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SYNOPSIS

For all practical purposes, plasma has to come in contact with material wall.
In the contact region of the plasma with the material surface, a potential exists
to contain the more mobile charged species of the plasma. The non-neutral po-
tential region of plasma which exists between quasi-neutral plasma and material
surface in contact with the plasma is termed as ‘sheath’. There also exists a
transition region between the quasi-neutral plasma and non-neutral sheath, called
‘presheath’; in order to maintain the flux of lesser mobile charged species of the
plasma. These ‘sheath-presheath’ region is very critical in defining the nature of
interaction of plasma particles with the material surface. Particle dynamics in
sheath-presheath defines the most important phenomena in plasmas like, etching
processes of material surface using plasma, particle implantation processes using
plasmas, heat-loads to the walls of the chamber in which the plasma is contained,
temperature of plasma particles etc.

Generally, in unmagnetized, low pressure plasma, the surface in contact with
plasma attains negative floating potential by virtue of higher mobility of electrons
than ions. Plasma shields this potential in a narrow positive space charge region
called Sheath. In order to have a stable sheath structure, ions needed to enter
the sheath edge with a minimum velocity ¥ > \/W, called Bohm velocity [1].
Tons reach to the Bohm velocity by the potential drop of ~ % kT, in the transition
region called Presheath. This ion flow is generally believed to be laminar as it ac-
celerates from the presheath to enter into the sheath region. However, it has been
reported recently that under certain discharge conditions of low neutral pressure,
the ion flow in presheath region may not remain laminar |2, 3]. Instead, insta-
bilities like ion-acoustic instability, secondary electron emission instability [4, 5],
ion-ion counter streaming instability |6, 7] exist in sheath-presheath region formed
around solid /perforated material surfaces in low temperature plasma [8, 9]. Fur-
ther in multi-ion species plasmas, presence of ion-ion co-stream instability in the
sheath-presheath region has also been reported along with the above mentioned

ones [9, 10]. These instabilities in the sheath-presheath region modify the particle



flow velocities and distribution functions which is predicted to affect the particle
transport in this region [11].

In general, the instabilities in the sheath-presheath region can be classified in
to three categories: (1) ion-ion instabilities (2) electron-ion instabilities and (3)
electron-electron instabilities. Ion-ion instability may arise either in presence of
two different ion streams moving in the same direction in the sheath-presheath or
in two inter-penetrating ion streams of same ion species or different ion species.
The earlier case is possible in multi-ion species plasma, where different ion species
streaming along with each other in sheath-presheath and latter is possible in
sheaths produced by transparent grids in the plasma. Electron-ion instabilities
excitation depends on phase velocities of the wave electron and ion distribution
function, i.e., when the phase velocity of the wave matches with the positive slope
of the electron distribution function, ion wave receives energy from the electrons
and grows as instability [12]. Electron-electron instabilities are excited in the pres-
ence of secondary-electron emission from the physical surface. Hall-thrusters are

one of the devices, which contains this instability [13].

Ion-flow driven instabilities in sheath-presheath region have major importance
in the context of particle dynamics. When these instabilities exist, the instabilities
can enhance the friction between the particles. In general, the instability enhanced
friction is much stronger than the normal coulomb collision friction, so that the
role of the instability in particle dynamics would be significant [8, 14]. Sheath-
presheath region is much susceptible to the ion flow-driven instabilities due to the
accelerated flow of ions. The commonly encountered ion-flow driven instabilities in
the presheath region, formed around the solid /perforated surfaces in contact with
low temperature, low pressure, single or two-ion-species plasma, are ion-acoustic
instability, ion-ion counter streaming instability and ion-ion co-stream instability.

When counter streaming of two ion beams exists in the presheath region, there
could be a possibility of ion-ion counter streaming instability. This instability is
commonly found in the presheath near grids immersed in plasma, space plasmas

and near virtual cathodes. Grids have been normally used in the plasma discharges

ii



in double plasma devices, ion-beam extractors for ion and neutral etching processes
etc. Ton-ion counter streaming instability is encountered near the grids because of
the counter streaming of ions from both sides of the grids [6, 7]. Anomalous ion
heating has been reported caused by the presence of the ion-ion counter streaming
in ionosphere [15]. Recently, ion velocity-locking observed near the virtual cathode
and ion-ion counter streaming instability is identified to be responsible for ion-ion
enhanced collisions [16].

Studies of electrostatic instabilities in multi-ion species plasma frequently en-
countered in ionosphere and fusion plasmas have attained much interest for un-
derstanding generalized Bohm criterion in multi-ion species plasmas. Recent ex-
periments show that,in two ion-specie plasma of nearly equal ion densities, both
the ion species, reach the sheath edge with equal velocities in the same potential
fall despite having different masses. Theoretical works predicts that, ion-ion two-
stream instability generated by the differential flow of two ion species could be
the reason to draw the lighter and heavier ion species to common velocity at the
sheath edge [9].

Ion-acoustic instability has been reported to be responsible for anomalous ion
heating in collisionless, low pressure discharges [17]. Experimentally, current-
driven ion-acoustic instability has been studied in low temperature % > 1),
laboratory experimental devices by introducing electron and ion beams of suit-
able energies into the background plasma [12, 18-21]. The ion-acoustic instability
can also be self-excited near the sheath edge region where the ions reach with
Bohm velocity [11]. This ion-acoustic instability near the sheath-presheath edge
is thought to be recason for Langmuir’s Paradox, i.c., anomalous fast equilibra-
tion of electron distribution function to Maxwellian in low temperature and low
pressure discharges. Electron scattering via an instability-enhanced collective re-
sponse and hence fluctuations arising from convective ion-acoustic instability near
the discharge boundary might be the reason for this Paradox [22].

Although, the sheath-presheath instabilities are studied in detail theoretically,

the experimental observations of these instabilities are rare or non-existing. In this
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thesis work, experimental measurements of ion-flow driven instabilities excited in
the presheath of low temperature plasma, namely (1) ion-ion counter streaming
instability (2) ion-ion co-streaming instability in two-ion species plasma and (3)
ion-acoustic instability has been reported and analyzed. The experimental obser-
vations are ably supported by deriving dispersion relations for the above mentioned

instabilities. The thesis is organized as the follows:

Chapter-1: Introduction and outline

This chapter presents a comprehensive review on formation and existence of
sheath-presheath region and the instabilities present in sheath-presheath region,
mainly the ion-flow driven instabilities, in low temperature plasmas. The review is

followed by the motivation behind the work carried out and presented in this thesis.

