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ABSTRACT

This doctoral thesis focuses on nonlinear propagation of electromagnetic beam in dusty plasmas.
In first case, we present a model theoretically to see the results of propagation of Gaussian
electromagnetic wave in fully ionized dusty plasma on account of energy loss in thermal
conduction. We observed the temporal change in plasma parameters, self-focusing of wave and

critical power of self-focusing of wave due to the presence of dust grains.

We have also compared the temporal irradiance of Gaussian and Sine beam in collisional plasma
using dust kinetics including neutral atom ionizations, process of reunite the free electrons and
ions, phenomena of adsorption on the surface of dust grains and photoemission from the dust

grain surface, and binary collisions between dusty plasma constituents.

The study of propagation of electromagnetic wave in non-thermal dusty plasma in exospheric
environment considering diffusion limited escape theory, escape mechanism and dust dynamics
made it a fascinating field of research for earth-satellite communication system and rocky
planets. Modified dielectric permittivity, absorption co-efficient, and refractive index involving

dust grains have also been examined.

We have explored the threshold power of self-focusing of amplitude modulated laser beam in
dusty plasma and self-trapping of Gaussian beam in complex plasma using dust charge, number

density and energy balance of plasma constituents.
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Chapter 1

INTRODUCTION
1.1 Historical Background

In 1929, Tonks and Langumir [1] were the foremost to elaborate the interior of a glowing
ionized gas produced via electric discharge in a tube. The term plasma is synonym of neutral gas
consist of many interacting charged particles like electrons, ions and neutrals. Star nebulas,
auroras are the examples of plasma in which dust is an omniscient ingredient. These microns to
nanometer dust particles acquire positive and negative charge on account of interaction with the
surrounding plasma and photon flux. In outer space, the particles are generally positively
charged particles obtained through photo-ionization. On the other hand, they acquire negative
charge due to accretion of electrons. The complex combination of these charged dust particles
with electrons, protons and neutrals is called dusty or complex plasma. In space, the bright comet
Halley [2] and in the laboratory, the ordinary flame is very familiar examples of dust-plasma
interaction. In flame, the thermionic emission of electrons from the dust particles produced
plasma at that temperature. Some other examples like, processing plasma used in fabrication of
devices such as microchips for computers, amorphous silicon solar cell, ion thrusters used for
propagation of satellites, in laboratories for analyzing collective phenomenon and plasma
crystals etc. The dust is also formed on the cool edge layer contacted with material wall in
thermonuclear fusion plasma. The dust has turned out a safety concern for ITER and future
fusion devices. The dust grains may contain a great part of hydrogen atoms which will generate
tritium ions [3]. Moreover, the fine dispersed dust particles may be chemically reactive and may
spontaneously react with oxygen and water vapours in case of vacuum or coolant leak. Migration
of dust particles is also an important feature. On account of thermophoretic forces and repetitive
evaporation and condensation, they may deposit at cold area of devices and block spacing and
fill gaps caused by engineering reasons. The formation of coulomb crystals in dusty plasmas,

exist in astro-plasma system, industrial plasma processing systems, laboratory discharge systems
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etc. has attracted millenary in last few decades. These are different from solid state crystals in
their interaction energy and lattice spacing. The experimental observation shows that as the
coulomb coupling parameter decays with the enhancement of temperature of dust, the dust

crystals melt and vaporize to form weakly coupled ideal coulomb plasma [4].
1.2 Phenomenon of dust charging
The charging of dust grains focuses on the phenomenon

(1) Interaction of dust grains with electrons and ions
(i1) Interaction of dust grains with photons

(i11))  Interaction of dust grains with plasma particles

When plasma particles like electrons and ions incident on to a dust grain surface, they are either
pass through the dust grain material or reflected by dust material. On passage through the dust
material, they excite the other electron by losing their energy and generate the secondary electron
from dust grain surface and make it positive. Also the photoemission takes place when photons

are incident on the dust grain surface and make it positively charged.

Dust particles act as probe when immersed in gaseous plasma and get charged by collecting the

electrons and ions on its surface flowing through it. The charge acquired by a dust grain is

dQO/dt=Y1 K where k represents the species of plasmas and 7 K is the charging current to the
k

dust grain carried by plasma particles k. The net steady state flux towards the dust grain surface

becomes zero,

ie, Y1, =0, (1.1)
='k0

where charge is connected with surface potential as Q = C¢ i and ¢ ; is the surface potential.

Due to lighter mass and high speed of electrons, the dust immersed in plasma acquires the
negative charge and some potential in plasma which is -3.6kgT/e for O plasma and -2.5 kgT/e for

H plasma(5].
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In order to evaluate the equilibrium grain charge in isotropic plasma, the orbital motion limited

(OML) model is used [6, 7]. Following are the assumptions of OML theory:

(1) Collisions between different plasma constituents like electrons, ions and neutrals are
ignored.
(i)  Neutral atoms are produced when a charged particle hitting the grain is either

absorbed by the grain or recombine on its surface.

Keeping the energy and angular momentum conservation, the electronic and ionic current

reaching the grain surface

7. ep/T
I, :—47Zea2ne /—ee ¢O/ ¢ (1.2)
27wmy

(1.3)

where m, , m; are the masses, n., n; are the number densities, and T., T; are the temperatures of

electrons and ions, respectively and ¢O is the surface electric potential of spherical grain of

radius, a. Substituting, these values of currents in equation (1.1), we may obtained the

equilibrium surface potential, ¢0 .

1.2.1 Other charging processes

There are other dust grains charging mechanism like thermionic emission, field emission,

radioactivity, impact ionization etc.
1.2.1.1 Thermionic Emission

When a dust grain is exposed to strong temperature, electrons and ions may be emitted
thermionically from the surface of dust grain. The thermionic emission may be induced by
thermal infra red, by laser heating, or by hot filament surrounding the dust grain. The thermionic
electron emission current Iy, can be obtained from Richardson equation which, including the

increase in work function due to grain electrostatic barrier can be expressed as
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1,= 4ra’ AT exp T

(1.4)

where
A =4zemk; |k’ is a constant.

1.2.1.2 Field Emission

The electron field emission from a dust grain surface occurs when its surface electric field occurs

upto the order of 10° Vem™. The corresponding emission flux comes out 10° cm™s™ for a work

function of 3.5 eV and corresponding surface potential ¢, is 10° V. The dust grain potential is

limited by electron (ion) field emission for negatively or positively charged dust grains.
1.2.1.3 Impact lonization

When a highly energetic ion or neutral atom strikes on a dust grain surface, then either the neutal
atom or atoms on a dust grain surface are ionized with subsequent escape of ions and/or
electrons. This process of impact ionization becomes more significant for high neutral density

and lead to charging of dust grains.
1.3 Grain Charging in Laboratories

In laboratory dusty plasma electron-ion current as shown in equation (1.2) and (1.3) plays a
significant role in charging of a dust grain. Since the electrons moves very much faster than the
ions, so the negative potential is gained by the electrons, as a consequence electrons are repelled.
Hence electron current decreases and ion current increases; the net current at equilibrium is zero
as shown in (1.1). Sustituting (1.2) and (1.3) in (1.1), one may obtain surface potential of -2.5

kgT/e on dust grain surface immersed in H plasma. For a dust grain of radius of 1 um with kgT

of 3eV, the electronic and ionic charge comes out to be —8.4x10™"° C which is almost 5000 times
the charge of electrons [8]. This surplus charge than electrons are quite enough that statistical
spread and time fluctuation of charge are too small in experiments to use consisitent size and

composition of plastic micro particles. Still, the charge to mass ratio is very much smaller than
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that of ions. There are various experiments performed by researchers for measuring dust grain
charge. For example, the charge on an isolated grain can be measured by them by letting it fall
into a Faraday cup or can be derived by decreased electron density on dust grain or speed of
plasma waves [9]. Such methods have also proved that the presence of other particle decreased
the charge on dust whereas grain’s charge varies linearly with its diameter. In non-dusty plasma,
usually the charge is not variable, remains fixed on ions but in dusty plasma, charge varies on
account of fluctuation in surface potential due to plasma waves. Such alteration can raise the
growth rate of particles via collision or coagulation in plasma in the presence of dust particles in

pre stellar nebulae and semiconductor manufacturing reactors.
1.4 Plasma Waves

In plasma physics, analytical treatment of waves and instability plays a significanat role.
Deliberately inclusion of dust particles to plasma creates a new scope of research to study.
Theoretically, the influence of dust has been studied by extending two-fluid treatment with an

addition of third component-dust. That is why results in two categories.

First, although the dusty plasma is electrically neutral like plasma but the difference is the
significant proportion of negative charge bound to dust grain. The binding is detected by
decaying electronic current on dispersing the dust in plasma. This binding influences all kind of
plasma wave modes, viz; ion acoustic wave like plasma analogous of sound waves propagate at

higher velocity and experience far less damping containing negatively charged dust particles.

Second, due to occurance of charge to mass ratio and large inertia of dust particles give rise to
low frequency dust acoustic wave mode in which adjacent dust flux is coupled by electric field

associated with the wave rather than by collisions, as they would be in neutral gas.

One attracting feature of these dust waves is that their resemblance can be obtained in the form
of compression and rarefaction of scattered light as shown in the figure 1.1 as bright and dark

regions that travelles as dust acoustic speed.
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Fig. 1.1 Dust acoustic wave in the form of compression and rarefaction [10]

1.5 Forces

Fig. 1.2 Different forces acting on dust grains floating in plasma [11]

A dust grain floating in plasma is affected by number of forces. In ground experiments, the
dominant force is gravity. The mutual electrostatic interaction and by their interaction with the
gas molecules and ions are the prominenet forces between the charged dust particles. Thermal

gradient produces thermophoretic forces. lon drag force occurs due to weightlessness condition
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which is supposed to have caused the void seen in figure 1.3 by pushing the dust grain out of the

centre of plasma chamber’s RF discharge.
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r ’ P s
i I ;J-.{.;l:ﬁ :
AL |
_?H'G‘ - e

Electrode ¢

Fig. 1.3 Void due to outward ion drag force on dust grain [12]

1.5.1 Gravity Force

Gravity is the dominant effect in ground based experiment in locating the position of a dust
grain. It is significant for the particles greater than 1micrometer. That is why whole volume of

discharge is occupied by nanosize particle. For spherical dust grain the force of gravity [13] is

given by

F,=m,g=(4/3)mpa’g (1.5)

where p is mass density.

1.5.2 Electric Force

In plasma, unequal space charge distribution is created on account of different mobility of

electrons and 1ons induced an electric field. This induced field exert an electric force on the dust
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grain. In the sheath region, the electric field is set up in capacitvely coupled RF discharge which
is strong enough to levitate micron size dust particle. Also, the walls of the discharge chamber
get negatively charged on account of the ambipolar diffusion and repel the particles. In general,

the electric force associated with the particles is given by
F.=0Qe (1.6)

1.5.3 Neutral Drag Force

In plasma, collisions between neutrals and dust grains produce neutral drag force which is
therefore, proportional to gas pressure and particle velocity being smaller than thermal velocity
of neutrals. Transport of dust particle with respect to neutral in a media depends upon the ratio of
mean free path of plasma to the diameter of particles. This ration defines Knudsen number for

the momentum transfer K, =4, . /a . Free molecular range of a particle occurs when K, > land

continuum range occurs for K, < 1. In this regime, a zero velocity boundary condition exist

since gas atoms leaving the surface of a particle interact slowly with those imparting on particle.
The presence of zero velocity dramatically increases the drag for transport of particles relative to

gas.

Assuming elastic collisions between neutral and dust grain with velocity v, and vg, respectively,

the neutral drag force can be formulated as
E1 :nnmngnd(vd _vn) X (17)
In case, relative velocity between dust and neutral is less than neutral thermal velocity, then this

expression can be written as

n

4
F = _E ﬂaznnmnond v, =v,)

(1.8)

and in case, relative velocity between dust and neutral is larger than neutral thermal velocity,

then this expression can be rewritten as

n

— 2 2
F =-ma’nm, |vd -V

(1.9)
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For Knudsen number K, <<, neutral drag force can be written in the Stokes expression

F =—6rv av, (1.10)

b

where v, is neutral gas viscosity.

1.5.4 Ion drag force

Due to the presence of external electric forces and thermal motion of ions and dust particles,
momentum 1is transferred from ions to the dust particles via elastic or inelastic collisions. lon
drag force plays a significant role in positioning of the particle in the discharge, structural
arrangement of the particles in the laboratories experiments, voids on ground and microgravity
experiments etc. In general, the ion drag force can be approximated as

F =nl.m,..|.vf,.(v)0'fr(\/)dv’ (1.11)

where f;(v) is the ion velocity distribution function, o” is the momentum transfer cross-section

for the ion particle collision depending upon the ion velocity through the scattering parameter

B=U,/mv:2, where A, is effective screening length.

Dust
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Filaments Magnets
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- :ﬂ Laser
= ions g )
[ | I
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1 C—— 1 plate
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Fig. 1.4 Ion Drag Force: Experimental Measurements
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Glass microsphere falling through plasma is deflected by ions which acquire drift due to weak
ambipolar electric field in plasma. The ion drag force is determined from the measured

deflection angles [12].
1.5.5 Thermophoretic Force

Solid particles suspended in the gas with a temperature gradient will be subjected to a force
directed from hot part to cold part. This means that the net momentum transfer occurs from gas
to dust particles. The rate of this net momentum transfer is known as thermophoretic force [14,
15]. Its magnitude is directly proportional to the temperature gradient and its direction is
opposite to the neutral gas temperature. Then thermophoretic force on a dust particle can be

represented as

2
F=-39vr (1.12)

th
3v,

where vy, is the thermal velocity given by (8k7/ zm )1/2 , k, 1s the thermal conductivity, VT is

the temperature gradient. m is the mass of dust particle, k is Boltzmann’s constant.

Thermal conductivity for mono atomic gas is given by

k =241C
m (1.13)

b

where 77 is the shear viscosity of the gas, C is the specific heat of the gas. For the viscosity, the

expression may be written as

NmkT

o (1.14)

b

n=0.553

o is the atomic cross-section[16,17]. The measured viscosity of Argon at 300K is
7=221x10" Nsm?, 0=4.2x10"" m? The equations (1.12), (1.13) and (1.14) together give

the thermophoretic force on a microparticle
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o dx (1.15)
Compensating the gravity by thermophoresis in a rf parallel plate plasma results in presence of
particles in central plasma so that creation of void can be observed and investigated on ground

experiment.

For melamine formaldehyde spherical particle of radius @ =1.46um and density p =1.51g/cm™

a temperature gradient of 4.65 K/cm is required to compensate the gravity in neon. With precise
manipulation, several thermally induced effects can be observed like bubbles, structure, eruption,

convection, and particle levitation.
1.5.6 Radiation Pressure Force

In basic dusty plasma experiments, radiation pressure force is exerted on a particle if it is
exposed to beam of light. For example, tails of comets always point outward because of the
radiation pressure exerted by the sun. The radiation pressure force is significant only for very
light particles and intense beam in laboratory experiment. This condition appears atomic physics,

colloidal physics, and biological experiments [18].

Radiation Pressure Force

incident laser

intensity /
momentum

imparted to
microsphere transparent
microsphere

Force= 0971 rp2

Fig.1.5 Momentum imparted to microsphere [19]
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In dusty plasma physics experiments, laser manipulation has been used to induce waves and to
cause a suspension of particles to rotate. Laser beam manipulation is much effective than
electrical excitation of beam, it can push dust particle without disturbing the surrounding plasma.
Using a chopped Ar” laser beam transverse shear wave is excited in dusty plasma by Nunomura

et al. [20].

To measure the radiation pressure force acting on a single melamine formaldehyde microsphere
in dusty plasma, a method is developed for computing this force using the trajectory of a single
particle accelerated by the radiation pressure force by laser beam that is turned on and off. We
record the microsphere trajectory as a time series, and from the time series one can calculate, the
displacement, velocity, and acceleration as a function of time. Finally, one can calculate the

radiation pressure force and shape of confining potential.

video camera frame
(top view) grabber
two-axis
steering

microspheres

HeNe laser \
horizontal
sheet Sﬂ—--’*i'

( modulation

Fig. 1.6 Argon laser pushes particles in the monolayer [19]

Radiation pressure is the momentum per unit area per unit time transferred from photons to a
surface. These photons will be reflected, transmitted or absorbed when strikes the particle. All
these processes contribute to radiation pressure force. In general, for a laser beam of intensity

Ligser, the radiation pressure force Fiaser 1S

2
nra
Flaser =4 c Ilaser ’ (1.16)
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where n is the refrective index of the material and c is the speed of light. By knowing the value
of q, reflection, transmission, and absorption of photons can be calculated. If all the incident
photons are absorbed, then q will be 1. If all the particles are reflected then q would be 2 if  the
particles were a flat disk at normal incidence and less than 2 for any other particle shape. If the

microsphere has no significant absorption, only reflection and transmission of light contribute to

radiation pressure force, q will depend upon particle refractive index.

Fig. 1.7 Radiation pressure and gas drag force on a single particle and wave excitation in a

dusty plasma [19]
1.6 Ponderomotive Force

Momentum carried by an oscillating electromagnetic wave forces a plasma charged particle for
every alternating direction. Due to this force, the charged particle returns to its initial position
after each and every oscillation in case of homogeneous field but it will shift towards weak field
area in case of inhomogeneous field because of greater force imposed on to the charged particle
at the turning point by stronger field [21]. Ponderomotive force plays a significant role in laser
energy coupling or in accelerating of particle and in making an enclosed electron bunch.

Ponderomotive force also modifies plasma density profiles as a result of which particle velocity
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distribution, plasma refractive index, propagation characteristics, self-focusing of beam and laser

spot size would be affected.

The equation of motion associated with electric and magnetic field of an electromagnetic wave is

m%+m(§.v\7)=—eﬁ-e(\7x§)/c (1.17)
The second terms together constitute ponderomotive force for large amplitude wave
F,=m(v.Vv)—e(vxB)/c (1.18)

In the evaluation of F,, the real part of v and B can be represented as

Fpy ==m(v,.Vv,.)—e(vy % B,)/ ¢ (1.19)
Using the identity

ReAReB=(1/2)Re(4.B+A*.B)
one can rewrite the ponderomotive force

Fp =—(m/2)[(vVv)+(v*Vv)—e/c(vx B+Vv*xB)] (1.20)

Electromagnetic wave equation can be represented as

E = A(r) exp—i(wt—k.z) (1.21)
Then
v=_eE | mie (1.22)

And time averaged part of ponderomotive force turns out to be

F =eVg (1.23)
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where ¢, =—(mc* /e)(Y-1)
and Y =(1+5"/2)"” and b=e|4|/ mac.

1.7 Parametric instability

Parametric instability arises due to coupling of large amplitude of wave with another mode of
wave due to the appearance of non-linearity like pressure gradient in plasma. The role of

parametric instability is significant in heating of plasma, lower resonance heating etc.

Let the frequency of the wave passing through plasma is @,
Frequency of plasma oscillation is @,

Then beats appear at frequency e, with the sidebands of frequency o, =w,-®, and

w; =W, + o,

Let us assume if the frequency of an another lightly damped plasma mode of oscillation is @, it

will now beat with @, with the sidebands at o, = ®, —®, and o, = @, + o,.

