Dedications

This thesis is dedicated to

Mrs. Manju Dutta (Maa)
Late. Utpal Dutta (Baba)
Ms. Sunali Dutta (Neha)

&

my whole family

People whose joy for my
achievement of a Ph.D. surpasses
even my own



Declaration

I, Mr. Subham Dutta (Roll No: PHP20105 and Registration No. TZ200484 of 2019,
Department of Physics, School of Sciences, Tezpur University) hereby declare that the
thesis entitled, “Plasma fireball instabilities”, submitted in the partial fulfilment of the
requirements for the award of degree of Doctor of Philosophy (Ph.D.), is a genuine record

of original research investigations by me during my academic journey period.

Any part of texts, figures and results by other researchers in any form, which are
properly used in a dignified way herein, are suitably, and honestly cited in order to give

the main credits to the originators and pioneers.

I also hereby declare that the works compiling this thesis have not been submitted
anywhere in part, or in full, for the award of any other degree, diploma, or recognition

from any other academic institution or organisation.

ZDWd _

Date: 11- 66 - 2025 (Subham Dutta)
Place: Tezpur Department of Physics

School of Sciences

Tezpur University



DEPARTMENT OF PHYSICS
TEZPUR UNIVERSITY
(A Central University by an Act of Parliament)
NAPAAM:: TEZPUR:: 784028, ASSAM:: INDIA

Dr. P. K. Karmakar E-mail: pkk@tezu.ernet.in
Professor : pkk170623@gmail.com
Fax: +91-3712-26700515

Ph: +91-3712-275562
: +91-94351-17002 Web: http://www.tezu.ernet.in/

Certificate

This is to certify that the proposed thesis entitled, “Plasma fireball instabilities”,
submitted to the School of Sciences, Tezpur University, in partial fulfilment of the
requirements for the award of degree of Doctor of Philosophy (Ph.D.) in physics is a
genuine record of original research investigations carried out by Mr. Subham Dutta under

my constant supervision and guidance.

All the cooperation, support and help received by him throughout this academic

Jjourney from various sources have been thankfully acknowledged.

1t is further stated that no part of the contents compiled in this thesis has been

submitted elsewhere for the award of any other degree, diploma, or recognition.

g

Date: ’l"’ 6é- "?'ow-— (Prof. P. K. Karmakar)

Department of Physics

Place: Tezpur
Tezpur University



Acknowledgements

Research is a lifelong process, driven by the quest for truth, without an end. But the journey
of Ph.D. does have an end. A journey, which transforms a person emotionally, and its
success opens the door to a new fulfilling life ahead. This journey seems impossible without
consistent and dedicated support from some well-wishers. It is overwhelmingly joyous to
recall the people who made this Ph.D. journey a successful one reaching its destination.

At the very outset, I express my gratitude to my Ph.D. supervisor, Prof. Pralay K.
Karmakar, for his relentless support. As a student, I have felt immensely secure under his
supervision, being trained to dig deepest into the unexplored areas of science. My urge for
perfection in research is sole blessing received Jrom him during this Ph.D. journey.

I, further, extend my gratitude to my doctoral committee members, Prof.
Dambarudhar Mohanta and Dr. Rajib Biswas for their invaluable suggestions throughout
the journey. The Hon 'ble Head of the Physics Department, Tezpur University, Prof. Pabitra
Nath is also acknowledged for his expedient help received since him joining the chair.

The help received from the Tezpur University ever since my post-graduation days
is wholeheartedly thanked. The institutional fellowship received during the Ph.D. period
had been a financial boon for me. A Ph.D. without the same would be an impossible task.

The APNDR Laboratory has been a homely environment for me ever since my
joining. The valuable learnings from seniors (Dr. Sayanti Dasgupta, Dr. Dhrubajit Kalita,
and Dr. Pankaj Sarma), batchmates (Souvik Das and Tanushree Bezbaruah) and
assistance from the juniors (Sourav, Mritunjoy, Jonmoni, Dipankar, Soumadip, Partha,
and Shyamalee) are wholeheartedly acknowledged.

My life often seems incomplete without badminton and the fellow beloved players.
I feel fortunate having them with me during my badminton journey. In this context, I
commemorate my coach Mr. Rajkumar Devjit Singh and fellow players Samiran Morang,
Nishant Biswakarma, Thingujam M. Singh, Rahul Sarma, Debabrat Pathak, Parijat
Bharali, Tushmita Das, Sahtaz Ahmed, Darshan J. Gogoi, Mudit Jain, and Nishant

Sharma. Your absence now onwards will remain as an un-replenishable void in my heart.