Chapter-2: Experimental set-up and diagnostics

The instabilities in the sheath-presheath region are studied in a linear, filament-
produced plasma device. The compatible and versatile device has been designed
and installed in IPR from scratch to carry out the above-mentioned studies. The
linear device consists of a stainless steel (SS) discharge chamber of length 50 cm
and inner diameter 20 cm. For studying the instabilities in low pressure plasmas,
the experimental chamber is evacuated up to a base pressure of 3x 10~% mbar using
turbo molecular pump (TMP) backed by a rotary pump. Plasma is produced in
the device using biased hot-filaments located at one end of the chamber. Perma-
nent magnets are installed on the inner periphery of the cylindrical chamber along
the axis to obtain a broken-line cusp magnetic field configuration to enhance the
plasma density. Argon, Helium and Argon — Helium plasmas with densities in
the range of ~ 5 x 107 - 2 x10? /cc and temperatures in the range of ~ 2 - 8
eV have been obtained in this device by varying the fill-in gas pressure, the bias

voltage and the filament current. A planar SS grids of side 5 cm and thickness ~
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0.1 mm with ~ 75 % transparency is used for producing the sheath-presheath near
the axial and vertical center of the experimental chamber. The plasma as well
as the sheath-presheath region has been diagnosed with cold Langmuir probes,
emissive probes and spectroscopy to measure the plasma parameters and their
fluctuations. The dimension of the sheath and presheath are determined by mea-
suring the spatial profiles of plasma potential using emissive probes. The movable
cylindrical Langmuir probe made of tungsten having length 4 mm and diameter
0.7 mm is employed for measurement of plasma parameters and their fluctuations
in the sheath-presheath and in bulk plasmas. The instabilities are identified by
analyzing the measured time series of floating potential fluctuation from both mov-
able Langmuir probe and stationary grid using Fast Fourier Transform algorithm.

This chapter describes the experimental device and the diagnostics.

Chapter-3: Identification of Sheath-presheath boundaries

Before exploring the sheath-presheath instabilities, the sheath-presheath plasma
region has been thoroughly characterized and the sheath-presheath boundaries
are measured. This has been done by measuring the plasma potential profile
in the sheath-presheath-bulk region of plasma using two different types of emis-
sive probe namely, current-heated emissive probe (CEP) and laser-heated emis-
sive probe (LHEP). The experimentally measured potential profiles are then fitted
with Child-Langmuir profile (CLP) to obtain the sheath dimension. The region
between the sheath having CLP and the bulk having constant potential profile pro-
vides the dimension of the presheath region. Estimations of Sheath and presheath
boundaries using CEP and LHEP emissive probes along with the development and

advantages of Laser-heated have been discussed in this chapter.

Chapter-4: lon-ion counter streaming instability in the presheath of

single ion species and two-ion species plasmas



Observation of ion-ion counter streaming instability in the presheath region
of the grid by virtue of counter-streaming of ions from both sides of the grids in
single ion species plasma (Argon and Helium) as well as in two-ion species (Argon
+ Helium) plasma is presented in this chapter. The observation of ion-ion counter
streaming instability in the presheath region of the grid in two-ion species (Argon
+ Helium) plasma is reported for the first time. The broad band peaks in the
frequency spectra (Ar plasma:10-20 kHz; He plasma: 25-35 kHz; Ar + He plasma:
10-40 kHz) of measured floating potential fluctuations of grid and Langmuir probe
on both sides of the grid are identified as ion-ion counter streaming instability.
The instability is successfully terminated by restricting the ion flow through the
grid by covering the grid from one side. The phase velocity and wave number of
the wave have been obtained by simultaneous measurement of grid and Langmuir
probe signals. The wave number estimated through phase velocity measurement
matched well with the derived dispersion relation for both the single and two-ion
species plasmas [6]. The derived dispersion relation predicted excitation of wider
range of wave numbers in two-ion species plasma, which is experimentally corrobo-
rated through observation of broader and flatter peaks (10-40 kHz)in the frequency

spectra of fluctuations in Ar + He plasma [6].

Chapter-5: Ion-ion co-stream instability in the presheath of two-ion

species plasma

This chapter illustrates the observations of ion-ion co-streaming instability in
the presheath region of the grid immersed in two-ion species (Ar + He) plasma [10].
To the best of our knowledge these results are never reported before. Unlike, the
ion-ion counter streaming instability, the co-streaming instability is observed only
when the ion concentrations of both the specie are equal. The neutral pressure
ratio of Ar and He is being maintained around (%’f) ~ 15-18 for obtaining equal
concentrations of Ar and He ions in two specie plasma [23|. The instability ceases

to exist as the neutral pressure ratio is varied from ~ 15-18 by increasing or de-
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creasing the neutral pressure of any of the gases. Excitation of this instability with
equal concentration of two ions may indicate its role in equilibrating the Bohm ve-
locities of both the ions with different masses at the sheath edge as observed in
other experimental [24] and theoretical [8] studies. The measured phase velocity
of the wave is close to the individual Bohm velocity of the lighter species, i.e., of
Helium in this case [10]. The measured wave number is consistent with the derived

dispersion relation.

Chapter-6: Self-excited ion-acoustic instability in the presheath of sin-

gle ion species plasma

This chapter describes the observations of self-excited ion-acoustic instability
in the sheath-presheath region |25]. Again, to the best of our knowledge, these
observation are reported for the first time. The observed ion-acoustic instability
is found to be very weak in comparison to the ion-ion co and counter streaming
instabilities, which is consistent with the theory. Parametric studies show that the
instability depends heavily on the ion-neutral collision frequency and exists in a
very narrow plasma parameter range. The measured phase velocity of the wave
matches well with the system sound speed within the experimental errors and the
measured wave number remains consistent with the theoretical dispersion relation

at the observed frequency.