If w,, thus the mode at @, is enhanced and will beat more strongly with @, to give stronger @,
mode. So, physically parametric excitation can be assumed as a nonlinear instability of two
waves o, and @,by a modulating pump wave @,due to mode coupling interaction. If a pump
wave of frequency @,and wave vector k, is launched into a collisionless plasma such that its
wavelength is very large, its phase velocity may be more than electron thermal speed and the
mode will be undamped. If there is low frequency perturbation (@,k) in plasma such that
® << w,and k >>k,, it will nonlinearly interact with pump wave leading to generation of side
band components at @, = w+ @, and k, = k £k, which will have a considerably smaller phase

velocity viz, @/ k. The sideband and the pump exert a ponderomotive force on the electrons at
frequency and wave vector of the original plasma wave and amplify the plasma wave. This

feedback mechanism responsible for simultaneous growth of plasma wave and electromagnetic

sideband.
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This parametric phenomenon is called as Stimulated Raman Scattering (SRS). In this process, a

pump wave photon of energy hwm, and momentum hk,produces a decay wave plasmons
(hw, hk) and a sideband photon (hw,,hk, ) and (s = -).
Energy and momentum conservation require that

ho = ha, + ho, (1.24)

hk = hk, + hk, (1.25)

These equations also represent the phase matching condition for a three waves resonant

interaction. The parametric excitation of upper sideband (@, ,k,) is not permissible from energy

conservation unless plasma has an additional source of free energy.
1.8 Self-focusing of beam

The nonlinear dependence of the refractive index on the intensity to be of the form
n=n,+ VonE, (1.26)

where n, is the refractive index of medium in the absence of the beam, 7, is the nonlinear term,
E, is the amplitude of electric field associated with electromagnetic beam. The nonlinear term

appears on account of pressure gradient, temperature gradient, and electrostriction etc. To see the
effect of temperature gradient, let us assume a y-axial Gaussian electromagnetic beam

propagating along z-direction. The amplitude of electric vector is given by

E(x,y,z) = E,cos(kz—ar) (1.27)

with E, = E, exp(-r; / a;), where 1o and ay are the cylindrical co-ordinates and beam spot size,

respectively. The nonlinear effect supports the convergence of the beam. The equation of

refractive index of the medium having the nonlinear effect n, is given by

n=n, +%n2E§O exp(—2r°/a]) (1.28)
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Expanding the exponential term, we get

n:n0+ln2E§0 —lno(r/ﬂ)z, (1.29)
2 2
where =—n°a§
2n,Ey,

Neglecting the second term, we get
n’=n[1-(r/B) 7. (1.30)
Thus, because of nonlinear effects, the medium will act as a converging lens of focal length

approximately given by f, = % p.

1.9 Critical power of the beam

The critical power [22] of the beam for self-focusing corresponds to

nEa _ 0.61%,

1.31
n, 2a,n, (131
So, critical power P, is defined as

P, =ra; L E}, (132)

n, 87

1.22)* A2
_(1.22) A (133)

128n,

when power of the beam P < P, , then the beam will converge;

when power of the beam P = P, then the beam will propagate uniformly without convergence

or divergence;

and when power of the beam P > P _, then convergence of the beam will occur.
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1.10 Applications of dusty plasmas

Dust grains constitute a major component of matter in the universe. Majority of elements in the
interstellar medium (ISM) massive than helium are in the form of dust. Micron/submicron size
cosmic dust grains play a major role in physical and dynamical phenomena in the solar system,
the ISM, and the interplanetary and planetary world. The awareness of physical, optical and
charging characteristics of cosmic dust come up with qualitative information about many topics

dealing with the role of dust in spatial world.
1.10.1 Dust in ISM

The phenomena like stellar outflows and supernovae are responsible for the formation of dust in
space. Ejected into the ISM, they lead to the formation of diffuse and dense molecular cloud of
gas and dust. The gas and dust in the interstellar clouds undergo a variety of complex physical
and chemical evolutionary processes leading to the formation of stars and planetary systems,

forming a cosmic dust cycles.
1.10.2 Dust in IDM

The interplanetary dust medium (IDM) consists of interplanetary dust cloud (IDC) having the
extension from inner solar system to the asteroid belt. Zodiacal light is the visible light scattered
by dust particles in the IDC. Particles in the IDC spiral towards the sun with life time of 10*-10°
years and are evaporated or driven out by the solar system. The sunlight absorbed and re-radiated

in the infra red by the dust dominates the sky in the 3-70 mm spectral region.
1.10.3 Dust in the Lunar Environment

The Apollo astronauts found lunar dust to be unexpectedly high in its adhesive characteristics,
sticking to the suits, instruments and lunar rover. The Lunar surveyor spacecraft and the Lunar
Ejecta and Meteorite experiment on Apollo 17 indicated the presence of transient dust clouds. A
horizon glow over the lunar terminator and high altitude steamers were observed by astronauts

on Apollo 17 spacecraft [24].

The lunar dust phenomenon occurs on account of electrostatic charging of dust grain via UV

photoelectric emission during day time leading to positively charged dust grains. On the night
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side, negatively charged grains are produced by electrons/ions collisions. Secondary electron
emission induced by solar wind electrons with sufficiently high energy may produce positively
charged grains. Measurement of the optical and physical properties of individual lunar dust

grains are required to understand and mitigate the hazardous effect on the lunar dust phenomena.

Fig. 1.8 Lab Setup and The EDB [23]

The above photo represents an experimental facility developed at MSFC that is based on
electrodynamics balance (EDB) for investigation of the properties of individual
micron/submicron size dust particles in simulated space environments. A number of unique
experiments have been conducted at this facility to investigate several different properties and
processes of astrophysical interest. These studies employed dust grains comprising the analogs of
cosmic dust as well as dust grains selected from the sample returns of the Apollo-17 and Luna 24

mission [24].
1.11 Outline of Thesis

The proposed research work is motivated by exciting applications of dust in distinct areas
like in planetary atmosphere and planetary rings, radio frequency gas discharge, industrial
applications such as in electronic and photonic devices, surface morphology, self-organization
etc. Moreover, dusty plasma plays a significant role in studying the nonlinear propagation of
electromagnetic wave traversing through the medium, their self-consistent behaviour, modified

global and macroscopic properties like evolution of spatial and temporal profile for the electrons
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and ions, number densities, plasma potential and electromagnetic field discharge etc. We

organize the thesis in the following manner

CHAPTER 1

This chapter introduces the dusty plasmas are characterized by the presence of large-sized
dust grains (micron to sub-micron sized) immersed in partially or fully ionized plasma. In
addition to electrons, ions, neutrals in “ordinary” plasmas, dusty plasmas contain massive
particles of nanometer to micrometer size. Dusty plasma can be produced by dispersing dust
grains into plasma (Q- Machine) or by growing dust in plasma made from certain chemically
reactive gases such as Silane (SiH,) and Oxygen (O,). These are produced by RF and DC glow
discharges, in plasma processing reactors, fusion plasma devices, and as fuel combustion
products etc. fundamental process involving charging of dust grains mainly depend on the
surrounding of dust particles. Various processes like Interaction of dust grains with gaseous
plasma particles, energetic particles (electrons and ions), photons, secondary electron emission,
thermionic emission, and photoelectric emission are responsible for charging of dust grains in
plasma [8]. These dust grains in plasmas acquire a high negative charge in most situations of the
order of 10%¢ — 10%e for a 1um-sized particle and the presence of such highly charged dust grains
can significantly influence the global and macroscopic properties of plasma in which they are
suspended. Fluctuations of the dust grain charge are found to be a source of modification in
number density, energy balance of constituents along with plasma neutrality and also influence

the propagation channel of electromagnetic beam traversing through the medium.
CHAPTER 2

This chapter focuses on review of research activities previously performed by various
researchers on the topic of dusty plasmas and their importance in various fields like industrial
and astrophysics. In this chapter, review of various researchers has been discussed about
nonlinear propagation of electromagnetic beam in plasmas and dusty plasmas. In the view of

this, we have discussed the effect of dust on nonlinear propagation of electromagnetic beam
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including the various processes like ionization of neutrals, electron-ion recombination, electrons-
ions accretion on dust particles, photoemission from dust grain surface, collisions between
various plasma constituents in the presence of dust, and ohmic heating due to propagation of

beam in our present study.
CHAPTER 3

This chapter focuses on the theoretical model for the effect of dust grains on self-
filamentation of Gaussian electromagnetic beam prolonging in a fully ionized plasma composed
of energy balance of plasma constituents, perturbed electron and ion concentration, and
temperature. In this model, neutral atom ionization, reintegration and accumulation of electrons
and ions, photoelectric emission of electrons from surface of dust grains, elastic and charging
collisions has also been considered. Effective dielectric constant in the presence of dust grains
has been constructed. The effect of temporal growth of dust grains on various plasma parameters
for the distinct values of dust density has been explored. The variation of the beam width
parameter with the normalized channel of prolongation has been observed for distinct dust
densities and dust charge states. It is observed that the nonlinearity induced by the effective
dielectric constant in the presence of dust grains increases the self-filamentation of the beam,

thus enhancing the effective critical power with dust density.
CHAPTER 4

This chapter includes the theoretical investigation of propagation of Gaussian and Sine
time irradiance of an electromagnetic beam in collisional dusty plasma. It contains equilibrium
of dust charge, particle density and energy balance of plasma ingredients having charge
neutrality. Ionization of neutral particles, recombination of free electrons with ions, adsorption
and emission of electrons from dust grain surface, and binary collisions between plasma
components are also considered in this treatment. Time varying behaviour of modified electron
temperature and collision frequency has been illustrated numerically as a function of dust
densities. Also, the comparative analyses of variation of beam waist parameter with the
dimensionless length of transmission for both the Gaussian and Sine time irradiance are involved

in this model as a function of distinguishable time width, collision frequencies, and dust densities
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under the condition that the size of dust nebulous is greater than the electrons mean free path for

the adsorption on the dust grain surface.

CHAPTER 5

This chapter presents the theoretical model for nonlinear propagation of electromagnetic
wave in non-thermal exospheric dusty plasma. A simultaneous solution of escape mechanism of
ionic species in exosphere, dust charge kinetics, and electromagnetic wave equations under
JWKB approximation has been obtained. We have also considered the process of neutrals,
electron-ion recombination, electron adsorption and photoemission of dust grain surface, elastic
and charging collisions, and ohmic heating of electrons due to propagation of electromagnetic
wave. The dependence of various dusty plasma parameters with square of electric field vectors
have been analyzed for an altitude of 1000km based on mid-day, mid-latitude data used by
Gurevich. We have also studied the variation of square of electric field vector with the
normalized distance of propagation as a function of absorption coefficient, dust density, plasma
frequency and collision frequency. It is found that irradiance of electromagnetic wave decreases
with dimensionless distance of propagation for different values of dusty plasma parameters. Our
results are beneficial for study of earth-satellite orbiting system, solar wind propagation in upper

atmosphere, and laboratory experiments.
CHAPTER 6

This chapter covers the theoretical investigation of the effect of dust grains on the
threshold power of the amplitude modulated laser beam propagating in complex plasma. In this
analysis, momentum and energy balance equations have been solved simultaneously to govern
the relation between the beam width parameter and normalizes length of progression of
amplitude modified beam advancing in complex plasma. The dependence of beam width
parameter on the progression length has been evaluated for different values of dust grain size and

dust charge state. Moreover, the dependence of critical power of self-focusing on dust grain size

Submitted by: Ruchi Sharma, Department of Applied Physics, Delhi Technological University, Delhi



Nonlinear Propagation of Electromagnetic Beam in Dusty Plasmas

W T
DeLTEcH

and dust charge state has also been investigated. It is found that the critical power augments with

the increase in dust grain size as well as with the increase of the dust charge state.
CHAPTER 7

This chapter presents the theoretical model for self-trapping of Gaussian electromagnetic
beam propagating in dusty plasma. This model comprises of balancing of charge, number
density, and energy exchange between plasma components having charge neutrality. lonization
of neutrals, recombination, emission and sticking of electrons to the dust particles, and the
collisions between the constituents are considered herein. For numerical appreciation, curves
have been drawn for variation of electron density with time and beam waist parameter with the

dimensionless length of propagation for different number density and sizes of dust grains.
CHAPTER 8

This thesis provides a broad perspective and opens up future development of the rapidly
expanding field to interested researchers normally working in this area. Since our various
theoretical results are in line with the experimental outcomes, so the knowledge of our results is
very useful in explaining the high-tech applications of dusty plasma systems. We thus expect our
results are very helpful in the areas of gas discharge and plasma physics, space and astrophysics,
advanced industrial applications of microns and nano-sized particles. Our results are beneficial
for study of icy bodies in outer solar system like Moon, Mars, and Venus for which escape

mechanism plays a dominant role.
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Chapter2

LITERATURE REVIEW

In this chapter key attention is paid to literature review which explains the importance of self-
focusing. It has become an attractive field of interest in recent years because of the nonlinear
interaction of electromagnetic beam in dusty plasmas. Non-linearity appears on ground of
nonlinear radial distribution of intensity of beam in dusty plasma and modifies the electron
concentration, electron temperature and dielectric constant. Collisional, relativistic and
ponderomotive non-linearity have been the leading factors for carrying out research in the field

of plasma applications.

The importance of subject is confirmed by various researchers [1-14]. Sharma et al. [15] have
analyzed the nonlinear self-modulation of electromagnetic beam in dusty plasma. They measured
the nonlinear current density and change in modulation index in the existence of dust grains in
plasma and found that the dust grains reduce the self-filamentation of microwaves and decrease
its amplitude as compared to dust free plasma. Mishra et al. [16] have considered the
prolongation of electromagnetic waves in complex plasma and observed the behavior of the
beam for the cases of convergence, oscillatory divergence and steady divergence. Sodha et al.
[17] have observed the variation in various parameters of plasma with applied electric field in the
existence of dust grains. Verheest and Meuris [18] have developed the nonlinear Schrodinger
wave equation and observed the transformation in dust charge due to nonlinear interaction of

electromagnetic wave in plasma.

Prasad and Tripathi [19] have reported the self-filamentation characteristics of an
electromagnetic beam in weakly ionized plasma in their model. Sambandan et al. [20] have
developed a theoretical model for nonlinear propagation of an electromagnetic beam in dusty
plasma and found that the electromagnetic beam become self-focused for a power greater than

the threshold value. Sodha et al. [21] have developed a theoretical model for the self and cross
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filamentation of electromagnetic beam in fully ionized collisional magneto-plasma. They looked
upon heating of electrons through plasma due to the beam and energy decay via collisions and
thermal conduction. In addition, they observed the self/cross-filamentation of beam for higher
and lower values of the magnetic field due to ionic thermal conduction. Sodha et al .[22] have
investigated the self-focusing of a laser beam in fully ionized plasma on account of non-linearity
appears due to energy loss by thermal conduction. In this case, they have studied the nonlinear
dielectric constant for oscillatory and self-focused mode of the beam. They predicted the

enhancement of axial intensity for 1010 W laser in a length of 0.6 cm by a factor of 25.

Sodha et al. [23] have investigated the dust particle charging in illuminated open complex
plasma. They included neutral atom ionization, ion-electron recombination, electron/ion
accretion and electron emission by dust grains, and binary collision between different
constituents of complex plasma. They illustrated the parametric study of Cs, LaB6, and CeO2 in
the day time ionosphere at an altitude of 150 Km assuming the radius of dust cloud is greater
than the mean free path of accretion of dust grains. Sodha et al. [24] have also presented a model
for evaluation of dust charge fluctuation in complex plasma considering the cases like
photoelectric emission, thermionic emission and no emission of electrons from dust grain
surface. Jia et al. [25] have studied the modified dielectric constant for EM wave propagating in
fully ionized plasma using the Boltzmann’s Distribution law. They considered both the charging
and collisional effect of dust grains and studied about the effect of larger dust radii and charge on
propagation of EM wave in fully and weakly ionized plasma. Dan et al. [26] have investigated
the transmission properties of EM wave propagating in fully ionized plasma with and without
dust grains. They considered the FPL and BGK model and compared the result with weakly
ionized plasma under matrix method. They observed that the dust radii and density affect the
reflection and transmission coefficients of fully ionized dusty plasma slabs. Stoffels et al. [27]
have demonstrated the laser particle interaction in an Ar/ CCL,F, RF plasma. In this case, they
monitored the white light emitted during this process as a function of time and wavelength, and
analyzed with the spectra of black body curves. They obtained a spectral temperature of about
3500K for various dusty plasma states and marked to the decomposition temperature of the

particulate material. Li et al. [28] have studied the effect of dust charge and their size on the
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propagation of EM waves in dusty plasma using the power law dust size distribution and
observed the variation in attenuation coefficient with dust size distribution. Zharova et al. [29]
have developed an electrodynamic model for laser particulate interaction in an ionized gas
cluster. They studied the self-filamentation of laser radiation using the Schrodinger wave
envelope and observed that for laser power exceeding the critical power, wave-field meet with
self-compression. Mishra et al. [30] have studied the transportation of complex plasma featured
by Mathis, Rumpl, and Nordsieck (MRN) power law grain size distribution with and without
electric field. They observed the larger plasma transparency with larger dust grains in dark
plasma while the case is reversed in illuminated plasma where the photoemission is predominant.
Wang et al. [31] have studied the electromagnetic wave propagation characteristics of
inhomogeneous dusty plasma. They developed the models of double exponential and hyperbolic
electron number density distribution for dusty plasma and also studied the power transmission
and reflection coefficient on the basis of their analytical study. Sodha et al. [32] also analyzed the
cases of thermionic emission, photoemission, and emissionless processes to formulate the

problem of fluctuation of charge on account of presence of dust grains.
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Chapter3

THEORETICAL MODEL FOR THE EFFECT OF DUST GRAINS ON SELF-
FILAMENTATION OF GAUSSIAN ELECTROMAGNETIC BEAM IN FULLY IONIZED
PLASMA

3.1 Brief outline of the chapter

This work present a theoretical model for dynamics of temporal growth of dust grain in fully
ionized complex plasma and expressing the features of non-uniform correspondence of a
Gaussian electromagnetic beam with fully ionized complex plasma having electrons, ions and
dust grains as the constituents. Diffusion, neutral ionization, recombination of electrons and ions,
electrons—ions/dust collisions in plasma, electrons-ions deposition on the dust grain surfaces,
thermal conduction are the specific process have been included in this theoretical model. In fully
ionized complex plasma, energy loss of electrons via thermal conduction dominates over the
collisional effect, so we have to ignore energy loss by collision. The number density of
constituents and energy balanced equations have been used to study the non-uniform dependency
of different plasma parameters on the dimensionless axial intensity of the beam and also the
computation have been made to observe the dependence of dust charge, electrons and ions
density, their temperature, effective collision frequency on the time t for different values of dust
density by solving the coupled equations simultaneously. MATHEMATICA and MATLAB
softwares have been employed to solve the equations numerically. The variation of the beam
width parameter with the normalized channel of propagation has been observed for distinct dust
densities and dust charge states. It is observed that the nonlinearity induced by the effective
dielectric constant in the presence of dust grains increases the self-filamentation of the beam,

thus enhancing the effective critical power with dust density.
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3.2 Introduction

Several investigations [1-5] have been carried out on complex plasma because of its exclusive
characteristics, especially; self-filamentation has been an attractive field of interest in recent
years because of the nonlinear interaction of electromagnetic beam in complex plasmas. Non-
linearity appears on ground of nonlinear radial distribution of intensity of beam in complex
plasma and modifies the electron concentration, electron temperature and dielectric constant.
Collisional, relativistic and ponderomotive nonlinearity have been the leading factors for
carrying out research in the field of plasma applications. Collisional non linearity appears due to
heating of plasma component on account of dissipation of energy of electromagnetic beam
propagating through plasma. Energy gained by the electrons during this process is lost by
thermal conduction and electron collisions with ions, dust and neutral particles. In fully ionized

plasma, the former mechanism becomes predominant on account of higher degree of ionization

as So(p(z) / lrzn) << 1, where 80 (=2me /mi) is the fraction of energy loss due to collisions, m¢ and

m, are the electronic and ionic masses, Po is the initial width of the beam, 1, is the mean free

path of collisions of electrons.

