Physical Review E 69, 016405 (2004).
[45]J. Ashwin, A. Sen, Physical Review Letters 114, 055002 (2015).
]
]

[46] W.-T. Juan, 1. Lin, Physical Review Letters 80,3073 (1998).

[47] R.L. Merlino, Plasma Physics Applied 81, 73 (2006).

[48] M. Cavarroc, M. Mikikian, G. Perrier, L. Boufendi, Applied Physics Letters 89, 013107
(2006).

[49] M. Rosenberg, D.P. Sheehan, P.K. Shukla, /EEE Transactions on Plasma Science 34, 490
(2006).

[50] O. Havnes, L.I. Naesheim, T.W. Hartquist, G.E. Morfill, F. Melandse, B. Schleicher, J.
Treim, T. Blix, E. Thrane, Planetary and Space Science 44, 1191 (1996).

[51] U. De Angelis, Physica Scripta 45, 465 (1992).
28

Anshu, Delhi Technological University




Introduction E@ﬂ .

[52] C.K. Goertz, G. Morfill, Icarus 53,219 (1983).

[53] C.A. McGhee, R.G. French, L. Dones, J.N. Cuzzi, H.J. Salo, R. Danos, Icarus 173, 508
(2005).

[54] D.A. Mendis, Plasma Sources Science and Technology 11, A219 (2002).

[55] G.T. Hoang, A. Bécoulet, J. Jacquinot, J.F. Artaud, Y.S. Bae, B. Beaumont, J.H. Belo, G.
Berger-By, J.P.S. Bizarro, P. Bonoli, Nuclear Fusion 49, 075001 (2009).

[56] K. Papadopoulos, P. Palmadesso, Naval Research Laboratory Report (1975).

[57] A. Varma, A. Kumar, Optik 231, 166326 (2021).

[58] G. Ganguli, Y.C. Lee, P.K. Chaturvedi, P.J. Palmadesso, S.L. Ossakow, D.C. Naval
Research Lab Washington, Naval Research Lab, Washington DC (1988).

[59] M.K. Dougherty, N. Achilleos, N. Andre, C.S. Arridge, A. Balogh, C. Bertucci, M.E.
Burton, S.W.H. Cowley, G. Erdos, G. Giampieri, Science 307, 1266 (2005).

[60] A. Barkan, N. D'Angelo, R.L. Merlino, Planetary and Space Science 43, 905 (1995).
[61] S.C. Sharma, J. Sharma, Physics of Plasmas 17, 043704 (2010).

[62] F. Verheest, Space Science Reviews 77,267 (1996).

[63] M.E. Koepke, W.E. Amatucci, J.J. Carroll lii, V. Gavrishchaka, G. Ganguli, Physics of
Plasmas 2, 2523 (1995).

[64] G. Ganguli, Y.C. Lee, P.J. Palmadesso, The Physics of Fluids 31, 823 (1988).

[65] G. Ganguli, P. Palmadesso, Y.C. Lee, Geophysical Research Letters 12, 643 (1985).

[66] M.E. Koepke, J.J. Carroll Iii, M.W. Zintl, C.A. Selcher, V. Gavrishchaka, Physical Review
Letters 80, 1441 (1998).

[67] M.E. Koepke, W.E. Amatucci, J.J. Carroll Iii, T.E. Sheridan, Physical Review Letters 72,
3355 (1994).

[68] M.E. Koepke, W.E. Amatucci, /IEEE Transactions on Plasma Science 20, 631 (1992).
[69] A.A. Chernyshov, A. Spicher, A.A. Ilyasov, W.J. Miloch, L.B.N. Clausen, Y. Saito, Y. Jin,
J.I. Moen, Physics of Plasmas 25, 042902 (2018).

[70] A.M. DuBois, E. Thomas Jr, W.E. Amatucci, G. Ganguli, Journal of Geophysical
Research: Space Physics 119, 5624 (2014).

[71] N.J. Sircombe, R. Bingham, M. Sherlock, T. Mendonga, P. Norreys, Plasma Physics and
Controlled Fusion 50, 065005 (2008).

[72] D.N. Gupta, A.K. Sharma, Laser and Particle Beams 22, 89 (2004).

[73]J. Lavergnat, R. Pellat, Journal of Geophysical Research: Space Physics 84, 7223 (1979).
[74] S.C. Sharma, M.P. Srivastava, M. Sugawa, V.K. Tripathi, Physics of Plasmas S, 3161
(1998).

29

Anshu, Delhi Technological University



Introduction E ﬂﬂ .

[75] N. Nuwal, 1.D. Kaganovich, D.A. Levin, Physics of Plasmas 29, 100702 (2022).
[76] N.A. Krall, A.W. Trivelpiece, R.A. Gross, American Journal of Physics 41, 1380 (1973).

30

Anshu, Delhi Technological University



Kinetic treatment of lower hybrid waves excitation
in a magnetized dusty plasma by electron beam
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. Ions O Electrons ODust Grains

Interaction of electron beam with plasma system

In this chapter, the theoretical model of electrostatic Lower Hybrid Waves (LHWs) has been
investigated using a kinetic treatment involving an electron beam. This electron beam
propagates through a magnetized dusty plasma cylinder that consists of dust grains, electrons,
and positively charged potassium ions (K+). The excitation of LHWs via Cerenkov interaction
is driven to instability. The population of charged dust particles affects the growth rate of LHWs
in a plasma that has been stimulated by an electron beam, and a dispersion relation has been
developed. The dust grain particles impact has been discussed on the growth rate of LHWs.

Furthermore, the critical drift velocity for excitation of the mode is derived.
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2.1 INTRODUCTION

In the captivating realm of beam plasma systems [1,2], a multitude of waves and
instabilities exist such as upper hybrid waves [3], ion-cyclotron waves [4], and two-stream
instabilities [S] but amongst them, the lower hybrid waves (LHWSs) [6] are one of the most
prevalent waves. For the last several years, there has been a significant surge of interest in
studying quasi-static LHWSs. The linear theory of excitation of electrostatic LHWs without
charged dust grains by electron beams in plasma has been studied by Papadopoulos and
Palmadesso [7]. Lower hybrid waves are electrostatic low-frequency plasma waves due to the
longitudinal oscillation of ions in a magnetized plasma. LHWs have been observed in a few
experimental and theoretical studies [8,9,10,11,12,13,14,15] by utilizing an ion and a beam of
electrons. Thus, these waves are valuable in plasma warming devices to a high degree. Chang
[9] had experimentally observed that the maximum growth rate of LHWs was achieved when
the phase velocity, together with the magnetic field, was practically identical to the thermal
velocity of the electrons. Prakash et al. [10] studied LHWSs driven by an electron beam in dusty
plasma using the fluid treatment and examined the reliance of the growth rate on the beam
velocity. Sharma et al. [11] demonstrated the LHWSs excitation in a negative ion plasma via a
gyrating ion beam. They observed that the growth rate of negative and positive ion modes, i.e.,

unstable modes, augments with the relative density ratio of negative ions.

The dust grain charge fluctuations have a significant impact on the growth and damping of the
wave [16,17,18]. Lately, extensive work has been done regarding waves and gained a lot of
enthusiasm for different waves and instabilities in dusty plasma [19]. A few wave modes have
been considered tentatively and analytically, starting with the Bliokh and Yarashenko [20] work
by handling waves in Saturn’s rings in dusty plasma. Seiler and Yamada [21] have studied the
lower hybrid wave instability in a linear Princeton Q-1 device by a spiralling ion beam and
reported the results. Barkan et al. [22] have proclaimed exploratory outcomes in a dusty plasma
on the current driven Electrostatic Ion Cyclotron (EIC) instability. They reported that the
growth rate of the instability was improved in the presence of negatively charged dust grains.
Song et al. [23] studied the current-driven EIC instability in negative ion plasmas and found
that for the excitation of the wave in a Q-machine, with the increase in the ratio of negative to
positive ion density, the critical drift velocity of the electron decreased. The instability growth

rate augments with the beam density, as observed by Gupta et al. [24].
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Dust grains can acquire charge through various methods, such as energetic ion sputtering,
plasma currents, photoelectric effects, auxiliary electron outflow, and other techniques
commonly employed in laboratory settings [25]. They are often negatively charged; however,
the smaller grains might be positively charged. The presence of charged dust grains in close
proximity significantly impacts the properties of the surrounding plasma. D’ Angelo [26]
investigated the dispersion relation for inhomogeneous dusty plasma immersed in a uniform
and steady magnetic field for low-frequency electrostatic waves. Within sight of charged dust
grains that are negative, D’ Angelo found that the frequency modes increase in a definite
proportion to the density ratio of negatively and positively charged ions. The principal
distinction of multi-component plasmas from dusty plasmas is that the charges in the dust are
not settled but rather preferably controlled by the parameters of plasma in their environment.
Here, this impact is considered to define the general active approach [27] for all types of dusty
plasma. Chow and Rosenberg [28] observed that the critical drift velocity is reduced for the
wave excitation as the relative dust concentration increases, indicating that the wave mode is
further destabilized in a negatively charged dusty plasma. Sharma and Sugawa [29] have
examined that with the increase in the relative density of negatively charged dust grains, the
growth rate and frequency of wave instability increase. Merlino et al. [30] have examined
analytically and experimentally the negatively charged dust grains' effect on electrostatic waves

of low frequency in a dusty plasma.

In recent years, a kinetic treatment [31] of dusty plasmas has emerged, encompassing the
crucial aspect of dust particles absorbing plasma constituents, namely ions and electrons. More
recently, Sharma et al. [32] developed a model based on the impact of dust charge fluctuations
by relativistic runaway electrons in a tokamak on the parametric decay of lower hybrid wave
instability using kinetic theory. They studied the impact of dust charge fluctuations on LHWs
instabilities growth rate. Anshu et al. [33] studied the correlation between the growth rate and
relative density ratio using the kinetic theory model by the relativistic electron beam on lower
hybrid waves. They showed that when the relative density ratio increases, so does the rate of

growth increase.

In this present work, the excitation of LHWs is studied via the kinetic theory model by an
electron beam in a magnetized dusty plasma. The distribution function of dust is taken to be
Maxwellian, as it appears to be a steady arrangement of the present kinetic theory model. Using

the Vlasov theory approach [34], the response of the beam electrons has been obtained.
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Electrostatic LHWs are driven to instability via Cerenkov interaction by a magnetized dusty
plasma interacting with the electron beam. In Section 2.2, the instability of LHWSs has been
examined, and the outcome of the current work is explained in Section 2.3. Section 2.4

summarizes the conclusion.
2.2 INSTABILITY ANALYSIS

We consider a system filled with plasma that contains electrons and ions with initial

densities ng and nio , respectively, in the existence of an externally applied static magnetic field

in the z-direction. Negatively charged dust grains of density ng are introduced into the system.

We examine a lower hybrid low-frequency wave travelling in the x-z plane, which lies firmly

perpendicular to the applied magnetic field. An electron beam propagates in the z-direction
with an initial velocity as v, Z and an initial beam density as ng .A small amplitude perturbed

electrostatic potential ¢ is given by

¢ = ¢y expl-i(at-kx)], 2.1

where (co, K ) are the frequency and wave vector, and ¢, is the amplitude of the unperturbed

electrostatic potential of the lower hybrid wave.

The perturbed density can be evaluated using the Vlasov equation as

oF >l rv o . E 0
_+ - +_. - = 2.2
ot i [rl f or; g J ’ 22

J

where F is the distribution function, f is the interacting force, r is phase space and fj is the

time derivative of phase space of a single particle and f =ma, where m and a are the mass and

acceleration of the particle, respectively. The expansion of the distribution function of the

electron about the equilibrium is as follows F = f,+ f_,, where f; is the equilibrium

md

distribution function and

@t I m? —uof + p?/2m
foo = s exp(~ A TRy (2.3)
TV, e
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. . e . B
is the perturbed Maxwellian distribution function, @ (:— denotes the cyclotron

e

frequency of the electron, the mass of the electron is me, the speed of light is c, e is an electronic

2T

charge, p refers to the axial momentum, V{ [: #] denotes the thermal velocity of the

e
eZ
t

m.v
electron, T, defines electron temperature, g, {: =t

200°

J is the electron magnetic moment.
C

The density perturbation term is evaluated as
me 30
n="% i, d%V. (2.4)
a)C

Equation (2.4) can be simplified by substituting the expression of f . from Eq. (2.3), and the
md

density perturbation term for electrons and ions can be evaluated as

0 e

n, =100 A 57 @M%y yexp(-u,)]. @.5)
Te |Vte n IVte
ey & e

n, =Wy A 574Ny (4 Yexp(-u)]. 2.6)
Ti k,Vt n k, t

Now, the density perturbation term for the beam is as follows

-no “k.v,
L chyz(? ANy w)ep(w), @7

o : : i(_eBy ). .
where ng : n? , ng is the initial electron, ion and beam density, @] [: m—gJ is the ion cyclotron
i

frequency, ion mass is mj, I, is the modified Bessel’s function, Z denotes the dispersion function

of plasma, a)cb [: ;—BE’J denotes the beam cyclotron frequency, my is the beam mass, (T, ,Vti)
b

denotes ion temperature and thermal velocity. (T, ,th ) indicates beam temperature and thermal

velocity, respectively.
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Now, the density perturbation term for dust is given as

0MO0 d
g = ”de¢ L+ B 2N () expl-u, )]

1%t

QB

Here the dust is taken to be unmagnetized, i.e., a)cd [: c
d

] =0, where ®] denotes the dust

cyclotron frequency, QJ ( —Z e) refers to the charge of dust grains, Z; is the dust charge
state, My is dust grain mass, 1.e., My =10% m, .where m, is the mass of a proton, T, refers to

the temperature of a dust grain, V? is the dust grain thermal velocity. For simplicity, we have

takenn=1. As we can see that the dust cyclotron frequency varies inversely with the dust grain

mass, it becomes negligible and significantly small. Now, the dust density perturbation term

becomes
nOQO¢
ng =—="[1 z : 2.
1d Td [+k d%" (k d)] ( 8)
Substituting Egs. (2.5) - (2.8) in Poisson's Equation
V2 =4x| en, —eny +Qfnyy +eny, |. (2.9)

the linear dispersion relation for the electrostatic mode with beam and dust grains is obtained

as =1+ +x+2+ X (2.10)

where y refers to the susceptibilities. Further, Eq. (2.10) can be simplified as

2%
=1+ 114+ YD sz 2 (u)e
“ { ke % [kveJ () }

1t

20" new'
+ b Z| 21D |y yeu
k,2vt'2{ kv m PRV [ kv, J () }

1t

2%
+ 2% 114 D 7| D
k2va? { kv ; LklvfI H

b? _
N 260p {1_'_ 2 *szb ZZ La)l szb Jln(ub)eubj|’

b b

2.11)
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p
m, m,

4rne?) o _4Aznle?) o Aznle’
where a)(l;2 (2 me L@ | = ' 0 | = b denotes the plasma frequency

e

2
. . d2 47Z'ngQg
of electron, ion and beam responses, respectively, and @, | =———"—

denotes the dust
My

k,v#

. . “nw!
plasma frequency. For finding the solution of Eq. (2.11), we assume [a)'—c =¢ J, where
t

b:d,a(e,i and b),for dust, electron, ion and beam responses, respectively. Using the

expression of plasma dispersion function Z (f ) from the kinetic theory [35], we obtain

Z(é):—%—z%ﬂ+ ...... +ivre if &£>>1.

or

z(§)=—2§+§§3+ ......... +ivze s ifE<<l,

where higher-order terms are neglected. And using conditions vtd << % << vti , Eq. (2.11) can
|

be solved to yield the growth rate and real frequency expression as follows

, N 2 P2
- Bret {Iﬁ(ub)e‘zub(X2+167ze25 J+(1-21, (u,)e x)} | om
(241, (up)e™ X )

X = % R I i V'Y
(o -k, )x0.8x5 @ -l e kW

where

{Inz (ub)eizub (X 2 +167z'e—2§2 )+(1_2| (Ub)e*“b X )}1/2 N /2
" a)g n (2.13)

(L+1,(uy)e X))

The phase velocity is as follows
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v2 M2

{12 (uy)e ™ (X2 +16me )+ (1-21, (u)e X )|+

3
(141, (u,)e X))

= — , 2.14
Vph kl k| ( )

Equating the growth rate Eq. (2.12) equal to zero, i.e.,I' =0 equates to stability and describes

the critical drift velocity Uy as

—2&2
WL]. 2.15)

Uy = Iog[ 1%

2.3 RESULTS AND DISCUSSION

In this chapter, the analytical model has been developed to study the excitation of LHWs
in a magnetized plasma cylinder with negatively charged dust grains by kinetic treatment with
an electron beam. The developed model aims to analyse the relationship between various
plasma parameters, i.e., real frequency, growth rate etc. The effect of the dust grain size, critical
drift velocity and relative density ratio on the wave is studied. The equations that hold
accountable for LHWs in Section 2.2 are used to calculate the real frequency and growth rate

for the same. In the present calculations, typical dusty plasma parameters have been used.
Using the following parameters, i.e., plasma density of ion I’li0 =1x10° cm??, plasma density
of electron NJ =(1x10°- 0.2x10°) cm™3, guide magnetic field B, =5%10* gauss, ion mass

m? = 39x m, (Potassium-plasma), where m, =1.67x10% grams, the electron mass

me:9.1><10‘28 grams, ion temperature Ti =0.2 eV, the temperature of the electron
T,=0.2 eV, the density of the electron beam Ny =10° cm?, density of the dust grains

ng =5x10* cm, dust grain mass M, =10'2m_, and size of the dust grains @="5x%10 cm,

p’

KgT,

€

ion sound speed C, = , Kgis the Boltzmann constant. We have plotted the various

graphs.
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0 0.005 0.010 0.015 0.020 0.025
k(cm)

Figure 2.1: Dispersion curve in a magnetized dusty plasma of lower hybrid waves.

In Figure 2.1, the dispersion curve for LHWs has been plotted using Eq. (2.11) for the
parameters mentioned above of lower hybrid beam plasma instability. The graph portrays the
linear relationship between wavenumber k (cm™) and the normalized frequency of LHWs,

signifying that they are dependent on each other.

0.5}
o]
S 03l
=~ 0af
0.1}
OOE d c

A
3
th L

U 3
3(=n{ /n?)

Figure 2.2: Normalized growth rate variation with o (: n’ / ng’ )for the varying value of dust

grain size i.e., (a) a=2 um, (b) a=4 pm, (¢c) a=6 pm and (d) a= 8 um.
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Figure 2.2 depicts the normalized growth rate variation with a relative density ratio of

negatively charged dust grains & (= nio / ng ) for different values of dust grain size, (a) a =2

um, (b)a=4 um, (c) a =6 pm, (d) a =8 pm. It is observed from Figure 2. 2 that the value of
growth rate is more significant at the lower value of dust grain size. Because of the small dust
grain size, the electron density will increase, which further enhances the growth rate. As we
augment the density ratio, the rate of growth also increases. Growth rate of LHWs instability

in the existence of dust charge stabilizes more as the size of the dust grain increases with

o (: ni" / I’I,(eJ ) . The rate of growth gradually decreases as the size of the dust grain augment and

the curve flattens. Moreover, it can also be observed that the normalized rate of growth of
LHWs upsurges by a factor of~1.75, with the variation of § from 1 to 3 and by a factor of~2.04
with the variation of 6 from 1 to 4. Hence, the obtained result is in line with the theoretical

observations of Sharma and Walia [36].

l
I'/ o,
e =
P
e (=
e

=

e

[ $% ]
—r T

0.40¢

0.38f
0.0 0.2 0.4 0.6 0.8 1.0

o,/ o}

Figure 2.3: Normalized growth rate variation with the normalized frequency of the lower

hybrid wave.