Chapter-7: Conclusion and future scope

The experimental results on the observations on ion-flow driven instabilities in
sheath-presheath of low temperature plasma and their analysis presented in this
thesis have been summarized in this chapter. Ion-ion counter streaming instability
in single and two-ion species plasma, ion-ion co-streaming instability in two-ion-
species plasma and ion-acoustic instability in single ion species plasma has been

explored experimentally in sheath-presheath regime for the first time. The con-
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ditions for the existence of these instabilities are studied in detail, which is vital
for understanding nature of sheath-presheath phenomena. The experimental re-
sults are found to be in good agreement with the theoretical derived dispersion
relations. Future scope includes further substantiation of these results using non-
invasive spectroscopy diagnostics. For example, spectroscopic measurements of ion
fluctuations of different ions separately in two ion-species plasma by varying the
ion concentrations will be very useful in understanding the phenomena of ions with
different masses reaching the sheath edge with equal Bohm velocities as observed

in other experimental and theoretical studies.
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Introduction

Introduction to Plasma

Plasma is an ionized gas, consists of charged (electrons and ions) particles satisfying
two basic necessary (but not sufficient) properties, (a) presence of freely moving
charged particles, and (b) large number of these particles. Plasma also contains
neutral (atoms and/or molecules) particles and their relative number would affect
the features of the system. The plasma is mainly characterized by ‘collective-
behaviour’ originating from the properties of the interaction between its constituent
particles. Neutrals as well as charged particles interact by means of electromagnetic
interactions. However, the forces between neutrals are short-range force, i.e., a
neutral atom does not affect another one until they collide. On the other hand,

each charged particle produces a long-range field (Coulomb field), which can affect
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many particles located far away from it and visa-versa. Hence collective effects are

important for a charged particle gas to be called plasma.

Majority of the universe is in plasma state. Although naturally occurring
plasma is rare on Earth (e.g. a lightning strike), there are many man-made plasma
examples. In a lightning stroke an oxygen-nitrogen plasma is heated at approx-
imately 20,000 °K, similar to that of a laboratory arc. Although the stroke is
only a few centimetres thick and lasts only a fraction of a second. There exists
a long list of man-made plasmas such as sparks, arcs, fluorescent lamp, plasma
torches, plasma-displays, plasma thrusters, fusion plasmas etc. These natural and
man-made plasmas are classified by many characteristics, such as temperature,
density, degree of ionization, and approximations of the model describing them.
One such classification based on density and temperature of the plasma is shown
in Figure 1.1. Because the plasmas are conductive and respond to electric and
magnetic fields and can be efficient sources of radiation, they are usable in numer-
ous applications where such control is needed or when special sources of energy
or radiation are required. The man-made plasmas are produced and researched
for various application ranging from power generation to industrial application
and also in medical sciences. One of the important application of plasma is for
generating electricity by means of nuclear fusion. It is quite well known that the
fusion powers the Sun and the Stars converting matter into energy. In the Sun
massive gravitational force creates the right condition for fusion. Fusion devices,
based on either magnetic confinement scheme or inertial confinement scheme, aim

to generate power from the fusion reactions on Earth [29-32].

Another important application of plasma is in plasma processing of materi-
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als [33—-35] The chemical and physical properties of the surface of a material can
be suitably modified using plasmas of different nature. To name a few, the plasma
processing techniques include: Plasma activation, Plasma etching, Plasma surface
modification of metals, wool, textile, Plasma polymerization, Plasma cleaning,
Plasma electrolytic oxidation, production of nanoparticles ete. [36-43] Plasmas
are also used to destroy the solid, liquid and gaseous toxic halogenated and haz-
ardous substances [44] or to generate anti-corrosion, thermal barriers, anti-wear
coatings, etc [45, 46]. Furthermore, recently the plasma usages has been extended
to biomedical applications. Atmospheric plasma is widely used for sterilization,

selective killing of tumor cells, gene transfection, and healing wounds.

In plasma processing as well as in fusion plasmas too, the interaction of plasma
with the material surface constitute a subject in itself. Whenever the plasma comes
in a contact of a material it forms a thin layer between it and the material surface,
known as ‘sheath’. The sheaths play an important role in determining the flux,
energy, and type of species incident on the surface. In general, the sheath is ion
rich, which confines electrons in, and expels ions from the plasma. The energy
that ions gain as they fall through the sheath regulates both the physical and
chemical processes that occur at surfaces contacting the plasma. Such plasma-
surface interactions are very important in plasma processing mentioned above.
The ion sheaths can be collisional or non-collisional depending upon the ion-neutral
collisional mean free path compared to the sheath lengths. In collisional sheath, ion
collisions can significantly reduce the ion impact energy on the surface. However, in
the non-collisional sheaths, the instabilities present in the sheath play in important

role in deciding the ion impact on the surface. The experimental observation of

4
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ion-flow driven instabilities in the sheath-presheath region form the subject matter

of this thesis work.

Debye Shielding

The sheath formation is due to the plasma’s fundamental characteristics of shield-
ing any eclectric field present in it. If a positive potential is applied to an object
immersed in a plasma, a cloud of electrons surrounds the object and diminishes the
effect of positive potential in a very narrow region around the object. This process
of shielding is known as Debye Shielding. If the plasma particles are assumed to
be cold, i.e., having no temperature, then the shielding is perfect and no potential
leaks out of the region of shielding. However, in case of finite temperature, the
particles, mainly the electrons in the edge of the electron cloud around the object
possess sufficient thermal energy to escape from the electrostatic potential well
leading to imperfect shielding. Potential of the order of kT, /e can leak into the
plasma in this case. Consider a metal grid placed at a position x = 0 and having
a potential ®y. ®(z) be the potential at a distance ‘x’ from the grid. Assuming
an infinite mass ratio M/m of ions and electrons, the electrons instantancously
react to the applied field whereas the ions do not move and form a stable uniform
background of positive charges. The Poisson equation in one-dimension is given

by

d?®
Eon(I) = €05~

e —e(n; — ne) (1.1)
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Let ng = n. = n; be the plasma density in the bulk plasma. Electrons follow

Boltzmann distribution, so that electron density in the potential is given by

ed
Ne = Ng €XP (kT ) (1.2)

Substituting n; and n. in equation 1.1, we have

60% — eng { [exp (:ﬁ) - 1} } (1.3)

In the region where |e®/kT,| < 1,

2D {
€ — €Ng
X

+%(:;Ii>2+” (1.4)

Keeping only linear terms, we have

PP nye?
Eow = /{ZTe (15)
Defining
kT \"?
A\p = ( ;’092 ) (1.6)
Equation 1.5 becomes,
d*®
whose solution is given by
d = dyexp <—|;—|> (1.8)
D

where, \p is called Debye length, is a measure of the shielding distance.
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Figure 1.2: Variation of Debye length with plasma density for an electron temper-
ature 2 eV.