Date: '\-06 -26235%

Place: Tezpur

Subham Dutta

Vi



Chapter
No.
1

Table No.

1.1

1.2

2.1

2.2

4.1

5.1

List of tables

Table caption

Differences between RFB and IFB

Linear vs. quasilinear formalism

Multi-parametric SPR stability

Analytical vs. numerical results

Empirically assumed and evaluated

parameters for density perturbation

Adopted normalization scheme and

parametric values

Page No.

6-7

11-12

34

34-35

67

89



List of figures

Chapter  Figure Figure caption Page
No. No. No.
1 1.1 Schematics showing the formation mechanism of an (a) 6

RFB (solid smooth anode) and (b) IFB (hollow meshed

anode).

2 2.1 Profile of the spatial variation of the imaginary 24
frequency part (w;) of the DR obtained for different
displayed &-values (a) analytically and (b) numerically.

2.2 Profile of the spatial variation of the imaginary 26
frequency part (w;) of the DR obtained for different
displayed n -values (a) analytically and (b) numerically.

2.3 Profile of the imaginary frequency part (w;) variation of 26
the DR obtained for different &-values with respect to k
(a) analytically and (b) numerically.

2.4 Profile of the imaginary frequency part (w;) variation of 27
the DR obtained for different n.-values with respect to k

(a) analytically and (b) numerically.

2.5 Profile of the imaginary frequency part (w;) variation of 28
the DR obtained for different y-values with respect to k
(a) analytically and (b) numerically. The different lines
link to y = 450 m™~2 (black dotted line), y = 550 m™?2
(blue dashed line), y = 600 m=2 (red solid line),

respectively.

Xi



2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

Colormap profile depicting the (a) analytical and (b)

numerical — w;-variation with r and n, [=

neexp (—yr?)].

Colormap depicting the (a) analytical and (b) numerical

w;-variation  conjointly with k and n, [=

neexp (—yr?)].

Colormap profile depicting the (a) analytical and (b)
numerical resonance w;-variation conjointly with k =

(4nr)~Y and x (= Ek? + 2B /7?).

Variation of w, for various (a) viscosity (x < &, ) and
(b) central density (n.) values with r at the resonance

condition [k = (4mr)~1].
Variation of w, for various (a) viscosity (x < &, 3) and
(b) central density (n.) values with k at the resonance

condition [k = (4mr)~1].

Comparative profiles of w; and w, with respect to r for

different (a) &(= B) and (b) n.-values.

Comparative profiles of w; and w, with respect to k for

different (a) &(= B) and (b) n.-values.

Colormap showing the w,-profile with variation of x

evolving in (a) r and (b) k.

4-D Colormap showing the collective variation of w,

with respect ton,, (a) r, and (b) k.

Xii

29

29

30

31

31

32

32

33

33



3.1

3.2

4.1

4.2

4.3

4.4

Profile of the perturbed normalized (a) electrostatic
potential (&1 = f(£)), governed by Eq. (3.24)) and (b)
electric field (E; = —0®,/0&), governed by Eq. (3.25))
with variation in the normalized radial distance relative

to the electrode surface.

Colormap showing the evolution of the perturbed
normalized electrostatic potential (®1) and the
corresponding electric field (E1) with variation in the

normalized radial distance (€).

Profile of the perturbed potential across the IFB system
(in SI units) with (a) C =c, (C = 0.03 (black dotted
line), C = 0.02 (red dashed line), C = 0.01 (blue solid
line)); and (b) C #c, (C =0.03, c; =0.06 (black
dotted line); C = 0.02, ¢, = 0.04 (red dashed line); C =
0.01, ¢, = 0.02 (blue solid line)).

Profile of the quasilinear electron (ion) velocity (Ve(;)1)
with variation in the (a) radius (r) relative to the IFB
centre and (b) perturbed electrostatic potential (¢,) for
different special cases dictated by the different velocity

and potential integration constants given in the text.

Profile of the (a) velocity (vVeey1) of the electron (ion)
fluid (dotted lines) and potential (¢p1) (solid lines) with
variation in the radius (r) relative to the IFB center and
(b) velocity (Ve;y1) with variation in the associated

electric field (E,) for different integrated special cases of

potential and velocity.

Profile of the electric field with variation in the radius

relative to the IFB center for the associated constants in

xiii

51

52

68

70

72

73



4.5

4.6

4.7

5.1

5.2

two distinct cases indicated with (a) equal magnitudes

and (b) unequal magnitudes.

Profile of the (a) electron densities and (b) ion densities

with variation in the radius.