We have drawn the graph of normalized growth rate versus normalized frequency @, / a)(': of

LHWs in Figure 2.3 for the same parameters as plotted in Figures 2.1 and 2.2. This graph shows
that the normalized growth rate and frequency of LHWs are inversely proportional to each

other. With an increase in frequency, the critical drift increases for the excitation of mode and
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hence the growth rate decreases. When the frequency of LHWs is more, the growth rate of the

wave 1s more stable.

[
th

1.0

o,/ 0!
<
th

0.0

a(pm)

Figure 2.4: The normalized frequency variation with the dust grain size for different relative

density ratio 5(=n°/n? ) ,ie., (a) =6, (b)5=4, (c)5=2,(d) 5 =1.
y i /e

In Figure 2.4, the normalized lower hybrid wave frequency variation with the dust grain size
of negatively charged dust grains for different relative density ratio (a) d =6, (b) d=4, (c) 6 =

2,(d) d=1, 1s shown. As we can see

0N 0?
o {: M} 2.16)

p md

3

where mq = density x volume, and volume Z%na , where a is the radius of the dust grains.

Here, we assume that the dust grains are spherical. By putting the expression of mass (mgq) in

Eq. (2.16), we can say that frequency scales to 3/2 power of dust grain size, i.e.,

3n9QY"
density

. From this, we can conclude that as the dust grain size increases,

the frequency of the LHWs decreases. As the size of the dust grain increases, volume increases,

and hence more electrons will stick to the dust grains. As a result, electron density decreases
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sharply, and consequently, wave frequency decreases. Further, with the increase of

) (: n°/n? ), the frequency augments.

x 104

R L oA
(—] tn (—]
IS B A
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U/ C

O e e (3% T
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o ¢
e

3(=n?/n2)

Figure 2.5: The normalized critical drift velocity variation with the relative density ratio

s(=n’/ng).

The normalized critical drift velocity versus relative density ratio o (= ni° / nfj )graph is

portrayed in Figure 2.5. From Figure 2.5, we have inferred that with the increase in relative
density ratio, the critical drift velocity decreases and can be seen from Eq. (2.15) also. From
Figure 2.5, we can say that as 6 changes from 4 to 1, the critical drift velocity increases by
about 2.97%. Hence, we can say that it is stabilising the growth rate of the wave. Foro > 2, the

rate of critical drift decreases at a very slow rate.

Figure 2.6 depicts the normalized phase velocity graph of negatively charged dust grains with

respect to the relative density ratio & (: n’/n? ) The & (= n°/n? ) variation from 1 to 5 is

shown. In the presence of negatively charged dust grains of LHWs, the phase velocity augments
with the relative density ratio. This is because, with the increase in electron density, the real
frequency increases, which in turn, increases the phase velocity of the waves. From Figure 2.6,
it is clear that as the O value increases, the phase velocity of the wave also increases. This is

because the space occupied by electrons on the dust grains becomes large.
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Figure 2.6: Normalized phase velocity V

s(=n?/ng )

ph as a function of relative density ratio

I' o/

&(=n} /n?

Figure 2.7: Normalized growth rate graph is plotted versus & (= n? / n? ) for different beam

velocities Vi, i.e., (a) Vi =10x10°%cm/sec, (b) V) =8x10%cm/sec , (c) Vi =5.2x10%cm/sec

and (d) Vi =2x10%cm/sec.
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Figure 2.7 depicts the normalized growth rate variation with the relative density ratio

) (: n°/n? ) for varying values of beam velocities V{ , i.e., (a) Vi =10x10%m/sec,

(b) Vp=8x10fcm/sec, (c) Vp=5.2x10°cm/sec and (d)Vj=2x10%cm/sec. As we
observed, the growth rate of LHWs augments with the velocity of the beam, i.e., beam electrons
give energy to the waves, and the wave is growing. As the velocity of the beam augments, the
maximum value of the growth rate increases. It is observed that the wave frequency of LHWs
increases when the beam velocity and relative density ratio are increased. It can be observed
that the normalized growth rate of unstable wave upsurges by a factor of~1.68, with a variation

of 6 from 1 to 3 and by a factor of~1.93, with the variation of d from 1 to 4. Our results are in

line with Prakash et al. [6].

I' o/

0.00 0.02 0.04 0.06 0.08 0.10
n, /n,°

Figure 2.8: The normalized growth rate variation with the beam density.

Figure 2.8 depicts the growth rate of LHWSs with respect to beam density. We can conclude
that as beam density increases, so does the wave's growth rate. The rate of growth is determined
by the square root of the beam’s density, as shown by Eq. (2.12). Our theoretical findings are
consistent with R.P.H. Chang [9] of experimental observations.

2.4 CONCLUSION

In magnetized dusty plasma, the LHWs excitation has been examined by electron beam

using the kinetic treatment. The electrostatic LHWs via Cerenkov interaction are driven to
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instability. The outcomes of this work with different plasma parameters were compared and
discussed. In magnetized dusty plasma, we investigated the impact of dust grain size on the
growth rate and excitation of LHWSs. The rate of growth of LHWs augments with the relative
density ratio. The growth rate of LHWs increases significantly with a higher population of dust
grains. Our growth rate findings are consistent with Sharma et al. [36] theoretical results and
Chang [9] experimental observations. The critical drift velocity for mode excitation decreases
as the relative density ratio of dust grains increases, resulting in an increase in the phase
velocity. Furthermore, it was shown that the growth rate of the unstable mode is proportional
to the one-half power of the density of the beam and increases with beam density. LHWs
instability driven by an electron beam in plasma processing of material experiments [37] can
alter the plasma-surface interactions. Furthermore, in the plasma processing of materials

[38,39,40], nano-sized dust particles can be incorporated.

Very few studies have been made so far to derive the relationship among various parameters
such as growth rate, frequency and size of dust grains particles etc., using kinetic treatment.
This work may serve as a foundation for future studies, where experimentalists and theorists
are likely to draw inspiration from its findings. LHWs can be studied in tokamak plasmas [41],
lunar dusty plasma [42] and has recently received significant attention for affecting the current

drive at a very high density [43].
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In the existence of a transverse dc electric field,
the kinetic theory of current-driven EIC waves
excitation in a magnetized dusty plasma
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Interaction of wave with plasma system

In this chapter, the theoretical model for the Electrostatic lon Cyclotron Waves (EICWs) in the
existence of a transverse direct current (dc) electric field in a collisionless magnetized dusty
plasma has been investigated using the kinetic theory model. It is examined that after
incorporation of a dc electric field in the presence of dust grains can alter the dispersion
properties of EICWs in a magnetized dusty plasma. Our model developed accounts for the
critical drift velocity, electron to ion temperature ratio, magnetic field, the number density of
dust grains, relative density of negatively charged dust grains, and finite gyroradius parameter.
Moreover, the critical drift velocity for the excitation of the mode and the impact of dust grains

on the low-frequency waves have been studied.
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3.1 INTRODUCTION

The most prevalent state of matter in the cosmos is plasma, with dust being another
widespread occurrence. As a result, it's not astonishing that a study of "dusty plasmas" [1-8] is
recommended in several astrophysical settings [9-11]. Dust can be observed in the earth's
atmosphere and planetary magnetosphere, such as Saturn's ring detected by Voyager spacecraft
[12], industry [13-16] and laboratories [3, 7, 15, 17, 18]. Because of the existence of dust in a
plasma environment, the dust is electrically charged [19, 20], thereby affecting the overall
charge neutrality condition. Properties of plasma and wave behaviours are modified after the
addition of dust and result in additional wave modes [21-24]. Waves in dusty plasmas have
been theoretically investigated for over an era [1, 22, 24-28]. These waves have been briefly
examined by Goertz [25], who refers to previous work by Papadopoulos and Palmadesso [26].
They studied the excitation by electron beams in plasma on the lower hybrid waves.
Electrostatic waves in Saturn's rings were studied by Bliokh and Yarashenko [27]. In dusty
plasma, D'Angelo [1] considered the low-frequency electrostatic waves. Low-frequency
instabilities can be induced by drifting electrons in a plasma. The Electrostatic Ion-Cyclotron
Instability [29] (EICI) is one of the fundamental modes when the plasma is magnetized, and
the electrons drift along magnetic field lines. The EICWs propagates approximately
perpendicular to the magnetic field B and has a small but limited wave number along the field,
allowing electrons travelling along B to destabilize it. The EIC is a field-aligned current-driven
instability [30] with one of the lowest threshold drift velocities among current-driven
instabilities. This type of wave has been found to be crucial in fusion plasma heating [31-34],
fundamental collective wave lab experiments [3, 35-37], and space plasmas [38-41]. Several
computer simulations [41-43] of the EICI have been conducted in this regard. The EICWs have
also been the subject of many purely theoretical studies [44-49]. EICWs have been detected in
many satellite measurements, including S3-3, ISEE-1 [40], Viking [50], FAST, and THEMIS
[51]. Because of this, the EICWs have recently gained broad attention from researchers [22,
38, 40, 51, 52]. Drummond et al. [45] analytically observed that the oscillations were caused
by current-driven electrostatic ion—cyclotron instability. The value of electron drift velocity at
equal electron and ion temperature for EIC wave was examined by them. Many theoretical and
experimental works [46, 48, 53-57] have been studied on the EICI. D’Angelo [1] studied the

ion cyclotron waves using fluid treatment in dusty plasma. He depicted that with the gradual
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increase in the frequencies of the positive ion EIC mode, the concentration of negatively
charged dust grains gets enhanced. A study of EIC wave in a Q-machine is reported by Barkan
et al. [3] They predicted that with a large amount of negatively charged dust, the instability
growth rate enhanced. Koepke et al. [55] studied the experimental EICWs in a WVU Q-
machine. They observed that with the inclusion of a transverse, localized dc electric field in
EICWs, the instability threshold decreases. Song et al. [57] studied the EIC wave modes
(positive and negative ion modes) in a plasma. They observed that the frequencies of both the
modes increase and critical drift decrease with an increase in the percentage of negative ions.
Chow and Rosenberg [8] observed that the critical drift velocity decreases for the EIC wave
excitation as the relative dust concentration increases, indicating that the wave mode is further
destabilized in a negatively charged dusty plasma using the kinetic theory. Sharma et al. [49]
investigated the excitation of EICWs in a magnetized plasma. They found that the wave's
growth rate augments as the mode frequency augments, and the real frequency is almost
directly proportional to the transverse dc electric field using fluid treatment in the existence of

the electric field.

Much research has been done on EIC instability, emphasizing the importance of Drummond
and Rosenbluth's work [45] (and its extensions [29]) in understanding various elements of
plasma settings. However, to our knowledge, the previous works have not studied the impact
of temperature, critical drift velocity, dust and various other parameters that affect the
instability of waves in the existence of an electric field in a collisionless dusty magnetized
plasma. As a result, we have extended previous work on the excitation of current-driven EICWs
in a magnetized plasma [49] in the occurrence of a transverse dc electric field to highlight the
role of temperature, dust and other parameters by using the kinetic treatment. Kinetic treatment
involves the distribution function of each species (electrons, ions, etc.) distinctively, and our

results can be calculated more precisely than using the fluid treatment.

In this chapter, we study the excitation of current-driven electrostatic ion cyclotron waves in a
collisionless magnetized dusty plasma in the existence of a transverse dc electric field. Kinetic
theory is used to investigate the effect of frequency, growth rate, critical drift and temperature
with different parameters on EICWs. This chapter is organized as follows. The instability

analysis and dispersion relation derivation of EICWs using the Vlasov equation is described in
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Section 3.2. Results and discussion, and comparisons with theoretical and experimental models

are presented in Section 3.3. The key findings are summarized in Section 3.4.
3.2 INSTABILITY ANALYSIS

A collisionless magnetized dusty plasma is considered, which is contained in a static
uniform magnetic field B, in the z-direction. This system comprises three species, 1.€., ions,

0

9 n and n] and their

electrons and negatively charged dust grains with equilibrium densities n
respective velocities Vj, Ve and vy4. The mass, charge and temperature of ions, electrons and dust
grains are denoted by (m;,e and T; ), (m,,—e and T, )and (my,Q, and Ty ), respectively. In the

x-direction, the system is introduced with a transverse direct current (dc) electric field E,. This

causes E x B flows of electrons and ions as well as the drift of magnitude Vg (z %) in the y-

direction. Furthermore, the electrons are assumed to have a drift velocity Uy, in the direction

of the applied magnetic field, i.e., the z-axis. An EIC wave propagates approximately
perpendicular to the applied magnetic field in the y-z plane with wave frequency @ and

propagation vector K.

The drifting Maxwellian distribution function for electrons is stated by

3/2
0_ .0 me -1 rT]e 2 2 2
f, =n, (ZEKTJ exp{? <7, {VX +(vy —VE) +(V, —Uge ) }} (3.1)

where fe0 is the equilibrium Maxwellian distribution function, the Boltzmann constant is K,

V.V, and v, denotes the velocities in the X, y and Z - direction, respectively. In contrast, the
ions (and dust) distribution function can be obtained by replacing the (ng, m, ,Te) by
(nio, m;, T )and (ng My, Ty )and considering Uy, equals zero in the above equation.
In equilibrium, the quasi-neutrality condition follows,

en’ =en +Q,ng. (3.2)

An electrostatic potential perturbation is defined by
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¢ = gy exp| —i (0t —k,y—k,z) ], (3.3)
where ¢, is unperturbed electrostatic potential.

The Vlasov equation has been employed to estimate the perturbed densities of ions, electrons

and dust particles and can be written as

I w )f——(E+1v><B) I o, (3.4)
8'[ m c ov

where the speed of light is ¢, E and B are electric and magnetic fields, f = f,+ f, is the

distribution function, where f; is unperturbed and f; is perturbed distribution function.

The density perturbation response can be governed by
m?
n, = —<[[[ fd%, (3.5)
a)ca

where o refers to the ions, electrons and dust grains, respectively and @, (z %) refers to

the cyclotron frequency.

Equation (3.5) can be simplified and density perturbation terms for electrons, ions and dust

grains can be written as

0
ng=”ee¢{1+ “ zz( “ ]rg}. (3.6)
Te kVte n kzvte
; I
T8l @ 5[ @D i (3.7)
T K, Vi n K, Vi

(3.8)

-

né:nde¢|: ZZ(CO N,y j—

Tq kVig “n KVig

[2kT, [2KT, 2KT,
where m, = 0 —K Vg =K, Uy, and @, =@ —K Vg ; Ve (: m—ee), Vy (= Ti')and Vig (: mdd )

represents the electron, ion and dust grain’s thermal velocities, respectively;
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2 2

Iy =1,(b,)exp(-b, ), where b, (: ky%) P, (:

2
)denotes the gyroradius, |, represents

a’ca

QB

the modified Bessel function of n™ order and a)dc( )15 the dust cyclotron frequency. As

we know dust mass is very large i.e., m, =1012mp . Hence, dust cyclotron frequency becomes

very small and can be neglected. So, Eq. (3.8) becomes

1 NgQyé
o= Ty { kvyg ;Z(kvtd ﬂ 9

Substituting Egs. (3.6), (3.7) and (3.9) in Poisson’s equation

V2= 4r| en; —enf +Qyn; |. (3.10)

and simplifying this expression leads to the dispersion relation. The EIC wave linear dispersion

relation is given by

e(ok)=1+yg, , (3.11)
where y are the susceptibilities.
200,
““pe
He = Z (3.12)
e kzvte |: kZVte ; [k Vte ]:|
“ |(thzi kZth k th . .

(3.14)

-

20?2 ]

nd 1) 1)
X = 1+ > Z( j
d kzvé{ kvig o KV J |

Me m; My

4 noe2 47nPe? 47n3Q2
where @, (: il j, @i (: i | and Opg | = 47994 | are the plasma frequency of
electrons, ions and dust grains, respectively.

The EIC wave can be studied analytically in the phase velocity region (Drummond and

Rosenbluth )[45]
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D <1 (3.15)
the

D2 TN g (3.16)
kthi

corresponds to the small ion cyclotron damping term and

@ o1 (3.17)
KVyg

agrees to Landau damping for dust.

In Eq. (3.12), we have considered the small electron gyroradius, i.e.,b, <<1 and utilized only
n=0 term because I';=1and ', =0 when n#0. This supposition makes it possible to

expand the plasma dispersive function, i.e., Z (5) in the kinetic theory [58] as follows

Z(fa)=—2§a+§ 3 +ize if &£, <<1 (3.18)
1 1 . &2
Z(éa):—g——E'F ......... +INmTe Sa if 50( >>1, (319)
a)l a)z_na)ci )
where &, = , Gi = and &g =—.
ge kzvte gl kzvti gd Vid

Introducing the expression (3.15) and (3.18), the Eq. (3.12) modifies to

2 2
Ze:kf’p; {1”\/; “ } (3.20)

te k z Vte

Similarly, in Eq. (3.13), we have considered that EIC wave having frequency @~ @, and

using the recursive relation [59]

|~

eri”ﬁz [1-1% . (3.21)

o

the Eq. (3.13) reduces to
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Zizz—pz{l—l“ilw 0L 22 r‘oe—ﬂ. (3.22)
-

Using Eq. (3.17) limit and Eq. (3.19) expansion, the Eq. (3.14) modifies to

2

@
pd
Xi=—"—%> (3.23)
@
47z'n3 Qg . .
where @,y =, [——". As we know, dust mass is very large. So, here we can neglect this
My
2 2
@ 0]
term —pzd <<1. Also, —pzd <.
0] 0]

Substituting Egs. (3.20), (3.22) and (3.23) in Eq. (3.11), we get

e(ok)=1+

20° 202, : -7 :
be {1+i\/; “ } o [1—r'1 @ 1To iz @ rge—fiz}. (3.24)
Vte

kthe k 2Vtzi bl szti

This leads to the dispersion relation for EIC waves.

& (o,k)+ig (0,k) =0, (3.25)
2 2 2 2_ 2 2. 2 2. _ i

where & (0,K) =1+ Z00_pi 20 @ SO [1-To ) (3.26)
KV KoV kvg o—ag  Kovg (b

corresponds to the real part and

2(()2 2(02- : In) 2

g (o K)=~r| 2| ZFe |y Bl P2 gd | 3.27

(@) kzvte£k2vé k2 %L kv, (327)

corresponds to the imaginary part.