If the dimension of the system L is much larger than Debye length (L > Ap),
then whatever local or external electric potentials arise in the system are shielded
within Ap such that the remaining bulk plasma is free of electric potential. Since
the Debye length is inversely proportional to plasma density, the plasma needs to
have certain density to satisfy the above. So a criterion for an ionized gas to be a
plasma is that it should dense enough that Ap is much smaller than L. Figure 1.2
shows the typical variation of Debye length with plasma density for an electron

temperature of 2 eV.
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Sheath-Presheath

In general, any physical surface in contact with plasma gets negative potential
because of the high mobility of electrons. This potential is shielded by the positive
space charge associated with the ions in a small region of length scale Debye
length. This non-neutral region is called ‘Sheath’. The electric field present in
the sheath accelerates the ions towards the physical boundary. To have a stable
sheath formations, ions needed to be accelerate to a certain minimum velocity
g > \/m at the sheath edge, where T, is the electron temperature and m;
is the mass of the ion. Bohm first derived this condition for the ion in the single
ion species plasma, called “Bohm criterion”. In general, the equality holds good
and ions reach with Bohm velocity at the sheath edge. Ions gain this minimum
velocity from the potential drop present in the weak electric field extended regime,
so called the ‘Presheath’. The typical potential and density profiles of sheath-
presheath regime is as shown in Figure 1.3. Most of the potential is contained in the
narrow sheath region and the residual potential is contained in the comparatively
broad presheath region. FElectron and ion densities start decresing from entrance
of presheath but still quasi-neutral condition holds in the presheath, but in the

sheath the quasi-neutrality did not valid anymore.

Particle dynamics in the Sheath-presheath regime defines the interaction of
plasma with physical surroundings. These dynamics are very much important in
understanding basic phenomena in almost all types of plasmas like low temperature
plasmas, space plasmas, tokamak devices, rf and industrial plasmas. The study of

particle entry velocities near the sheath edge is a subject as old as plasma physics.

8
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Figure 1.3: Plasma potential and density variation in sheath-presheath region.

Much theoretical and experimental work has been carried out in understanding
these velocities in various plasma conditions like unmagnetized plasmas, magne-

tized plasmas, multi-ion species plasmas, rf plasmas and tokamak plasmas.[47-51]

In case of single-ion species plasma, ions follow Bohm criterion at the sheath
edge, however in case of two-ion species plasma, the Bohm criterion is not clear.
The subject of entry velocities of the individual ions in case of multi-ion species
plasma is under scrutiny. Riemann derived generalized Bohm criterion in case
of multi ion-species plasma [1], however this model does not explore the exact
values of individual ions entry velocities. The discussion of ion velocities at the
sheath edge is made in the later part of this thesis. General condition for sheath
stability, sheath potential profile sheath thickness and presheath potential profile

are discussed in the next subsequent sections.
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General Sheath Condition for multi-ion species plasma

Consider an unmagnetized plasma system consists of electrons, positive ions and

neutrals. The fluid equations for ions gives,

ﬁni
. V) = i 1.
5 TV (i) =5 (1.9)
81)2‘ 1

where m;, n; and v; are the mass, density and velocity of the ion component i.
E = -V® designates the electric field, S; is the source term and R; is the friction

force.

Sheath defined on the length scale Ap. For a thin planar sheath in the z-

direction, we can write

d
V o= i— 1.11
St (1.11)
E = :ZE, (1.12)
o
= —— 1.13
7 (1.13)

The sheath potential ® os determined by Poisson’s equation

d*® p
i 1.14
dz? €0 ( )

10
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and the boundary condition

d =0 for — — —o0o (1.15)
Ap

of a decaying wall distortion. This boundary condition defines the sheath edge on
the sheath scale and represents the transition to a large plasma scale L > Ap.
The space charge density p in the sheath is assumed to be a function of potential

¢ vanishing at the sheath edge.

Multiplying equation 1.14 with %, and integrating yields

. d .
eoF? + (ﬁ)ézo ®* = constant (1.16)

For the sheath edge boundary condition, constant = 0 and from equation 1.16,

(5—;)@:0 <0 (1.17)

This condition is the general sheath condition.

Space charge density,

p= Zemi — ene (1.18)

for steady state, collisionless sheath with no extra ionization, ion fluid equations

becomes

dv; dn;
o P 1.1
ni + v; 7 0 (1.19)
dUz‘ dd 1 dnl

11
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Using above two equations we get,

dn; n;€;

S e S— 1.21
d®  muv? — kT, (1.21)
Electrons are assumed to be Boltzmann distributed, then
dn, Nee
= 1.22
dd  kTe ( )
Equation 1.17 becomes,
20, 2
P AR LY (1.23)

mvy — kT, = kT,

i

This is called Generalized Bohm Criterion, where suffix 0 refers to sheath edge.

If we consider ions are singly ionized to be cold i.e., T; = 0, the above equation

becomes
Nio 02
> %<1 (1.24)
— Nep Vs
where Cy; = %Tf Bohm velocity of the i** ion species and the summation is over

all ion species. Equation 1.24 is called Bohm criterion for multi ion species plasma.

For two-ion species plasma, the Bohm criterion becomes,

2 2
m o1 L2 2 < (1.25)
Ne V7 Ne V3

Hence, in case of two ion-species plasma, the ion velocities at the sheath edge vy
and vy will satisfy equation 1.25. But this equation does not provide the exact

solution of the individual ion species. This topic of entry velocities of ion species

12
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at the sheath edge in two ion-species plasma will be discussed in section 1.4.1.

Child-Langmuir’s Law

In the limit of ion initial energy e, small compared to the potential in the sheath,

the ion energy and flux conservation equations given by,

T

1
§A[v2 = —ed(x) (1.26)

en(z)v(z) = Jo (1.27)

where Jy is the constant ion flux.