The importance of subject is confirmed by various researchers [6-19]. Sharma et al. [20] have
analysed the nonlinear self-modulation of electromagnetic beam in dusty plasma. They measured
the nonlinear current density and change in modulation index in the existence of dust grains in
plasma and found that the dust grains reduce the self-filamentation of microwaves and decrease

its amplitude as compared to dust free plasma.

Mishra et al. [21] have considered the prolongation of electromagnetic waves in complex plasma
and observed the behaviour of the beam for the cases of convergence, oscillatory divergence and

steady divergence.

Sodha et al. [22] have observed the variation in various parameters of plasma with applied

electric field in the existence of dust grains.

Verheest and Meuris [23] have developed the nonlinear Schrédinger wave equation and observed

the transformation in dust charge due to nonlinear interaction of electromagnetic wave in plasma.
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Prasad and Tripathi [24] have reported the self-filamentation characteristics of an

electromagnetic beam in weakly ionized plasma in their model.

Sambandan et al. [25] have developed atheoretical model for nonlinear propagation of an
electromagnetic beam in dusty plasma and found that the electromagnetic beam become self-

focused for a power greater than the threshold value.

Sodha et al. [26] have developed a theoretical model for the self and cross filamentationof
electromagnetic beam in fully ionized collisional magneto-plasma. They looked upon heating of
electrons through plasma due to the beam and energy decay via collisions and thermal
conduction. In addition, they observed the self/cross-filamentation of beam for higher and lower

values of the magnetic field due to ionic thermal conduction.

Sodha et al. [27] have investigated the self-focusing of a laser beam in fully ionized plasma on
account of non-linearity appears due to energy loss by thermal conduction. In this case, they
have studied the nonlinear dielectric constant for oscillatory and self-focused mode of the beam.
They predicted the enhancement of axial intensity for 10'® W laser in a length of 0.6 cm by a
factor of 25.

Sodha et al. [28] have investigated the dust particle charging in illuminated open complex
plasma. They included neutral atom ionization, ion-electron recombination, electron/ion
accretion and electron emission by dust grains, and binary collision between different
constituents of complex plasma. They illustrated the parametric study of Cs, LaBg, and CeO; in
the day time ionosphere at an altitude of 150 Km assuming the radius of dust cloud is greater

than the mean free path of accretion of dust grains.

Sodha et al. [29] have also presented a model for evaluation of dust charge fluctuation in
complex plasma considering the cases like photoelectric emission, thermionic emission and no

emission of electrons from dust grain surface.

Jia et al. [30] have studied the modified dielectric constant for EM wave propagating in fully
ionized plasma using the Boltzmann’s Distribution law. They considered both the charging and
collisional effect of dust grains and studied about the effect of larger dust radii and charge on

propagation of EM wave in fully and weakly ionized plasma.
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Dan et al. [31] have investigated the transmission properties of EM wave propagating in fully
ionized plasma with and without dust grains. They considered the FPL and BGK model and
compared the result with weakly ionized plasma under matrix method. They observed that the
dust radii and density affect the reflection and transmission coefficients of fully ionized dusty

plasma slabs.

Stoffels et al. [32] have demonstrated the laser particle interaction in Ar / CCL,F; RF plasma. In
this case, they monitored the white light emitted during this process as a function of time and
wavelength, and analysed with the spectra of black body curves. They obtained a spectral
temperature of about 3500K for various dusty plasma states and marked to the decomposition

temperature of the particulate material.

Liet al. [33] have studied the effect of dust charge and their size on the propagation of EM waves
in dusty plasma using the power law dust size distribution and observed the variation in

attenuation coefficient with dust size distribution.

Zharova et al. [34] have developed an electrodynamic model for laser particulate interaction in

an ionized gas cluster. They studied the self-filamentation of laser radiation using the

SchrOdinger wave envelope and observed that for laser power exceeding the critical power,

wave-field meet with self-compression.

In this paper, we have studied the role of dust grains in self-filamentation of highly intense
Gaussian electromagnetic beam in fully ionized complex plasmas. Electrons are heated non-
linearly when a Gaussian beam passing through complex plasma i.e., bonding of dust particles
with the electrons is maximum along axial direction of beam owing to maximal temperature of
electrons in the paraxial region. This nonlinear heating causes the variation in electron
concentration in the surrounding of axis of the beam even when there is an ambipolar diffusion
of plasma. This inhomogeneous distribution of electron density creates a channel which guides
the beam to propagate. Energy and momentum acquired by the electrons during the prolongation
of electromagnetic beam through the complex plasma is balanced by the loss of energy via

collisions and thermal conduction. In fully ionized complex plasma, the latter effect dominates
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over the first. In the present analysis of nonlinear interaction of electromagnetic beam in fully

ionized complex plasma, following assumptions have been taken into account:

a)
b)

c)

d)

g)

h)

)

k)
y

m)

Closely packed spherical dust grains,
Gaussian profile of amplitude of electromagnetic beam,
paraxial ray approximation for the prolongation of Gaussian beam, i.e., all the related

parameters are expanded in the surrounding of axis of beam (p = 0) upto the term

pz/p% except the coefficient of thermal conduction, diffusion and mobility that

adapt the behaviour of axial temperature of electrons and ions,

nonlinear ohmic heating of electrons because of perturbed electron concentration and
temperature due to nonlinear irradiance of electromagnetic beam. Ohmic heating of
ions may be ignored because of their heavier masses.

ionization and reintegration of electrons and ions,

elastic and sticking collisions of electrons with constituent particles,

accumulation of ions and electrons on dust particle surfaces and photoelectric
emission of electrons from the surface of dust grains,

steady state number and energy balance of electrons and ions,

charge neutrality condition of complex plasma,

mobility and diffusion of dust grains are considered as zero on account of their heavy
mass,

space charge is present due to inhomogeneous electron temperature,

steady state balancing of gradient of electron/ion pressure by force due to space
charge and,

change in electrons and ions concentration is same in steady state due to space

charge.

For the photoelectric emission of electrons from the surface of dust particles, density and

temperature of electrons should be high enough and the irradiance of light should be low enough

to keep the particle negatively charged as in case of Saturn ring. Thus the calculations have been

made by processing the data corresponding to metallic dust of high work function of 7.8 eV
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(stainless steel) in near space region of atmosphere where photoemission occurs on account of

Lyman alpha spectral lines (1215.7 A) of extreme ultra violet EUV radiations [35].

The remainder manuscript is structured in the subsequent manner: In Sec. 3.3, we formulate the
problem using the basic sets of equations. We construct the effective concentration and
temperature of electrons and ions using the energy balance to give effective dielectric constant in
the existence of dust grains. In Sec.3.4, wave equation has been resolved for the prolongation of
Gaussian electromagnetic beam in fully ionized complex plasma in terms of variation of beam
width parameter ‘f” with the normalized channel of prolongation ‘€’. In Sec. 3.5, effective critical
power of self-filamentation is derived using the initial boundary conditions. Outcomes of the

present work are discussed in Sec. 3.6 and finally the conclusion part is given in Sec. 3.7.
3.3 Theoretical Model of Interaction Techniques in Fully Ionized Complex Plasmas

We assume three species plasma to be composed of ions, electrons and dust grains with charge

-Z € and radiust,, where Z q is the dust charge state and e is the electronic charge. The

dynamics of fully ionized complex plasma include reintegration of electrons and ions, ionization,
neutralization of ions, accumulation of electrons on dust grain surfaces, ohmic heating and

thermal conduction.
The following equations explain the dynamics of complex plasma.
lons and neutral atoms conservation:

nFnG=n,+ng 3.1)

where n.,n and ng, are the densities of ions and neutral atoms with and without dust

%00
grains, respectively.

Dust grains charging

The charge on dust grains is controlled by the accumulation of electrons and ions andemission of

electrons from dust grain surfaces; thus
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—C =, +nph -Tnge, 3.2)

|
where n..= nrg (8kBTi /7cmi)éni [I-Z dai} is the ion accumulation current to dust grain surface

1
and ng.= nrg (8k g Te /mme ) 2neexp[Z d“e} is the electron accumulation current to dust grain

surface, nph (= nrgnp) is the photocurrent emitting from surface of negatively charged dust
grains,where
np =((MAWV)=(4mmek 2 T2 /3 H)AM® ., (1)
P X ™ B W ph n),

(Dph (n) is tabulated integral (Fowler 1936) defined by

o =i Do

Q
n=(hv—¢0 )/kBT q
ny is rate of photoelectric emission per unit area from a neutral or negatively charged dust
surface,

¥(v)is photoelectric efficiency,

A(v)is the number of photons incident per unit area per unit time on a surface normal to the

direction of incidence.

h is Planck’s constant, v is frequency of radiation, ¢0 is work function of dust, Ty is temperature
of dust particle, p(v)is the probability of absorption of photon by an electron hitting the surface
from inside[35].

) 2 . . . . . .
0= (e“/r dkBTi) , Oe=(e7/r dkBTe) , I 18 radius of dust grain, Y is the coefficient of sticking
of electrons on surface of dust grain, kB is Boltzmann’s coefficient, Ti and Ty, are the ions and

electrons temperature, m, and m, are the ionic and electronic masses, respectively.
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Dynamics of electron and ions

e _
& Bino- Opfeh. - N 4 (Ynee -nph )-VCDp (3.3)
and
dni
¥= Bino— Opfigh,-nn. . —V(I)p , 3.4

where Bi is the ionization co-efficient, o, =(ar0 (300/Tg )k') cm’/s is the reintegration coefficient
of ions and electrons, k' and o gare invariable, n d is the number density of dust.

Egs. (3.3) and (3.4) represent the growth rate of electron and ion densities in complex plasma,
respectively. The first terms on RHS of Egs. (3.3) and (3.4) correlate with the rate of gain of

electrons and ions densities due to neutral atom ionization. The succeeding two terms in both the

equations refer to decaying rate of electrons and ions on account of reintegration, and the net

accumulation of electrons and ions on the dust grain surface. The last term VCDprepresent

density decay due to ambipolar diffusion in both the equations obtained by solving the

momentum equations as shown in appendix A.
Neutrality of charge:

Neutrality of charge may be demonstrated by the following equation:

Zdnd—i—ni-ne:O. (3.9

Energy balance equations of electrons and ions:
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d(3 3

10 dT nee?v_-UZ : (3.6)
oo PRpe T | 2. 2
p aP dp 4me(0‘)d +Veff)
and
d(3 _ 3 1o dTi
a(znlkBle o Blnogl - (lrneni (EkBle - ndniCSiC +Ea_p[pkp1 d_pJ . (37)

where €. and € refers to the average energy of electrons and ions due to neutral atom
ionization,
Eec (=2kBTe‘ V4 d (e2 /r 4 )) and & =27 4% )(1-Z a% )) represent the average energy of electrons

and ions accumulating on the dust grain surfaces,

_ [ XBTa T 26 In(1+ de |-z
Sph_ ®(TI'&)(I) € In(1+exp(n-€))d¢ | - dad

concerns to the energy of photoemission from the dust grain surfaces,
where ® (=Z d e/ r d) is the potential of charge dust grains, n (= hv-¢, / kpTy ) , his Planck’s

constant, ¢0 is work function of dust grains material, o 4= (e2 /r dkBT d) ,& 1s the normalized
channel of prolongation, and T d is the dust temperature supposed to be invariable on account of
large heat capacity. kph’ is the co-efficient of thermal conductivity of electrons and ions of fully

ionized complex plasma given by Spitzer [36]and the subscript h' refers to electrons and ions,

respectively.
_ 5/2
kphv = a Thv s
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and

_ -5 3 3.3 1/2
o=19.6x10 /1n{2h—3(kBTh,/1tnh,) }

v 4 : . .
Voff ( Vei TVoq T Ven +VSC) is the effective collision frequency of electrons,

3
_ ne || Te | 2 4 isi
where Vei = Vei0 [neO J[TeOJ is the rate of electron-ion collisions [37]’neO and TeO refer
] ) 5.5n 0 220T 0
to unperturbed density and temperature of electrons, respectively. Veio™ 3 /3 In ] /3‘3
TeO e
3

T

T 2
is the unperturbed rate of electron—ion collisions, Ved = Vedo [_e] Z?l is the rate of
el

) . _ 6 32 -
electron-dust collisions [22], Vedo (2.9><10 )n dOTeO InA, is the rate of unperturbed

electron-dust collisions [1nAe (coulomb logarithm)=10-13 for fully ionized plasma] ,

n 2
Ven =Veno L—OJLT—CJ is the rate of  electron-neutral particles collisions [37],

190 N Teo

TV2 is the rate of unperturbed electron-neutral particles collisions,

_ 5
v (8.3x10 )O'Onoo v

en0

where is unperturbed number density for neutral particles,

)

1.6
0-0(26_6“0—15{(]’6/4)—0.1/{1+(Te/4) }Dis the cross-section area of collision

between electrons and neutral particles averaged over a Maxwellian electron distribution, where

Teis in eV and o is in cm?. This indicates that o increases to a threshold value of electron

temperature or energy and then starts decreasing and

Ve =0y (nge /ne) is the average count of sticking collisions of electrons with dust grains.
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The initial two terms of Egs. (3.6) and (3.7) correspond to final average energy gain of electrons
and ions because of neutral atoms ionization and reintegration of electrons and ions in complex
plasma. The succeeding term in both the equations refers to final energy loss of electrons and
ions because of their accumulation and photoemission of electrons from the surface of dust
grains. The fourth term in both the equations represents final gain in energy density of electrons
and ions owing to thermal conduction. The endmost term in Eq. (3.6) corresponds to gain in
energy density of the electrons from the field on ground of ohmic heating. Ohmic heating of ions
can be neglected because of their heavier mass. The term corresponding to power loss per unit
volume due to binary elastic collisions among the components can be neglected in fully ionized

complex plasma as

R'= Loss of energy via collisions/Loss of energy via thermal conduction .

According to Prasad and Tripathi [24], in fully ionized plasma, R'<<lI i.e., the rate of gain in
energy owing to electron-ion collisions is less than the work done by the electrons against the
thermal forces. The direction of the current flow against the gradient of electron temperature will

define the positive or negative sign of latter term.

A comparison term R’ shows that later mechanism is more predominant in fully ionized
complex plasma because of larger mean free path of the electrons than the Debye length, and

hence the former can be neglected.

Estimation of ionization co-efficient ( Bi ):

The temperature of dust grains and neutral atoms is supposed to be constant due to sufficient
energy exchange between them because of their big thermal expanse. Coefficient of lonization,

Bi can be estimated by executing dynamics of electrons in dust independent environment using

the initial condition as

Bingo~ ariegnjo =0 (3.8)

_ 2
Bingo= @rleonio = %reo- (3.9)
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Estimation of mean energy of electrons and ions:

Mean energies of electrons and ions appeared on account of ionization can be estimated by

applying initial conditions in the energy balance equations for dust free plasma; thus

3
Ee= (EkBTeoj, (3.10)
and
I 3.11
HT13BY0 ) G-1D)

Paraxial ray approximation:

Now we consider an electromagnetic beam having its Gaussian irradiance distribution
along its wavefront. It is convenient to analyse in cylindrical coordinates system, with the

prolongation which may be assumed to be the z — axis (cf. Fig. 3.1).

Solution
Domain
// P

W

Fig. 3.1 shows the schematic diagram of Gaussian irradiance distribution in complex cylindrical

plasma.

The distribution of intensity of the beam at z = 0 is given by

2 _ 2 ['Pz/ p(z)]

o = Ugoe , (3.12)

where Uj is the amplitude of electric vector of the Gaussian beam at a distance p from axis,

Ugo is the amplitude of the beam along the axis at p =0, P is the width of the beam at which
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amplitude of the beam is 1 / e of its value on the axis, and p is the radial part of cylindrical co-

ordinate system.

For finite value of z, the intensity distribution under the paraxial theory is taken

2 2/:2¢2

U -p=/pst
as U2 = Ooe[ o)
0~ ;2 ’

(3.13)

where f is the beam width parameter depends upon the prolongation distance, z,

and pof is the beam spot size.

As it is clear from the above expression, almost intensity of beam lies in the vicinity of central

axis of beam. Therefore, small angle approximation can be adequately used to analyse the

Gaussian beam in paraxial ray approximation [i.e., p/ pof <<1]. Related to this concept all the

parameters (electron/ion temperature, electron concentration, dielectric function, eikonal

function and irradiance profile of the beam) are expended in the surrounding of central axis

(p=0) only upto the term p2/p% as

P (p.z) =P, (2)- (92/9(2) )Py (2), (3.14)

where P, and Pp are the components of variables represented by P(p,z) along the axis and radius,

respectively.

Although the profile of the Gaussian beam remains unaffected during the prolongation of

electromagnetic beam in fully ionized complex plasma.