The wave is either growing or damped, the solution for the EICWs can be obtained from the

dispersion relation i.e., Eq. (3.24). The real part of frequency i.e., @, is obtained by

& (0,k) =0 (3.28)

=,
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The frequency imaginary part is defined by [60]

—& (w.k)
= 3.29
“ o, (,k) (3.29)
ow 0=0,
Solving for real and imaginary part of the Egs. (3.28) and (3.29), it gives
o, = oy (1+ A)+kyVE, (3.30)

where

Iy

T 2
1—1“'1—1 Lo T 1+k7'l'62
b, T, 4rn;e

o :_\/;<a)r_kyVE_a)ci)2 [(a)r_kyVE_kZude)Ti ri Meéz]. (331)

A=

K, Vie T, ° kv

i 1
I_‘1a)ci e zVti

Equations (3.30) and (3.31) represent the real frequency and growth rate of EICWs in the
existence of a transverse dc electric field. These analytical expressions are analogous to the

expression of Chow and Rosenberg [8, 61] when there is no transverse dc electric field, i.e.,

Ve > 0(E; =0).

If we take into account the dust contribution, i.e., Eq. (3.23), the growth rate of the waves, i.e.,

Eq. (3.31), modifies to

2 2
20, (a)r —kyVvg - kzude) 2, (a)r - kva)
2.2 2.2
-z K“Vie K, Vie KV K, Vi
@pi i 25 + @pg

3

1 2
k2V2- ),
ti o, — kyVE ak r

rie(-£)

(3.32)

The critical drift velocity Uy, is defined by the condition @, =0 which corresponds to the

marginal stability. The expression is as follows

57

Anshu, Delhi Technological University



In the existence of a transverse dc electric field...... Chapter 3

3/2
1 i —g2 mi T
z e \ i

3.3. RESULTS AND DISCUSSION

We have studied the excitation of EICWs in a collisionless magnetized dusty plasma in
the occurrence of a transverse dc electric field. The present analysis would help accomplish the
waves' real frequency and growth rate. The analytical expression for dispersion relation is
derived for EICWs. The outcome of the magnetic field, electric field and temperature on the
waves are examined. The equations discussed in Sec. 3.2. that are solved for frequency and
growth rate of the waves, considering the experimentally acquired plasma parameters

anticipated from various kinds of literature [3, 55, 61], are mentioned in Table 3.1.

The normalized real frequency of EIC wave with the finite gyroradius parameter in the
presence of an electric field is illustrated in Figure 3.1(a). It can be observed from the graph
that the frequency of the wave first increases as the gyroradius augments, attains a maximum
value and then reduces for all values of & . Variation in the frequency is also analyzed for
different values of relative density ratio 0 . As seen from the graph, frequency also increases
with the increase in o . This result is consistent with Chow and Rosenberg [8, 61]. The

maximum frequency value is observed at by =0.84 for 6 =4.0 and the corresponding real
frequency @, = 4.5x10°rad./ sec. When Vg — 0 in Eq. (3.30), the frequency decreases and its

corresponding value o, =1.05x10°rad./sec for &5 =4.0. This result is analogous to Chow
and Rosenberg’s [8] theoretical conclusion (cf. Figure no. 1(a)). We have shown this result
when Vg — 0 for real frequency in Figure 3.1(b), and the frequency results of Chow and
Rosenberg [8] are shown in the inset of Figure 3.1(b). Hence, we can say that there is a
significant increase in the wave frequency by a factor of ~4.3 as v¢ included for 6 =4.0 as

compared to the wave frequency without the presence of Vg , and it can also be seen from Eq.

(3.30). This is because the introduction of an electric field causes E x B drift, which produces
the doppler effect, and so the frequency of the waves increases when a dc transverse electric

field is present.
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Table 3.1: Plasma parameters mentioned in the model.

Terms Values
e (Electronic charge) 4.8x10 Pstatcoul
M; (Ion mass) 39x1.67x10% gm
M, (Electron mass) 9.1x10®gm
My (Dust mass) 10* x1.67x107% gm
¢ (Speed of light) 3x10"cm/s
n{ (Initial electron density) (1x10° -0.2x10% )em™
n’ (Initial ion density) 10°cm™
ng (Dust density) 5x10*cm™
Uge (Critical electron drift velocity) 6x10"cm/sec
T, (Electron temperature) 0.2 eV
T; (Ton temperature) 0.2 eV
B, (Magnetic field) (0.1-45)kG
E, (Electric field) 0.35stat V cm™
o (z %e) (Relative density ratio 1-12
K (Boltzmann constant) 1.38x10*%erg / Kel
k, 0.lcm™
K, l1cm™
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6.2

6.1+

Figure 3.1 (a): The normalized real frequency as a function of finite gyroradius parameter for

different relative densities of negatively charged dust grains in the existence of an electric field.

1.5

1.4 -

20

1.1+

Figure 3.1(b): The normalized real frequency as a function of finite gyroradius parameter b,

for different relative densities of negatively charged dust grains in the absence of an electric

field, inset of Figure 3.1(b) displays the results of Chow and Rosenberg [8].
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Figure 3.2: The normalized growth rate y/w, versus finite gyroradius parameter by for

varying values of relative densities ratio ¢ (= n’ / ng) .

Figure 3.2 depicts the variation of normalized growth rate as a function of finite gyroradius for
different values of relative density ratio. It can be concluded from the graph that with the
increase in gyroradius, the growth rate of the EIC wave first increases, reaches a maximum
value and then reduces for all values of & . Variation in the growth rate is also evaluated for
different relative density values of negatively charged dust grains. It can be seen from the graph

that the growth rate also augments with an increase in 6 . The maximum growth rate value is
observed at b =0.63 for 5 =4.0 and the corresponding » =3.7x10° sec™. From Eq. (3.31),

it can be seen that there is a small contribution from the electric field. Hence, we can conclude
that there is a small change in the rate of growth after the inclusion of the electric field. This

result is in line with the observations of Chow and Rosenberg [8] (cf. Figure no. 1(b)).

Figure 3.3 (a) show the variation of normalized real frequency of the wave with the relative

density ratio o for a fixed by in the presence of an electric field. As the amount of charge that

dust carries augments, the frequency of the wave’s augments. In the electric field’s presence,
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the maximum real frequency value is observed at @, = 4.45%x10°rad./sec. As Vg =0 in Eq.

(3.31), the maximum real frequency value corresponds to @, = 9.5x10°rad./ sec.

6.08 +

o 2 4 6 8§ 10 12
)
Figure 3.3 (a): The normalized real frequency o, /@, is plotted with the relative density of

negatively charged dust grains o (: ni0 / ng ) for b, =0.1 in the existence of an electric field.

1.5

1.4 4

0 2 4 6 8 10 12

Figure 3.3 (b): The normalized real frequency o, /@, variation with respect to the relative
density of negatively charged dust grains o (= ni0 / ng ) for b =0.1 and the inset of Figure 3.3

(b) shows the results of Chow and Rosenberg[8] in the absence of an electric field.
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Figure 3.3 (b) show the variation of normalized real frequency of the wave with the relative
density ratio o for a fixed b; in the absence of an electric field. As the amount of charge that
dust carries augments, the frequency of the wave’s augments. In the absence of an electric field,
our result is in line with the theoretical conclusion of Chow and Rosenberg [8] (cf. Figure no.
2(a)) and the same is shown in the inset of Figure 3.3(b). As a result, it can be observed from

the graphs that the frequency of the wave gets enhanced with the inclusion of an electric field.

1.8

0.0

2 4 6 8 10

Figure 3.4: The normalized growth rate 7/, as a function of relative density of negatively

charged dust grains & (= n? / ng) for b =0.1.

Figure 3.4 shows the dependence of normalized growth rate with respect to the relative density

of negatively charged dust grains for a fixed b;. It can be figured out from the graph that the

growth rate increases with the increase in o . It could be explained by the fact that when o
grows, the electron plasma density falls in comparison to the ion plasma density. The effective
m;

mass Mz = of an ion is smaller than m; for greater values of &, and as a result of their

greater movement, wave generation gets enhanced.
We have plotted a normalized critical drift velocity graph with the negatively charged dust

grain’s relative density 0 in Figure 3.5. We have inferred from the graph that as the relative

density ratio increases, the critical electron drift velocity decreases, which can also be seen
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from Eq. (3.33). This result is in line with Chow and Rosenberg [8] (cf. Figure no. 2(b)). Hence,
we can say that it stabilizes the wave as the negatively charged dust grains increase. The rate
of decrease of critical drift becomes relevant foro >1.65. Also, our result complies with the

experimental observation of Barkan et al. [3]

0.8 -

0.6 1

Uge/Vie

0.2 4

0.0 -

0 2 4 6 8 10 12
o

Figure 3.5: The normalized critical electron drift velocity Uy, /V,, as a function of relative

density of negatively charged dust grains & (: niO / ng ) .

Figures 3.6 (a) and (b) illustrate the normalized frequency and growth rate, respectively, as a
function of the magnetic field for 6 =2. The figures show the linear relationship of the
magnetic field with the frequency and growth rate of the EIC wave. Both the real frequency
and growth rate of the waves increases as the magnetic field increases. It can be concluded that
with the inclusion of an electric field in the EIC wave in a magnetized dusty plasma, the
frequency of the mode and growth rate of the instability increase. This result is analogous to
the Koepke and Amatucci [55] outcomes (cf. Figure no. 3) and Motley and Angelo [36] (cf.
Figure no. 3). The experimental data of Koepke and Amatucci [55] shows a better result with

the kinetic theory than the fluid theory.
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25
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Figure 3.6 (a): The normalized real frequency /@, variation of the EIC wave with the

magnetic field B(kG ) for relative density ratio & =2.

2
B(kG)

—
[FS

Figure 3.6 (b): The normalized growth rate y/ew, of EIC wave with respect to the magnetic

field B(KG) for relative density ratio & =2.
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Figure 3.7: The normalized growth rate y/@,; as a function of normalized critical electron drift

velocity Uy, /V,, for B=3.3kG.

The graph between normalized growth rate and critical drift velocity for B =3.3 kG is shown
in Figure 3.7. It can be observed from the graph as the critical drift velocity increases, the
growth rate of the instability increases. This result is consistent with the experimental

observations of Correll et al. [37] (cf. Figure no. 6) for electrostatic ion cyclotron instability.

The dependence of normalized real frequency is plotted as a function of an electron to ion
temperature ratio in Figure 3.8. As the electron to ion temperature ratio increases, the

normalized frequency of the wave increases. It can be seen from Eq. (3.30) that as the T, /T,

increases, the value of A increases, which increases the frequency. This result is in line with

the Kindel and Kennel [46] (cf. Figure no. 1(b)).

The normalized growth rate graph as a function of an electron to ion temperature ratio of the
EIC wave is explained in Figure 3.9. It indicates that the growth rate gradually decreases with
the rise in the electron to ion temperature ratio for all values of 6 and can be verified from Eq.

(3.31).
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Figure 3.8: The normalized real frequency , /@, variation with the normalized temperature

ratio (T, /T;) of an electron to ion.

3.0

o0 =

TJ/T;

Figure 3.9: The normalized growth rate y/a,; variation with the normalized temperature ratio

T /T,.
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=
(Y
=

Figure 3.10: The normalized critical electron drift velocity variation with temperature ratio.

We have also plotted the normalized critical drift velocity variation with respect to electron to
ion temperature ratio, which is displayed in Figure 3.10. It can be observed from the graph that
critical drift increases as we augment the electron to ion temperature ratio, which can also be
seen from Eq. (3.33). Levine and Kuckes [35] also showed in their experiment that critical

electron drift velocity increases with the rise in electron to ion temperature ratio.

3.0
2.54
2.0 4
3
8 15-
P,
1.0 -
0.5
0;0 L] L | L) L] L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 x105

nd(cm)

Figure 3.11: The normalized growth rate y/a, variation with the dust grain number density.
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Figure 3.11 depicts the variation between normalized growth rate with respect to dust particle
number density. It can be observed from the graph that the normalized growth rate is inversely
proportional to the dust number density, which can also be seen from Eq. (3.32). As the number
of dust particles augments, the number of accessible electrons per dust grain falls, implying
that the dust particles collectively have a huge demand for electrons. The average dust grain

charge Q, is reduced, and as a result, the growth rate decrease.

3.4 CONCLUSION

An analytical model to study the excitation of current-driven EICWs in a magnetized
dusty plasma in the existence of a transverse dc electric field has been developed, and the
frequency, growth rate and other parameters of the EICWs have been investigated. The
dispersive relation for the same has been inferred. From the study of the growth rate and
frequency of the waves, it was found that the growth rate and frequency first increase with the

increase in finite gyroradius parameter and then start decreasing with the gyroradius parameter

in the presence and absence of an electric field. The maximum value of ¥ =3.7x10°sec™ at

b =0.63and thew, =4.5x10%rad./sec at b =0.84fors =4.0when the electric field is

present. When there is no electric field, our results are analogous to Chow and Rosenberg [8].
With the increase in relative density of negatively charged dust grains, both the growth rate and
frequency of the EIC mode increase. The critical drift plays a vital role in the excitation of the
mode, and it was found that with an augment in relative density ratio, the critical drift reduces.
It was also observed that the magnetic field is directly proportional to both the growth rate and
frequency of the waves. The effect of an electron to ion temperature ratio on various parameters
of EICWs has also been examined. The frequency and critical drift are found to increase with
an augment in electron to ion temperature ratio while the growth rate decreases with an
augment in temperature ratio. Our theoretical results are consistent with many experimental
studies [3, 46, 55]. It was observed that in spite of the small effect of dust grains on EICWs, it
modifies the properties of EICWs. The growth rate of the wave decreases as the dust grains

number density increases.

Our findings could benefit near-earth space environments [62] as it comprises a considerable

amount of negatively charged dust grains, ions, electrons and a current-driven electric field.
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These findings are also relevant to the ionosphere’s EICWs excitation. The present work has

various applications in space and planetary systems, e.g., in the study of the magnetosphere of

Uranus [63].
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Investigating EIC Waves in Magnetized Dusty
Plasmas: Unveiling the Impact of Collisions in
the Presence of DC Electric Field
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Interaction of wave in the collisional
plasma system

After the analysis of the various plasma parameters on Electrostatic lon Cyclotron Waves
(EICWSs) in collisionless plasma, this chapter broadens the study by developing the same
theoretical model in the collisional plasma for a more comprehensive understanding of the
plasma system. The dispersion characteristics of EICWs alters in the presence of collisions.
The collisional effects of the particles with various plasma parameters, i.e., gyro-radius,
temperature etc. on an EIC wave have been examined. It has been found that the effect of an
electron collision destabilizes and is vital for the EIC wave excitation whereas the effect of an
ion collision stabilizes the wave. In addition, the critical drift velocity and temperature analysis

has also been studied for the wave. Additionally, the influence of dust particles was explored.
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4.1 INTRODUCTION

The study of plasma has become indispensable due to its pervasive nature. Therefore, it
is not surprising that research into "plasmas” [1-6] is proposed in several waves [7-12] and
astrophysical phenomena [13-17]. EICWs in plasma have been investigated by numerous
researchers [18-21] through diverse methods, including kinetic theory, kappa distribution and
fluid theory in many experimental and theoretical studies [7, 8, 22-25]. Observations of
electrostatic ion-cyclotron EICWs have been made in various kinds of environments, from
fusion heating [26-28], space plasmas to laboratory experiments [29-34]. The initial
experimental findings of EIC oscillations in lab plasmas were presented by D'Angelo and
Motley [35]. The oscillations that were observed were identified to be current driven
electrostatic ion cyclotron (EIC) instability which is theoretically anticipated by Drummond
and Rosenbluth [36]. A well-known low-frequency field-aligned phenomenon which has
received a lot of interest from the plasma physics field is the current-driven EIC instability [3].
In contrast to other current-driven instabilities, this one has a strikingly low threshold electron
drift velocity [18]. The electron current, which is indicated by the electron drift velocity, across
the lines of the magnetic field can make the EIC wave unstable since it flows roughly
perpendicular to the direction of the magnetic field [37]. The comprehension of the fundamental
process that causes these ion-cyclotron instabilities in collisional plasma has been given by
Chaturvedi and Kaw [38] using fluid treatment. Drummond and Rosenbluth [36] carried out a
mathematical investigation and found that the oscillations were related to the current-driven
EIC instability. They specifically looked at the value of electron drift velocity for EICWs under
the assumption of identical electron and ion temperatures. D'Angelo [3] investigated in his
studies the interaction between the plasma's charged dust particles and ion cyclotron waves. He
showed that as the positive ion EIC mode's frequency gradually rises, the amount of negatively
charged particles augments. In a Q-machine, the study on EICWs was reported by Barkan et al.
[31] and it was observed that the growth rate of the wave was increased in the presence of a
substantial amount of negatively charged dust particles. Chow and Rosenberg [39] concluded
in their research using the kinetic theory, as the relative dust concentration augments, the critical
drift velocity falls during the excitation of EICWs and observed that in a plasma with plenty of
negatively charged dust particles, the wave mode is further destabilised. Chaturvedi and Kaw
[38] studied the collisional effects of EICWs in a fully ionised collisional plasma and observed
the stability of obliquely propagating EIC wave to current flow across the lines of the magnetic
field via fluid theory. Satyanarayana et al. [40] theoretically studied the collisional effects of

EICWs in bottomside ionosphere and it was discovered that electron collisions are unstable and
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are essential for causing the EIC instability to arise. Suszcynsky et al. [34] conducted an
experimental study on EICWs in laboratory plasma in an auroral ionosphere regime and
demonstrated the effects of collisions between neutral particles and waves in a Q-machine.
Bharuthram et al. [41] examined the collisional effects on EICWs in plasma via kinetic theory
in the absence of a transverse electric field and concluded that the wave behaviour is altered by
the presence of collisions. In a magnetized plasma, Sharma et al. [8] using fluid treatment
examined the excitation of EICWs. They found a strong relationship between the wave's
frequency and rate of growth in presence of an electric field, where the frequency rises as the
growth rate lowers. Anshu et al. [21] studied the EICWs in a collisionless plasma via kinetic
treatment. They found that with an addition of an electric field, the dispersion relation modifies

and it would further affect the frequency and the growth rate of the wave.

A theoretical model has not been proposed, as far as the authors are aware to study the combined
effect of collision, temperature and dust in the transverse dc electric field in a dusty magnetized
plasma via kinetic theory. Therefore, we have expanded earlier research [8, 21] to understand
the role of plasma parameters, i.e., dust density, relative density ratio, and gyroradius parameter
etc. on the EIC wave in a collisional magnetized plasma having negatively charged dust
particles in the existence of a transverse dc electric field via kinetic theory. Moreover, this
current model shows the effect of collision frequency with different plasma parameters to study

the behaviour of the waves i.e., frequency and the growth rate.

This chapter is organized as follows for the succeeding sections: the detailed analysis of
electrostatic ion cyclotron wave for solving the expression of growth rate, frequency and critical
drift is delineated in Section 4.2. In Section 4.3, the outcomes of the theoretical modelling of
the EIC wave have been compared with the results of the existing observations. The conclusion

is outlined in Section 4.4.
4.2 INSTABILITY ANALYSIS

In this chapter, we studied the collisional multispecies magnetized dusty plasma that is
enclosed in a uniform and static magnetic field B oriented along the z-direction. The proposed
system consists of three species: electrons, ions and dust particles, and their notations can be
tabulated in Table 4.1. An EIC wave exhibits a characteristic frequency @ and propagation
vector K oriented in the y-z plane and its alignment is roughly perpendicular to the applied

magnetic field. In addition, we provide proposed system with a transverse dc electric field E in
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the direction of x. This introduction of an electric field induces E x B drift causing excitation

of a wave and has a magnitude v (: %) , oriented in the y-direction and c is the speed of light.