From the above two equations, we get

—2ed

and (1.28)

nr)= ————- (1.29)
From Poisson equation, (here neglecting electrons)

(1.30)

Lo Sy [ 2e®\
dz?2 e M

Multiplying above equation by % and integrating from 0 to x, we have

1 /do\> Jo [ 2e ~1/2 1/2
§<%) _Qg <M> (_(I)) (1.31)

Applying the boundary conditions Cf’ =-E=0at ® =0 (x = 0) and integrating

T

13
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again, we get

3 (Jo\? [2e\ M
P =2 (=2 = 1.32
2(60 M v ( )

4 %¢ 1/2 %3/2
J(] = §€0 M &2 (133)

At x =35, ® = -V}, then

Equation 1.33 is well known as Child’s law of space charge limited current in a
plane diode. With spacing ‘s’, this formula gives current between two electrodes

as a function of potential difference between them. However, Jy given explicitly as
Jo = en,C, (1.34)

From above two equations, we get sheath thickness

3/4
S = ?)\Ds (2TVO> (135)

where Ap, is the Debye length at the sheath edge and V4 is the potential on the

wall.

Presheath potential profile

Riemann provided the constant collision frequency model for a one dimensional

weakly ionized plasma in front of a plane absorbing wall.[52] The equations pro-

14
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viding electrostatic potential and ion flow velocity in the presheath are given by

i (C—> and (1.36)

Te Vi
2 VQ
dz = av; (Cx;w?n> (1.37)

where, c¢; is the Bohm velocity, V; is the ion velocity and v is the ion-neutral
collision frequency.
In the collision model, two special cases has to be evaluate (1) constant collision
frequency, v.(V;) = constant = V;/l and (2) constant mean free path, v.(V;) =
Vi/A.

For constant collision frequency model, and choose coordinate system where
z = 0 is the sheath edge, and z takes negative values throughout the presheath
to a distance z = -1 = -2\""". For the constant ion-neutral collision frequency,

equations 1.37 yields,

o
% = arccosh(l — z/l) and (1.38)

Vi =c, [1—%(1— \/1—21/z)} (1.39)

Figure 1.4 shows the electrostatic potential and ion flow velocity in the presheath.

Collisions in Plasma

Particles in plasma interact with themselves through ‘Collisions’. Collisions be-

tween charged particles in a plasma differ fundamentally from those between atoms

15
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Figure 1.4: The electrostatic potential (blue solid line) and ion flow (red dash line)
throughout presheath.

(or molecules) in a neutral gas because of the long range of the Coulomb force.
Apart from colliding within themselves, the charged particles also collide with the
neutrals present in the plasma. Collisions analysis of plasmas are very important as
they describe many phenomena in plasmas such as diffusion, resistivity, ionization,

energy equipartition, radiations etc. in and from the plasma.

Coulomb Collisions

Let consider simple estimation of electron-ion collision frequency. To have a colli-
sion, the electrons have to reach to a closest distance (be;) towards ion such that

electron thermal energy is of the order of potential energy due to coulomb force

16
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between ion and electron. i.e.,

1 Ze?
2

—meV;; ~ T, ~

2 ¢ the ¢ 47T€0b€i

(1.40)

Hence,
- Ze?

ei ™ 1.41
dmegT, ( )

Thus, electrons at a distance b,; of ions have a significant collisions with those ions.
Since the electron only notices ions at a distance b,;, it samples a volume ngi)\ei,
where \¢; is the electron-ion collision mean free path. The probability of finding an

ion in this volume is unity, so it must satisfy n,70%A; ~ 1. From this we obtain,

1 (47e0)> T2

>\ei ~ ~
n;mh?, Z%etn;

(1.42)

The collision frequency

Vthe Z2e'n,
Aei (4me)t ml 2T

(1.43)

Vei ~

The effect of weak collisions between the particles separated by Debye length dom-

inated, can be accommodate with Coulomb logarithm, i.e.,

Z2e'ndnA,,;

(47‘(’60)2 mi/QTg/Q

(1.44)

Vei ~

Similarly electron-electron and ion-ion collision frequencies can be obtained,

e*nelne.

(1.45)
(47¢0)’ me*T3?

Vee ~

17
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and
Z4€4ni lTLA”

(47¢p)? miPT?

(2 2

Vi ~ (146)

Ion-Neutral Collisions

The collisions of the charged particles with neutrals can be elastic or in-clastic in
nature. The probability of the collisions can be explained in terms of total effective
cross-section. Consider a thin slice of stationary neutral particles with an area A
and thickness dz with density n,. Assume the atoms are simple spheres of cross
section area . The number of atoms in the slice is given by n,Adz.

The fraction of the slice occupied with atoms is

ngAdzo

Y ngdro (1.47)

Let I'y be the incident particle flux, then the flux of particle coming out of slice

without collisions is

['(z) =To(1 — nyodx) (1.48)

The change in particle flux as the partilces passing through slice is given by,

r
Zl_x = —I'ngo (1.49)

The solution of the above equation is,
I' = Ty exp(—ng4oz) = Iyexp (—;) (1.50)

18
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Figure 1.5: ion-neutral mean path and collision frequency at the sheath edge (ion
velocity ~ Bohm velocity) with respect to neutral pressure

where A = ng% is the collisional mean free path defined as, the distance in which
the particle flux would decrease to % of its initial value.

The mean time between two collisions is given by

1
T = (1.51)
ngov
where v is the velocity of the particle.
Collisional frequency averaging over all Maxwellian velocities is given by
V=—=mn400 (1.52)

T
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Instabilities in Unmagnetized Plasma

A plasma in thermodynamic equilibrium is characterized by homogeneous Maxwellian
particle distributions at rest with each other. Deviations of the plasma from such
a thermodynamic equilibrium state can be the source of free energy, leading, under
certain conditions, to instabilities. The plasma through instability discharges its
free energy and will try to retain the equilibrium. In this process, the energy may
be converted into different forms such as violent motion of plasma particles, radia-
tions etc. In plasmas such a conversion takes place in collective way and any small
deviation from the equilibrium can either grow or lead to further deviations. The
rate of these changes are determined by dynamic time scales much faster than the
collisional time scales. In this way, a plasma instability can lead to loss of stability

through enhanced transport of plasma particles and energy out of the system.

Deviations from thermodynamic equilibrium can arise both in an homogeneous
or an inhomogeneous systems. In an homogeneous system, deviations from thermo-
dynamic equilibrium are found in velocity space. The ion-acoustic instability is an
example of an instability arising from such a velocity deviation, in this particular
case in the form of electrons streaming with respect to ions. Similarly, in multi-
species plasmas, the streaming of different ions with respect to each other also
can excite instabilities. Furthermore, the Weibel instability is another example,
which results from an anisotropic electron velocity distribution. The instabilities
of a weakly inhomogencous plasma with the Maxwellian velocity distribution of
particles caused by the density and temperature gradients are often called drift

instabilities, and the corresponding types of perturbations are the drift waves. For
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example, Rayleigh-Taylor instability can occur when a dense plasma is supported

against gravity by the pressure of a magnetic field.