Hence by putting the accordant parameters in dynamic Eqgs. (3.2) — (3.4), (3.6) and (3.7) and

0

comparing the coefficient p~ and p2 /p(z) terms, we get,

Charging of dust grains:
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dz da
? =nica +npha - Yl’leca . (3 2a)
and
dz dp
T =niCp +nphp - Ynecp . (3.2b)

Dynamics of electron and ions

dne,
v Pialo Cralealiy Mg (Meca _npha)
2
@/py) b . b g ey
w2 (3.32)
and
dnep B .
I Bipno-arpneania _nd(‘neCP_npha)
b ) (clnianep+c2neanip)(nip+c2nep)
li(cl C2)nipnep- n. +c.n
ia “2°¢ca
- o 3.3b
(6/93) +D2i[(neanip+nianep)(CZTia Tip+C3Tea Tep) (3.3b)
) 2.2 2.2
Mia "2Mea | ~Nealy (63T, TipFesTea Tep)
-1 -1
_nnania(CZTia Tip+03Tea Tep)(nip+cznep)
L nia+cznea |
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B a0 %ralealljy NyMicq

(3.4a)
—(2/p0) D +D T e, T T,
“n. +e.n [ in 1aneP+c2neanip) hiMealia (T 1p+c3 ca P)}
ia 2 ¢
and
dni
pZB. n,-OpoNegN. -0 N.
dr ip 0 °TP ia dicp
_D N (clnianep+czneanip)(nip+c2nep)_
1i (¢ 7¢)0;Nep- ——
ifa 27e
1
(6/p3) +D21[(nean erni nep)(clea Terc3Tea Tep) (3.4b)
) 22
n. +eyney Neall, (C2T1a Tlp +C3Tea ep)
_nean (c2Tla Tip+c3Tea Tp)(n +c nep)
i nia+cznea |
Energy balance equations for electrons and ions:
d(3 3
I EneakBTea =B, NgEe" Oraleal;, EkBTea ‘nd(Ynecageca‘nphagpha)
4kpe ) . 30 . (3.6al)
"2 lep *G RT3 NeaVegpy Scomp
p 2 f
0
and
d(3, - 3
T | = B bty e+ o+ T+ o)
3.6bl
-n Y(neCPSeca+neca€wP)_(np}n8pllp+nphp8p}n)) ( )
3 Boloo( Pea ¥
+ Boonp kg D 00{ eﬂfaﬂnepveﬁ-ameaveﬁpﬂ
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d dn
Substituting r:iea and dep from Egs. 3.3(a) and 3.3(b) into Egs. 3.6(al) and 3.6(b1) , we
T T
obtain
3 3 3
B no(ae -k Tea)n Ynecq (Eecy - 2k Toq - nn pha(gpha 5 B ea)
3 (/] po)
\ oy | 2Bl DOy epepealty)
EneakB( d?j: 1 »  (3.6a2)
D ey €57 Ty esTe Tl
2
4k B U
pe
2 TeP ( kBT) nea"eﬁaécorrp
I Po 1
62 v
where B,= ,and & = S/ J [Refs.25 and 49] is the mean part of
0 3me500mpkBT032 comp[ Veff

collisional energy loss of electron with the constituents of plasma, and c¢;,c2,¢3, D1, and Dojare
defined in Appendix A and

3 nep 3 3
EneakB( -~ ] [3lano[2 Blep i (se > KTea)l+By g e kg Tep)

3 3 3
-n dYneca [(eeca B kBTea )-I(secp B kBTep ) qlecp (Seca B kBTea)

2
3 Dep @pp) 1 1
5K (Tep +—— Tea )~ —)D; (¢ Nep TepNeap 1D meatt, 5Ty T te3Tea Tep)]
ca ia 27¢€
(00, ep FCoNeam; )0y #0onep)
Dyjleytep)n nep e
2 ia 2€a
5 @) J
i neani, (€T T tosTen Tep)n e nep) (3.6b2)
negy (€T Tls +oTes Tep) °
n +°2nea
e Voo Byl
- 2 g (_SOOTHPkBT) neaveffa+( SeompkpD— 5" 7 (neaveffp)
Py
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Similarly,

d(3 3 2KkoT. Y —4kpi T 3.7al
dr 2nla BT ia B1a 0%~ %ralteallj, > Blia )~ "q%ica®ica” "2 ip’ (3.71)

and

473 T T T T
drl2 B( ia’ip 1p 1a 1pn0 i 9 B UrpPeatta Yia +ala(neania ip+neanip ia " Tepia ia) (3.7b1)
-0y Y(n. +n. & ))
icp % Mica icp
Substituting 4 and dlp from Egs. (3.4a) and (3.4b), we obtain
T T
3k T
1an0(1 7 kplar nica(‘c’im'i Blia)"
3n k-1 |=| 3kt ( (%O — 0 \D..(en. Ny tonegn. HD +cTea ) (3.7a2)
7ia B| 2B1a 5k IHCUASY ey 3lea Tep) |
Ya
4 .
__2Tip
L 0 J
and
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o
DeLTEcH
M=z

3L ) 30 e 31
5Ma"B| "¢ _BiaHOE Bip . — 5 2 Bla)] Bpno(glp_z kgl
ia

Mip
[ n (glca 2 kg 1a)+(810p 2 kg 1p)] dnicp(glca 2 kg 1r)
ia
3 nip @ PO) 1
kgt T oen Dy; € Mep toMeat Dy meatt, (©5 Ty T1p+°3Tea Tep)l
ia ia
D6 e e (©)0jaMep *)Nealp My #Epep)
2i51 2%p
2nea
31( 1. —(6/[)(2)) T T T
“» Bliaq, +¢ Dy [(neam; ip RACVCA 1p+c3 w Tep)
i 2"ca 1
n(cT T+cTeaT)(n )
NegM: (CzTiaZIis +C3Tea2Tq2) 2%a ip 3 °p 2nep (37b2)
i Mg Clea |
4 . n.
_pw
2 1
iy Ma ¥

The stationary solution (i.e., at t — « ) of the Eqgs.(3.2)-(3.7)(a2, b2) jointly gives the
dependence of different fully ionized complex plasma parameters on the axial part of radiation

by choosing the axial and radial component of relevant set of parameters.
Effective dielectric constant:

Using the above set of parameters, the nonlinear effective dielectric constant may be calculated

as

2 2

® ® n 2
gefle' _(2) 5 d - [ € \]:ga_(%)gp_ (3.15)
04 ) Ve T Me0 PO

Substituting ng and Voff corresponding to the Eq. (3.14) and comparing the coefficient of pO

and p2 /p% terms, one obtain,
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2 2
e —1.| 20 |[{_Yeffa | Nea s
a 2 2 |la .1 :
©d @4 e0
and
2 2
190 |||, Vet |[mep | [ mea || 2effaVeffp
¢ ! : (3.15b)
P 0)2 (02 n n (02
d d e0 el d

where v and v are the axial and radial part of the effective collision frequencies,
effa effp

ne, and Ngp are axial and radial electron densities, (Doand 4 are the electron plasma

frequencies in the absence and existence of dust grains, respectively.

Using the axial and radial parts of electron densities and effective collision frequencies by

concurrent solution of Egs.(3.2)-(3.7)(a2, b2), we get the axial and radial component of effective

dielectric constants, €, and €p in terms of BOUgo.

3.4 Self-Filamentation of Gaussian Electromagnetic (EM) Beam in Fully Ionized Complex

Plasma

Consider a uniformly polarized Gaussian EM-beam propagating with the z-axis in a fully ionized
complex plasma with its y-axial polarized electric vector; the cylindrical coordinate form of

electric field vector U for above defined beam may be expressed as

A io qt
U@)=jU,p.2)e =, (3.16)

g, )

where (U 0 )z=O 00 )

A

and ] is the y-axial unit vector.

Concerned wave equation is given by
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2 Eopr (P2 22y _
V2Uuv(v. Uy a2u_ 3.17
(V- Uyl 2 (3.17)

Since the divergence of electric vector of the transverse beam is zero, hence the Eq. (3.17)

reduces to
VAU H@3 /e g (p2)U ) =0, (3.18)

For a cylindrically symmetric beam (UO being independent of6 ), so from Eq. (3.18)

we obtain

02U, ou,. 02U, 6028 ,Z) .

0,190, 97Uy _ @4 (P )U _ (3.19)
oz2 p Op (3p2 C2 0
The solution of Eq. (3.19) according to Akhmanov ef al. [38] can be expressed as
Uo(paz):Ao(paz)e_lkza (320)
-iks(p,
Ay (PD)=A(P2)e ) (3.21)

where k = (md/c)sgz,

Agp and s are real.

Following Sodha et al. [39], substituting U0 and A 0° respectively from Egs. (3.20) and (3.21) in

Eq. (3.19) and comparing the real and imaginary parts of consequent equations, we obtain

2 2
0°A oA

2@{@} =iq>(lA0AO*j+ 21 00 1701 (3.22)

0z \0p) & \2 k“Agy | 9 p Op

and
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2 2
0A OA 2
00 , 0 “op +a2 5_25+l@ 0, (3.23)
gz op Op op~ POp
1 * p2
where CD(zA()Ao ]:( 7)€y (3.23a)
g P

Following earlier analysis [38, 40-41], the solution of ASO may be written as

2 - 222
U f
A2 - 00 P07 (3.24)

00 £2

Substituting the expression of @ and A% 0 from Eq. (3.23a) and Eq. (24), respectivelyin Eq.

(3.22), we obtain

2 2
&
2S[O 12 2 P (3.25)
oz \op) 2eq 004222y 2pded

The eikonal function S(p,Z) in paraxial ray approximation, may be represented as

2
5= %B(z) +¥(2), (3.26)

where W(z) is any function of z

and B(z) = %j—f
z

The shape and power of beam is preserved by the solution of A(z)o when the beam propagates.

Employing the expression for B(z)in Eq. (3.26) and comparing the co-efficient of p2 / p% of the

resulting equation, yields [33] the equation for beam width parameter of the form
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P 00 (3.27)

a4_ 1 1.1 (3.28)

) 1/2
24P, . . .
where Ry ¢ = is the characteristics length of focusing ,
epU00
__z 12
&—R—d and Rd kpo .

The initial term on the right —hand side in Eq. (3.28) represent the nonlinear self-filamentation

term while the last diffraction divergence.

3.5 Effective Critical Power in the Existence of Dust Grains

From Eq. (3.28), the effective critical power P (evaluated in Appendix B) of self-filamentation

2
for Rpg=R d (for which d—§ =0, f=1, for all values of ) can be written as
dg
3 .12
c’ €
Pcr=—2:—. (3.29)
40)d p

Thus, an incident electromagnetic plane wave front will travel independent of beam spot size
results in linear waveguide prolongation. The effective critical power comes out to be

012

7.1094x10" < (ergs/s) for the given set of parameters.
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3.6 Computing Outcomes and Discussion

This work present a theoretical model for dynamics of temporal growth of dust grain in fully
ionized complex plasma and expressing the features of non-uniform correspondence of a
Gaussian electromagnetic beam with fully ionized complex plasma having electrons, ions and
dust grains as the constituents. Diffusion, electrons—ions/dust collisions in plasma, electrons-ions
deposition on the dust grain surfaces, thermal conduction are the specific process have been
included in this theoretical model. In fully ionized complex plasma, energy loss of electrons via
thermal conduction dominates over the collisional effect, so we have to ignore energy loss by
collision. The number density of constituents and energy balanced equations have been used to
study the non-uniform dependency of different variables on the dimensionless axial intensity of
the beam and also the computation have been made to observe the dependence of dust charge,
electrons and ions density, their temperature, effective collision frequency on the time t for
different values of dust density by solving the coupled equations simultaneously.

MATHEMATICA and MATLAB softwares have been employed to solve the equations

numerically. Using these equations ¢, and €p can be obtained by substituting the appropriate

values. From the values of ¢, and €p, We can gain the beam width parameter depending upon

normalized channel of prolongation, §(=z/Ry), satisfying the boundary requirements f=1,% =0

at & = 0 for different values of beam intensities and dust densities. For the numerical solution of
this analytical model, the curve representing the self-filamentation has been obtained by plotting
beam width parameter (f) as a function of normalized channel of prolongation of the beam &
(=z/Ry) for a selected set of variables picturing the region of prolongation for self-filamentation.

The set of variables used in the calculations are as follows:

7 3

b

ar0=5.5><10' cm3/s,neo=nio= 2.45x10%m" n,=ny,= 0.9><1012cm_3,k.= 1.1

b

_1n2.-3 2
nd—lOcm B

b b

Pp=5:5¥10%em K =138x10710 Tyo= 1001K 1 —9.1x10728

= 64x10%71 T, =399K v,(=5x10%"" m =39x1.6x10"*g @, = 1.1x10% !

b 5 5

Ve0 0
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f N
R o
S DeTecH)

= 300K, rd=10'5cm (50=1.5><10'16cm2

b 2

e=4.8x 10_lostatcoloumb , Td

Ugo = 10° stat volt cm™ 6x10°stat volt cm™.

The variation of electrons normalized number density, N, / ep has been plotted against time,

(in sec.) for distinct values of dust grains number density, n d in fig. 3.2

1."—“-5—;_—__.___\_\_

5 ey N X
I:I_E = '-._\ My ‘\__
- b b~
g NETNTS
o 0.6F . S )
= \\ \-_h b
--..\__&' \\ o \\
L F] Ty \‘\.\ \\
= 04} o N

L " M L 1 1 L i N L

2.x10°%  axw0? ex10® g xw07M 1 x107Vd

T (sec)

Fig. 3.2 indicates the variation in normalized number density of electrons with the parameter t

(in sec) for different values of number density of dust grains, n q The labels a, b andc refer to

ng = 2x10°, 2x10°, 2x10 in em™, respectively.

This shows that the N, / nep decreases with time and for larger values ofn 4°Mea / nep decay

faster because of more and more availability of dust grains for the accumulation of electrons.

Submitted by: Ruchi Sharma, Department of Applied Physics, Delhi Technological University, Delhi



Nonlinear Propagation of Electromagnetic Beam in Dusty Plasmas

10010

100es

10005

1 o0

10002

2 w1~ 4 1~ 5w 10— 3 w10~ 13 Lo a4

T (sec)

Fig. 3.3 The dependence of negative dust charge state on time t.

Fig. 3.3 displays the variation of dust charge state with time and indicates that the negative dust

charge state decreases with time on account of decaying number density of electrons with

enhanced dust density.
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Fig. 3.4 displays the variation in normalized electron temperature with the parameter t for

different values of number density of dust grains, n 4 The labels a, b and c refer ton q- 2x10°,
2x10°, 2x10% in em™, respectively.

Fig 3.4 presents the dependency of electron temperature on the variable t (secs.) for the distinct

values of dust densities. The figure shows that the temperature of electrons decay faster for

greater values of dust density, n d .These results are in line with the experimental measurements

of Couédel et.al.[421and others[43-47].
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Fig. 3.5 describes the variation of effective collision frequency with time for different values of

ng. The labels a, b and c refer to n q-= 2x10°, 2x10°, 2x10" in em™, respectively.

Fig.3.5 describes the variation of effective collision frequency with time. It indicates that the
effective collision frequency decreases with time on account of greater accumulation of electrons
on dust grains. More the dust density faster will be the mitigation of collision frequency and Fig.
3.6 indicates that the normalized electron density decreases with normalized dielectric constant

and hence with the dust density. These outcomes are in good agreement with the conclusion of

Schneider etal.[48].

| | . L . L

%o a5 a0 35 30 as 20 s 10 5
'

€4/ Ep

Fig. 3.6 expresses the variation of normalized electron density, nea/nep with normalized

effective dielectric constant, €y /Spfor fully ionized plasma in the existence of dust grains.
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Figs. 3.7 and 3.8 indicate the dependence of beam width parameter ‘f” on the normalized channel

of prolongation for distinct parameters of dust density, n d and dust charge state, Z , respectively.

From fig. 3.7, it is observed that the beam width parameter ‘t” quickly diminishes with & and
leads to self-filamentationin the existence of dust grains in fully ionized plasma. It shows that the
self-filamentation of Gaussian electromagnetic beam increases in the presence of dust grains
which are in contrast with the result obtained by Sodha et al. [27] in their earlier analysis for the
prolongation of beam in fully ionized plasma without dust. The extent of self-filamentation
decreases with dust density on account of reduced nonlinearity due to existence of dust grains

whereas the inverse result is obtained in case of dust charge state.

3 | | | | I I 7
0 2 4 6 8 10 12 14x 10

& (=z/Rq)

'y

Fig. 3.7 shows the dependence of beam width parameter ‘f’ on the normalized channel of
prolongation & (=z/Ry) for the transverse of Gaussian EM beam as a function of the number

density of dust grains. The labels a, b and c refer to n 4" 2x10°, 2x10°, 2x10° in em

3 respectively.

Submitted by: Ruchi Sharma, Department of Applied Physics, Delhi Technological University, Delhi m



Nonlinear Propagation of Electromagnetic Beam in Dusty Plasmas

W T
DeLTEcH

x10°

3 I ! ! I ! I
0 2 4 6 8 10 12 14x10°

& (= z/Ra)

Fig. 3.8 indicates the dependence of ‘f” on &, for different values of dust charge state Z;. The
other parameters are given in the text. The labels a, b and ¢ refer to Zy= -4x10°, -6x10°, -

8x10°, respectively.

Fig. 3.9 expresses the variation of effective critical power P, (ergs/s) with normalized electron
density, Ng, / nep in fully ionized plasma in the existence of dust grains. It indicates that critical

power increase with decaying electron density i.e., enhanced dust density. So the power of

Gaussian beam must be increased for the beam to be focused for lower values of Noy / n,

p
.From the above discussion, we can conclude that by changing the various dust-plasma
parameters, effective nonlinearity can be obtained in plasma. Moreover, effective dielectric
constant and self-filamentation behaviour of beam can be estimated by modifying various

parameters.
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Fig. 3.9 express the variation of effective critical power P (ergs/s) with normalized electron

density, Ngy / nep in fully ionized plasma in the existence of dust grains.

3.7 Conclusions

This theory investigates the effect of dust grains on self-filamentation of Gaussian EM beam in
fully ionized plasma. An analytical model to study the dynamics of fully ionized complex plasma
has been established. Under the inclusion of charge neutrality condition, energy balance
equations of plasma constituents, perturbed number density of electrons, effective dielectric
constant, the effect of growth of dust grains on various plasma parameters have been examined.
Moreover, the propagation of Gaussian electromagnetic beam and its critical power in fully
ionized plasma in the presence of dust grains have been studied. To analyse the behaviour of
beam, paraxial ray approximation has been taken into account and the behaviour of self-
filamentation has been described by curves. These outcomes may be useful for space and

laboratory plasma experiments as well as for future studies in complex plasma.
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APPENDIX A: AMBIPOLAR DIFFUSION AND TRANSPORT COEFFICIENTS

We assume the fully ionized complex plasma made up of the constituent electrons, ions and

charged dust grains. The net particle flux or density decay of constituent species is obtained by

D¢ =-netteU - Dy ne(VTe/Te) - D, Vi, (3.30)
® =nu.U-D .. (VL/T) - D,.Vn,, (3.31)
® =-n4u,U-D Vn,, (3.32)

where @y , ng, U, Tg,Dlg(ZSkBTg / ngveffg)’ ng(:kBTg/mgVeffg)’ ug(zeng/kBTg),

are the flux, number density, space charge field, temperature thermal diffusion
coefficient,diffusion coefficients and mobility; the subscript g stands for electrons, ions and dust

grains, respectively.

The net rate of flow of both the charges per unit area must be balanced in stationary state, so we

get

O, = Do+ @ (3.33)

d-
The dust grains are supposed to be standing still because of their heavy mass and hence their flux

comes out to be zero. Thus the Eq. (3.33) gives

0. =D (3.34)

Using the Eqgs. (3.30), (3.31) and (3.34), eliminating U, net particle flux or density decay comes

out to be

®p, =-D; ne(VTe/Te) - Dy Vng

p

D,.Vn.-D, Vng+ Dy 0. (VT./T.)- Dy ne(VTe/Te) |, (3.35)

2 2

-Delle
Nekle + Nk

where CIZD2e/D2i’ c2=ue/ui and C3:Dlem1i'
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In this paper, axial parameters of diffusion coefficients and mobility are taken into consideration.

APPENDIX B: EFFECTIVECRITICAL POWER

Consider a uniform waveguide prolongation, a Gaussian beam propagating with a plane
wavefront (R=w) at z =0. If at z = 0, the two terms on the RHS of Eq. (3.28) compensate each

2

other, —5 = 0, f = 1(for all values of z). The critical condition for uniform waveguide
dz

prolongation is given as

Rps = Ry, (3.36)

2 2
Ris =RY (3.37)
2pne
Lza - kZpS , (3.38)
epUgo
or

2

a  _ Ugo- (3.39)

e K2p2

p* Po

The corresponding critical power is given as

o0

€q..0 c
P..=[-2U ,z)—2mpd
cr (I)Sn: Oo(p )n pap

C
=<1 PgUgo: (3.40)

where 1is the referactive index of medium .

Substituting U2

00 from (3.39) into (3.40), we obtain

1/2
Por = CF‘LZ (3.41)
48pk
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Substituting k2= samﬁ / ¢2 in above equation (3.41), we obtain

B C3821/2

Per (3.42)

=——
4o qp
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Chapter 4

THEORETICAL ANALYSIS FOR TRANSMISSION OF GAUSSIAN AND SINE TIME
IRRADIANCE OF ELECTROMAGNETIC BEAM IN COLLISIONAL DUSTY PLASMAS

4.1 Brief outline of the chapter

In this chapter, an analytical model is evolved to access the transmission kinetics of both
Gaussian and Sine time irradiance of electromagnetic wave owing to mutual interactions of dust
and other plasma components. It is familiar that the electrons in dusty plasma get heated up
because of highly irradiated electromagnetic wave to the stationary state temperature of the order

comp

of relaxation time 7'=1/(J,,,,v,,) Wwhered,,, is the fractional loss of energy of electrons due to

collisions and v, is the effective collision frequency under the influence of dust grains.