Table 4.1: Species and their notations considered in the model.

S. | Species | Equilibrium Drift | Veloci| Mass | Charge | Temper | Collisional
No. density Velocity ty ature | Frequency
1. | Electrons ng Ugg || 2 v, m, —e T, U,
0
2. Ions n 0 v, m, e T, v,
3. Dust ng 0 Vy m, Qg T, Vg
Particles

We have also taken into consideration the appropriate drifting Maxwellian distribution function

for the electrons and is as follows

3/2
o =n? m -1m 2 2 )
fe =N, (ZﬂéTe] eXp[? K_F {Vx +(Vy _VE) +(VZ _ued) }:|, (4 1)

e

where K= Boltzmann constant,
f. = Maxwellian distribution function at equilibrium,

V.V, and v, represents the velocities in their respective directions.

On the other hand, by changing (nS ,mg, T, ) with (ng My, Ty )and (nio ,m; ,T) and taking U,y =0
in Eq. (4.1), the dust (and ions) distribution function can be obtained.

In equilibrium, the quasi-neutrality condition says

en? =en’ +Q°n) . (4.2)

ies i i ~ =B
For frequencies in the same range as the ion gyrofrequency, o = o, > @y, , where @, (— mic)

_ QB

represents the ion cyclotron frequency and (_ e

)is the dust cyclotron frequency. So, it is

possible to consider the dust particles to be non-magnetized.
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Applying the BGK collision model [19, 42] the following is the expression for the kinetic
dispersion relation that governs the behaviour of electrostatic modes in a collisional dusty

plasma with dust particles to be non-magnetized and is expressed as follows

e(w,k)=1+X 4, =0, (4.3)

where y are the susceptibilities and ¢ refers to the electrons, ions and dust grains, respectively.

The electron, ion and dust grains susceptibilities are given as follows

-1

26062,) @, +1v, @, +1V, v, @, +1v,

Ko = 1+ € FeZ € 1+— FeZ ) . (44)
’ kzvezt |: kzvet Zﬂ: " kzvet kzVet Zﬂ: " kzvet

zVit n szit

20)2 - - - - -1
2o =2 {1+a)+|ud Z[a)+|ud H{“ vy Z[a)+lud H ’ “46)
KV KV KV KVig KV

where @ = @—K Vg —K,Uyy and @, = w—k, Vg ; k, and k, are the wave vector oriented along

207 0, < - @ N, +iv i < (@ —na +iv ||
%= ad {1+“’2k1'“' Zr'nz(—‘”z E“*C*'”'muk'”' Zr'nz[—‘”2 ”“"C“U'H . (4.5)

ac

. . k2 2 2
y and z-direction; 'y =1 (x4, )exp(—x, ), where u, (: yzp - j e (= V—;j denotes the

gyroradius, |, represents the modified n™ order Bessel function; Z depicts the plasma

dispersion function [43] and other parameters are tabulated in Table 4.2.

Table 4.2: Notations and their formulas

S. No. | Notations Terms Formula

1. W Electron plasma frequency 47002
me

2 o Ion plasma frequency 47002
m;

3 @y Dust plasma frequency 470Q2
My

4. Vet Electron thermal velocity 2KT,
me

5. Ve Ion thermal velocity 2KT;
m;

6. Vit Dust thermal velocity 2KTy
My
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Analytical solutions of Eq. (4.3) are possible in some regimes by introducing some simplifying
conditions. We are only concerned with the phase-velocity regime for the EICWs (Drummond

and Rosenbluth). [36]

G F1e <<1. (4.7)
K,V

z et

>>1, (4.8)
I(zvit

refers to the small ion cyclotron damping term and

@ +1ivy
KV

>>1, 4.9)

agrees to Landau damping for dust.

Equation (4.4) can be simplified by assuming g, <<1, and utilized only n=0 term because
[y =1and I'; =0 when n=0. This presumption allows us to conveniently expand the plasma

dispersive function Z (5 )within the framework of kinetic theory [44] as follows:

z(ga)=_2§a+§§j+ ......... tivretifg, <<l (4.10)
1 1 . _52 .
z(ga):—f_—g+ ......... N if & >>1, (4.11)
@, +1v, @, —Nw;, + 1y, @+ vy
where &, = , G=—"——"—and §; =
? kz et I kzVit kat

So, Eq. (4.4) can be rewritten after substituting Eqs. (4.7) and (4.10)

2
2= 20 |:1+ Jzv, +ir -2 (1+ Jzv, ﬂ . (4.12)

kv kv kv

z et zet z et
For the ions, we can approximate the Eq. (4.5) by retaining only n=0 and n=1 terms in the ;

summation; including ions-neutral collisions and further assuming o= o,

U.
i »— < land
0]

Ui

<1, the Eq. reduces to
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207 (@, +1, )(1_1_140 —Fil]—a)lc (l—FiO)
a (4.13)

Xi =
. W, — W i i

Equation (4.6) can be solved by substituting Egs. (4.9) and (4.11), here we have neglected the

dust collision frequency because the mass of dust is very large and hence, this Eq. abridges to

2
(2
X =——% - (4.14)
0]
2 2
. . . a)dp a)dp
In this context, we can ignore this term —- << 1. Also, — << X-
0] w

Substituting Egs. (4.12), (4.13) and (4.14) in Eq. (4.3), we get

e(ok)=1+ 204 {l+ Vo, +ifr -2 [1+ V7o, J:I

szezt K, Vet K, Vet K, Vet
— i - .
20 (a)2+iz)i)[l—1 o —F'll—a)ic (l—Fz))' (4.15)
Hi
+

ki (@, — @ ) —iv; {MFB —(1—F{)}
W,
This results in the EICWs dispersion relation for collisional plasma.

The wave is either growing or damped, the dispersion relation is used to determine the solutions

for the EICWs. The following equations determine the real and imaginary components of the

frequency
& (w,k)=0 (4.16)
r W=,
where ¢, 1s the real part of Eq. (4.15)
The frequency imaginary part is defined by [45]
—& (o,k)
— B , 4.17
4 o, (,k) @-17)
00 oo,

where & denotes the imaginary part of Eq. (4.15)
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Determining the real and imaginary parts of the Egs. (4.16) and (4.17), and leading to

o, = 0 (1+A)+K Ve, (4.18)
where
_ I
AT 1 KT 1 ’
1-T;——F +T—' 1+ t+
n . 4rne®  1+(P,+P)
where P, = @ .
kZVet
1-1= E)—r‘-- 1-T
@, _ 1|” Wi ( o)
I:)i =Y : 2
(‘02 — W )
2
7=—JZQm_kWE_@J T (o ke k) S, ~u[1-Ti]. @19)
[, Te K, Vet K, Vet I .

The analytical expressions for the real frequency and growth rate are given in Egs. (4.18) and

(4.19) of the EICWs in the presence of a transverse dc electric field If vp —0and v, =v, =0,

these mathematical formulations are similar to the results that Chow and Rosenberg reported
in their prior works [39, 46]. Moreover, we replicate the expressions of Anshu et al. [21] in the

absence of collisions.

The wave growth rate, given by Eq. (4.19), changes to Eq. (4.20), if we account for the dust

component.
k2v2 kv kv .
y=—Ir| —2 2ot S |-u[1-mi] @.20)
200 @i 204y
2,,2 rl 2 + 3
I kit (a)r —kyVe a)lc) @

The criterion y =0, which pertains to the point of marginal stability, is referred to as the critical

drift velocity, U, . The expression for U, is provided as follows
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w v |1-T}
Uy = — (o —kyve )+ [1-ni) T KV | (4.21)
e k r y'E \/7 2 T 0
z ﬂ(wr—kva—a},C) ILl 4 ej
kzvet

4.3 RESULTS AND DISCUSSION

In this chapter, the analytical model has been developed in a collisional magnetized
plasma to study the EIC wave excitation with negatively charged dust grains while
incorporating an electric field using the kinetic theory. The developed model aims to analyse
the relationship between various plasma parameters, i.e., real frequency, growth rate, etc. The
effect of the collisions, temperature, gyro-radius and relative density ratio on the wave is
studied. The equations that hold accountable for the EIC wave in Sec. 4.2 are used to calculate
the frequency, the rate of growth and critical drift for the same. The graphs have been plotted
using the MATLAB program for the analytically solved equations i.e., for real frequency and
the growth rate. The modified plasma parameters used in our calculation are obtained from

various experimental and theoretical papers [7, 31, 46, 47] and are tabulated in Table 4.3.

Figure 4.1 portrays the plot of normalized growth rate as a function of the gyro-radius parameter
for varying o i.e.,(a)0=0.4,(b) 6=1.4,(c) 6 =3,and (d) § =4, respectively. From Figure
4.1, it can be observed that with an increase in values of the gyro-radius parameter, the rate of
growth of the instability first augments and then attains a maximum value, i.e.,

y = 2.19x10* sec™ for 4;=0.96 at o =4. After attaining maximum value, the instability’s

growth rate decreases. It can also be inferred that with the increase in the relative density ratio,

the growth rate of the unstable wave augments. When v, =uv; — 0 in Eq. (4.20), the growth

rate increases and its corresponding value y =2.5x10° sec™ for & = 4. This result is in good

agreement with the experimental observation of Chow and Rosenberg in the absence of

collisions [39].
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Table 4.3: Plasma parameters are specified in this model.

Terms Values
¢ (Electronic charge) 4.8x10 %statcoul
ij (Dust charge) (103 -10* ) e
My (Dust mass) 10% x1.67x107% gm
M, (Electron mass) 9.1x107% gm
M; (Ion mass) 39x1.67x107% gm
T, (Electron temperature) 0.2eV
T; (Ion temperature) 0.2eV
0 oL . . 9 -3
N (Initial ion density) 10"cm
nS (Initial electron density) (1>< 10° —0.2x10° ) cm™®
0 : 4. -3
Ny (Dust density) (1-5)x10"cm
¢ (Speed of light) 3x10%cm/s
B (Magnetic field) (0.1-45)kG
o (z %e) (Relative density ratio) 1-10
L (= ky 1% )2 (Gyro-radius parameter) 0-3.5
K (Boltzmann constant) 1.38x10716 erg / Kel
k, 0.l1cm™
-1
Ky 1cm
U, (Electron collisional frequency) 4x10°sec™
v, (Ion collisional frequency) 1x10%sec™t
Uy (Critical electron drift velocity) 6x10"cm/sec
E (Electric field) 0.35stat V cm™
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Figure 4.1: Variation in normalized growth rate / @, with the finite gyro-radius parameter

4 of EIC wave for varying 6 i.e., (a)0=0.4,(b) 6=14,(c) 6=3,and (d) 6 =4.

The normalized real frequency variation corresponding to the gyro-radius parameter has been
plotted in Figures 4.2 (a) and (b) for different sets of relative density ratios i.e., 6 (a)o =0.4,
(b) 0=1.4,(c) 6 =3,and (d) 6 =4, in the presence and absence of electric field, respectively.
From the plots, it can be noted that the frequency value rises with increasing gyro-radius
parameters until they reach their peak value, after which there is a decline in magnitude for all
values of the relative density ratio. In addition, with the rise in the relative density ratio, the real
frequency augments. We can conclude that after the inclusion of the electric field, the real

frequency follows a similar trend as in the case of the absence of the electric field despite the

rise in their values. This is because of the reason that the Doppler effect is caused by E x B drift
among particles, which is induced by the occurrence of an electric field. As a result, the waves'
frequency grows when a dc transverse electric field is applied. The inset of Figure 4.2 (b) shows
the result of v, =v, - 0. We can say that the frequency, in collisionless case, is more as
compared to collisional plasma because the charged particles can react more swiftly to an

external perturbation than in collisional plasma. This result matches with the experimental

paper of Chow and Rosenberg [39].
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Figure 4.2 (a): Variation in normalized real frequency cor/ @, with the finite gyro-radius
parameter 4 of EIC wave with the electric field for varying ¢ i.e., (a)0 =0.4,(b) 6 =1.4,(c)
o0=3,and (d) 6 =4.
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Figure 4.2 (b): Variation in normalized real frequency cor/ @, with the finite gyro-radius

parameter £ without the electric field for varying o in the presence of collisions and inset of

Figure 4.2 (b) portrays the collisionless case.
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M

Figure 4.3 (a): The normalized real frequency variation for the case d =1 corresponding to

the finite gyro-radius parameter for different electron collisional frequencies v, 1.€., (a) v, =0,

(b) v, =1x10%rad/sec, (c) v, = 2x10°rad/sec, (d) v, = 4x10°rad/sec, (e) v, = 7x10°rad/sec.

1.2

0.4+ ® (@

0.2 - (b) (a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.3 (b): The normalized growth rate 7 / @, variation for the case § =1 corresponding
to the finite gyro-radius parameter f; for different electron collisional frequencies v, i.e.,
v, =0, (b) uv,=1x10rad/sec, (c) v, =2x10°rad/sec, (d) v, =4x10rad/sec, (e)

v, = 7x10°rad/sec.
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For the case d =1 (no dust particles), Figures 4.3 (a) and 4.3 (b) depict the impact of variation
in electron collision frequency on the real frequency and growth rate, respectively. From plots,
it can be noted that the frequency and growth rate values rise with increasing gyro-radius
parameter until they reach their peak value, after which there is a decline in magnitude. In both

the graphs, the dash curve (a) corresponds to the collisionless case (v, =u; —0) and other
solid curves corresponds to the collisional case for v; =1x 10°rad/sec and varying v, 1.e. (b)

v, =1x10°rad/sec, (c) v, = 2x10°rad/sec, (d) v, =4x10°rad/sec, (e) v, = 7x10°rad/sec. It

can be seen that the real frequency and growth rate (for curve (b)) for the chosen fixed plasma
parameters is nearly equal to the collisionless case i.e., curve (a). This is because ion collisions
have a stabilising effect whereas electron collisions have a destabilising effect [40]. For the
limit, —— <<1, the ion collisions dominate electron collisions destabilising effects. As the Uy
Vv
zVet
increases to the higher value, the electron collisions start to dominate and an enhancement of
the real frequency and rate of growth is observed. We can infer that the wave's frequency has
slightly increased while the growth rate has increased considerably when electron collision

frequency augments. Our result is analogous to the Bharuthram et al. [41] findings.

4.62

4.60 -

4.58 +

4.56 -

o, [0;c

4.54

4.52+ (b),(a)

4' 50 L] L] L] L] L] L]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
1y

Figure 4.4 (a): The normalized real frequency variation for the case ¢ =3 corresponding to the

finite gyro-radius parameter 4 for different electron collisional frequencies i.e., (a) v, =0, (b)

v, =1x10°rad/sec , (c) v, = 2x10°rad/sec, (d) v, = 4x10°rad/sec, (e) v, = 7x10°rad/sec .
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Figure 4.4 (b): The normalized growth rate variation for the case 6 =3 corresponding to the

finite gyro-radius parameter (4 for different electron collisional frequencies v, e.g., (a)v, =0,

(b) v, =1x10°rad/sec, (c) v, = 2x10°rad/sec, (d) v, = 4x10°rad/sec, (e) v, = 7x10°rad/sec.
e e e e

The existence of negatively charged dust particles with 6 =3 is the next aspect we take into
account for NJ =5x10"cm™in Figures 4.4 (a) and 4.4 (b). Figures 4.4 (a) and 4.4 (b) depict the
impact of variation of electron collision frequencies v, ie. (b) v, =1x 10°rad/sec, (c)
v, = 2x10°rad/sec, (d) v, =4x10°rad/sec, (¢) v, =7x10°rad/sec on real frequency and

growth rate with gyro-radius parameter of the wave for v, =1x10°rad/sec . From the plots, it

can be noted that it follows the same trend as in the above-mentioned graphs 1.e., absence of
dust particles with gyro-radius parameter and electron collision frequency. Moreover, we can
conclude that after the addition of the dust grains in these graphs, the growth rate and frequency
for both the cases i.e., collisionless (Figure 4.4 curve (a)) and collisional (Figure 4.4 curve (b),
(c), (d), and (e)) gets enhanced as compared to the previous graphs i.e., Figures 4.3 (a) and (b).
This is because the addition of the dust grains modifies the properties of the EIC wave and the
collective effect of charged particles (electrons, ions and dust particles) becomes more intricate
and their interaction leads to the augmentation in frequency and growth rate of the wave. Our
findings matches with Chow and Rosenberg's [46] for a collisionless dusty plasma. Moreover,

our results are also analogous to the Bharuthram et al. [41].
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Figure 4.5 (a): The normalized real frequency @, / @, versus relative density ratio & ( = ni0 / ng )
Figure 4.5 (a) illustrates the impact of the relative density ratio on the normalized real frequency
of the wave. We observed that the normalized real frequency is in a direct relationship with
respect to the & (: ni0 / ng ) , and it can be verified from our Eq. (4.18). Our outcome aligns with

Chow and Rosenberg's theoretical conclusion [39] in the absence of an electric field and Anshu

et al. results in the absence of collisions [21].

Figure 4.5 (b) illustrates the impact of normalized growth rate for varying o, 1.e., (a)

v, =4x10°rad/sec, (b) v, = 6x10°rad/sec, (c) v, =8x10°rad/sec on the relative density ratio

of the wave. As the relative density ratio augment in plasma, the growth rate of instability
increases. It might be because as ¢ increases, the plasma density of electrons decreases relative

to the plasma density of ions. For increasing the values of ¢, an ion's effective mass M, (= %)

is smaller than M;, and because of its higher mobility, the growth rate of the instability gets
enhanced. Figure 4.5 (b) demonstrates unequivocally that, in accordance with the growth rate
expression 1.e., Eq. (4.19), the normalised growth rate increases linearly with an increase in v,.

It is well known that electron collisions can cause the destabilization of EICWs as shown by
numerous studies [38, 40, 48]. Our results matches with the experimental paper of Sharma et

al. [47].
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Figure 4.5 (b): Variation in the normalized growth rate ]// @, with relative density ratio
o (= ni0 / n?) for varying electron collisional frequencies v, i.e., (a) v, =4x10°rad/sec, (b)

v, = 6x10°rad/sec and (c) v, =8x10°rad/sec.

(d)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 4.6 (a): The normalized real frequency @, / @, variation for case 6 =1 corresponding
to the finite gyro-radius parameter (4 for different ion collisional frequencies v, i.e. (a)

v, =2x10%rad/sec, (b) v, = 4x10°%rad/sec, (c) v, =6x10°rad/sec, (d) v; =8x10°rad/sec .
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Figure 4.6 (b): The normalized growth rate ¥ / @, variation for the case d =1 corresponding
to the finite gyro-radius parameter f; for different ion collisional frequencies v, i.e. (a)

v, = 2x10%rad/sec, (b) v, = 4x10%rad/sec, (c) v; = 6x10%rad/sec, (d) v; =8x10°rad/sec .