Ton-flow driven Instabilities

Instabilities can be self excited in the sheath-presheath of a low temperature plasma
by virtue of different flow velocities between constituent charged particles. The free
energy associated with the particle streams will effect the particle transport in this
regime, so that the particle fluxes and particle energies to the surface, estimated
by the classical models might be changed drastically.

The streaming of ions with differential velocities can cause ion-ion streaming
instability and the system is unstable to the instability. These instabilities can
be excited when same or different ion species moving in opposite direction and
also when different ion species moving in same direction with different velocities.
Depending on the direction of ion streams, this instability can be categorized
into two types (1) ion-ion counter-streaming instability (2) ion-ion co-streaming
instability.

When the instability exists, it can enhance the friction force and anomalous
ion heating can take place. This anomalous ion heating by the instability has
been extensively studied in space plasma where the differential flow of ion species
possible in ionospheric region.[15, 53, 54] The auroral zone is the one of the most
prominent region for ion-ion two-stream instability to exist. The ionospheric ions
(e.g., H", Het and O") can flow with differential speeds by virtue of difference
in their mass. The linear theory for ion-ion streaming instability under auroral

conditions has been reported by different authors. It is shown that the differential
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ion flow can cause instability, which can lead to strong heating of ions with net

energy being transfered from lighter ions to heavier ions.

Ion-flow driven instabilities in sheath-presheath

Instabilities in the ‘bulk’; ie., in the main body of the plasma have been studied
theoretically and experimentally since several decades. However, recent measure-
ments [23] of ion flow velocities in sheath-presheath region of two ion specie,
low temperature plasmas using Laser Induced Fluorescence (LIF) led to several
theoretical studies regarding the presence of instabilities in the sheath presheath
region. Instabilities in this region can be self excited by virtue of different flow
velocities between the constituent charged particles. The free energy associated
with the particle streams triggers the instabilities which in turn affect the particle
transport in this region. This altered particle transport due to these instabilities
drastically modify the classical estimations of particle fluxes and energies to the
surface around which the sheath is formed. So the conditions to excite, sustain
and study these instabilities in the sheath-presheath region and their effects on the
dynamics of particles in this region are the subject of recent research.

Due to the significant ion flow speeds in the sheath-presheath regime, these
instabilities can also be excited in the plasma sheath-presheath regimes of low
temperature plasmas. The effect of these instabilities on the ion dynamics in the
sheath-presheath is a very interesting subject because they can control the ion
velocities in this regime. Although the subject has been studied theoretically,
experimental observations are very rare.

One such instability in the sheath-presheath region namely the ion - ion co
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streaming instability has been identified as the cause for resolving the ambiguity
related to generalized Bohm Condition in the multi-ion species plasmas. Gener-
alized Bohm criterion in case of multi-ion-species plasma is one of the topic that
draw much attention because of its direct practical implications in tokamak, space
plasmas and plasma processing plasmas. Generalized Bohm criteria in multi-ion

species plasma has been given by Riemann|1] and is expressed as

o /1?2
1>3" nyo/neoC (1.53)
J

7

Where C; = \/kT./m; the ion Bohm speed for each ion species of mass m.
The zero subscript refers to the quantities at the presheath-sheath edge. But,
the generalized criterion does not give the exact solution for the individual ve-
locities. The most common solutions are either both ions reach the sheath edge
with equal velocities or they reach with their individual Bohm velocities. Franklin
and Gudmundsson showed that, each ions reach the sheath-presheath edge with
their individual Bohm speed.[55, 56] Some other experiments showing, both ions
reach the sheath-presheath edge with common sound speed for nearly equal ion
concentrations [56-59]. The reason to attain equal velocity instead of individual
Bohm speeds is explained by enhanced collision friction between ions due to ion-ion
two stream instability.[11, 60| This strong friction is reduces the relative velocity
between the species.

Similar to the co-streaming instability, ion-ion counter streaming instability
can also be excited in the sheath-presheath region in case of similar or different ion
species moving in the opposite directions. This instability can exists in the sheath-

presheath region produced around a transparent grid placed inside the plasma and
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also in cases when ions are reflected back from the sheath potential well [7, 61].
Apart form these co and counter streaming instabilities, ion-acoustic instability
can also be excited in the presheath region. Having a much weaker growth rate
compared to the streaming instabilities, the excitation of ion-acoustic instability
in the presheath region is very sensitive to the experimental conditions and the

ion-neutral collisions.

Mbotivation and Previous work

In this thesis work, ion-flow driven instabilities in the sheath-presheath region of
mesh grid immersed in a weakly collisional low temperature plasma are studied
experimentally. Three main instabilities present in the sheath presheath region
such as ion-ion counter streaming instability, ion-ion co streaming instability and
ion-acoustic instability are identified, characterized and compared to the theoret-
ically derived dispersion relations. Although, all these instabilities are predicted,
simulated and studied theoretically, experimental observations of these instabili-
ties in sheath-presheath region are next to none. As mentioned earlier, the plasma
sheaths are characteristics of all bounded plasmas, formed near the boundary, and
the knowledge of flow speed of ions is important in a broad range of plasma ap-
plications from fusion plasmas to plasma processing to space plasmas to plasma
diagnostics. In single ion species plasma, several experimental measurements of ion
flow velocity near the sheath-presheath boundary confirmed the Bohm criterion to
be valid. However, in case of multiple ion-species plasma, the generalized Bohm
criterion becomes ambiguous and does not provide a unique solution for determin-

ing the flow speeds of each ion species at the sheath boundary. Most plasmas used

24



Chapter 1. Introduction

for industrial applications as well as Scrape-of-Layer (SOL) plasmas of magnetic
fusion devices, consist of more than one ion species. Hence, extensive experimen-
tal, theoretical and simulation studies have been carried out to understand the
flow of ions in the region where they exit a quasi-neutral plasma and enter into a

non-neutral sheath in weakly collisional plasmas containing two ion species.