Consequently, with the increasing electron temperature, electron density attains a steady state

value during the relaxation time 7' For the pulse duration (¢,) < z', n,/n,, =1 and for 7, > '
,n,/n, attains a steady value. Hence the electron density considered as a function of
temperature. In this communication, for 7,>7', the steady state electron density and

temperature in dusty plasma is obtained on account of ionization of neutrals, recombination of
free electrons with ions, net adsorption on dust grain surface and diffusion due to space charge
field and temperature gradient which are ignored in other analytical studies [Refs. 19 and 22].
Power loss due to ohmic heating and collisions between the constituent species has also been
taken into account to predict the electron temperature, which causes the nonlinearity. Ohmic
heating of ions has been ignored due to their heavier mass. The significance of thermal
conduction has been neglected in the present formalism. Time varying behaviour of modified
electron temperature and collision frequency has been illustrated numerically as a function of
dust densities. Also, the comparative analyses of variation of beam waist parameter with the
dimensionless length of transmission for both the Gaussian and Sine time irradiance are involved

in this model as a function of distinguishable time width, collision frequencies, and dust densities
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under the condition that the size of dust nebulous is greater than the electrons mean free path for
the adsorption on the dust grain surface. The observed results are significant for the applications

in industry and astrophysics.
4.2 Introduction

Several researches [1-11] have been performed to show the significant effect of dust grains in
plasma because of its exciting applications [12-18] in space, industries, and laboratories plasmas.
Particularly, the self-focusing behaviour of an electromagnetic beam propagating in dusty plasma
becomes an interesting domain of research promoted by the various investigators [19-25]. Mishra
et al. [26] have studied the transportation of complex plasma featured by Mathis, Rumpl, and
Nordsieck (MRN) power law grain size distribution with and without electric field. They
observed the larger plasma transparency with larger dust grains in dark plasma while the case is
reversed in illuminated plasma where the photoemission is predominant. Sharma and Sharma
[27] have discussed the kinetics of non-uniform transmission of a Gaussian electromagnetic
beam in strongly ionized dusty plasma considering the elastic and charging collisions with
photoemission and electrons adsorption on the boundary of dust grains. Jia et al. [28] used the
Boltzmann distribution law to study the transportation characteristics of an electromagnetic wave
propagating in weakly and strongly ionized dusty plasma. Mishra et al. [29] have used the
paraxial ray approximation to study the propagation behaviour of a Gaussian irradiance of an
electromagnetic beam in dusty plasma under the effect of elastic and inelastic collisions. Wang et
al. [30] have studied the electromagnetic wave propagation characteristics of inhomogeneous
dusty plasma. They developed the models of double exponential and hyperbolic electron number
density distribution for dusty plasma and also studied the power transmission and reflection
coefficient on the basis of their analytical study. Sodha et al. [31] also analysed the cases of
thermionic emission, photoemission, and emission less processes to formulate the problem of

fluctuation of charge on account of presence of dust grains.

Several investigations on temporal profile of electromagnetic wave propagating in dust free
plasma have been carried out by various researchers [32-34] but in this paper; analytical model is
evolved to access the transmission kinetics of both Gaussian and Sine time irradiance of

electromagnetic wave owing to mutual interactions of dust and other plasma components. It is
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familiar that the electrons in dusty plasma get heated up because of highly irradiated
electromagnetic wave to the stationary state temperature of the order of relaxation time 7'= 1/

(O,ompVer) Whered,,, is the fractional loss of energy of electrons due to collisions and v, is the

omp

effective collision frequency under the influence of dust grains. Consequently, with the
increasing electron temperature, electron density attains a steady state value during the relaxation

time 7' For the pulse duration (¢,) <z', n,/n,,= 1 and for ¢, > ¢', n,/n, attains a steady

value. Hence the electron density considered as a function of temperature. In this

communication, for ¢, > 7', the steady state electron density and temperature in dusty plasma is

obtained on account of ionization of neutrals, recombination of free electrons with ions, net
adsorption on dust grain surface and diffusion due to space charge field and temperature
gradient which are ignored in other analytical studies [Refs. 19 and 22]. Power loss due to ohmic
heating and collisions between the constituent species has also been taken into account to predict
the electron temperature, which causes the nonlinearity. Ohmic heating of ions has been ignored
due to their heavier mass. The significance of thermal conduction has been neglected in the

present formalism.

For the computation, metallic dust cloud of stainless steel having work function of 7.8 eV as in
ionosphere has been considered so that photoemission can take place for spectrum of Lyman &

radiations (1215.7 A) in extreme UV region.

The left over manuscript is schemed as follows: In Section 4.3, the coupled sets of differential
equations of charge neutrality, electron density, and electron temperature are solved considering
the paraxial ray approximation to structure the analytical model for formulating the modified
dielectric permittivity under the influence of dust grains. Section 4.4 include the solution of
propagation of electromagnetic beam for the both Gaussian and Sine time irradiance in dusty
plasma following the Akhmanov’s et al.[38] and its extension by Sodha et al.[39] in respect of

modification of the beam waist parameter f/ with the dimensionless length of transmission ¢ for

distinguishable dust parameters. Consequences of the existing model are discussed in Section

4.5, and, in the end, we reach to the conclusions in Section 4.6.

Submitted by: Ruchi Sharma, Department of Applied Physics, Delhi Technological University, Delhi



Nonlinear Propagation of Electromagnetic Beam in Dusty Plasmas

W T
DeLTEcH

4.3 Analytical Model

Assume dusty plasma to be made up of dust grain spheres with charge —Z,eand radiusr,, ions,
electrons and neutral atoms, where Z, is the state of charge on dust and e is the charge on an

electron. The kinetics of dusty plasma include ambipolar diffusion, neutral ionization,
neutralization of the ions, adsorption and photoemission of electrons, collisions between plasma

constituents, and Ohmic heating caused by non-uniform irradiance of the beam.
The following equations demonstrate the kinetics of dusty plasma as:
A. Ambipolar Diffusion Term

The ambipolar diffusion term due to density decay of constituent species is given by

[le = - nepeU - Dyno(VT, / Tp) - DyeVne, (4.1a)
I, = nuU - Dn(VT./T) - D, Vn,, (4.1b)
Hd = -nyu U -D Vn,, 4.1¢)

whereIly , ng, U, g’Dtg(: SkBTg/2mgvefg), Dyg(=kpTy /mgvefg),
Hg (= eDng /k BT g ),are the flux, number density, space charge field, temperature, thermal

diffusion coefficient, diffusion coefficients and mobility; the subscript g stands for electrons,

ions and dust grains, respectively.

The net rate of diffusion of both the charges per unit area must be balanced in stationary state, so

we get
Hl = He+ Hd . (423)

The mobility and diffusion of dust particles are supposed to be zero because of their heavy mass

and hence their flux comes out to be zero. Thus the Eq. (4.2a) gives

I, = Il (4.2b)
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Using the Egs. (4.1a), (4.1b) and (4.2b), eliminating U, net particle flux or density decay comes

out to be

[, = - Dyne(VT,/Tp) - DpeVn,

] neﬂe{Dnivnl. - DypeVng+ Dyn (VT /T,)- D;ne(VT, / Tp) ] (4.32)

Nelle +N;fL;

0o (Dm-[czneVniJr e Vngl+ Dyneniles (VT I T)+ ¢3(VT, / T,)] J w3b)
p= : .

NeCy +1;
where q =Dy, /Dni , Cy = He /yl- and c3 =Dy, /Dti .
In this paper, axial parameters of diffusion coefficients and mobility are taken into consideration.

B. Charge neutrality

Neutrality of charge may be forwarded as

Zn, +n; - ng=0, (4.4)

where dust grains number density is represented by 7,, and 7;andn, are the ionic and
electronic densities under the influence of dust grains, respectively.
C. Dust charge balance

The net charge on dust grains is balanced by charge flux through the surfaces of dust grains, thus

dz

d _
7_nph(zd’Td)+nic(Zd’Ti)- YneC(Zd,Te), (4.5)
where Y (= ”’”j” p) is the rate of photoelectric emission by surfaces of charged dust grains,
where
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1p = N Z0) = AW ATmek gT 7 | ()@ (1),
(Dph (17) is tabulated integral (Fowler 1936)[35] stated as

1
0 =P RED)

17=(hv—¢0)/kBTd.

np indicates the rate of photon density emitted from surface of neutral or negatively charged

dust grains, A(v) represent the photon density incident normally to dust surface, y(v)is
photoelectric efficiency. h represent the Planck’s constant, indicates the frequency of incident

beam, ¢0 shows the work function of material of dust grain, 7 represent the temperature of dust
grains considered as constant due to large thermal capacity, (V) is the the probability of
absorption of a photon by an electron striking the surface from inside[36].

= ﬂrj(SkBT;- /ﬂml-)l/znl. [I-Zdal} and nge = ﬂrj(SkBTe/ﬂ'me)l/zne exp[Zdae} are

b

%
the ionic and electronic flux charging the dust grain surface respectively[29], o, = (62 /r dk BT e)
Q= (e2 /r dk BTi) , Y indicates the adsorption coefficient of electrons on surface of dust grains,
I’d is the dust grain radius, kB is the Boltzmann’s constant, Tl and T, are the ions and electrons

temperature, 7%;and m represent the masses of ions and electrons, respectively.

D. Neutral atoms, electrons and ions number balance
n; + o =" + n()O:Nt, (4.6)
where " is neutral particle density under the influence of dust grains, 7 00> "0 2are the densities
of neutral atoms and ions in plasma not having dust grains, and N, is an invariable, respectively.

dne _

g (Bing - apnen;)-n;(Yngc -nph)—VHp, 4.7)
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and

dn.
7;: (ﬂino - a,,nenl-)- nhe —VHP, (4.8)

where ﬁl represent the coefficient of ionization, @, =(4.5x107(250/T,)"") em’s” is the

recombination coefficient of electrons with ions corresponding to O present in ionosphere[1]
since upto 250 km height, the dominant ionic composition is O". Egs. (4.7) and (4.8) represent
the rate of growth of number densities of electrons and ions in plasma under the influence of dust
grains, respectively. The initial terms on RHS of Eqgs. (4.7) and (4.8) indicate the gain of
electrons and ions per unit time per unit volume on account of ionization of neutrals. The
succeeding pair of terms in both the equations corresponds to number of neutral atoms formed
due to recombination of free electrons into ions, and the net adsorption of electrons and ions on

the surface of dust grains.

E. Electrons and ions energy balance:

neezverg
4me(a)§ + Vezf) (4.9)

d(3
Z[EnekBTej = ﬂinoge arnen( k Tj - nd(necgec- nphgph)Jr

- Vem5em nek p(Te T)+vel§el nek p(Te -T;)

and

d(3 3
Z[E”ikBTij G “r”e”i(g"BTij " "a"ictic

3
- Vinéinz (T T )+V .0

(4.10)

3
ei”ei » nekB(Te _Ti)

b

where &, and &; are the mean energy of electrons and ions on account of ionization of neutral

atoms, &p¢ (= 2kgT, - Z (e /r;)) and & L(=(2- dal)/(l @;)) indicate the average energy

of adsorption of electrons and ions on the surface of dust grains,
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@’%5;2; In(l+exp(7-¢ ))d¢

da J is related to photoemission energy, where

®(=Zde/rd) is the charged dust grain surface potential, ad=(62/rdkBTd),

Vof (:Vei +Veq T Ven tVre +Vac) is the modified collision frequency owing to ions, dust

grains, neutral atoms elastic collisions with electrons and inelastic collisions by virtue of

recombination of electrons into ions, and adsorption of electrons on the surface of dust grains,

given by vill1=v 0 (ni/neo [ e/T, ] , vegl231= v, dO(Te/TeO)'3/ 22(21,
12
Venl11=Veng (n /200 )(Te/Teo) * Vin = Vino (M0/m00)(Ti +Tq/Tig * T, ) > Vre(= arn))[26],

_ _ 3/2 1/3 -6 —3/2
Vac_nd(nec/ne)’ where VeiO_(S'SneO/TeO )ln(22OTeO/neo), Vod0 = (29><10 )dO w0 InA,

[ In Ae (Coulomb logarithm): 10-1 3]a Vono = (8.3 x1 05 ) O'OnOOTel{)Z > Vi) :(16/3)(2KBTL'1/”)]/200n00(7;0+Td)]/2

are the electrons-ions/dust and ion-neutral particles collisions frequencies without dust grains,

where n., is the number density for electrons, TeO is the temperature of electrons without dust
grains'ao[=6.6><10'15{(T /4)-0.1/ {1+(T /4)1'6}1] is the electrons and neutral particles collisional cross-
e e

section area, where % is in cm? and 1, is in eV. The initial pair of terms of Egs. (4.9) and (4.10)

correspond to average energy gain on account of ionization and recombination processes. The
third term in both the equations refers to net energy loss due to adsorption process and the
succeeding term in Eq. (4.9) belongs to power loss due to process of photoemission from the
outer layer of dust grains. The fifth term in Eq. (4.9) corresponds to electrons energy gain from
the field due to Ohmic heating effect. Ohmic heating of heavier ions can be ignored. The last
term in the two describe the rate of energy loss per unit volume attributed to collisions between
dusty plasma components. The term regarding thermal conduction can be ignored on account of

predominant collisional effect.
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o
DeLTEcH
M=z

F. Evaluation of ionization coefficient and average energy of electrons and ions

By executing kinetics of electrons density and energy balance equations in dust free plasma

ionization coefficient and average energies of electrons and ions can be evaluated as

2
Bio0 = @rleqio = %r'lep- @.11)
d(3 3 3
Ee = dt(ZkBTeoj (arO O) 'Wend, en’y B(T T)+VelO ei s B( iO)]’ (4.12a)
and
= L2k, 1 S (Tn—T, Sk (T -T 4.12b
“= dr\ 2 B0 T (a r0 eO) [Vll’l in o B(z )+VeO ei B( el iO)]' (4.12b)

G. Paraxial approximation approach

Let us suppose that the electromagnetic beams with Gaussian and Sine time irradiance spreading
along their wave front. Cylindrical coordinates system is suitable to study for their propagation,
which may be considered along the z — axis. Propagation of Gaussian irradiance is shown in fig.

4.1.

p W
o @ © O o
Uo) @ O @ s Z
s & ®
o ® e

O Dust Grains @ Electrons

@ Positively Charged lons

Fig.4.1 Scheme of irradiance of Gaussian electromagnetic beam in dusty plasma.

The spatial irradiance of the beam along z = 0 is described by
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)

2 = Ule : (4.13)

U

where U 2 is the electric field intensity of the Gaussian beam at a length p from axis, U g is the

axial intensity at p = 0, wherep is the radial coordinate of cylindrical system. Major analysis of

the theory assume the time irradiance of Gaussian function of the form

Ug @ =U (%OF '(t/t,) , where ¢t is the beam time width, (4.13a)

F't/t) = |Sin(r—t/t)) [0<t/t, < x]for Sine beam, (4.13b)
0,or else

F'(t/t) =exp(~t* /) [0 < /1, < o] for Gaussian beam (4.13¢c)

For a defined value of z, the irradiance in paraxial approximation is represented as
2 -p2/p2 £2
e zJOO(zg)e[p)/pbf"(zJ)

0= 2. F'(t/1y), (4.14)

where f(z,t) is the beam waist parameter depends upon the length of transmission, z and time t,

and ,OOf represent the spot of the beam.

From above, it is suggested that the major intensity of beam survive along its principal axis.
Therefore, Gaussian beam can be analysed by paraxial approximation approach i.e., o/ ,Oof
<<1. So, all the applicable variables are expanded along the principal part (p=0) only up to the

quadratic expression p2 / pg as

P(p.z.t) = By(z1)- (07| p3)P(2.0). (4.15)

where P, and Pp are the parts of all the accordant parameters characterized by P(p,z), along axis

and radius, respectively. Although the spatial irradiance of the Gaussian beams do not modify

during its propagation in dusty plasma. Hence by introducing the accordant parameters and the
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W T
S DeTecH)

dimensionless variable ¢ /¢, = 7 in kinetic Egs. (4.5), (4.7)-(4.10) and comparing the coefficients

0 2

and ,02 / p( terms, we can write the above equations as

of p

H. Dust charge balance

dz
d;'rla: 0 Z g T+ o1y (2o T)= Yheca(Z g o)) (4.52)
and
dz
d
drp = 1900 p Zg o T) 41 g (2 T)= Yngep(Z,gTe)]- (4.5b)

H. Electrons and ions number balance

dngq
= tol Big - Arateatiy -1y (Teca -npha)]
2
7Py 1 1
_W[Dli(clnianep +czneanl-p) + Dy negn;, (5T, 7;-,0 +3Teq Tep)} (4.6a)
ia
and
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d”ep
dr

n, (Y”ecp - npha )]

= to[ﬂl-pno-a,,pneania -
i (cqn; ngpn+conggn. Nn. +cyn, )|
D]j(cl+02)nip”€p R ip’Mip  "27ep
Nig T Cyleq
-1 -1
+D (”ea”lp+”m”ep)(02 i Tlp+c Teq Te,o) (4.6b)

2 2
+ C3Tea Tep)

2
6/ pdg 2
Mig *CoMea | - neaiy (¢ Ty " Ty

-1 -1
nnanla(c2 i Tlp+c Teq Tep)(nl-p+62nep)

i a + cznea |
ﬂza 0 ~%raleal;y - d lca]
(4.7a)
—(2/p0) D +D, TAT 4ol T
e | PliCMalep eNea,) T Dyinean, (6T T tesTea Tep)
ia 2 °¢€a
and
dn

]
P _ tO[ﬂipnO - Oy pleay, 'ndnicp]

dr
(clnmnep+c oM )(n +cznep)_
Dli(cl +cz)nl-pnep o
i'a T
-1
[(nggh; ,+n. ng, )(cT T. +cT T )
21 ip Tiaepn2 ip . (4.7b)

2
i (6/p0)t0
n, +Collog | - .2 1.2 4c,1, 2 1,2
ia *©2"ea | -Meqn;, (cy T, ip T4 p)
-1 -1
neanl.a(clea Tp+c3T T, )(nl.p+cznep)
My +Coleq |

I.  Electrons and ions energy balance:

d (3
d—T[EneakBTea) O[ﬁz €e = Urqleg;, (2 kBTeaj ”d(Y”ecageca - nphagpha)] (4 9a)

3
- 5envenat05”eakB(Tea T )"'5, eial0 2nea B(Tea T,)

i 00

Neq

*OcompV oy 0(2 8To)
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and
d(3 ﬂ,p e 5 (arp”ea ialea +%ra(MealiyTop + el ip Tea +1epglea )
d*T(EkB("eaTep+”epTea)) =1
(Y("ecp Eeca teca Secp)= (1 oha €php T php gpha)) (4.9b)
'*k Boento|tepVena + eavenp)Tea =Ty +MeaVenalep)
szgeltO[(nep eia tea"q tp)(Tea ta)+n€aveta( Tip)]
B ea
+ 5 Ocomp fofp T) : 00[ & *tep Vg +lea ¥, efp)]
62
where S, = and 6 = Vac [Refs. 22 and 37] is the fractional loss
O SmedeompkpTe® P Vef
MeOcomph gt @ ©

of collisional energy of electron with the dusty plasma components,

d(3 3
E(EniakBTiaj tlBian o8- traleal, (2 kBTlaj "0 40ca8ica ]

. . (4.10a)
_[5invinat0 EniakB (Tl -1 )+ ei¥eia 0 9 neakB (Tea _Tia )]
and
43 1pn01 2 B( PneanlaTla +0p (Neat; ia ip 1p ia nepnla 1a
— —kB(n. . T )=
drlo BYiaip ipia
Y(n +n. & )
icp %ca Mica icp
kBéln 0[("1/)‘/ma+nza zn,o)( ~T) " p] (4.100)

kB§ elt()[(”ep eia™ VeipXTea ~Ti)teaVoigTep _YZp)]

The simultaneous solution of Egs. (4.5) - (4.10) for the stationary state (i.e., at r — o )
collectively provide the variation of different dusty plasma components along axis and radius,

respectively, for both Gaussian and Sine time irradiance.