For the case ¢ =1 (no dust particles), Figures 4.6 (a) and 4.6 (b) depict the impact of variation
in ion collision frequency on the real frequency and growth rate, respectively. From plots, it can
be noted that the frequency and growth rate values rise with increasing gyro-radius parameters

until they reach their peak value, after which there is a decline in magnitude. In both the graphs,

the curves correspond to the v, = 4x10°rad/sec for varying y e (a) y = 2x10%rad/sec, (b)

v, = 4x10%rad/sec, (c) v, =6x10°rad/sec, (d) v, =8x10%rad/sec . It can be seen that the real
frequency and growth rate reduce for increasing values of v, the ion collision frequency.
Further, for fixed v,, it is found that a rise in ion collision frequency results in the expected

stabilising effect. Our results are analogous to the findings of Bharuthram et al. [41].

The relationship of normalized frequency and the growth rate are depicted in Figures 4.7 (a)
and (b), respectively with the magnetic fields. The graphs demonstrate that the frequency and
growth rate of the EIC wave correlate linearly to the magnetic field. As the magnetic field
grows, so do the waves' frequency and growth rate. It can be concluded that with the addition
of collisions, the frequency and growth rate decrease as compared to collisionless case [21].

The outcomes of Koepke and Amatucci [7] as well as Motley and D’ Angelo [33] are
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comparable to this outcome without collisions. The kinetic theory yields better results than the

fluid theory, according to the experimental evidence of Koepke and Amatucci [7].
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Figure 4.7 (a): The normalized real frequency @, /@, versus magnetic field B(in kG) of EIC

wave.

2 3
B (kG)
Figure 4.7 (b): The normalized growth rate ¥ / @ with respect to the magnetic field B (in kG)

of the EIC wave.

In Figure 4.8, we have displayed a normalized critical drift velocity U /V, curve with the

relative density of the negatively charged dust grains. According to the graph and Eq. (4.21),

the critical electron drift velocity U,y /V,, reduces as the relative density ratio rises. Thus, as the
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amount of negatively charged dust particles rises, it stabilizes the EIC wave. This outcome

aligns with Chow and Rosenberg [39].
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Figure 4.8: The normalized critical electron drift velocity U, /V in relation to the relative

density of negatively charged dust particles & (: ni0 / ng ) .
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Figure 4.9: The normalized critical electron drift velocity for different electron collision
frequencies i.e., (a) v, = 2x10°rad/sec, (b) v, = 4x10°rad/sec, (c) v, = 6x10°rad/sec , and (d)
v, =8x10°rad/sec as a function of temperature ratio (T, IT)).

As shown in Figure 4.9, we have presented the normalized critical electron drift velocity graph

for fixed o =1x10°rad/sec for varying electron collision frequency o, ie., (a)
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v, = 2x10°rad/sec, (b) v, = 4x10°rad/sec, (c) v, = 6x10°rad/sec , and (d) v, =8x10°rad/sec
in relation to the electron to ion temperature ratio. As we increase the T, /T;, critical drift rises,

as seen in the graph and verified by Eq. (4.21). Furthermore, with the augment in electron
collision frequency, the critical drift of the EIC wave reduces [40]. This is due to the fact that
numerous electron collisions might result in more effective energy dissipation and
thermalization, changing the behaviour of the system as a whole and possibly stabilizing the
system at lower critical electron drift velocities. We can conclude that higher temperature
further enhances the critical drift of the wave. Additionally, our result aligns with the Levine

and Kuckes [49] experimental observation in the absence of collisions.

1.0

Figure 4.10: The normalized growth rate ¥ / @ as a function of temperature ratio (T, /T;).

In Figure 4.10, the electron to ion temperature ratio in relation to the normalized growth rate
graph is discussed for the EICWs. It shows that the growth rate gradually lowers as the electron

to ion temperature ratio rise and this conclusion is supported by Eq. (4.19).

We have plotted the relationship between normalized real frequency and the temperature ratio

for varying o, i.e. (a) v; = 2x10°%rad/sec, (b) v, = 4x10%rad/sec, (c) v; = 6x10°rad/sec, (d)
v, = 8x10%rad/sec in Figure 4.11. The normalized frequency of the wave augments with the

rise in T, /T,. Using Eq. (4.18), it is clear that when T, /T, rises, A value rises which in turn

increases the frequency. This outcome is consistent with the findings of Kindel and Kennel in
the absence of collisions [19]. Moreover, higher ion collisional frequencies typically result in

a reduction in EIC wave frequency.
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Figure 4.11: The normalized real frequency with varying ion collision frequency v, i.e., (a)

v, = 2x10%rad/sec, (b) v; = 4x10°rad/sec, (c) v; = 6x10°rad/sec, (d) v; =8x10°%rad/sec as a

function of temperature ratio (T, /T;).
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Figure 4.12: The normalized growth rate y/a, variation with & (: ni0 / ng ) for varying dust
grain number density i.e., (a) ny =2x10%cm™, (b) nd =4x10%*cm™, (c) n§ =6x10*cm™ and

(d) ng =8x10*cm™ of the wave.

The normalized growth rate graph versus 6 for varying the values of dust number density i.e.,

(a) nj =2x10%cm™, (b) nj =4x10*cm™, (c) nJ =6x10*cm™, and (d) nJ =8x10%cmis
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illustrated in Figure 4.12. It is found that as the relative density ratio rises, the growth rate of
the wave grows. According to the graphical analysis, the normalized growth rate and dust
number density have an inverse relationship, which is consistent with Eq. (4.20). This is
because the rise in dust particles reduces the number of readily available electrons per dust
grain. In turn, this leads to an increased need for electrons among the dust particles as a whole.

This increased electron demand from the numerous dust particles leads to a fall in average dust

grain charge Qg , Which, in turn, lowers the growth rate of the wave.

4.4 CONCLUSION

The EIC wave excitation in the collisional magnetized dusty plasma under the outcome
of an electric field has been presented via kinetic theory. The study of collisional effects has
been examined for various plasma parameters like gyro-radius, growth rate and frequency etc.
The wave's dispersive relationship has been deduced. The real frequency and growth rate
augment with an augment in the relative density ratio. The impact of the gyro-radius parameter
on the frequency and the growth rate of wave for varying electron and ion collision frequencies
was also examined. It was discovered that the frequency and the rate of growth first rise as the
gyroradius parameter augments before starting to fall as the gyroradius parameter further
augments. Furthermore, it has been found that the effect of an electron collision destabilizes the
mode whereas the effect of an ion collision stabilizes the mode and the growth rate. The growth
rate and frequency of the waves rise along with the magnetic field strength, emphasizing the
stronger connection between the plasma particles and the magnetic fields. It was also
discovered that as the relative density ratio rises, the critical drift reduces, which is essential for
the mode's excitation. According to the study, the temperature analysis was also examined on
the EIC wave and it was found that as the electron to ion temperature ratio rises, both the critical
electron drift velocity and frequency rise. On the other hand, as the temperature ratio rises, the
wave’s growth rate reduces. It was also examined that with the increasing values of dust density,
the growth rate of wave decreases. The acquired results were compared to the already existing

observations [7, 19, 21, 41, 46] and are in good agreement.

The present work can be applied in various fields, from astrophysics [50] and space physics
[51, 52] to laboratory plasma research [34]. These studies improve our knowledge of plasma
phenomena and have the potential to have an impact on a variety of areas, including fusion

energy research, tokamak and plasma heating [53, 54].
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Kinetic Theory of Resonant lon-Cyclotron
Instability Induced by lon Beams in Collisional
Magnetized Dusty Plasmas Under the Influence of
DC Electric Field
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lon Cyclotron Wave @ Electrons @ Ions @ Dust Grains

Plasma System

Interaction of ion beam in the
collisional plasma system

After studying the effect of collisions on Electrostatic lon Cyclotron Waves (EICWSs) in a
magnetized dusty plasma, in this chapter, we have developed an analytical model driven by an
ion beam in the collisional magnetized dusty plasma in the presence of a dc electric field using
the kinetic treatment. An ion beam parallel to the magnetic field is seen to be the source of ion
cyclotron instability with dust particles. The dispersion relation of instability is significantly
changed by the interaction of ion beams. The effect of ion beam with various plasma parameters
i.e., gyro-radius, relative density ratio etc. on an EICWSs have been examined. The temperature

analysis and the effect of dust grains was also examined on the EICWs.
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5.1 INTRODUCTION

The interconnection between a magnetized plasma and an ion beam gives rise to
numerous instabilities [1-7]. These phenomena provide a valuable understanding of the basic
mechanisms governing plasma confinement, heating, and stability. EICWs with distinctive
properties, particularly a significant parallel phase velocity, appear when an ion beam is
introduced in parallel alignment with the magnetic field [8]. In such circumstances, these waves
are frequently subject to destabilization. EICWs have been seen in a wide range of applications
including space plasmas and laboratory studies [9-18]. The ions and electrons are heated by
electrostatic waves through cyclotron damping and Landau damping, respectively.
In plasma environments, wave phenomena have been thoroughly investigated through
theoretical analysis and experimental observations, including both scenarios with [14, 19-24]
and without [17, 25-30] particulate entities known as dust grains. The emerging collective
characteristics displayed by the plasma medium are significantly influenced by the addition of
dust grains [31, 32]. The initial experimental findings of EIC oscillations in lab plasmas were
presented by D'Angelo and Motley [10]. In a Q-machine, the study on EIC wave was reported
by Barkan et al. [14] and it was observed that the growth rate of the wave was increased in the
presence of a substantial amount of negatively charged dust particles. Chow and Rosenberg
[33] concluded in their research using the kinetic theory in a collisionless plasma that in a
plasma with plenty of negatively charged dust particles, the wave mode is destabilised. In a
plasma medium including negatively charged dust particles, Merlino et al. [19] have presented
both experimental and theoretical evidence for low frequency electrostatic waves. The
characteristics of the current-driven EIC instability are altered by the existence of dust particles
despite the fact that the dust particles themselves are not actively participating in the wave
dynamics. Yamada et al. [34] have investigated theoretically and experimentally the occurrence
of instabilities produced by an ion beam in parallel alignment with a magnetic field. These
instabilities include a resonant ion cyclotron instability as well as a non-resonant ion cyclotron
drift wave induced by the beam density gradient. Bharuthram et al. [35] examined the
collisional effects on EICWs in plasma via kinetic theory in the absence of a transverse electric
field and concluded that the wave behaviour is altered by the presence of collisions. A study
was done by Sugawa [29] to determine how the interaction of beam ions in a ion beam plasma
system affects the EICWs. A theoretical framework for the excitation of EICWs through the
interaction with a spiralling ion beam has been developed by Sharma and Sharma [4] and the

study was carried out in a cylindrical dusty magnetized plasma system. In a magnetized dusty
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plasma environment, Prakash et al. [8, 36, 37] have investigated lower hybrid waves driven by
ion and electron beams and resonant ion cyclotron instability driven by an ion beam. Anshu et
al. [38] studied the EIC wave in a collisionless plasma via kinetic treatment. They found that
with an addition of an electric field, the dispersion relation modifies and it would further affect

the growth rate and frequency of the wave.

As far as authors are aware, it is important to highlight that prior studies did not explore the
implications of variables like temperature, collisional effects, dust particles, and other
parameters on instability in the transverse dc electric field in a collisional dusty magnetized
plasma. Therefore, we have expanded earlier research [8, 28] to understand the role of dust,
temperature, and other parameters on the EIC wave driven by an ion beam in a collisional
magnetized plasma having negatively charged dust particles in the existence of a transverse dc

electric field via kinetic theory.

In the present chapter, we establish a kinetic approach to demonstrate the impact on ion
cyclotron instability induced by ion beams. Moreover, this current model shows the effect of
collision frequency and beam velocity with different plasma parameters to study the behaviour
of the waves 1.e., frequency and growth rate. This chapter is organized as follows for the
succeeding sections: the detailed analysis of electrostatic ion cyclotron wave for solving the
expression of growth rate and frequency is delineated in Section 5.2. In Section 5.3, the
outcomes of the theoretical modelling of the EIC wave have been compared with the results of

the existing observations. The conclusion is outlined in Section 5.4.

5.2 INSTABILITY ANALYSIS

In this chapter, we studied the collisional multispecies magnetized dusty plasma that is
enclosed in a uniform and static magnetic field B oriented along the z-direction. The proposed
system is induced by an ion beam and consists of three species: electrons, ions and dust grain

particles. Table 5.1 includes their notations.

An EIC wave exhibits a characteristic frequency @ and propagation wave vector K oriented in
the y-z plane and its alignment is roughly perpendicular to the applied magnetic field. In

addition, we provide a proposed system with a transverse dc electric field E in the direction of

x. This introduction of an electric field induces E x B drift and has a magnitude v (= %),

oriented in the y-direction and c is the speed of light.
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Table 5.1: Species and their notations considered in the model.

S. Species | Equilibriu Drift | Velocit| Mass | Charge | Tempe | Collisional
No. m density | Velocity y rature | Frequency
1. | Electrons n, Ugg | 2 Ug m, —e T, v,
2. lons N, 0 Uy m; e T; Y
3. Dust Ng 0 Ug my Qq T y Uy
Particles
4. | Ion beam Ny 0 u, 2 m, e T, 0

In equilibrium, the quasi-neutrality condition says
en;, +en, =en, +Qyny . (5.1

Applying the BGK collision model [39, 40], the following is the expression for the kinetic
dispersion relation that governs the behaviour of electrostatic modes in a collisional dusty

plasma and is expressed as follows

e(w,k)=1+X y, =0, (5.2)

where g, are the susceptibilities of the electrons, ions, dust grains and ion beam, respectively.

The electron, ion, dust grains and ion beam susceptibilities are given as follows

202, | @ +iy, ez @ +ivg ey o +iv, B
Xe = 1+ YT e eZF ” . (5.3)

2,,2
k Vet k V n kzvet zV%t N zVet

2 2 _ . T . ) _ i -1
7= a}.p{ a)2+|uI ZFZ(CUZ na}lc+|u|J {:HkluI Zrhz(w2 EQ}ICHUIH (5.4)

kZVi% k Vii n szit Vit n zVit
202 [ i vy )] i - N
Yo =214 211 z[“”“’d) {1+ W z[a’“"d ﬂ . (5.5)
k Vit | kat kth | kvdt kvdt
202 [ o—kuy—no (1-Ty/T) < i [ w—k,u, —
= lp n T 1+a) zYp a}m( b/ I)ZF:WZ[CU kzub na}'cji|, (56)
KB, Ty | K,V " Koo
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where @ =@ -k Vg —K, Uy and @, = o —K Vg +K,U;; k and k, are the wave vector oriented

along y and z-direction; o, (= ;—BC) represents the ion cyclotron frequency;

kZ 2 2 .
Ty =1, (1, )exp(-u,), where u, (: yTp“),pa (: ‘[Z)Lz‘jdenotes the gyroradius, |,

represents the modified n™ order Bessel function; Z depicts the plasma dispersion function [41]
and other parameters are tabulated in Table 5.2.

Table 5.2: Notations and their formulas

S. No. | Notations Terms Formula
1. W Electron plasma frequency 40 g2
me
2. [on Ion plasma frequency 4rny e
m;
3 @y Dust plasma frequency 47n,Q2
My
4, Vi Electron thermal velocity 2KT,
me
5. Vit Ton thermal velocity 2KT,
m;
6. Vit Dust thermal velocity 2KTy
My
7. Vit Beam thermal velocity 2KT,
m;

Analytical solutions of Eq. (5.2) are possible in some regimes by introducing some simplifying
conditions. We are only concerned with the phase-velocity regime for the EICWs (Drummond

and Rosenbluth). [42]

Gt g (5.7)

>>1. (5.8)
szit
Ol o, (5.9)
kv

1 <«<1. (5.10)
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Equation (5.3) can be simplified by assuming x4, <<1, and utilizing only n=0 term because
[y =1and I'; =0 when n#0. This presumption allows us to conveniently expand the plasma

dispersive function Z (f)within the framework of kinetic theory [43] as follows:

Z(§Q)=—2§a+§§§+ ......... rivre if g, <<1. (5.11)
(E) = btz ifE 551, (5.12)
Lo 26,
@, +1v, @, — Ny, + 1y, @+1ivy @ —K,u, —no,
where s G T .54 = and ¢, =
ge szet §I szit é:d kth gb szbt

So, Equation (5.3) can be rewritten after using the value of plasma dispersion function i.e., Eq.

(5.11)

e A Vet k A Vet

2a)
= {1“\/_ “ [ A, ﬂ . (5.13)
Here, in the above expression, using limit Eq. (5.7). So, Eq. (5.13) abridges to

te=1a { f”} (5.14)

K.v

For the ions, we can approximate the Eq. (5.4) by retaining only n=0 and n=1 terms in the g;

summation; including ions-neutral collisions and further for resonant interaction of the wave,

assuming o~ @,, Y <1 and <1, and utilizing the recursive correlation [44]
@ 0= @
| 1 1 i
Z h—— = —[1—1"0], the Eq. (5.4) reduces to
nA 1-Nn g
202 [ i _ oo
ai=ply T 17T 7 @ pigest ol (5.15)

kit (@-oc)  # K,Vi (@~ )

Equation (5.5) can be solved by substituting Egs. (5.9) and (5.12), here we have neglected the

dust collision frequency because the mass of dust is very large. Hence, @, > @y, where
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Dy ( %’ - ) is the dust cyclotron frequency. So, it is possible to consider the dust particles to be

non-magnetized and this Eq. abridges to

gy
X =—"—> - (5.16)
@
2 2
. . . a)dp a)dp
In this context, we can ignore this term —- <<1. Also, —- << %;.