The contest of flow speeds of the ion species in the sheath-presheath regime
in case of multi-ion species plasma has been receiving attention since 1980’s. The
first experimental measurement of ion flow speeds at the sheath edge using LIF
technique in two-ion species (Ar+He) plasma has been presented by Severn et al
in 2003 [23]. In this experiments, diode Laser based Laser Induced Fluorescence
(LIF) diagnostics with Ar scheme has been used for Argon ion velocity distribu-
tion function (IVDF) measurements. The experimental results shows Ar ions reach
the sheath edge with velocity exceeding their Bohm velocity and almost reaches
with system sound speed. These results are contradict carlier predictions that ions
reach sheath edge with individual Bohm velocities and hence opens the discussion
about ion flow velocities at the sheath edge. Later, Lee et al., measured velocities
of both Argon and Xenon using two different Lasers in Ar+Xe plasma in 2007 [62].
The results shows both ion species reaches the sheath edge with velocity equal to
system sound speed. Baalrud proposes a theory that this could be a consequence
of ion-ion collision friction enhanced by ion-ion two stream (co-stream) instabil-
ity |8]. The theory also finds that the difference in ion velocity at the sheath
edge also depends on relative ion concentration. Baalrud concluded that both ion
species reach the sheath edge with equal velocities when both ion concentrations

are nearly equal and ion reaches with their individual Bohm velocities when the
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difference in concentrations is large. Hershkowitz et al. [63], performed exper-
iments to test Baalrud’s theory by varying concentration of Argon from 5% to
90% and the results are found to be in good agreement with the theory. But in
2011, Gudmundsson performed particle-in-cell Monte Carlo simulations to study
Art and Xe™ velocities near the sheath edge [64]. They find that the ions reach
the sheath edge with their individual Bohm velocities and find no evidence of any
instability in the simulations, which is proposed mechanism for common system
speed by Baalrud. The discrepancy is resolved later by Baalrud et al in 2015
[9] by showing that a critical temperature ratio is required for the instability to
have positive growth rate using exact numerical solution of the dispersion rela-
tion. They have shown that the temperature ratio in the PIC-MCC simulations
of Gudmundsson et al fall below the threshold. Baalrud et al further confirmed
the presence of ion-ion co streaming instability near the sheath edge by carrying
out PIC-MCC simulations [R| when the threshold (%) is satisfied. The theory
suggests, two stream instabilities arise when the differential ion flow speed exceeds
a threshold condition : V| — V5 > AV,. The electric field present in the presheath
accelerates the lighter species to faster speed and causes differential flow. The
resultant instability enhanced friction rapidly becomes so strong that AV cannot
significantly exceeds AV,.. Using condition provided by AV = AV, and generalized
Bohm criterion, the speed of each ion species at the sheath edge is uniquely deter-
mined [60]. Although theoretically predicted and confirmed with simulations, the
instability has not been unambiguosly measured experimentally. Observed peaks
in the MHz frequency range in the frequency spectra of ion saturation current

to a negatively biased cylindrical probe has been attributed to ion-ion streaming
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instabilites [8, 65] in Argon + Helium two ion specie plasma. This frequency of
the instability has been found to be increasing with the addition of Argon to a
Helium plasma. And as this increasing behaviour is found consistent with the
theorical prediction, the instability is believed to be due to ion-ion co-streaming
instability. Direct experimental observation of ion-ion co-streaming instability in
the presheath region still remained a challenging problem. In this thesis, direct
measurement of ion-ion co-streaming instability in the presheath region of a mesh
grid immersed in two ion specie plasma has been reported for the first time. The
wavenumber of the identified ion-ion co-streaming instabilty has been measured
which matched quite well with the calculated one from the dispersion relation.
The instability is excited only in case of nearly equal ion concentration of Ar+
and He+ and fades away when the concentration ratio deviates from unity. This
experimentally verifies the predominant condition for the instability to excite at

equal concentrations of both ion specie in two-ion specie plasmas.

Ion-ion counter streaming instability comes under the same category of ion-ion
streaming instabilities in which ions move in opposite directions of each other. In
case of sheath-presheath produced around a mesh grid immersed in a low temper-
ature weakly ionised plasmas, the counter flow of ions from both sides of the grid
results in ion-ion counter streaming instabilities in the presheath region on either
side of the mesh grid. Nakamura et al first reported this instability in the presheath
of a grid separating the source and diffusion chambers in a double plasma device
with a single ion species plasma. To the best of our knowledge, this work is the
only direct experimental measurement of ion-ion counter streaming instability. In

this thesis, detailed experimental studies of ion-ion counter streaming instability
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in the presheath-sheath region on either side of a floating mesh grid immersed in
a filament-produced low temperature, low pressure Ar, He, and Ar + He plasmas
has been carried out. Again, to the best of our knowledge, the observations of
ion-ion counter streaming instability in plasmas produced with different gases as
well as with gas mixtures are reported for the first time. This instability has been
identified as the ion-ion counter streaming instability as it ceases to exist when
the mesh grid is covered with a thin metal foil from one side, which restricts the
counter streaming of the ions. Further, the wavenumber, k, of the wave is mea-
sured experimentally, which matches quite well with the calculated one from the
dispersion relation of ion-ion counter streaming instability. Unlike the observations
of Nakamura et al [7], the instability has been observed even when the mesh is
kept floating inside the plasma, i.e., no biasing of the grid is required to excite
the instability and the effect of biasing the mesh in both polarities has also being
studied in detail. The effect of this instability on the particle dynamics inside
the sheath-presheath region has not been explored much. Very recently Yip et
al [61] reported ion velocity-locking in the neighborhood of virtual cathode. The
locking has been observed in presence of counter streaming of ions. They argued
that the locking is due to enhanced collision friction by ion-ion counter streaming

instability.

Ion-acoustic instability has also been observed and studied in presheath-sheath
region of the mesh grid immersed in weakly ionized single-ion species plasma. Ton-
acoustic instability, excited due to differential drift flows between electrons and
ions, is quite well known in the bulk plasmas and have been studied by various

authors both experimentally and theoretically. It can be excited in the presheath
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formed in low temperature, low pressure plasmas and is theoretically predicted to
thermalize the ion velocity distribution function near the sheath edge [9, 66]. Lang-
muir’s paradox, i.e., rapid thermalization of electrons to Maxwellian distribution in
a low pressure plasma are thought to be due to enhanced electron-electron scatter-
ing in the presheath through ion-acoustic instability induced collisions [67]. It can
also cause anomalous particle transport in the plasma boundaries. Ion-acoustic
waves are launched in the bulk plasma and their characteristics are studied at the
sheath boundary by Oksuz et al [68]. In this thesis, direct experimental obser-
vations of self excited ion-acoustic instability in presheath region is presented. A
very narrow region of plasma parameters are identified where this instability has
been found to be existing. The instability is found to be critically dependent on

the ion-neutral collisions.