Submitted by: Ruchi Sharma, Department of Applied Physics, Delhi Technological University, Delhi



Nonlinear Propagation of Electromagnetic Beam in Dusty Plasmas

J.  Modified dielectric permittivity:

Since pressure gradient of electrons and ionic gas is observed on account of non-uniform
distribution of electrons and ionic temperature due to non-uniform irradiance of electromagnetic

beam. Therefore, these gradients are balanced by space charge field in steady state. Thus, one

can obtain
2T
e _ [ el J (4.16)
o T, + TeO

The modified dielectric permittivity in dust accompanying plasma may be given by [38-40]

2 2
@, @ n 2
gef: —g 5 d 5 {ne ]= Eq- G pz)gp (4.16a)
o (Vef+a)d) 0 0
2 2
w w 2T 2
— 0 d e0  |_ p/
E = | — =g, ( )E - (4.16b)
2 0.2 2 a 2/°p
o “d (Vef+a)d)[Te+Te0J 0

Substituting 7zand v of corresponding to the Eq. (4.15) and comparing the coefficient of pO and

p2 / pg terms, one obtain,

2 V2
S | e 4.16
ga 2 2 T T 5 ( . C)
® @y [\ Teat g0
and
w2 2T Vv T
_ 0 e0 efaefp  tep
PTR2 T,,+T 2.2 T 4T, (4.16d)
a)d+vf ea ™0 a)d+vefa ea 1,0
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where Sa’gp’vefa’ Vefp and TeasTep are the modified dielectric permittivities, collision

frequencies, and temperatures along axis and radius, respectively, under the influence of dust

grains. Plasma frequencies represented by the term o in the absence of dust grains whereas ® d

represents the vice versa. On introducing, v, fa v, fp Tpg,and T, ) obtained by the coupled
solution of Egs.(4.5) - (4.10), we get the ¢, ,and €pasa function of BOU%O.

4.4 Propagation of Electromagnetic Beam with Time Irradiance In Dusty Plasma:
The irradiance of the Gaussian EM-beam in space and time is given by

A ia)dt
U:j Uo(PaZat)e ’ (417)

A

where z is the direction of propagation and y is the direction of polarization represented by J .

The analogous equation corresponds to Eq. (4.13),

& —
v20-v(v.0)+-L 22U _ o, (4.18)
2 or2

As the transverse component of a beam has zero divergence, hence the Eq. (4.18) reduces to

vau+ (aﬁ /cz)ge FU=0. (4.19)

Eq. (4.19) can be represented in the following manner because of cylindrically symmetric nature

of beam

27 10U A2 a)dzgef

8_(2]+__+8 gz— >—U. (4.20)
az= pop Op c

The solution of Eq. (4.20) by Akhmanov et al. [38] can be described as

i(a)dt—kz),

U(p,z,0) = 4y(p,z,1)e (4.21)
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_ikS(pazat)

AO(pazat):AOO(pazal)e (422)

where £ = (@ J / c) 8}1/ 2 ,Agpand S are real quantities, where S 1is called eikonal represent the
wave phase.

Measuring the real and imaginary parts of the resulting equations, obtained from putting the
values of U and AO , respectively from Eqgs. (4.21) and (4.22) in Eq. (4.20) and pursuing the

Sodha et al. [39], we get

2 2
0“4 04
2§+(§j +i§:i®(t)+ 21 (2)0 +l 00 (4.23)
oz \op Vg ot g, k AOO op p Op
and
2 2 2
o4 o4 2 %
ﬂ-i_@ﬂ-’_Ago ﬁ_,.l@ +L@:O’ (424)
0z Op Op 6,02 p op Vg ot
where V, =ce 1/2/(8 +w,/2(0g, /0 4.24
g ~¢a a d/(ga/ wd)) (4.24a)
is the group velocity of electromagnetic beam in dusty plasma,
and
—t/T'
& e t !
o()=L—— | T aaxar. (4.24b)
T —o0

On transforming the variable asz'=z and ¢t'=7— z/ Vg , Egs. (4.23) and (4.24) reduces to the

form
2 2
0“4 o4
z‘ﬁ{ﬁj Loy 2200, 1 00 | (4.29)
oz' \op £q K 4y | 0% P op
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2 2

04 0A 2

w0, %0 o [0 18] (426
dz'  op op op= POp

Supporting the earlier observations [38, 40-41], the solution of Egs. (4.25) and (4.26) can be

expressed as

2 g [P
VRIER)

o = F(t't,), (4.27)

2

Substituting the expression of @ (') and AOO

from Eq. (4.24b) and Eq. (4.27), respectively in

Eq. (4.25), we obtain

2
s (ﬁj _low) 2 P’ (4.28)

2—+ = - + .
oz' \Op 2 g, kngfz k2p3f4

The eikonal function S( Pzt ') in paraxial ray approximation approach, may be expressed as

2
S (p,z',t) = %B(z',z') + W), (4.29)

where W(z',¢") is any function of z' and ¢'

and B(z',t") = f(zl' S 8f(azz':t') .

When beam propagates through dusty plasma, the solution of Ago preserve the power and shape
of the beam. Employing the expression for B in Eq. (4.29) and substituting S from Eq.(4.29) in
Eq.(4.28) and equating the co-efficient of p2 / pg of the resulting equation (using the paraxial

ray approximation), variation of beam waist parameter with the dimensionless length of

transmission can be represented by the equation for both the profiles as
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_tll , 2 . t!V
1% 11 1 e T tjUOO(t)e It

LICHL I S F(t/t)dt". (4.30)
for? RIfY 202 ' > g /'

Integral sign may be eliminated in the Eq. (4.30), if variation of F'(t'/to) is of the order of

relaxation time T , which causes small non-linearity. Then the Eq. (4.30) can be simplified to

2
f 11 1 g Ug®)

- = . -+ F'(t'/t,) (4.31)
dz? RAE 2pffa £ /'
or
2
d_gz Lz%Jr% (4.32)
d¢ RS 7 f
sl
where 2e4P), is characterized by self-focusing length, - _ Z_and R, = kg . On
Rl =2 ot R d 0
spUOOF'(t‘/tO) d

the right —hand side of Eq. (4.32), the initial term corresponds to the nonlinear self-focusing of

the beam whereas the succeeding term indicates the divergence phenomenon.
4.5 Results and Discussion

In this analytical model, we present the comparative analysis of both Gaussian and Sine time
irradiance of the beam propagating in plasma under the influence of dust grains in collisional
plasma. Neutral ionization, recombination of electrons and ions with neutrals, elastic and
charging collisions, charging flux via adsorption and photoemission, and ohmic heating due to
electromagnetic beam propagating in dusty plasma are the basic energy exchange methods
considered in this analysis. Numerical calculations have been carried out in accordance to the
metallic dust cloud of stainless steel having high work function of 7.8 eV within close range of
space where the photoemission is the dominant mechanism corresponds to Lyman alpha
radiations with the spectrum of 1215.7 A. The simultaneous solution of the coupled Egs. (4.5) -
(4.10) for both the Gaussian and Sine character of electromagnetic beam gives the dependence of

modified electron temperature and collision frequency on time for distinguishable dust densities
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using MATLAB and MATHEMATICA softwares. Employing the relevent parameter to get ¢,

and ¢ x Also, at the boundary condition f=1,j—£= 0at{ = 0, we obtain dependence of beam

waist parameter upon dimensionless length of transmission, ¢ (= z' Rd) by substituting €, and €p

, for different values of time width, dust densities, and collision frequency for both Gaussian and

Sine time irradiance. The set of variables used in this analysis is listed below:

1,0 =" :106cm_3, o =00 :2.5><109cm_3, n, = 103cm'3,kB :1.38><10_16ergsk'1,

T =1700K. m,= 91x10 280 T = 1300K. m. = 16x1.6x10~24 = 5.5%102cm
eO s e . ga lO s l . ga pO . B

o, =11 108 rads™| e = 4.8x10" 1 Ostatcoloumb , T, =275K, r d=5x10'4cm,

c50=1.5><10'16cm2 , UOO = 10°stat volt cm™.

300¢

Fig. 4.2
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Tea/ Tep

0 1 2 3 4 5
t'"/to
Fig. 4.3

Figs. 4.2 and 4.3 Dependence of dimensionless electron temperature T../T., on dimensionless

time width t’/tO for distinguishable dust densities for both Gaussian and Sine profile,

respectively. The dust densities10, 10°, 10° are labelled by a, b and c in cm™, respectively.

The time sensitivity of dimensionless electron temperature has been shown in figures 4.2 and 4.3
for variant dust densities for both Gaussian and Sine time characteristics respectively. Peak of

temperature corresponding to extremum irradiance at ¢'/7,= (-0.5) for Gaussian pulse and 0.8n

for Sine pulse is observed. A shift is observed from the dust free environment where the maxima

is obtained at ¢'/¢, =0(red shift) for Gaussian pulse and #'/z, =0.5n (blue shift) for Sine pulse [34]

on account of increase in collision frequency due to the presence of dust. Also the maximal
temperature decreases with increase in dust density on account of faster electron energy decay
due to increase in collisions with the density of dust grains as shown in figures 4.4 and 4.5 which
represent the variation of dimensionless modified collision frequency with time width for both

the Gaussian and Sine time profiles for different dust densities, respectively.
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—0.1¢
—0.2¢

—0.3}

Voq / Vep

Fig. 4.4

Voq / Vep

Fig. 4.5.

Figs. 4.4 and 4.5 Dependence of dimensionless electron frequencyv,, / Vep ON dimensionless time
width t'/to for distinguishable dust densities for Gaussian and Sine time profile, respectively. The

dust densities, n, = 10,10%, and10’, in cm™ are labelled by a, b and c, respectively.
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Fig. 4.7

Figs 4.6 and 4.7 Relying beam waist parameter f with the dimensionless length of transmission

(= z'/R)) for the Gaussian and Sine beam for different time width t’/tO . The labels a, b and ¢
indicate the dimensionless time width t'/to =1, 2, and 3, respectively.
Figures 4.6 and 4.7 show the comparative analysis of propagation of beam waist parameter with

the dimensionless length at the same time width for both the Gaussian and Sine time irradiance

of the beam. Self-focusing enhances with lesser time width for both the profiles but beam get
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W T
DeLTEcH

self-focused faster in sinusoidal irradiance due to boost rate of nonlinearity under the influence

of dust grains.

1.5

Fig. 4.8 Relying beam waist parameter f on the dimensionless length of transmission{ (= z'/R,)

for the Gaussian (solid) and Sine (dotted) beam as a function of maximal irradiance at time

width t'/to =- 0.5, for Gaussian and t'/to = (.87 for Sine beam .

Figure 4.8 show the reliance of beam waist parameter with the dimensionless length of
transmission at the same modified collision frequency and at the point of time width of maximal
irradiance under the influence of dust grains shown by the solid (Gaussian) and dotted (Sine)
lines. Both the exponential and Sine profiles how the oscillatory convergence but the frequency
of Sine profile is greater than the Gaussian one on account of different rate of nonlinearity for
both the profiles under the influence of dust grains. Even the waist of the beam becomes

narrower as compared to the dust free environment [34].
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Figs. 4.9 and 4.10 relying beam waist parameters f on the dimensionless length of transmission

(= z/R,)) for the Gaussian and Sine beam for distinguishable dust densities. The dust

densities, n 4=10,100,1000 in em™, are labelled by a, b, and c, respectively.
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Figures 4.9 and 4.10 describe reliance of beam waist parameter on the dimensionless length of
transmission for distinguishable dust densities. Since the collision frequency increases with dust
density which further enhances the nonlinearity of the beam causing the enhanced self-focusing
for both the profiles of the beam with the dust density but the Sine profile self-focused at faster

rate than Gaussian profile.
4.6 Conclusions

This analytical model investigates the dust grains impact on self-focusing of both the Gaussian
and Sine time irradiance of the beam transmitting through dusty plasma. A comparative analysis
of growth of plasma parameters like temperature and collision frequencies modified under the
influence of dust grains have been studied numerically to calculate the modified dielectric
permittivity for both the profiles of the beam considering the paraxial ray approximation,
neutrality of charge, ionization of neutrals, recombination of electrons with ions, charging flux
via adsorption and photoemission of electrons and diffusion. Also, the comparative growth of
beam waist parameter along the dimensionless transmission length as a function of time width,
point of maximal irradiance, and dust densities have been analyzed for both the profiles in the
impact of dust grains and compared with the dust free environment. The consequences of this
model are beneficial for the domain of dust particles like astrophysics, manufacturing,

fabrication, plasma processing etc.
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Chapter5

THEORETICAL MODEL FOR NONLINEAR PROPAGATION OF ELECTROMAGNETIC
WAVE IN NON-THERMAL EXOSPHERIC DUSTY PLASMAS

5.1 Brief outline of the chapter

The physical significance of our present work is that how the presence of dust modifies the
plasma parameters and nonlinear propagation of electromagnetic wave on account of ohmic
heating with collisions in the upper atmospheric plasma conditions for mid-day time at an
altitude of 1000 km as the temperature of electrons and ions increases with the day of time. This
analysis is helpful in solving the applications of satellite communication system and rocky planet
atmosphere. In this chapter, we have tried to show the modification in plasma parameters in the
presence of dust components and field at an exospheric altitude of 1000 km on account of ohmic
heating with collisions and how the presence of dust influence the nonlinear propagation of

electromagnetic wave along the distance of propagation at an exospheric altitude.

For this purpose, we have used data of exosphere used in the book Gurevich and dust grains of
CeO; of work function 5.34eV at an altitude of 1000 km in mid-day time atmosphere. For
photoemission from dust grains, solar radiation flux in the range 10eV to 124eV has been
considered in upper exosphere for X-rays and far UV radiations. Photo-ionization, electron-ion
recombination and charge exchange mechanism are the basic mechanism through which
molecules escape from exobase to upper atmosphere and provide translationally energetic atoms
for energy exchange with exospheric plasma constituents in the presence of dust. Equations
(5.1)-(5.6) represent the mechanism through which plasma parameters like dust charge ,
electron-ion number densities, electron-ion temperature are modified in the presence of dust on
account of ohmic non-linearity with collisions due to propagation of electromagnetic beam in
the upper exosphere at an altitude of 1000 km. Equations (5.7)-(5.9) represent the formulation
for modified dielectric permittivity, refractive index, and absorption coefficient of the medium

for the propagation of electromagnetic wave. Eqn (5.10) shows the formulation for solving
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irradiance of electromagnetic wave along the dimensionless distance of propagation numerically

in the exospheric environment.
5.2 Introduction

Nonlinear propagation of electromagnetic wave in upper atmospheric dusty plasma is a
fascinated research world for millenary because of its enormous applications in earth-satellite
communication system, and atmosphere of rocky planets etc.[1-11] The presence of dust
influences the conductivity of plasma environment and facilitates the self-focusing of
electromagnetic wave propagating through it. In this chapter, we consider exospheric plasma
environment in which air is very thin and is mainly consist of hydrogen, helium and traces of
other gases such as O atom and CO,.[12] Exosphere in the vicinity of exobase is dominated with
non-thermal escape mechanism of ions (mainly H). They gain their energy from ambipolar
diffusion, where the interaction of ions, electrons and dust in plasma causes them to diffuse at the
same rate. There are many non-thermal escape processes such as photo-dissociation, e-ion
recombination process, charge exchange mechanism, sputtering and solar wind pick-up.[13-14]
Due to lesser gravity effect, the lighter particles like hydrogen, electrons escape into the upper

atmosphere via diffusion limited escape process.[15] The diffusion limited flux (® l) in upper

atmospheric dusty plasma is given by Dini/H, , where D; is a binary diffusion parameter, n; is

density of diffusing species, H, is atmospheric scale height.

The dust particles floating in plasma act as source and sink of plasma constituents, acquire the
negative/positive potential thereby modifying the electron density and hence the conductivity of
plasma. Moreover, an electromagnetic beam passing through dusty plasma heats up the electron
non-linearly. It enhances the electron temperature and consequently changes electron density and
the charge on dust particles. The nonlinear change in electron density causes a depleted density

channel and facilitates the beam to self-focus through it. [16, 17]

In this chapter, we have considered the process of ionization of neutral atoms, radiative and
dissociative recombination of electrons and ions, mechanism of charge exchange, adsorption of
electrons and photoemission from dust particles, diffusion limited escape flux, and ohmic heating

by the electric vector in the exospheric environment. The motive is to study the variation of
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plasma parameters with the electric vector of the wave in the presence of dust. For the sake of
analysis, we have considered the region of exospheric altitude of 1000 km where hydrogen
atoms are found abundantly. We have used mid day time data (Table I) specified by Gurevich
[18]as temperature of electrons and ions increases very strongly with the day of time. We have
also analyzed modification in electric vectors of electromagnetic waves with the normalized
propagation distance at distinct exospheric plasma parameters in the presence of dust. Although,
previously it was assumed that the upper atmosphere is collisionless fully ionized but presently it
has been discovered that it is almost collisionless with infrequent collisions of escaping species
with plasma constituents. In the present study, we have considered the charge exchange and
collisions between plasma constituents in upper atmosphere. The section 5.3 of the theoretical
model consists of sets of basic equations of non-thermal escape mechanism, dust-charge kinetics
and propagation of electromagnetic wave in dusty plasma. The section 5.4 is comprised of
exospheric data and computational scheme. Numerical results and their analysis are included in

section 5.5. The present model is concluded under the section 5.6.
5.3 Basic Equations

As the atmospheric density decreases with increasing height, so does the collision frequency and
at a height above which mean free path of molecules becomes equal to the scale height, the
molecules have energies greater than gravitational binding energies so these can escape to space
with outward radial velocities. The region of atmosphere at this height is called exosphere and
the lower boundary for this region is called exobase at an atmospheric scale height, H,. There are
number of ways through which molecules can escape into the upper atmosphere or the

exosphere.
A. Escape Mechanisms

The exospheric plasma mainly consists of electrons, ions, and neutrals, where X-rays and
far UV radiations mainly cause ionization. The principal non-thermal collisional
processes between exospheric constituents with charged species to produce atoms that are
translationally energetic and incompletely thermalized are photoionization, electron-ion

recombination and charge exchanges which are described as:
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Photo-ionization

Photo ionization escape occurs due to the interaction of solar photons and photoelectrons

with thermospheric molecules and lead to generation of more energetic particles.
H+hv—>HY+e”

O+hv —>0% +e”

He+hv—> He +¢~

Electron-ion recombination

The escaping ions recombine with the electrons of exospheric plasma [19]and form the

neutral molecules. The chemical equations involved are shown below.

H 4e > H a,, =4x107°(T. /300) " cm’s™
Het +e~ — He a,, =4x107(T,/300) *cm’s™
O +¢~ 5>0+¢,, a, =7.8x10°(T, /300) S cm’s™

9

where ;1s the coefficients of recombination for different ions, where 1 stands for H, He,
and O ions. T, represents the temperature of electrons in exospheric environment as
shown in table 1.

Charge Exchange mechanism

The main mechanism of non-thermal escape is production of translationally energetic
species via elastic or reactive collisions.[20] The charge transfer between escaping ions

and exospheric neutrals are given by
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HY+H > H+HY K =2.8><10_7cm3s_1,
HY+0->0"+H k2 :4><10_100m3s_1
Het +0— 0" + He k3 :10_9cm3s_1
Het +H — He+H* ky = 10 em3s7!

b

where k; is the rate of charge transfer between different species, here i stands for 1,2,3.,4.