@

Equation (5.6) can be solved by substituting Egs. (5.10) and (5.11) and retaining only the n=0

term. The expression is as follows

o= Zw,pn T{l \/—[a) kUbH' (5.17)

2.,2
k Vlt nlt Tb szt

Substituting Egs. (5.14), (5.15), (5.16) and (5.17) in Eq. (5.2), we get

202 i -
8(a),k):1 > {1 \/—U }_ “ip {1_( N, +|f @, F' e 123 ]

k Vet k Ve kZVi% 0, _a)ic) H; VI (0)2 _a)iC)
2

a}'p My T {1 \F(“’ kubﬂ. (5.18)
k V.t it Tb K, Vit

This results in the dispersion relation of resonant EIC instability for collisional dusty plasma.
& (o,k)+ig (0,k)=0, (5.19)

where real and imaginary parts correspond to

i il 2w
& (oK) =1+ 2{ \FU} {1— L, 1 FO} “ Mo T (5.20)
k Vet kzvet k th (wz a}IC) Hi k |t nlt Tb
20° . T T -
g (o,k)=r 2 r'le‘fiz—“'—rl+ni’1”—kzub . (5.21)
k? Vn K,Vi (a’z _a’uc) M Ty KoV

The wave is either growing or damped, the dispersion relation i.e., Eq. (5.18) is used to

determine the solutions for the EIC waves. The real part of the frequency i.e., @, is represented
by

& (k)| =0 (5.22)
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The frequency imaginary part is defined by [45]

00 o
Determining the real and imaginary parts of the Egs. (5.22) and (5.23) and leading to
o, = @ (1+A)+k Ve —k,u,

where

Fi
A= - 1 .
1-T! _1-To +L 1+ K°T, 1+ \/;Ue +riﬁ
' 4 Te 47rneez szet Mit UE

In terms of ion beam energy, the real frequency expression is as follows

o, = o, (1+A)+kve —k,uy,

i
where A= : 2F1 —.
|
1o -1 To Tifg, KTe Jy Vv, + Mo Vi
Yoow T\ 4nng? K, Vit n, (2eE)
where (eE) is the energy of the ion beam
il (a)r - kyVE + kzut ) e_§i2 _ Uiril
o :_\/; ((L)r _kyVE +kzut _a}lc) kZVit (a)r _kyVE +k2ut _a}lc)
, .
1—ﬂla}lc +%L , _kzub
Nie To KqV

(5.23)

(5.24)

(5.25)

. (5.26)

The analytical expressions for the real frequency and growth rate are given in Egs. (5.24) and

(5.26) of the EICWs in collisional plasma under the transverse dc electric field. If v

—0and

v, =, =0, these mathematical formulations are similar to the results of Chow and Rosenberg

[24, 33] reported in their prior works in the absence of a beam. Moreover, we replicate the

expressions of Anshu et al. [38] in the absence of collisions and a beam.
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Taking into consideration the dust effect, the growth rate expression i.e., Eq. (5.26), alters to

. (a)r —k,Ve + kzut)e—if_ vl iy T @, —K,uy
kv o —kVve+ku—-a.) M Ty KV
o :_\/; zVit : ( Y yVE Y% |c) . it z7bt .(5.27)
2a}lp i @; 20
T ic + p
k2V-2 1 2 a)S
| it (a)r - kyVE + kzut —a)ci) r |

5.3 RESULTS AND DISCUSSION

In this chapter, the analytical model has been developed in a collisional magnetized
plasma to study the resonant EIC instability induced by an ion beam with negatively charged
dust grains while incorporating an electric field using the kinetic theory. The developed model
aims to analyse the relationship between various plasma parameters with real frequency, growth
rate, etc. The effect of the collisions, beam velocity, gyro-radius and relative density ratio on
the wave is studied. The equations that hold accountable for the EIC wave in Sec. 5.2 are used
to calculate the frequency and the rate of growth. The graphs have been plotted using the
MATLAB program for the analytically solved equations i.e., for real frequency and the growth
rate. The modified plasma parameters used in our calculation are obtained from various

experimental and theoretical papers [8, 14, 17, 28] and are tabulated in Table 5.3.

Figures 5.1(a) and (b) depict the impact of variation of beam velocity on the real frequency and
growth rate of the wave against normalized wave number K, / kK for the above-mentioned

parameters. Figure 5.1 (a) portrays that as the wave number augments in plasma, the real
frequency of instability increases which can be seen by the dispersion relation of the EIC wave.
Moreover, the real frequency of the instability also increases with the increase in beam

velocities. As shown in Figure 5.1 (b), there is no maximum growth rate for the beam modes

with velocities U, =1.2x10°cm/sec and u, =1.8x10°cm/sec. The maximum growth rate falls
from 2.5x10°rad/sec to 9x10*rad/sec as the velocity rises from u, =2.2x10°cm/sec to

u, =3.2 x10°cm/sec . These results are analogous to Prakash et al. [8] without collisions.
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Table 5.3: Plasma parameters are specified in this model.

Terms Values
e (Electronic charge) 4.8x10 P statcoul
Qy (Dust charge) (103 —-104 ) e

My (Dust mass)

10" x1.67x107%* gm

M, (Electron mass) 9.1x107%8 gm
m; (Ton mass) 39x1.67x107% gm
Ty (Electron temperature) 0.3eV
T, (Ion temperature) 0.3eV
10°cm™

n;; (Ion density)

Ne (Electron density)

(1><109 ~0.2x10° )cm‘3

ny (Dust density)

(1-5)x10*cm™

N;, (Beam density) 2.5x10%cm™
¢ (Speed of light) 3x10%m/s
B (Magnetic field) (O - 6) kG
K (Boltzmann constant) 1.38x107*%erg / Kel
K, 0.lcm™
K, 1cm™
U, (Electron collisional frequency) 4x10°sec™*
u; (Ion collisional frequency) 1x10%sect
Ueq (Critical electron drift velocity) 6x10"cm/sec
My /My 01-5
E (Electric field) 0.35stat V cm™
Ve 3.3x10%cm/s
U; (Ion velocity) 1.7x10°cm/s
4x107cm/s

Uy (Ion beam velocity)
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1.6

Figure 5.1 (a): The normalized frequency graph with respect to K, / K for different beam
velocities Uy i.e., (a) U, =1.2x10%°cm/sec, (b) u, =1.8x10%°cm/sec, (c)u, =2.2x10°cmi/sec,

(d) u, =2.8x10°cm/sec and (e) u, =3.2x10%cm/sec.

0.35
0.30 - ©
0.25 »
20204
3 (d)
~=
>~ (.15 4
(e)
(b)
: (a)
0.02 0.04 0.06 0.08 0.10
k,/k

Figure 5.1 (b): The normalized growth rate graph with respect to K, / K for different beam
velocities U, i.e. (a) U, =1.2x10°cm/sec, (b) u, =1.8x10°cm/sec, (c) u, = 2.2x10°cm/sec,

(d) u, =2.8x10°cm/sec and (e) u, = 3.2x10%cm/sec.
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Figure 5.2: The normalized real frequency @, / @ graph with respect to K, / K for varying &

ie,(@)o=1,(b) 0=2,(c) 6=3, (d) 6=4 and 5 =5.

The normalized real frequency variation for different sets of relative density ratios i.e., (a) & =1,

(b) 6=2,(c) 6=3,and (d) 6 =4 and 6 =5 has been plotted in Figure 5.2 against normalized
wavenumber. As the wavenumber augment, the frequency of the instability augment. This result
matches with the theoretical paper of Prakash et al. [8] in the absence of collisions. Furthermore,
with an increase in relative density ratio, the frequency augments. This result matches with the

Chow and Rosenberg [33] observations in the absence of collisions.
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Figure 5.3 (a): The normalized real frequency @, / @, versus magnetic field B(in kG).
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Figure 5.3 (b): The normalized growth rate ¥ / ;. with respect to the magnetic field B (in kG )

The relationship of normalized frequency and the growth rate is depicted in Figures 5.3 (a) and
(b), respectively with the magnetic fields. The graphs demonstrate that the frequency and the
growth rate of the EIC wave correlate linearly to the magnetic field for constant
u, =7 x10°cm/sec . As the magnetic field grows, so do the waves' frequency and growth rate.

It can be concluded that with the addition of collisions, the frequency and growth rate decrease
as compared to collisionless cases [38]. The outcomes of Koepke and Amatucci [16], Hendel et

al. [28] and Motley and D’ Angelo [11] are comparable to this outcome without collisions.

Figures 5.4 (a) and 5.4 (b) illustrate the impact of normalized growth rate on the relative density

ratio of the wave for varying U, and v;. As the relative density ratio augment in plasma, the

growth rate of instability increases. It might be because as J increases, the plasma density of

electrons decreases relative to the plasma density of ions. For increasing the values of J, an

ion's effective mass Miq (: %) is smaller than M;, and because of its higher mobility, the

growth rate of the instability gets enhanced. Figure 5.4 (a) demonstrates unequivocally that, in
accordance with the growth rate expression i.e., Eq. (5.26), the normalized growth rate increases

with an increase in U,. When ¢ goes from 4 to 8, the maximum growth rate increases by a

factor of 4.3 foru, =1.8x10°cm/sec and by a factor of 3.9 for u, =1.0x10°cm/sec . This graph
b y b

in the absence of collisions is analogous to the result of Prakash et al. [8]. From Figure 5.4 (b),

it can be seen that the growth rate also reduces for increasing values of v,, the ion collision
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frequency. Further, for fixed v,, it is found that a rise in ion collision frequency results in the

expected stabilizing effect. Our result is analogous to the findings of Bharuthram et al. [35] in

the absence of a beam.
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Figure 5.4 (a): Variation in the normalized y / ;. with relative density ratio for varying beam
velocities Uy i.e., (a) U, =2.2x10%°cm/sec, (b) u, =1.8x10°cm/sec, (c) u, =1.4x10%cm/sec

and (d) u, =1.0x10%cm/sec.
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Figure 5.4 (b): Variation in the normalized growth rate 7// @, with relative density ratio

5(= n? / n? ) for different ion collisional frequencies vu; i.e., (a) U, =2x10%rad/sec, (b)

v, = 4x10%rad/sec, (c) v; =6x10°rad/sec and (d) v, =8x10°rad/sec .
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Figure 5.5 (a): Variation in normalized real frequency a)r/ @, with the finite gyro-radius

parameter 4; of EIC wave with the electric field in the presence of collisions for varying ¢ i.e.,
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Figure 5.5 (b): Variation in normalized real frequency a)r/ @, with the finite gyro-radius

parameter 4 without the electric field for varying ¢ i.e., (a)0 =0.4, (b) 6=1.4, (c) =3,

and (d) 0 =4 in the presence of collisions and inset of Figure 5.5 (b) portrays the collisionless

case for the same.
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The normalized real frequency variation corresponding to the gyro-radius parameter has been
plotted in Figures 5.5 (a) and (b) for different sets of relative density ratios i.e., 0 (a)0 =0.4,
(b) 0=1.4,(c) 6=3,and (d) =4, both with and without an electric field, respectively. From
plots, it can be noted that the frequency value rises with increasing gyro-radius parameters until
they reach their peak value, after which there is a decline in magnitude for all values of the
relative density ratio. In addition, with the rise in the relative density ratio, the real frequency
augments. We can conclude that after the inclusion of the electric field, the real frequency

follows a similar trend as in the case of the absence of the electric field despite the rise in their

values. This is because of the reason that the Doppler effect is caused by E x B drift among
particles, which is induced by the occurrence of an electric field. As a result, the waves'
frequency grows when a dc transverse electric field is applied. The inset of Figure 5.5 (b) shows
the result for v, =uv, - 0. We can say that the frequency, in collisionless case, is more as
compared to collisional plasma because the charged particles can react more swiftly to an

external perturbation than in collisional plasma. This result matches with the theoretical paper

of Chow and Rosenberg [33] and Anshu et al. [38].
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3034

\

.
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Figure 5.6 (a): Variation in normalized growth rate ¥ / ;. with the finite gyro-radius parameter
4; of EIC wave for varying ¢ i.e., (a)0=0.4,(b) 6=1.4,(c) 6=3,and (d) 6 =4.
Figure 5.6 (a) portrays the plot of normalized growth rate as a function of the gyro-radius

parameter for varying o0 i.e., (a)0 =0.4, (b) 6=1.4, (c) 6 =3, and (d) 0 =4, respectively.

From Figure 5.6 (a), it can be observed that with an increase in values of the gyro-radius
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parameter, the rate of growth of the instability first augments and then attains a maximum value,
i.e.,y =5.0x10* sec *for 1 =0.61 at 6 =4. After attaining maximum value, the instability’s
growth rate decreases. It can also be inferred that with the increase in the relative density ratio,
the growth rate of the unstable wave augments. When v, =v, —0and Vg = 0 in Eq. (5.26),
the growth rate increases in some values despite the same trend and its corresponding value
7 =8.2x10% sec™* for & =4. This result is in good agreement with the observation of Chow

and Rosenberg [33] and in the absence of collisions, this result matches with Anshu et al. [38].
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Figure 5.6 (b): The normalized growth rate ]// @, variation corresponding to the finite gyro-
radius parameter £ for different ion collisional frequencies v; 1.e. (a) v, = 2x10%rad/sec, (b)

v, = 4x10°rad/sec, (c) v; = 6x10%rad/sec, (d) v, =8x10%rad/sec .

Figure 5.6 (b) depict the impact of variation in ion collision frequency on the growth rate with
finite gyro-radius parameter, respectively. From the plot, it can be noted that the growth rate
values rise with increasing gyro-radius parameters until they reach their peak value, after which
there is a decline in magnitude. It can also be seen that the growth rate reduces for increasing

values of vy, the ion collision frequency. Further, for fixed v,, it is found that a rise in ion

collision frequency results in the expected stabilising effect. Our results are analogous to the

findings of Bharuthram et al. [35].
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Figure 5.7 (a): The normalized real frequency @, /@, versus ion beam energy of EIC wave.
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Figure 5.7 (b): The normalized phase velocity V,, / V;; versus normalized velocity of the beam

Uy /V; of EIC wave.

The normalized real frequency and phase velocity plots as a function of ion beam energy and
beam velocity are portrayed in Figures 5.7 (a) and 5.7 (b). Both the graphs demonstrate that
with an increase in energy and velocity of the beam, the frequency and the phase velocity of the
wave augments, respectively. This is because the resonance condition plays a vital role in this
instability. As the beam velocity rises, the resonance condition for beam ions and the excited

wave is more likely to be achieved which in turn increases the ion beam energy. This increase
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in beam energy results in higher kinetic energy and thermal motion of the ion beams. As a result,
the background plasma and the beam ions interact more effectively, leading to a more effective
exchange of energy between the two. Because of this stronger interaction, the frequency of the
wave rises, which in turn increases the phase velocity of the wave. These results are analogous

to the results of Hendel et al. [28].
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3 1154
8;_
1.10 -

1.05+

Figure 5.8: The normalized real frequency @, /®, with varying beam velocity ui.e., (a)

u, = 2x10°cm/sec, (b) u, =4x10%cmisec, (c) u, =6x10°cm/sec and (d) u, =8x10°cm/sec

as a function of temperature ratio (T, /T;).

The effect of varying beam velocity u, i.e., (a) U, =2 x10%cmisec, (b) u, = 4x10%cmisec, (c)

u, = 6x10°cm/sec and (d) U, =8x10°cm/sec has been shown on the normalized frequency

with the T, /T; in Figure 5.8. The normalized frequency of the wave augments with the rise in

T, /T;. Using Eq. (5.24), it is clear that when T, /T; rises, A value rises which in turn increases

the frequency. This outcome is consistent with the findings of Kindel and Kennel in the absence
of collisions [39]. Moreover, higher beam velocity typically results in an augmentation in EIC

wave frequency.

The normalized growth rate graph versus dust number density ng (Cmf‘o’) for varying values of

ion collision frequency is illustrated in Figure 5.9 (a) respectively. According to the graphical

analysis, the normalized growth rate and dust number density have an inverse relationship,
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which is consistent with Eq. (5.27). Additionally, when the frequency of ion collisions

augments, the growth rate of the wave reduces.
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Figure 5.9 (a): The normalized growth rate 7/, of the wave with different ion collisional
frequencies v; i.e., (a) v, = 2x10%rad/sec, (b) v; = 4x10°rad/sec, (c) v; = 6x10°rad/sec, and

(d) v; =8x10%rad/sec as a function of dust grain number density ng (Cm_3) .
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Figure 5.9 (b): The normalized growthrate y /e, for varying u, i.e., (a) U, = 2.2x10°%cm/sec,
(b) u, =1.8x10%°cm/sec and (c) Uy, =1.2x10%cm/sec as a function of dust grain number

density nJ (Cm’g) of the wave.
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The normalized growth rate graph versus dust number density ng (Cm_S) for varying values of

beam velocity is illustrated in Figure 5.9 (b), respectively. As the dust number density
augments, the normalized growth rate decreases. This is because the rise in dust particles
reduces the number of readily available electrons per dust grain. In turn, this leads to an

increased need for electrons among the dust particles as a whole. This increased electron
demand from the numerous dust particles leads to a fall in average dust grain charge fo , which,

in turn, lowers the growth rate of the wave. Furthermore, with the rise in beam velocity, the

growth rate of the wave increases.
5.4 CONCLUSION

The resonant ion cyclotron instability induced by an ion beam under the outcome of an
electric field has been presented via kinetic theory in the collisional magnetized dusty plasma.
The study of collisions and beam velocity has been examined for various plasma parameters
like gyro-radius, growth rate and frequency etc. The wave's dispersive relationship has been
deduced and plotted for various beam velocities and relative density ratio. It was found that
with an increase in wave number and beam velocity, the frequency of the wave increases. The
real frequency and growth rate augment with an augment in the relative density ratio. The
impact of the gyro-radius parameter on the frequency and the growth rate of the wave for
varying relative density ratio and ion collision frequencies was also examined. It was discovered
that the frequency and the rate of growth first rise as the gyroradius parameter augments before
starting to fall as the gyroradius parameter further augments. Furthermore, it has been found
that the effect of an ion collision stabilizes the growth rate of instability. The outcome of an
electric field on the frequency was also examined and it was observed that in the presence of
an electric field, the amplitude of the wave augments. The growth rate and frequency of the
waves rise along with the magnetic field strength, emphasizing the stronger connection between
the plasma particles and the magnetic fields. The frequency and phase velocity of the wave
augments with a rise in beam velocity and beam energy. The frequency increased as the electron
to ion temperature ratio and beam velocity increased, according to the temperature study of the
EIC wave at different beam velocities. Our findings are sensitive to the dust particles, which
play a significant role in influencing the instability and it was examined that with the increasing
values of dust density, the growth rate of the wave decreases. It was discovered that the growth
rate amplitude was lower in collisional plasma than in the collisionless plasma because the

collisions between neutrals and plasma particles reduce their collective oscillations, which over
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time causes their amplitudes to gradually decrease. The acquired results were compared to the

already existing observations and are in good agreement [8, 28, 33, 35, 38, 39].

In addition to being crucial for comprehending the stability, heating of plasma and plasma
confinement the observed instability may be related to bounded dusty plasma system [46] and

could be useful in space plasma physics [47, 48].
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Analytical Modelling of Inhomogeneous Energy
Density Driven Instability (IEDDI) iIn a
Magnetized Dusty Plasma Cylinder

Plasma System

Electric field model for plasma system

Previously, all theoretical model was developed using the kinetic treatment approach but in
Chapter 6, we have developed an analytical model of Inhomogeneous Energy Density Driven
Instability (IEDDI) while incorporating the effect of dust particles in a collisional magnetized
plasma cylinder using the fluid theory. The localization of the electric field gives rise to IEDDI.
In this chapter, a comparative analysis of the instability has been done in the presence and
absence of dust grains. The different plasma parameters impact has been studied on the
behaviour of instability i.e., frequency and growth rate. The effect of an electric field on IEDDI
was examined. Further, the response of dust grains number density and dust grain size on [IEDDI

was also evaluated.
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6.1 INTRODUCTION

The study of plasma has become indispensable due to its pervasive nature. Therefore, it
is not surprising that research into "plasmas"[1-6] is proposed in several waves [7-12],
instabilities [13-16], and astrophysical phenomena [17-20]. The dust may have a significant
impact on the plasma, and it was discovered in the solar wind, comet tails, industries [21-23]
and laboratories [24-27]. The nature of plasma as a whole is reformed by the presence of these
massive particles affecting the overall quasi-neutrality condition in waves [28-31] and
instabilities [13]. Due to the potential applications of waves and instabilities [32] in plasma like
Hall thrusters are forefront propulsion systems that effectively use plasma to move spacecraft,
making them perfect for deep-space missions [33-35], this field of research is of great interest.
Instabilities in plasma have been investigated by numerous researchers [15, 36-39] through
diverse methods, including kinetic theory, kappa distribution and fluid theory. Additionally, it
has been noted that relative drift or inhomogeneities caused by an electric field tend to drive
these instabilities [40-43]. Among these instabilities, the two major instabilities are
inhomogeneous energy density driven instability and the density gradient driven instability. The
major difference is that the IEDDI develops when the energy density inside a fluid or plasma is
distributed unevenly. Rather than only fluctuations in density, it is also driven by variations in
the electric field of the system. This instability can arise as a result of disturbances (localisation
in electric field) from one region to another region, leading to instability. On the other side,
density gradient driven instability is caused when the density of the plasma varies throughout
different regions of the plasma. This instability is driven by the buoyant forces which are related

with the density gradients [44-47].