Colormap (4-D) profile of the electrostatic potential
(p1), electric field (E; = —0,.¢,), and potential
curvature (0,E;) with variation in the radius (r) relative
to the IFB center for (a) equal and (b) unequal

magnitudes of associated constants (in SI units).

Colormap (4-D) profiling the conjoint spatial variation
(with 1) of (a) velocity (Ve()1), electrostatic potential
(1), electric field (E1) for C = ¢, = 3 X 1075, Ve(i)e =
1073; and (b) velocity (veyy), electric field (Ey),
potential curvature (0,.E;) for C = c; = 0.03, Ve, =
0.01 (in SI units).

Spatial profile of the (a) first-order, (b) second-order, (c)
third-order, and (d) fourth-order perturbed plasma
parameters given as: (a) Electrostatic potential (®, blue
solid line), (b) Electric field (E, red dashed-dotted line),
(c) Density (N, green dashed line), and (d) Mach number
(M, black dotted line). The various fine details for our

numerical analysis are given in the text.

Spatial comparative profile of the (a) electrostatic
potential, (b) electric field, (c) number density, and (d)
Mach number across their order of nonlinearity, denoted
by their suffixes. The detailed analyses are given in the

text.

Xiv

74

75

76

106

107



5.3

Profile of the (a) first-order, (b) second-order, (c) third-
order, and (d) fourth-order perturbed plasma parameters
in a 4-D phase space defined by (i) Distance (), (ii)
Electrostatic potential (®,), (iii) Electric field (E,), (iv)
Potential curvature (02®,/0&?). The initial and input

parameters used here are the same as Fig. 5.1.

XV

108



ACADEMIC PROGRAMS PARTICIPATED

A. Seminars/Conferences

1. Chandra’s Contribution in Plasma Astrophysics (CCPA), Jawaharlal Nehru University,
New Delhi, India, 2021.

2. National Conference on Physical Sciences (NCPS), DHSK College and Manipur
University, Dibrugarh, Assam, India, 2022.

3. Plasma Theory and Simulation (PTS), Jawaharlal Nehru University, New Delhi, India,
2023.

4. Symposium on Physics: Advances on Research and Knowledge (SPARK), North
Lakhimpur College, Assam, India, 787031, 2023.

XVi



LIST OF RESEARCH PUBLICATIONS

A. International and National Refereed Journal of Scientific Repute

1.

Dutta, S., and Karmakar, P. K. “Fireball sheath instability”, Journal of Astrophysics and
Astronomy, 43(64), 1-8, 2022. (UGC-Care listed)
DOI: https://doi.org/10.1007/s12036-022-09850-7

. Dutta, S., and Karmakar, P. K. “A multi-order nonlinear meta-analysis of bifluidic

fireball sheath fluctuation”, Waves in Random and Complex Media, 1-27, 2023.
DOI: https://doi.org/10.1080/17455030.2023.2178826

. Dutta, S., and Karmakar, P. K. “Sheath plasma instability in inverted fireballs”, Chaos,

Solitons and Fractals, 186(115259), 2024. (UGC-Care listed)
DOI: https://doi.org/10.1016/j.chaos.2024.115259

. Dutta, S., Gruenwald, J., and Karmakar, P. K. “Analytic model for sheath plasma

resonance in inverted fireballs”, Results in Physics, 2025. (Communicated)

DOI: arXiv:2411.05397

. Dutta, S., and Karmakar, P. K. “An electric circuital analysis of laboratory plasma

sheath fluctuations and propagations”, Scientific Reports, 2025. (Under review)

. Dutta, S., Atteya, A., and Karmakar, P. K. “Plasma fireball sheath dynamics: A brief

review and meta-analysis”, Discover Space, 2025. (Communicated)

. Karmakar, P. K., Dutta, S., and Deka U. “A brief review on plasma sheath stability:

Circuital description, implication, and application”, European Physical Journal Plus,

2025. (Under review)

. Conference Proceeding

. Dutta, S., and Karmakar, P. K. “A brief overview of diverse plasma fireballs and their

dominant instabilities”, Journal of Physics: Conference series, 2957(012018), 2025.

. Book chapter

. Dutta, S., and Karmakar, P. K. “Fusion: A pathway to energy sufficiency in future”,

Emerging Trends in Basic and Applied Sciences, Purbayon Publication, Guwahati,

Assam, India, ISBN: 978-93-5860-107-7, 2024.

XVii


https://doi.org/10.1080/17455030.2023.2178826
https://doi.org/10.1016/j.chaos.2024.115259
https://arxiv.org/abs/2411.05397

	02_prelim pages