. Kinetics of exospheric plasma components in the presence of dust

Considering the above mechanism, we investigate the influence of the dust grains on
kinetics of exospheric plasma components. The existence of dust grains enhances the rate
of adsorption and photoemission of plasma species from the surface of dust grains. The
temperature of neutrals and dust grains are considered to be constant because of their
large thermal capacity. Following earlier analysis [21] on kinetics of dust particles in

plasma, the sets of equations can be written as

Charge balance of dust grains
The balancing equation of charged dust grains on account of electronic and ionic flux

over its surface is shown as

dZ/dtz(nH+c+nO+C+nHe

+c)_”ec+”pha (5.1
where n;. is ionic current adsorbing the dust surface and i stands for ions of H', He " ,and

O', ng, is the current of adsorption of electrons on dust grain surface and "o is the

current of photoemission of electrons from dust grain surface.

2. Number balance of electrons and ions
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The balancing equation of numbers of electrons and ions due to their formation and
deformation on account of various processes can be written as
Number balance of electrons

dne/dt=[(ql-H+ i+ +que+)_(aHnH+ g +a0n0+)ne+Dane/Ha]

_ - . 5.2
nd(nec nph) (5.2)

Number balance of ions
dnH+/dt:[(qu+—aHnH+ne)+(k1nH+nH+k4nHe+nH—k2nH+n0)+DanH+/Ha]—ndnH+C (533)
dn0+ /dl‘z[(ql-o+ —a0n0+ne)+(k2nH+nO +k3nHe+n0)+Dan0+ /Ha]—ndn0+c’ (53b)

g 1A =1G; ror = O pel v ) =Kol et + kg 1)+ Dan o [ Hal=ngn g, ,» (5.3¢)

where n, is the electron density, nq is the dust density and q; is the rate of ionization. The
first term on the right hand side of the Egs. (5.2) and (5.3) specifies the gain in electron
and ion densities due to neutral atom ionization, the second term refers to the electrons
and ions recombination, and the third term represent the diffusion of electrons and ions.
The last term corresponds to loss in electron and ion densities due to net flow of electrons
and ions towards the dust grain surface. The number balance of electrons and ions with
the charge balance of dust grains constitute the quasi neutrality condition which is given

by

n.+n, . +n, —ne= an , (5.4)
where Z is dust charge state.

3. Energy balance of electrons and ions

The energy balance of electrons and ions via energy exchange between different plasma

constituents due to various processes is given by
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2 DaTwn);

d(3 3
E(EnekBTej =W+ + i + i g+ )%e _(EkBTej(aH”I# T et + Do el
s : (5.5)
(EkBTe)(Dane /Ha)—nd(necgec—nphaph)
3 orEy
r-o
_(ZkBj[%:nevel ez(T T)+Znevej5ej(T T)j 5
d (3 « B 3k
7 BTigni _(qu++qi0++que+)gi_ 5 BTi (aHnH++aHenHe++aono+)ne+
3
(EkBTiJ(Dd/Ha)%”i_”d(%”ic)gic
3
2z nvd; (T T)+va 6, (To—T:)
(2 BJ[ iij € ei”ei lJ
; (5.6)

where kg is Boltzmann’s constant, i and j stands for H', He", and O" ions and H, He, and

O atoms, T, and T; and T; are the temperatures of electrons and ions and neutrals, &, and

&;are the mean free energies of electrons and ions, e &;.and 6‘ph are the mean
b

energies associated with adsorption of electrons and ions and photoemission of electrons

from dust grain surface.v,,,v,; ,and v, are the collisional frequencies and J,,,9,,, and

ej ei?

o, are the fractions of energy loss associated with collisions of electrons-ions, electrons-

neutrals, and ions-neutrals, respectively. 0. is the complex conductivity of dusty plasma

and E is the amplitude of the irradiance of electromagnetic wave passing through it. The
first two terms in Egs. (5.5) and (5.6) represent the rate of gain of power per unit volume
via neutral ionization and recombination of electrons and ions. The third term
corresponds to the energy associated with diffusion of particles through the dusty plasma.
The fourth and fifth terms signify the net power loss on the account of electronic and
ionic flux and collisions between the exospheric dusty plasma constituents. The last term
in Eq. (5.5) refers to rate of gain of power per unit volume due to ohmic heating.

The simultaneous numerical solution of the Egs. (5.1)-(5.6) in the steady state determines
the influence of dust grains on the exospheric plasma parameters when an
electromagnetic wave is propagating through it and the solution assists the calculation of

effective dielectric constant in the presence of dust.
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C. Electromagnetics

1. Effective dielectric constants in dusty plasma

The effective dielectric constant in dusty plasma is given by [22]

2
4rn e (veﬁ.

2 N
m,, (Veff +@;)

—io,)

e=¢ —ig, =1~ (5.7)

where &, and¢; are the real and imaginary part of dielectric constant in the presence of

dust grains. Hence,

2 2
e, =1— C()p ne a)d
: 2 ) n 0 v +w
w
d/N e ef (5.7a)
2 1% w
2 d
andg, =1-| 2. || M 2@7 | (5.7b)

12
4rn e’ .
——=— | are the electron plasma frequencies in the presence and
m

e

where @, andw, =(

absence of dust and field, respectively. v, fF is the effective electron collision frequency
in the presence of dust grains.

The complex conductivity of plasma is given by

fle® Yeff (5.8)
me )|V, 1 +iw '/ ’ '

where 0)-and o; are the real and imaginary parts of dielectric constant.
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o = [nee2 } Veﬂ

2 2
Me )l ve . . +o
o (5.9)
The absorption coefficient k and refractive index n are expressed as
k=[{(e? +e)% —g,1 /212 (5.9)
and
_ 2, .2\12 1/2
n=lier +ei) " +epi/2] , respectively. (5.9b)

Using the Egs. (5.9a) and (5.9b), the complex refractive index is expressed as(n—ik)

.The dependence of absorption coefficients and refractive index may be obtained as a
function of irradiance of electromagnetic wave corresponding to specific altitude

dependence on electron temperature and plasma density.
5.4 Nonlinear propagation of electromagnetic wave in dusty plasma

Using JWKB approximation, Sodha et al. [23] have proposed that the amplitude and

phase of electromagnetic wave £ = EO exp{i(wt +y —kx)}, propagating in a nonlinear

dusty plasma medium is given by

Ey'[dEq 1=k~ Quiy Ny [dS), (5.10)
or(E3)'1aE] / dE)= -2k~ (uy N d gy JdE) (5.10a)
and[dy /dE]=—n+(0.5)(d0/d&), (5.10b)

where &(= (@ J / ¢)x) 1s normalized propagation distance along x-axis,
=1 exp(—if) =(n —ik) is the complex refractive index and

tanB(s) = k() / n(&).

By knowing then, k,uand@, the relationship of E g and phasey with&can be

established numerically.
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5.5 Admissible Data and Expressions

A. Exospheric data
Our computational methodology is based on data obtained from the book written by
Gurevich.[18] The number densities and temperatures of electrons, ions and neutrals in
the unperturbed atmosphere for the range 700km-1000km for mid-day time are shown in

table I.

TABLE I. Exospheric mid-latitude day time data for height in km, number densities in

cm'3, and temperature in K. n.., nHeHand n,, are the number densities of ions and

T,,T,,and T, are the temperatures of electrons, ions, and neutrals, and

e

. [Pgs . [hg,and n, | n, are the relative ionizations.

Height n, T, T, Ty  n,.[ng n.[ng n,.lng,
700 2x10° 2800 2200 1400 0.11 0.04 0.75
800 10° 2870 2300 1400 0.21 0.06 0.61
900 7x10* 2940 2400 1400 04 0.09 0.41
1000 5x10* 3000 2500 1400 0.51 0.14 0.28

TABLE II

and n . ,are the number densities of neutrals and @ D is the

"t "Heto o+

electron plasma frequency at an altitude of 1000 km.

Height Ny e n, Ty, Op
700 6.6x10° 8.0x10° 5.2x10° 6.0x10° 2.5x10’
800 6.2x10° 6.1x10° 1.8x10° 2.4x10° 1.8x107
900 5.8x10° 4.7x10° 6.2x10° 1.1x10° 1.5x10’
1000 5.4x10° 3.7x10° 2.2x10° 6.0x10° 1.3x10’
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Expressions

Effective collision frequency

Since the exospheric dusty plasma is also associated with minor elastic and charging
collisions between different dusty plasma components. The effective collision frequency

of electrons in the presence of dust grains is given by

Veff =Vei TVeq TVen +VretVac:

represents the electron-ion elastic collisions,[ 18]

-3/2
where Vei = ZilveiO (Hi/HeO ) (Te/Teo j

: * He' + _ 32 13
where 1 stands for H', He", and O ions and v,i0 _(S,Sneo / Te 0 )]11(220Te0 / ne )

B 3/2 o ~ . . .
Voq = Ve dO(Te /TeO) z; represent the electron-dust elastic collisions,[22] where

_ -6 -3/2 i =10-
Vedo_(2_9><10 )”dTeO In A, [ In A (coulomb logarithm) = 10-13].

is the electron-neutral elastic collisions,[18] where

)
Ven = 2 Veno (100 ) (Te/ o)

— _ -10 1/2 —10 1/2 -10 1/2
%VenO =Ve " VeHe T VeO = (4.5x10 nHTe +4.6x10 nHeTe +2.8x10 noTe )

172 . . . .
= is the ion-neutral collision frequency, where
Vin = % Vino ("0/100)(Ti * Ta/Tio * Ta) aueney

TOO)I/ 2n00 and Binois the charge-exchange coefficient for various

Vin0 = PinoTio
ion-neutral interactions shown in charge-exchange mechanism. The data is based on the
coefficient mentioned by Gurevich.[18]

vre(:zaini),[24] where aiis the coefficient of recombination of electrons and ions
i

reactions shown in section 5.3.

Vae =N d(neC /ng) 1s the rate of adsorption of electrons on dust grain surface.
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1. Fractional loss of energy in collisions

6,,0

ei*Yej

and &, are the fractions of energy loss associated with collisions of electrons-
ions, electrons-neutrals, and ions-neutrals, respectively. Here,
ja

561. =2m, /ml-, 5ej =2m, /mj, andé'l-j = 2ml- /' m

where i and j stands for H', He", and O" ions and H, He, and O atoms, respectively and m;

and m, represent the masses of ions and electrons, respectively.

2. Adsorption current of electrons and ions and their mean energy
The adsorption current for electrons and ions over dust grain surface according to

orbital motion limited theory and their mean energy are expressed as

For Z <0,

Noe = mf;(SkBTe /ﬂme)l/zne exp[Zay],

- 2 1/2
Mije = %m’d (8kBTij /zrml-j) ni [I'Zaij}

2 2
and a, = (e /rdkBTe),al-j = %(e /rdkBTl.j),

Ec(=2kpT, - Z(e* 7)), -

gl.c(z (2—Z0(l.)/ (l—Zal-)kB];.),
where 7 d is the dust grain radius and

j stands for H', He", and O" ions.

3. Photoemission current and mean energy
The day time exosphere is continuously illuminated by X-rays and far UV radiations
causing the photoemission from dust grain surface. The photoemission current based on

Fowler’s theory [25] is expressed by
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5 évm
(Z )= 7Z'I"d j x(&y)dn;, ., for(Z<0),
Y00

where &, i1s maximum limit of spectrum of solar radiation, €,00 is the threshold

photon energy of incident radiations depending upon work function ¢ of dust

component, ¥(&;,) is the photoelectric yield of dust component.
~(ay/a d) (4rs2 | c*)(eh | 300)[exp(e, / kT,)—1T \de,, .
where dnm c is the rate of incident photons per unit area lying in frequency range &,

and (&), +dVv).agis the radius of radiating surface of sun given by ag (=6.9x10'°cm) and

a; (=1.45x10"cm) is the mean distance between sun and gas dust ensemble. For Z <0

_ 2
gph(Z 1) 7rl’d Sym Z( V)

-1
LI 21t exp(y—m)] Ldvydn;, |+ Za
de 00 €00 ¢( ) 0 inc d

where n=(hv—¢)/ kT PE = (e2 / akT d) and for the analysis, Spitzer formulation [26]
is considered for the photo-efficiency which may be represented by
Z(gv)=(729;(m/16)(5V00/gv)4[1—(gvoo/gv)]z, where 7y, is the maximal photo-

efficiency. &, is the solar radiation flux lying within the range 10eV to 124eV (for the

wavelength range 122nm > A >10nm) is assumed as the origin of electron photoemission

from the dust grain surface.
B. Computational Methodology

For a numerical appreciation, mid-day time exospheric plasma at an altitude of 1000 km
from the surface of earth has been processed into the computation; plasma components
and their configuration, and other related parameters are selected from the book of

Gurevich[18] and shown in Table I. The exospheric plasma is assumed to be composed of
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electrons, ions and metallic dust grains. The simultaneous solution of Egs. (5.1) to (5.6)
gives the influence of dust grains on plasma components when an electromagnetic beam
is propagating through it. Neutral ionization, electron-ion recombination, photoemission
and collisions are considered here in. Using these mechanisms, the effect of dust
CeO,with work function 5.34 eV have been explored. The mean surface temperature (Ts)
of the sun can be determined by equating solar radiations absorbed by the dust particles to
the power loss via neutral cooling and thermal conduction. The following set of

parameters on the basis of exospheric plasma environment has been used.
T,= 5800K, T, = 300 K, r, =10nm, m, =m, = m,, =1.67x10* g, m . =16m,

m, . =4m,

5.6 Results and Discussion

A theoretical model to analyse the influence of dust grains on nonlinear propagation of
electromagnetic beam including the diffusion limited escape theory, kinetics of plasma
constituents in mid-day time exospheric layer at an altitude of 1000km has been developed.
Photo ionization, recombination of electrons-ions, and mechanism of charge exchange are the
basic non-thermal escape mechanisms in exospheric layer between the dominant hydrogen and
traces of helium, and oxygen. Also, the electronic and ionic current towards and photoemission
from the dust grain surface have been taken into account. For photoemission from dust grains,
solar radiation flux in the range 10 eV to 124 eV has been considered. To see the influence of
dust grains on plasma parameters like dust charge, electron/ion density, electron/ion temperature

with square of electric field vector, Egs. (5.1) to (5.6) using MATHEMATICA and MATLAB
software have been simultaneously solved numerically. Also the dependence of Eg on

propagation distance as a function of absorption co-efficient, dust density, plasma frequency and
collision frequency corresponding to metallic dust particles CeO, with work function of 5.34 eV

and ng=10cm™ at an altitude of 1000km. For computation, we have used dust cloud in upper
atmosphere where photoemission is dominant condition corresponds to Lyman alpha radiations

of wavelength of 121.5nm and 10.20 eV. Figs. 5.1 to 5.7 represent the numerical outputs for the
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variation of exospheric dusty plasma parameters with the electric vector of the wave propagating
through it. Fig. 5.1 shows that the dust charge Z increases with increasing amplitude £ g of

electric vector of electromagnetic wave passing through the exospheric environment. This is on
account of increase in ohmic heating of electrons of dusty plasma on the passage of
electromagnetic beam through it. As a result of which electronic adsorption current increases

towards the dust grain surface and causes an increase in dust charge on its surface.

—4.2984 x 10°}
—4.2985 x 10°}
—4.2986 % 10°}
7z
—4.2987 x 10°}

—4.2988 x 10°}

—4.2989 x 10°}

0 2.x107% 4.x107°% 6.x107°% 8.x10°°  0.00001

)
£y

Fig. 5.1

02 in the

presence of dust. This is on account of increase in recombination coefficient as well as electron

Fig. 5.2 illustrates the enhanced rate of reduction in normalized electron density with £

adsorption current to the dust grain surface on passage of electromagnetic beam through dusty
plasma whereas the behaviour of ion densities is a consequence of quasi neutrality as well as the
charge neutrality condition as shown in figures 5.3, 5.4, and 5.5. It may be noted that the
magnitude of hydrogen ion density increases sharply than the oxygen and helium ions which

represent the abundance of hydrogen ions in exospheric dusty plasma.
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Figs. Dependence of (5.1) dust charge, (5.2) electron density, (5.3) hydrogen ion density,(5.4)

oxygen ion density, (5.5) helium ion density, (5.6) electron temperature, and (5.7) ion
temperature on Eg (in e.s.u.) at a height of 1000 km based on data mentioned in tables I and
11

Fig.5.6 represents the electron temperature in the presence of dust increases more abruptly on
passing the electromagnetic beam through it while the fig.5.7 represents a decrease in ionic

temperature with Eg in the presence of dust. This happens due to enhancement in effective

collision frequency of electrons in the presence of dust on the account of increase in their ohmic
heating on passing the electromagnetic beam through it while in case of ions; dissipation due to

ohmic heating is lesser because of their heavier mass.

x10°

Fig. 5.8
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Fig. 5.9

Figures 5.8-5.11 indicate that the irradiance Eg decreases asymptotically with the normalized

propagation distance as a function of dusty plasma parameters like collision frequencies,

absorption coefficients, dust densities, and plasma frequencies. This is due to the fact that the

Eg decreases to a value beyond which its behaviour is almost constant with exospheric dusty

plasma parameters. Fig. 5.8 indicates that the irradiance decreases as a function of collision
frequency with the propagation of beam in the presence of dust. Since in exospheric dusty
plasma the magnitude of collision frequency is almost constant therefore a monotonic variation
is obtained. The reduction in irradiance is obtained due to increase in ohmic loss with the
collision frequency as evidenced by fig. 5.8. Fig. 5.9 shows the decrease in irradiance with the
progress of wave in the presence of dust .The decay is faster with the increased value of
absorption coefficients. This is attributed by decrease in electron density with the irradiance as
evidenced by fig.5.2 and is a consequence of Eq. 5.9. Hence, wave gets less absorbed with lower

value of absorption coefficient.
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Fig. 5.10

The fig. 5.10 represents the decay in E g with the propagation of wave as a function of dust

density. It is observed from the figure that the wave gets less absorbed with higher value of dust
density. This is on account of the fact that the electron density decreases with the increase in dust
density as well as with progress of wave as shown by fig. 5.2 and as a result of decrease in
electron density absorbtion coefficient also decreases as a consequence of Eq. 5.9.
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Fig. 5.11
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Figs. Dependence of Eg (in e.s.u.) on the normalized propagation distance &= (xw/c) as a

function of (5.8) collision frequency, (5.9) absorption coefficient, (5.10) dust density, (5.11)
plasma frequency at an exospheric altitude of 1000 km.

From Fig. 5.11, it is seen that the F g decays faster with the progress of wave as a function of

plasma frequencies in the presence of dust. It is seen that the wave get less absorbed for lower

value of a)p/a)d .