An IEDDI [11, 15, 39, 48] has drawn significant interest in a plethora of space, planetary, and
geophysical systems. This instability can occur because of the free energy provided by the
inhomogeneous electric field. Inhomogeneities in the background of the plasma may result in
an area with negative energy density, and a nonlocal wave packet may couple the areas of both
the energies, i.e., positive and negative, which may result in waves to grow [37, 38, 49]. This
is the physical mechanism underlying the IEDDI. IEDD waves have a wide frequency range
that is close to the ion cyclotron frequency and typically propagate in the E x B direction [15,

50-52]. The key parameter to use in observing the change from one type of wave to another is
the parameter R, i.e. R=K,Vg(r)/K, Vg , the ratio of the azimuthal and axial doppler shifts in

cylindrical coordinates [15, 53]. The EICWs are driven by the current, which is known as EIC
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instability [7] for R <<1,i.e., small Vg and large V4 cases. For R >>1, i.e. the situation of large

Vg and small V,, , the EICWs are driven by an inhomogeneous electric field which is known as

IEDDI [38, 54]. The IEDDI is amalgamation of two regime i.e., reactive and dissipative [4,
55]. The field-aligned current is primarily responsible for the IEDDI in the dissipative regime.
A nearby region of positive and negative wave-energy density drives the IEDDI in the reactive
domain, and in most cases no field-aligned current is needed [49, 54]. The IEDD theory was
primarily suggested by Ganguli et al. [49, 50, 54] and is relied on the nonlocal approximation.
Koepke et al. [15] experimentally verified the IEDDI in Q-machine at West Virginia University,
and they have shown that the variation in the electric field affects the IEDD mode amplitude.
Koepke et al. [36] experimentally identified the IEDDI in the laboratory. They reported that
azimuthal and axial doppler shift ratio has an impact on inhomogeneous energy density driven
mode, i.e., frequency of the instability increases with the ratio. Ganguli [37] has reported the
IEDDI using both fluid and kinetic formalism, and a comparative study is shown between them.
He depicted that as the wavevector and magnitude of the drift increase, the growth rate of the
instability increases. Amatucci et al. [56] observed the reactively produced plasma waves in
the ion-cyclotron frequency range in the laboratory, followed by a transverse dc electric field.
Koepke et al. [38] investigated the various nonlocal eigenmodes of inhomogeneity-driven
plasma instability for the very first time in sodium plasma. They observed that with the gyro-
radius parameter increment, the growth rate of the instability augments initially, attains peak

value and then decreases.

To the best of the authors' knowledge, no theoretical model has been proposed to study the
IEDDI in the transverse dc electric field presence in a dusty magnetized collisional plasma
cylinder via fluid theory. Drawing inspiration from the work described above that only focus
on the experimental studies [15, 38] of the IEDDI in the absence of dust particles, we proposed
a theoretical model in this present chapter to understand the role of plasma parameters, i.e., dust
density, relative density ratio and gyroradius parameter etc. on the IEDDI in a collisional
magnetized plasma cylinder having negatively charged dust particles in the existence of a
transverse dc electric field. Moreover, this current model shows a comparative study for both
cases, i.e., in the presence and absence of dust particles and the impact of different plasma

parameters on the frequency and the growth rate of instability is studied.

125

Anshu, Delhi Technological University



Analytical Modelling of Inhomogeneous Energy Density...... Chapter 6

This chapter is organized as follows for the succeeding sections: the detailed analysis of IEDDI
using the motion and continuity equation for solving the expression of growth rate and
frequency is delineated in Section 6.2. In Section 6.3, the outcomes of the theoretical modelling
of instability have been compared with the results of the existing experiments. The conclusion

1s outlined in Section 6.4.
6.2 INSTABILITY ANALYSIS

In this chapter, we studied the collisional multispecies magnetized dusty plasma

cylinder of radius ro, as shown in Figure 1.

Figure 6.1: Schematic of electric field model with negatively charged dust grains.

The proposed system consists of three species: electrons, ions and dust particles, and their

notations can be tabulated in Table 6.1.

Table 6.1: Species and their notations considered in the model.

S. Species | Equilibrium |  Drift Mass | Charge | Temperature | Collisional
No. density Velocity Frequency

0 5 _

1. | Electrons n. Vo |12 m, e T, U,
0

2. Ions n 0 m. e T 0
0 0

3. Dust nJ 0 my Q! T, 0

Particles

We take into account a uniform static magnetic field B in the z-direction and a localized dc

electric field Ey(I)in the radial direction, such as

Eo(r)=E,(r)  forr<r,

: 6.1
=0 forr>r, (-
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Due to an electric field, the E x B drift induces, having a magnitude Vg (r) = w , Where ¢

is the speed of light. The localization of electric field gives rise to IEDDI. In equilibrium, the

quasi-neutrality condition says
-en’ +en? +QInd ~ 0. (6.2)

An electrostatic perturbation is given by

¢ = gy (r) exp[—i(at —k.F)]. (6.3)
The equation of motion
- S ULD IR (6.4)
dt C n

is used to explain the behaviour of electrons in the plasma. On linearization and solving Eq.

(6.4), we get the perpendicular and parallel components of perturbed velocities,

o e [(@+i)V g +V dxaoe]l T [i(@+iv)V ng+V ngxao,] 6.5)
1= - : . .
M [(@+iv,)” - @] mn, [ +iv,)* - @]
1
=t T Kol 6.6)
m.(w+iv,) m, (@+iv,)n,
where @, =®— kHVE - szed , W (z ne]—BC) is the electron cyclotron frequency; K, and k@ are the
propagation vector in z and @ - directions, respectively.
Using perturbed velocities, i.e., Egs. (6.5) and (6.6) in the continuity equation
%+V.(n\7) =0. (6.7)

The perturbed electron density can be evaluated and written as

nSe((awue)vi@ K J

L Moy (@ i) —wg (@ +iv,)

nt = : , (6.8)
: vaky (o +in)Vivg

o +iv)  af(o+iv,)? -ol]
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e

12
—) is the thermal velocity of the electron.

where Vg (: m

In the short wavelength limit, i.e.,® <<K Vyand using @ <<@,, , @ <<Iiv,, Eq. (6.8)

becomes
0
n.e
= (69)
T,[1- %2
k; m—ee

K, Vit

Similarly, the perturbed ion density is obtained in the limit @, ~ &.and <«<1.
Wy — Oy
0 2 2
1 en [V k
Ny =—— ( 2L¢l2_ Z?} (6.10)
m; \ @ — & )

2
where Vi (= WI.) denotes ion thermal velocity, and @, =@—KgVg and (: rf]—i) is the ion

cyclotron frequency.

CASE I: IN THE ABSENCE OF DUST GRAINS

Substituting Egs. (6.9) and (6.10) in Poisson’s Equation

v2¢l=47ze(n§—ni1), (6.11)

we get a second-order differential equation in ¢ and solve it for an axially symmetric case, we

obtain
¢ 1o¢
+——=+ =0. 6.12
o ror Pidh (6.12)
or Vig+plg =0. (6.13)
_a)eD( _ierl)_kZ a}llzokzz
2 2,2 z 2
Vv kov .
Here pf =—= = > ., (6.14)
1- P
2 2
W) — W
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47n2e? 2 47nfe? / )
where @ (=—1—| and @p|=—— are the electron and ion plasma frequency,
€ (|
respectively.

The Bessel equation's solution is given by
$=Ado(Pul) , P~ Py, (6.15)

where Jo(plnr) denotes the zero-order Bessel functions of argument (plnl’) and A is a

constant. At I =1y, ¢ =0. Hence, ¢ = Al‘]O(plnrO) =0 ie., P, =);—g (n=1, 2, ....) where X,

represents the Bessel function’s zeroes. If Jy(X) =0, X =2.404 and therefore p,, = 2404,

fo

From Eq. (6.14) and simplifying it, we obtain

2 ToX0)
oo | 1+—=
oy Pk ep( kaﬁt] @y k&
- 0% — pz +k? " uza)lz - w3 p2 +k? =0 (6.16)
2 ic Min z 2 e 2 2 2 1n z
Vg | 1+ J P, +K
€ [ kZA,V:,t ( n Z)

V22
Solving Eq. (6.16) and using ¢ “ <1, we obtain

Vet
& (o.k)+ig (0,k)=0, (6.17)
where
o 1 a}ﬁ) i a)ezp _a)_,% k; , (6.18)

2 2 2 2 2 2 2 2 2
W, — W P, + kz Vet ( pln + kz ) w, Pyt kz

2
Wp Ve ()

& = . (6.19)
Ckva (ph k7

Let o=, + 17 is the solution of Eq. (6.17), assuming the wave is either growing or damped.

Real part is obtained as follows
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& (@k),., =0. (6.20)
The imaginary part is given by [57]
_ —a(@k) 6.21
y_ﬁgr(a),k) (621)
00 o=,

The real frequency can be obtained by solving Egs. (6.18) and (6.20), we obtain

o k2 1 o 1

. k1 0. (6.22)

(0, —koVe)? P2 @ {(o, —kyVe)? —wiya

2 12
;
where o ~ —- L ; Cs (:—) .

S 1n

Multiply Eq. (6.22) by {(@; —k,Ve )" H(@, —kgVe)’ — @} , we get

= 0. (6.23)

2 2,2 2,2
; wkz} 2 Winks
ic

i i
a)gr - 0)22,. a)li + : + 2 2
plna plna

Equation (6.23) is biquadratic in @, , where we consider @,, =@, —K,V¢ , and root is

0y =k + 0 +F (P +2) . (6:24)

Equation (6.24) corresponds to the real frequency of IEDDI with the presence of a transverse

dc electric field and absence of dust particles.

Solving Egs. (6.19) and (6.21), the imaginary part is as follows

Up {1-KyVe (1+R)} m, 1 [(w —kv )Z—wZT
Al K mes U

_7 (a)r_kHVE)(plzn)

(6.25)
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Equation (6.25) corresponds to the growth rate of the IEDDI in the presence of a transverse dc

electric field without dust grains.
CASE II: IN THE EXISTENCE OF DUST GRAINS

Perturbed density behaviour for dust is written as

Qi (6.26)

1

n;, =
’ my )

Here, it is assumed that dust is unmagnetized as my :lolzmp. Therefore, the dust gyro

0
frequency a)dc( O ) becomes very small; hence, we can neglect it. Also, @, >> @ . For the

dust particle, on the application of probe theory, the acquired charge on the dust particle Qy is

set to get balanced with the plasma currents on the surface and defined by [58-60]

—dQ, _

=l (6.27)

Current due to electrons and ions on the surface of the particle can be understood as

2
e(g, -V

|, =-7a e[ 8T, j n? exp(m} (6.28)

m T,

U2
1-e(¢, -V

l. = 7za e( 8T, ] n’ exp(M], (6.29)

m T,
where (¢g —V) denotes the dust particle surface and plasma potential difference; “a” denotes

the radius of the dust grain sphere. In equilibrium, | 12 |5 17 .

The fluctuations due to the charge on dust particles can be depicted as

dQt noon
= pQh =—1121| 5- |. (6.30)
dt n’ ng
11 ]e 1 0
where 7 = c, | T, + T represents the charging rate of dust; Qj = Q4 — Q) represents
§ -
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a . .
the perturbed charge on dust; C; = (a[l+ i_n denotes the capacitance of dust particle [61];
ed

/’Led represents the electron Debye length.

p_ el |- Vi K4 4 631
“i(w+in)| m 2 2 - ' (631)
' T, 1—%

@)~ @
Substituting Egs. (6.9), (6.10), (6.26) and (6.31) in Poisson’s equation
Vi = 47r(ne ne+nde+and) (6.32)

Simplifying it and using Eq. Vi¢l + pgqﬁl =0, we get

[1_ IUea)]_] k2 a}lpkzz Iﬁ Ip n k2 Iﬁa)ezp 1
Vezt kZ po a)22 a)+|77 n coz +1n iy (l i a;lJ
et
k2
2 7 Vet
p; = , (6.33)
@ _iBopn] 1
2 2 0 2 2

where f = 0.397(0,% (1—%)(%)(:2—;) is the coupling parameter and if f — 0 in Eq. (6.33), we
can recover the expression in the absence of dust grains i.e., Eq. (6.14).

Using the same procedure as was done earlier, we solve Eq. (6.33) to get

2 2 2 2 2
w: @, ;i k;
=l P T T % pG, (6.34)
W, — ¢ p2n+kz Vet(p2n+kz) @, p2n+k
where
e % Py 1 1 mep kP 1 1 oy L1 o 1 1
of —wf Py + K. @' +n? S @] pi k@’ +n? S kivg  pi, +k: o +7?

oy 1 1

2 2 2 2 2"
Vi Pon tK; o +1
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L) [1_ pi )+ po___ 1 { w%p%1__w%k3J
kv (P + K7 )0 @*+0® ) @ +0® 5(p3, + K )\ @S e

P, 1

a)2+772vezt(p22n+kzz)'

(6.35)

+

Following the same method as was done in Case I, the real frequency expression is given as

2 2\A2
o, =kyVg + \/m@ c2(p, 42 )+ 2 Zdrfoii;:v k)G (6.36)
e et

where Z is the dust charge state.

Equation (6.36) represents the real frequency of the instability in the presence of a transverse

dc electric field with dust. If § — 0in Eq. (6.36) we retrieve the expression of real frequency

without dust, i.e., Eq. (6.24).

The expression for growth rate can be obtained by solving Egs. (6.21) and (6.35),

_1( v, 1- kzved(1+R _ﬁN}[( ove) —w.ch

kz et
(a) kHVE)(pZn gMj

, (6.37)

where N =N;—N,;

nv, {1- kzved (1+R)}
k2v

N, = m 1 w, P35, 1
m

+ .
e (e +1%)  ({or —koVe}¥ — @) S(@f +17°)

zet

okl 1 @,

2= (@ —kpVe)? S(@Z 1 7) | (@R + PR

m;
m

_ [ —kpve)® -

(@2 775 ] (M;+M, +M;),

@n° P2, Lk

here, M, = n?p3,[(@, —kyVg)* — @2 + '
1 =77 Panl(@r —koVe) ol (@F +1*) @ —KoVe) (@ —KoVe)*
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w,n°k? | Kens(@f +n%) wn’m,

2 (Cf)r2 +772)((0r - kevE)3 B, — kHVE)4 (a)r2 +772)(60r - keVE)meVezt .

— U1y, (260,. — k0VE — szed ) + a)rzueﬂmi (a)r — kHVE — szed )

2kzzvétme (a)r - kHVE) kzzvgtme (a)r2 +772)(a)r - kHVE)

3

Equation (6.37) represents the growth rate of IEDDI with the inclusion of dust in the presence

of a transverse dc electric field. If # — 0in Eq. (6.37) we retrieve the expression of growth

rate without dust, i.e., Eq. (6.25).

6.3 RESULTS AND DISCUSSION

In this chapter, the analytical model has been developed in a collisional magnetized
plasma cylinder to study the IEDDI with negatively charged dust grains while incorporating an
electric field using the fluid theory in the presence and absence of dust particles. The developed
model aims to analyse the relationship between various plasma parameters, i.e., real frequency,
growth rate etc. The effect of the electric field, magnetic field and relative density ratio on the
instability is studied in both the cases. The equations that hold accountable for IEDDI in Sec.
6.2 are used to calculate the frequency and the rate of growth for the same. The graphs have
been plotted using the MATLAB programme for the analytically solved equations i.e., for real
frequency and the growth rate. The modified plasma parameters used in our calculation are

obtained from Koepke et al. [15, 38] experimental papers are tabulated in Table 6.2.

Figures 6.2 (a) and (b) portray the plot of normalized real frequency and growth rate in the
absence of dust grains as a function of the gyro-radius parameter. From Figure 6.2 (a), it can be
inferred that with the increase in the gyro-radius parameter, the frequency of the instability
increases. From Figure 6.2 (b), it can be observed from the graph that with an increase in values

of the gyro-radius parameter, the rate of growth of the instability first augments and then attains
a maximum value, i.e.,y =3.2 x10° sec* for b =0.08. After attaining maximum value, the

instability’s growth rate decreases. Moreover, it can also be observed that the normalized
growth rate of instability decreases by a factor of ~3.8 when gyroradius changes from 0.2 to 0.6
whereas in the experimental observation of Koepke et al. [38], it upsurges by a factor of ~3.

This result is in good agreement with this experimental observation.
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Table 6.2: Plasma parameters are specified in this model.

Terms Values
e (Electronic charge) 4.8x10 P statcoul
Qg (Dust charge) (103 ~10* ) e
12 24
My (Dust mass) 107 x1.67x10™"gm
M, (Electron mass) 9.1x10®gm
M. (Ion mass) 22x1.67x107%* gm
T, (Electron temperature) 0.2 eV
T, (Ion temperature) 0.2 eV
0 . . )
n; (Initial ion density) 10°cm
n§ (Initial electron density) (1>< 10° -0.2x10° ) cm™
ng (Dust density) (1-5)x10*cm™
C (Speed of light) 3x10%%cm/s
B (Magnetic field) (0.1-4.5)kG
o (= %) (Relative density ratio) 1-10
b, (=kyp; )% (Gyro-radius parameter) 0-09
K (Boltzmann constant) 1.38x10716 erg / Kel
k, 0.65cm™
k, 2.8cm™
U, (Electron collisional frequency) 3.22x10°%sec™
Veg (Electron drift velocity) 1.76x10%cm/sec
Vg (Electric field) 3.3x10° / B(Gauss)
I (Plasma radius) 3cm
a (Dust grain size) (1-5) %x10™4cm
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Figure 6.2 (a): Variation in normalized real frequency cor/ @, with the finite gyro-radius

parameter b, (=K, p, )2of IEDDI in the absence of dust grains.
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Figure 6.2 (b): Variation in normalized growth rate / ;. with the finite gyro-radius parameter
b, (=K,p;)? of IEDDI in the absence of dust grains.
Figures 6.2 (a) and (b) portray the plot of normalized real frequency and growth rate in the

absence of dust grains as a function of the gyro-radius parameter. From Figure 6.2 (a), it can be

inferred that with the increase in the gyro-radius parameter, the frequency of the instability
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increases. From Figure 6.2 (b), it can be observed from the graph that with an increase in values

of the gyro-radius parameter, the rate of growth of the instability first augments and then attains
a maximum value, i.e.,¥ =3.2 x10° sec * for b =0.08. After attaining maximum value, the

instability’s growth rate decreases. Moreover, it can also be observed that the normalized
growth rate of instability decreases by a factor of ~3.8 when gyroradius changes from 0.2 to 0.6
whereas in the experimental observation of Koepke et al. [38], it upsurges by a factor of ~3.

This result is in good agreement with this experimental observation.

3.5+

0.0 0.2 0.4 0.6 0.8

Figure 6.3 (a): The normalized real frequency / @, variation for different values of
5(= nio/ng) ,ie., ())0=8, (ii) 0 =06 , (iii)0 =4, and (iv) 0 = 2 corresponding to the finite
gyro-radius parameter b, (= k,0;)? in the presence of dust.

In the presence of dust grains, the normalized real frequency variation corresponding to the
gyro-radius parameter has been plotted in Figure 6.3 (a) for different sets of relative density
ratios, respectively. Figure 6.3 (a) represents the normalized real frequency plot versus gyro-
radius parameter for various relative density ratio i.e., (i) 0 =8, (ii) 0 =6, (iii) 6 =4, and
(iv) 0 = 2 .With the increase in the gyro-radius parameter, the instability frequency augments.

Moreover, with the rise in relative density ratio, the frequency also augments.
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Figure 6.3 (b): The normalized growth rate ) / @, variation for different values of
5(: nio/ng), ie., (1)0=8, (i) 0=6 , (ili))0 =4, and (iv)0 =2 in the existence of dust
corresponding to the finite gyro-radius parameter b, (=K, p, )2.

In the presence of dust grains, the normalized growth rate variation corresponding to the gyro-
radius parameter has been plotted in Figure 6.3 (b) for different sets of relative density ratios,
respectively. Figure 6.3 (b) represents the normalized growth rate plot versus the gyro-radius
parameter for various relative density ratio, i.e., (i) 0 =8, (ii) 0 =6, (iii) 0 =4, and (iv)
0 = 2.From the plot, it can be noted that the growth rate value rises with increasing gyro-radius
parameter until they reach their peak value, after which there is a decline in magnitude for all
values of the relative density ratio. Hence, we can say that there is a significant decrease in the
growth rate by a factor of ~ 6.5 as dust grains included for § = 4.0 as compared with the growth
rate without the dust grains in the above-mentioned graph. In addition, with the rise in the
relative density ratio, the instability growth rate augments and the decline in magnitude
becomes less sharp. We can conclude that after the inclusion of dust particles, both real
frequency and growth rate follows the similar trend as in the case of absence of the dust in spite

of slight modifications in their values.
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Figure 6.4 (a): The normalized real frequency of IEDDI as a function of relative density ratio

o (z nio / ng ) (1) in the electric field presence and (ii) in the electric field absence.
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Figure 6.4 (b): Variation in the normalized growth rate Y / ;. with relative density ratio

o (= nio / ng’ ) in the (i) presence and (ii) absence of an electric field.
In the existence and non-existence of a dc electric field, Figures 6. 4 (a) and (b) illustrate the

impact of normalized real frequency and growth rate on the relative density ratio of the

instability. In the existence of dust charge variations, we observed that the normalized real
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frequency and growth rate of IEDDI is in a linear relationship with respect to the 0 (: ni° / nS ),

and it can be verified from Egs. (6.36) and (6.37). As the negatively charged dust grains
augment in plasma, the real frequency and the growth rate of instability increase. It might be

because as 0 increases, the plasma density of electrons decreases relative to the plasma density
of ions. For increasing values of J, an ion's effective mass Mgty = % is smaller than M;, and

because of its higher mobility, the frequency and growth rate of the instability gets enhanced.
It can also be compared from the graphs that the addition of an electric field enhanced the

instability’s real frequency and growth rate. The real frequency maximum value is measured at

o, =1.64x10° rad/sec when there is an electric field involved, and it drops to
W, = 7.2x10° rad /sec as Vg =0 in Eq. (6.36). The growth rate maximum value is estimated

at ¥ =3.5x10°sec™ when there is an electric field involved, and it drops to ¥ =6.0x10%sec™

as Vg =0 in Eq. (6.37). Therefore, we can infer that the frequency and rate of growth have
slightly changed as an outcome of the addition of the electric field. This is due to the fact that

the addition of an electric field generates E x B drift, which results in the doppler effect, and

as a result, instability’s real frequency augments.

Figure 6.5 (a) represents the growth rate variation with the K, /K, for different values of

Ve / Vi, in the absence of dust. On increasing the values of K, /K, , the growth rate increases
significantly initially; after that, there is a bitsy change in the growth rate of IEDDI.

Furthermore, with the increasing values of Vg /Vj;, the growth rate augments. The trend of
growth rate with K, / K, follows the same trend as observed in experimental results of Ganguli
[37] (cf. Figure 5). Figure 6.5 (b) shows the growth rate variation with the kZ / kg for different

values of Vg / Vi; in the presence of dust using Eq. (6.37). With increasing kz / kg values, the

growth rate of IEDDI follows the same increasing trend similar to the case of without dust. But
the value of growth rate degrades after the introduction of dust grains when compared to the

value of growth rate without dust grains. Furthermore, there is also rise in the value of growth

rate with the increasing values of Vg / Vi .
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Figure 6.5 (a): The normalized growth rate } / @ versus normalized wave vector K, /K, of
IEDDI for varying values of the electric field Vg / Vi, i.e., (i) Vg / Vi =5.5 (ii) Vg /Vy;=3.5 and

(iii) Vg / Vi=2 in the absence of dust.
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Figure 6. 5 (b): The normalized growth rate as a function of the normalized wave vector K, /K,
of IEDDI for different values of the electric field Vg /Vy, i.e., (i) Vg /Vii=5.5 (ii) Vg /V;y=3.5

and (iii) Vg /Vj;=2 in the presence of dust.
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Figure 6.6: The normalized growth rate ¥/@,, with respect to transverse dc electric field Vg / Vi,

of IEDDI for (i) existence of dust grains, and (ii) non-existence of dust grains.

We have also portrayed the growth rate graph in Figure 6.6. as a function of Vg /Vy in the

occurrence and non-occurence of dust particles. As we increase Vg / Vit , the growth rate of the

instability increases in both the cases. In the presence of dust charge variations, the rate of
increment of instability’s growth rate is small while the rate of increment of growth rate is more
in the absence of dust. It can be concluded from this graph that the absence of dust charge
fluctuations enhances the growth rate of IEDDI. The growth rate graph displays a trajectory
that is consistent with the observed trend described in the experimental investigation done by

Ganguli et al. [37] (cf. Figure 3) in the absence of dust grains.

Figure 6.7 portrays the variation of normalized frequency with respect to Vg / Vi in the absence
of dust grain particles. It can be noticed that with the increasing magnitude of radial electric

field strength, the IEDDI growth rate increases. This is ascribed to the fact that if E x B drift is
there, then the effects of doppler shift may result in IEDDI to grow. Our theoretical result is in

good agreement with the experimental observation of Ganguli [37] (cf. Figure 6).

142

Anshu, Delhi Technological University



Analytical Modelling of Inhomogeneous Energy Density...... Chapter 6

2.0~

0 2 4 6 8 10 12
VEIVit

Figure 6.7: The normalized real frequency @, / @ versus Vg / Vi; of IEDDI in the absence of

dust.
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Figure 6.8: The normalized growth rate ¥ / @, variation for different values of 0 (= nio / nS ) ,

ie., (1))0=8, (i) 0 =6 , (iii))d =4, and (iv) 0 = 2 corresponding to the dust grain size a(cm)
of IEDDI.
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Figure 6.8 shows the dust grain size variation with respect to the normalized growth rate for
varying values of relative density ratio. The graph shows that, as predicted by Eq. (6.37), the
size of the dust grains has an inverse relationship with the normalized growth rate. This is
because the intergrain distance decreases with the increment in dust grain size, which in turn

increases the screening of one dust particle charge over another, further lowering the dust grain
potential. Because of this, the average dust grain charge Qg starts to fall, resulting in the

instability’s growth rate decline. It is also possible to deduce from Eqgs. (6.37) to (6.26) how the
dust particles affect the growth rate of the instability. Two parameters are involved in these

equations: 77, the dust charging rate and other one is f, the coupling parameter, or the

interaction between the plasma and dust particles. Furthermore, with increasing values of 0,

the instability rate of growth augments.

0.8

0.6 -

0.2

0!0 L] L] L] 4
1 2 3 4 5x10
ng(cm'S)

Figure 6.9: The normalized growth rate } / @, variation for different values of dust grain size
a(cm) ,ie., (i)a=2x10"*cm, (ii) a=3x10"*cm , (iii)a =4x10"*cm, and (iv)a =6x10"*cm
with respect to the dust grains ng (cm‘3) number density.

The normalized growth rate graph versus the dust number density for varying values of dust

size is illustrated in Figure 6.9. It is found that as the dust particle number density rises, the rate

of growth of the instability decreases. This is because the number of available electrons per dust
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grain reduces as the quantity of dust particles rises, revealing that the total demand for electrons
among the dust particles is enormous. Reduced average dust grain charge Qg causes a drop-in

growth rate of the instability. In addition to this, from Figure 6.9, we can see that with the
increasing values of the size of the dust grains, the growth rate reduces, as explained by Figure
6.8. For dust density greater than 3x10%cm™2, the growth rate is not majorly influenced by the

number density of the dust grains.

There are currently no theoretical findings in the literature that takes into account how dust
particles affect IEDDI. As a result, our theoretical findings are crucial for comprehending and
illuminating the significance of the number density and dust grain size of the dust particles in

the IEDDI.
6.4 CONCLUSION

The IEDDI in the collisional magnetized plasma cylinder under the outcome of electric
field has been observed. Study of absence and presence of dust grains has been studied for
various plasma parameters like gyro-radius, relative density ratio etc. It was concluded that the
inclusion of dust particles has altered the behaviour of IEDDI 1.e., with the increasing values of
dust grain size and dust density, the growth rate of instability decreases. The gyro-radius
augments with an increase in relative density ratio. Moreover, the instability’s real frequency
and growth rate also augment with an augment in the relative density ratio and wave vector.
The impact of the gyro-radius parameter on the frequency and the growth rate of instability was
also examined. It was discovered that the frequency grows as the gyro-radius parameter
augments, but the rate of growth first rises as the gyroradius parameter augments before starting
to fall as the gyroradius parameter further augments. The outcome of an electric field on the
frequency and rate of growth are also considered, and it was found that with the addition of an
electric field, frequency and rate of growth both rises. The acquired results were compared to

the already available experimental observations [15, 37] and a good agreement was found.

The outcomes of our analytical model can be used to explain a wide range of experiments
including AMICIST [62], SCIFER [63], and ALEXIS [64] in Earth’s ionosphere, and might be
beneficial for other space applications [18]. For ionospheric issues connected to broadband

electrostatic wave measurements, the use of the IEDDI mechanism is of special relevance [51].
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The main aim of this chapter is to summarize the key observations, revelations, and conclusions
that have emerged during the research. This chapter also includes chapter-specific summaries.
We will explore the future prospects and directions that have been disclosed as a result of the

research in the following sections of this chapter, which will be a vital platform for us.




Conclusion and Future Prospective mm

7.1 Conclusion

In the framework of this thesis, the theoretical modelling of electrostatic waves in a
magnetized dusty plasma has been elucidated. The research conducted for the current thesis
intends to advance knowledge of the phenomena of wave propagation in dusty plasma and the
consequent effect on the growth of the wave and instabilities. By virtue of the findings in the
aforementioned chapters, it can be concluded that dust in ambient plasma not only creates a
fresh collective phenomenon but also modifies an already-existing phenomenon. The
introduction of dust changes the dispersion characteristics of the waves. Besides this, the effect
of the transverse direct current electric field has also been studied. The main objective of this
thesis is to obtain the analytical expressions governing the dynamics of the waves and
instabilities and their effect on different plasma parameters like the gyroradius parameter,
temperature, relative density ratio etc. For this motive, various theoretical model has been
proposed in the magnetized dusty plasma. Moreover, some of these models have been studied
in the collisionless and collisional plasma and the effect of collisions has also been investigated
with different plasma parameters. A free energy source or an external ion/electron beam tends
to excite different waves and instabilities in the dusty plasma. The findings obtained from the
analytical models show strong agreement with both theoretical predictions and the
experimental data put forth by several researchers. Our findings set forth in this thesis may be
expected to have a strong impact on the applications of space and fusion plasmas. The findings

obtained from this thesis have been concluded as follows:

*

¢ Firstly, the LHWs excitation has been examined by electron beam using the kinetic
treatment in a magnetized dusty plasma. The electrostatic LHWs via Cerenkov
interaction are driven to instability and the dispersion relation has been inferred. It has
been investigated the impact of dust grain size on the excitation of LHWs. The growth
rate and the frequency of LHWs augments with the relative density ratio. The growth
rate and frequency of the LHWSs decrease as the size of the dust grain increases. The
critical drift velocity for mode excitation decreases as the relative density ratio of dust
grains increases, resulting in an increase in the phase velocity. Furthermore, it was
shown that the growth rate of the unstable mode is proportional to the one-half power
of the density of the beam and increases with beam density. LHWSs can be studied in
tokamak plasmas, lunar dusty plasma and have recently received significant attention

for affecting the current drive at a very high density.
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Then we developed the model for current-driven EICWs in a magnetized dusty plasma
in the existence of a transverse dc electric field, and the frequency, growth rate, and
other parameters of the EIC waves have been investigated. From the study of the growth
rate and frequency of the waves, it was found that growth rate and frequency first
increase with the increase in finite gyroradius parameter and then start decreasing with
the gyroradius parameter in the presence and absence of an electric field. With the
increase in relative density of negatively charged dust grains, both the growth rate and
frequency of the EIC mode increase. The critical drift plays a vital role in the excitation
of the mode, and it was found that with an augment in relative density ratio, the critical
drift reduces. It was also observed that the magnetic field is directly proportional to
both the growth rate and frequency of the waves. The frequency and critical drift are
found to increase with an augment in electron to ion temperature ratio while the growth
rate decreases with an augment in temperature ratio. It was observed that in spite of the
small effect of dust grains on EIC waves, it modifies the properties of EIC waves. The
growth rate of the wave decreases as the dust grains number density increases. The
presence of an electric field enhances the amplitude of frequency and the growth rate.
The present work has various applications in space and planetary systems, e.g., in the
study of the magnetosphere of Uranus.

The same model as before has been extended further in this thesis, but in the collisional
magnetized dusty plasma. The presence of collisions as a whole change the dispersion
relation (frequency and the growth rate) and the dynamics of the wave. The effect of
collisions on the various plasma parameters has been studied. The impact of the gyro-
radius parameter on the frequency and the growth rate of a wave for varying electron
and ion collision frequencies was also examined and it has been found that the effect of
an electron collision destabilizes the mode whereas the effect of an ion collision
stabilizes the mode and the growth rate. The real frequency and growth rate augment
with an augment in the relative density ratio. It was also discovered that as the relative
density ratio rises, the critical drift reduces, which is essential for the mode's excitation.
As the electron to ion temperature ratio rises, both the critical electron drift velocity and
frequency rise and the growth rate reduces. It was also examined that with the
increasing values of dust density, the growth rate of the wave decreases. The present
work can be applied in various fields including fusion energy research, tokamak and

plasma heating.
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After showing the effect of collisions on EICWs in a magnetized dusty plasma in the
previous chapter, an analytical model has been proposed in the collisional plasma
driven by an ion beam in the presence of a dc electric field using the kinetic treatment.
The effect of an ion beam has been examined for various plasma parameters on the
instability. It was found that with an increase in wave number and beam velocity, the
frequency of the wave increases. The frequency and phase velocity of the wave
augments with a rise in beam velocity and beam energy. The real frequency and growth
rate augment with an augment in the relative density ratio. The impact of the gyro-
radius parameter on the frequency and the growth rate of the wave for varying relative
density ratio and ion collision frequencies was also examined. It has been found that
the effect of an ion collision stabilizes the growth rate of instability. The frequency and
velocity of the beam increase as the electron to ion temperature ratio increases. Our
findings are sensitive to the dust particles and it was examined that with increasing
values of dust density, the growth rate of the wave decreases. It was discovered that the
growth rate amplitude was lower in collisional plasma than in the collisionless plasma
because the collisions between neutrals and plasma particles reduce their collective
oscillations, which over time causes their amplitudes to gradually decrease. The
observed instability may be related to a bounded dusty plasma system and could be
useful in space plasma physics.

Finally, the IEDD instability in the collisional magnetized plasma cylinder under the
outcome of an electric field has been observed. A comparative analysis of the instability
has been done in the presence and absence of dust grains. It was concluded that the
inclusion of dust particles has altered the behaviour of IEDD instability i.e., with the
increasing values of dust grain size and dust density, the growth rate of instability
decreases. The gyro-radius augments with an increase in relative density ratio.
Moreover, the instability’s real frequency and growth rate also augment with an
augment in the relative density ratio and wave vector. The impact of the gyro-radius
parameter was also examined and it was discovered that the frequency grows as the
gyro-radius parameter augments, but the rate of growth first rises as the gyroradius
parameter augments before starting to fall as the gyroradius parameter further
augments. The addition of an electric field increases the frequency and growth rate. The
outcomes of our analytical model can be used to explain a wide range of experiments

in Earth’s ionosphere, and might be beneficial for other space applications.
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7.2 Future Prospective of the Present Work

The following are the potential ideas for discussion in the future regarding this present

work:

R/
A X4

The present work is based on linear interactions between waves and the charged
particles and this work can further be extended to nonlinear interactions and their
impact on various waves and instabilities can be studied to analyse the plasma system.
The model we have developed in the current work is based on analytical studies, but
these models fell short of providing a thorough grasp of the large-scale complicated
physical systems. Since such systems have a high degree of freedom, theoretical
techniques are essentially impractical. As a result, computer simulations emerged as a
potent tool for comprehending the behaviour of complex physical processes such as
Particle-in-cell (PIC) Simulations. One can gain a more comprehensive knowledge of
the behaviour of waves in a complicated system by including these simulations in our
analytical model.

The theoretical investigations can further be extended to strongly coupled dusty plasma.
Due to their wide range of applications in space and astrophysics, such as plasma
crystals, interiors of large planets, plasma created by laser compression of matter and
laboratory plasmas, coupled plasma has enormous research potential.

The theoretical findings can also be expanded to the astrophysical plasma parameters
and the phenomenon of the waves can be studied in the future. This is the potential area
of research which further expands our horizon of the universe.

The "nano-dynamic" behaviour of systems at the kinetic level, such as the phase
transitions, physics of liquids etc., can be studied using dusty plasma systems.

The investigations can further be expanded to include 3D plasma systems, which

provide a more precise and accurate representation of their behaviour.
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