5.7 Conclusions

Although, previously the upper atmosphere is considered as collisionless but in the present
study, we have obtained a model to see the effect of dust grains on nonlinear propagation of
electromagnetic wave considering the ohmic non-linearity with collisions in exospheric plasma
at an altitude of 1000 km. In this model, we have included the diffusion limited escape theory,
basic escape mechanisms, and kinetics of dusty plasma constituents. It is observed that the
dielectric constant, consequently refractive index and absorption coefficients can be easily
modified by introducing dust grains of appropriate work function in exospheric plasma
environment. Considering the non-thermal escape processes, the variation of plasma parameters
in the presence of dust grains with square of electric vector have been analysed for mid-day time
for an exospheric height of 1000 km. Also, the effect of dust grains have been analysed
numerically on the nonlinear progress of wave for different dusty plasma parameters like
effective collision frequency, absorption coefficient, dust density, and plasma frequency in
exospheric environment. Such modification in plasma parameters by considering collisions
between different plasma constituents in the presence of dust in upper atmosphere provides the
ease of propagation of signals in exospheric layer and facilitates the satellite communication.
This theory is also helpful in solving the problems in atmosphere of rocky planets like Mars and

Venus etc.
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Chapter 6

THRESHOLD POWER OF AMLITUDE MODULATED LASER BEAM IN COMPLEX
PLASMA

6.1 Brief outline of the chapter

A theoretical investigation describing the effect of dust on the threshold power of the amplitude
modulated laser beam propagating in complex plasma has been done. In this analysis,
momentum and energy balance equations have been solved simultaneously to govern the relation
between the beam width parameter and normalizes length of progression of amplitude modified
beam advancing in complex plasma. The dependence of beam width parameter on the
progression length has been evaluated for different values of dust grain size and dust charge
state. Moreover, the dependence of critical power of self-focusing on dust grain size and dust
charge state has also been investigated. It is found that the critical power augments with the

increase in dust grain size as well as with the increase of the dust charge state.
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6.2 Introduction

Numerous articles have been come out with the self-trapping of an electromagnetic wave in
complex plasma (consist of electrons, ions and positively or negatively charged dust grains)
being supported by several reviews.[1,2] Sometime, these small charged dust grains are
responsible for reducing the attainment of industrial devices.[3,4] whereas some mechanization
preferred their presence.[5] In addition, the presence of dust grains strongly influence the
discharge properties of plasma.[6-8] Dust grains become charged on account of accumulation of
electrons on its surface, secondary electron emission, photoemission etc. and cause the variation
in electron temperature and electron density. Generally, electron concentration decreases with
increase in size of dust grain which leads to variation in critical power of self-focusing. For
regulating the complex plasma properties, understanding of networking between complex plasma
domains and dust grain parameters is essential. In this chapter, we describe the nonlinear self-
focusing of beam in dusty plasma due to interaction between electrons and the dust grains by

considering the nonlinear heating of electrons.

In general, curves have drawn to show the dependence of beam width parameter on the
normalized length of progression for the distinct parameters of amplitude modified beam
advancing in complex plasma and to analyse the change in critical power of self-focusing with

the formation and charging of the dust grain.
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6.3 Dynamics of complex plasma
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FIG.6.1 Schematic diagram of processing of dust particles in plasma [9]

Let ngi, nee, and nog are the density of complex plasma constituents i.e., ions, electrons and
negatively charged dust grains, respectively. In equilibrium, Zysenogt+enge = Zoiengi, where —e is
charge on electron, -Zyqe is the charge on dust and Z;e is the charge on ion. Let us assume a high
power amplitude modified electromagnetic beam travelling along z-direction in a complex

plasma with the electric vector given by

E=AO(r,z)(l+uocoswt)exp[-i(m0t-kz)], 6.1)
where
22
-I4/1;
A%ZA(Z)O(Huocoswt)ze 0 , (6.2)
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k is the propagation constant, ® is modulation frequency, pois modulation index, Ao is

amplitude of electric vector, 1y is the initial width of the beam .

For z >0,

2 2
A 2 /t2f
A%=%(l+pocoswt)2e (U (6.3)
f

where f represents the beam width parameter, ry is the beam spot size. The momentum and

energy balance of the equation is given by

d —
me L-irmevve— -eE, (6.4)
dt
3. dT, .3
and EKb ?‘F 5 Kb dustyV(Te 0) CE V , (65)

where m,, T, and v, are the mass, temperature and velocity of electrons, respectively. Ky, is the
Boltzmann’s constant. d4usty 1s @ part of energy transfer via charging collision of electrons with

dust, elastic collisions of electron with dust and ions, represented as

dusty chg / thrve1 +v d) and v (—v +Vei v, d) is the effective collision frequency,
where v, ,v _.,v_.are the charging, electrons-ions and electrons-dust grains collision
chg’ "ei’ "ed

frequencies, respectively. The Egs. (6.1) - (6.5) solved simultaneously to obtain dielectric
constant in the existence of dust particles which is substituted in wave equation for electric field
vector of propagating electromagnetic beam to obtain an equation to see the change in beam

width parameter with the normalized length of progression, expressed as

2
af_ -LL(1+u0coswt)2+

d°f (6.6)
g2 RrZf3

1
2:3°
Rdf

Y 122 p2
where Rd— . €y 10 Rn( e 0/ €y 00) R, is the typical length of self-focusing and

2 2\ . . . .
€)= ( o / ® ( / 6me0 dustyTO(DO) is an effective dielectric constant in complex plasma. In
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the right-hand side, the first part of Eq. (6.6) represents the nonlinear self-focusing term while
the second diffraction divergence of the beam.

6.4 Critical power of self-focusing

From Eq. (6.6), the critical power of self-focusing (for which d2f / déz =0, f =1, for every
- /2.3

values of £) can be written as PCI'ZS()/ c /80)382 .

6.5 Results and discussion
Fig. 6.2 and Fig. 6.3 represent the deviation of beam width parameter with the normalized length

of progression, E&= (z/ R d) for different parameters of dust grain size and dust charge number and

Fig.6.3 and Fig. 6.4 represent the rate of change of critical power of self-focusing with thedust
grain size and dust charge number in the following domain: ®,/ ®¢=31.167, Squsty= 2.03 % 10,
To= 6.4 eV, Zg (dust charge state) = - 2 x10*and aq (dust grain size) = 10”cm, Ago= 10’ stat volt
cm'l, g9= 0.97,e,= 0.8% 1010 ,e =4.8% 10 %su. With these parameters, critical power comes out to

be 0.947x10"ergs/s.
1
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Fig. 6.2: Dependence of f on ¢, for different values of dust grain size labelled as al, a2, a3 and
a4 corresponds to rq = lum, Sum, 10um andl15um, respectively.
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Fig. 6.3 Dependence of f on ¢ for different values of dust charge number labelled as z1, z2, z3
and z4 corresponds Zy—-8x10°, -6 x10°, -4x10°, -2x10°, respectively.

Fig.6.2 and Fig.6.3 show that the self- focusing of the amplitude modulated beam increases with
the increases in dust grain size because of dominating self-focusing term whereas decreases with

the enhanced dust charge number due to strengthening in diffraction divergence term.
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Fig.6.4 Variation of critical power P.,(in ergs/s)with dust grain radius r,.
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Fig.6.5 Variation of critical power P..(in ergs/s)with dust charge state Z,.

Fig. 6.4 and Fig. 6.5 show that the critical power of self-focusing augmented with the increase in
dust grain size as well as with the increase of the dust charge state. This is because with the
increase of dust grain size and dust charge state, more and more accumulation of electrons takes

place on its surface which results in decrease of electron density and increase of critical power of

self-focusing.
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Chapter 7

THEORETICAL MODEL FOR SELF-TRAPPING OF GAUSSIAN
ELECTROMAGNETIC BEAM IN DUSTY PLASMA

7.1 Brief outline of the chapter

A theoretical model for self-trapping of Gaussian electromagnetic beam has been developed in
dusty plasma. This model comprises of balancing of charge, number density, and energy
exchange between plasma components having charge neutrality. lonization of neutrals,
recombination, emission and sticking of electrons to the dust particles, and the collisions
between the constituents are considered herein. For numerical appreciation, curves have been
drawn for variation of electron density with time and beam waist parameter with the different
values of dust densities and dust grain sizes. It is observed that the electron density decay with
time due to their larger stickiness to the surface of dust grains with its embryonic growth. Self-
trapping of the beam increases with increasing dust grain size but reverse in the case of number
density. This is because of increase in non-linearity on account of predominant self-trapping term
with the increasing dust grain size and decreasing number density. This formulation is helpful for

explaining the results of dusty plasma in space and laboratories.
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7.2 Introduction

Several investigations [1-7] on nonlinear propagation of Gaussian electromagnetic beam in
dusty plasma have been published in last decades due to its numerous applications in space and
industry [8-9]. In this chapter, nonlinear heating of electrons takes place because of non-uniform
irradiance of electromagnetic beam in dusty plasma. This causes more and more electrons
sticking to the surface of dust grains and generates a depleted density channel which leads to
self-trapping of electromagnetic beam in dusty plasma. lonization of neutrals, recombination,
stickiness and electron emission by the dust grains, and the collisions between the constituents
are considered in the present model. A wave equation has been evaluated using the perturbed
density of electrons and modified permittivity to study the behaviour of Gaussian
electromagnetic beam in dusty plasma due to nonlinear ohmic heating of electrons and curves
have been drawn between beam waist parameter and dimensionless length of propagation for
distinct values of number density and sizes of dust grains. The remaining chapter is framed as
follows: Sec.7.3 is designed by the balancing equations of the charge, number density and
energy exchange between dusty plasma components to give the dielectric constant of the plasma
in the existence of dust grains and solving the wave equation to show the variation of beam waist
parameter ‘f° with the dimensionless propagation length¢ on account of propagation of
electromagnetic beam in dusty plasma and Sec. 7.6 is structured by results of the present

analysis. Sec. 7.7 concludes the summary of our paper.
7.3 Theoretical Model

Assume a dusty plasma, formed by electrons, ions, neutrals and dust grains having charge Ze
(where Z is the charge state of dust and e is the charge on an electron); is non-linearly irradiated
by Gaussian electromagnetic beam.

Balancing Equations
Neutral atoms and ions conservations

=n.,+n

"™ 0" Moo a1
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where n.,n, and N, 1 are the ions and neutrals number densities in the presence and

absence of dust grains, respectively.
Charge neutrality

(7.2)

b

+1n. -n. =
7n d n1 ne =0
where n d and ng are the dust and electrons number densities.

Charge balance of dust grains

——=n +nph— Neg » (7.3)

12

where n..= nrg (8kBTi /nmi) n, [1-Zoj ]is the sticky current of ions to the dust grain surface,

nop = nrgnp is the photocurrent emitting from surface of negatively charged dust grains, and
Ny = nrg (8kBTe /mmg )1/ 2, eexp[Zae] is the sticky current of electrons to the dust grain surface,

_ 2 _ 2 . . . . ,
a (e“/r dkBTi)’ 0= (" /r dkBTe),r q s radius of dust grain, kB is Boltzmann’s constant, Ti
and T, are the ions and electrons temperature, m, andm, are the masses of ions and electrons,
respectively. np represents the degree of photoelectric emission per unit time per unit area from a
negatively charged or neutral surface of dust grain.

Number density balance of electrons and ions

dne _

T Bino- N, -1y (nge- nph) (7.4)
and

dnj _ 75
T Pt 4rleit Mg (7-5)
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where Bi indicates the co-efficient of ionization, ar=(ar0(300/Te)k) cm’/s represent the

recombination coefficient, k and o gare the constants. The initial terms on RHS of (7.4) and

(7.5) correlate with the rate of increase of densities due to ionization of neutral atoms. The
succeeding two terms in both the equations refer to the rate of density decay due to their
recombination, and net sticking to the surface of dust grains.

Energy balance of electrons and ions

2 2
i(3 3 nee”v foO
E[EnekBTej PifgFe trhen; (21( ! j "N (Mectec™ Mphepy )+ 2,2
Ame (0F + Vo) (7.6)
3 3
- VemPem 5 ek g (Te = Tp) +Vj0; 7 ek (Te =)
And

d(3 3
dr( nlkBTj = Bingg; '“rnen'(szT) N 4MicFic

3 3
Vimim 5 KB T~ T+ Vi S1ekp(Te —T)

; (7.7)

where €, and g are related to electrons and ions average energy because of ionization of neutral

atom, €., and & represent the mean value of sticking energy of electrons and ions to the
ic

surface of dust grains.aph is the energy corresponding to photoemission, d is the fractional

energy loss, and Voff (=veitved+Vem+Vsc)is the effective collision frequency as a result of

collisions of electron with ions, dust, neutrals, and sticking collisions, and T d is the temperature

of dust assumed to be constant due to efficient thermal efficiency.
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Fig. 7.1 Dependence of dimensionless electron density (n.o¢/n.g) on the parameter t (sec).

By estimating ionization coefficient and mean energy of electrons and ions through imposing the
initial conditions of dust free plasma, Eqgs. (7.1)-(7.7) can be concurrently solved for 7 — o in

stationary state and the variablesng, T, n., T, and Z got evaluated numerically. The variation of
normalized electron density with time is shown in Fig.7.1.
7.4 Modified Dielectric Permittivity

Using these parameters and paraxial approximations, modified dielectric permittivity is given by

2 2 2 2
—1. ®0 l_vefﬂ) "e0 |and e 0 l_vefﬂ) "e2 || "e0 2VefroVeft2 , (7.8)
2 2 | 27| 2 2 | = 2
d d e2 d d €00 €00 d

where £ and €,are the modified dielectric permittivity, Vefio and Vopp Ar€ the effective
collision frequencies, n,, and n ., are the number densities in the presence of dust grains along

axis and radius , respectively. .00 is the electron density in the absence of pulse and dust, and

O and ® d refer to the electron plasma frequencies with and without dust grain Egs. (7.1) - (7.7)
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are accompanied by unison solution to use N0 Do Voo Vet in (7.8), and to gete and €55
in term 3 U2
000"

7.5 Propagation of Gaussian Electromagnetic Beam in Dusty Plasma
Assume a y-axial uniformly polarized Gaussian electromagnetic beam propagating in dusty

plasma along the z-axis; the cylindrical coordinate of its electric field vector U is defined as

Intensity
laser beam (Gaussian beam)

particle

Fig.7.2 Schematic diagram of propagation of cylinderical Gaussian electromagnetic beam
n 10 qt
U(Z):J UO (p:Z)e > (79)

-02/p2
P=/Py A o
= U,n€ ,and ] is the y-axial unit vector.

where (U0 )z=0 00

Concerned wave equations for the transverse and cylindrically symmetrical beam is given by

L o 2
02Ug , 10Ug , 92Ug _ “g%etf (D) s

1 _ 7.10
02 PO gp2 2 0 (7.10)

Following Akhmanovet al.[10] and Sodha ef al. [11] solution of (7.10)can be represented as
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Uy (p2)=A y (p.2)e ¥, (7.11)

-iks(p,z)

Ay (P,2)=A ), (P,2)e (7.12)

where kZ(wd/c)a%)/z. Ao and s are real. By employing Ansatz for Gaussian beam

2

L
2 2¢2
2 UOO pof L . . . . . .
A, = e and solving in paraxial ray approximation using eikonal function s(p,z)as

00 ~ 2

s= (p2 /2)b(z) + W (z), where ¥(z) is an arbitrary function of z and b(z) = %% , we get

2 11 1
= +

@ff_ 1 1.1 (7.13)
dc2 RZf £

1/2
26405 z 2
where Rg| = 5 is the typical length of self-trapping, { = R and R d=kp0.The initial
esU
2700 d

term on the right —hand side in (7.13) represent the nonlinear self-trapping term although later is

the diffraction term
7.6 Results and Discussion

To study the characteristics of propagation of Gaussian electromagnetic beam in dusty plasma,
curves have been drawn for variation in electron density with time and beam waist parameter

with the dimensionless length of propagation for distinct number density and sizes of dust grains

| . U S L 6 -3

in the following domain : % 5.5%10 "cm /s,neO n 2.45%10%cm

o= 9= 0.9x1012em™ k=1.1,n=10%em™, p = 5.5x10Zem, ky =1.38x10 O ergsk,
T o= 1001K, mg=9.1x10"28g m, =29x1.6x1024g, m =39x1.6x10 2%, 1 11081,

¢ = 4.8x10 Ostatcoloumb ,T =10%statvolt cm™ and 6x10° statvolt cm™.

4 = 300K, =10cm, U

d 00
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Fig.7.3. Deviation in beam waist parameter (f) with the dimensionless length of propagation
¢= z/Rq for distinct values of dust grain sizes corresponds to ry= 4x1 0%cm, ra= 6%1 0‘6cm, 3=

8x10%cm, ryy= 10x10%cm.

0.8
0.6
0.4

0.2

! ! ! !
o] 0.1 0.2 0.3 0.4 0.5

‘¢ =z/Ra

Fig.7.4. Deviation in beam waist parameter (f) with the dimensionless length of propagation

(= z/Rq for distinct values of number density of dust grains corresponds to ng= 1 Cem™, ngp=
3

4.3 5 .3 6 -
10°em™, ng3= 100em™, ngy= 10°cm
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Figure 7.2 indicates the electron density decay with time due to their larger stickiness to the
surface of dust grains with its embryonic growth. Figure 7.3 shows the self-trapping of the beam
increases with increasing dust grain size but reverse the case of number density of dist grains in
fig. 7.4. This is because of increase in non-linearity on account of predominant self-trapping term

with the increasing dust grain size and decreasing number density.
7.7 Conclusions

A theoretical model for self-trapping of Gaussian electromagnetic beam in dusty plasma has
been developed. The variation in electron density with time in the presence of dust has been
analyzed numerically by solving the coupled equations (7.1) to (7.7) using the MATLAB and
MATHEMATICA software. The modification in dielectric permittivity has been formulated.
Also, the beam width parameter of the Gaussian beam has been plotted with the normalized
distance of propagation for different values of dust grain sizes and dust densities. The results of

our analysis are useful in space and laboratory plasma.
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Chapter 8

SUMMARY AND FUTURE ASPECTS

This thesis provides a broad perspective and opens up future development of the rapidly
expanding field to interested researchers normally working in the area of dusty plasma. Dusty
plasma is formed when dispersed particles are introduced into gas discharge or into high
frequency plasma at low pressure. It is found in interplanetary space, planetary rings, circumsolar
dusty rings, comet tails, interstellar molecular clouds, phosphorescing clouds in the article
troposphere, mesosphere and pre thunderstorm clouds. This is attributed to collisions in gaseous

phase and thermal electron emission from the surface of condensed particles.

The interest in plasma particle interaction in dusty plasma has been grown in respect to its
application in material science, surface processing technology and plasma diagnostic [1]. But
powder formation has also been a critical concern for microelectronics industry because the dust
contamination severely reduces the yield and performance of fabricated devices. Since the dust
particles deposited on the surface of processed wafers can obscure device regions cause voice
and dislocation and reduce the adhesion of thin films. But now-a-days, dust particles are not
anymore considered as unwanted pollutant. Some positive aspects of dusty plasma have plasma
emerged and powder produced using plasma technology have interesting and potentially useful
properties, for example, very small sizes, uniform size distribution and chemical activity, size
structure and composition can be tailored to specific requirements depending upon desired

applications.

In the light of applications of dusty plasma in material science research, two major trends can be
followed. One is surface modification technology like coating, surface activation, etching,

modification and separating of clustered grain into plasma, can be considered by treating the
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surface of dust particles to improve its properties for specific purpose. In this type of technology,
the particles are either grown in plasma or externally injected. A second important trend in
applied dusty plasma research is the incorporation of dust particles in plasma enhanced chemical

vapour deposition (PECVD).

The future scope of interaction of electromagnetic beam with dusty plasma is its linear and
nonlinear effects. These effects include wave dissipation, modulation and filamentation
instabilities, linear and nonlinear wave propagation, parametric instabilities and self-focusing etc.
These effects are useful in study of transient’s nature of spokes in Saturn’s B ring that took into
account electromagnetic effect on charged dust particles [2], the dust stream emanating from
Jupiter based on gravitational and electromagnetic forces on charged dust in solar system, close
to earth; noctilucent clouds (NLCs) and polar mesospheric summer echoes (PMSEs) are the
atmospheric effects connected with charged ice particles in earth’s mesosphere at about 85 km
altitude. These echoes refer to strong radar backscattering are connected to electron density

anamolies associated with charged ice particles.
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