Organization of the thesis

The remaining chapters in this thesis are organized as follows.
Chapter-2: Experimental set-up and Diagnostics

In this chapter, detailed description of the experimental device, diagnostics
used in the study, analysis techniques and plasma characterizations are presented.
Chapter-3: Identification fo Sheath-presheath boundaries

In this chapter, detailed description of Current-heated emissive probe and
Laser-heated emissive probe is presented along with the advantages of measur-
ing plasma potential using Laser-heated probe in the presence of strong electric
fields. The Sheath and presheath boundaries also been identified using spatial po-

tential profile.
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Chapter-4: Ion-ion counter streaming instability in the presheath of
single-ion species and two-ion species plasmas

Ion-ion counter streaming instability excited in the presheath of a mesh grid
immersed in single-ion species as well as two-ion species plasma has been studied.
The measured wave number (k) of the excited wave is compared with the unstable
wave numbers derived using fluid model.
Chapter-5: Ion-ion co-streaming instability in the presheath of two-ion
species plasmas

Ion-ion co-streaming instability by the parallel flow of different ion species in
the presheath of two-ion species plasma has been studied experimentally. The con-
ditions to excite the instability has been explored. The wave number and phase
velocity of the excited wave are experimentally measured and reported for the first
time.
Chapter-6: Self-excited ion-acoustic instability in the presheath of single-
ion species plasmas

Self-excited ion-acoustic instability in the presheath of single-ion species plasma
by virtue of differential flow between ions and electrons has been studied. The wave
number and phase velocity of the excited wave are measured. The pressure regime
in which the instability sustain in the plasma discharge has been identified. The
neutral pressure damping of the instability is studied which shows the instability
is much sensitive to the ion-neutral collisions.
Chapter-7: Conclusions and Future work

Conclusions of the thesis work and future work that can be carried for further

investigation are presented in this final chapter.
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Experimental Set-up and

Diagnostics

In this chapter, experimental set-up has been described in detail including plasma
production and diagnostics. Hot-cathode filament discharge phenomena used for
plasma production in this study has been explained. Plasma characterization
by Langmuir probe and optical emission spectroscopy methods is presented and
plasma floating potential fluctuation measurement and analysis techniques of Fast

Fourier Technique has been discussed.
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Experiment Set-up

Experiments are carried in a compatible cylindrical device, made with stainless
steel material having length of 50 cm and inner diameter 20 cm, whose schematic
diagram and picture are as shown in Figures 2.1 and 2.2 respectively. Plasma
discharge is created by hot-cathode filament discharge method. Two tungsten
filaments of length 5 cm and diameter 0.25 mm are placed at the one end of the
chamber. These filaments are heated by passing high electric current through
them and get emitting electrons by thermionic process. These thermionic emitted
clectrons are accelerated by negative bias to the filaments with respect to grounded
chamber. These energetic electrons ionize the neutrals and initiate the discharge.
Before plasma initiation, the chamber is evacuated to a base pressure of 6 x107°
mbar using Turbo molecular pump back up by rotary pump. The chamber is
equipped with total 10 number 25KF ports to introduce probes, gas insertion,
pressure gauges and filament holders etc. The chamber also has a large view port
on the top to accomplish spectroscopy diagnostics. The pressure in the discharge
chamber is monitored by hot-cathode ionization gauge. To improve the plasma
confinement, the inner surface of the chamber is aligned with permanent NdFeB
magnets. The alternative rows of south and north pole faces produce cusp magnetic
field along the inner surface. The magnetic field strength on the surface of the
magnets is ~ 2 kG. The strength of the magnetic field decreases rapidly away from
magnetic rows and decreases up to few gauss within 5 cm. So the plasma at centre
region of the chamber is considered to be unmagnetized. The primary electron loss

to the wall is restricted by this magnetic field, which increases the ionization and
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Figure 2.1: Schematic diagram of the experimental chamber.

hence density of the plasma. Total 14 rows of magnets with alternative north and
south poles are arranged. The schematic of the surface magnetic field is as shown
in Figure 2.1.

Plasma of different gases (Ar, He ) and mixture of gases (Ar{ He) is produced
in the system. For controlled gas feeding, two mass flow controllers (MFC) has
been used. The pressure in the discharge chamber has been monitored with mass
flow rate of individual gases. When a mixture of gases used in the experiments,
the flow rates measured has been used to know partial pressure ratios. Figure 2.3
shows the mass flow rate versus neutral pressure for Argon and Helium gases.

For plasma parameters measurement probe diagnostics as well as spectroscopy
diagnostics have been employed. Cylindrical Langmuir probes is used to measure
plasma fluctuations from bulk as well as sheath-presheath regions. A planar Lang-
muir probe is also employed to measure electron density, temperature and electron

energy distribution function. For sheath-presheath potential profile measurement,
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Figure 2.2: Picture of the experimental set-up.
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Figure 2.3: The variation of neutral pressure in the chamber with gas flow rate
for Argon and Helium.
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accurate plasma potential measurement is needed, and for the same, Emissive
probes have been used. In this study, two different types of emissive probes stud-
ied namely, (1) current-heated emissive probe and (2) Laser-heated emissive probe.
The detailed description of the emissive probes and the advantages of using Laser-
heated emissive probe over conventional emissive probe is discussed in Chapter
3.

For optical emission spectroscopy measurements, two different spectrometers
has been used. One is a miniature spectrometer of wavelength range 300 - 950 nm
and optical resolution ~ 1 nm. This spectrometer is able to cover the entire visi-
ble region and useful for identification of strong lines from the plasma with lower
resolution. Another one is a high resolution monochromator with wavelength scan-
ning length of 20 nm at a time. The high optical resolution of 0.02 nm (maximum)
with CCD detector is used for detailed study of electron temperature measurement

using line ratio method.

Filament Discharge Plasma

Hot-filament discharges are widely used to generate collisionless and weakly col-
lisional discharges for a variety of experiments in basic plasma physics. It is well
known Plasma with densities in the range 107 — 10° /cc can be generated in the
filament discharges. Electron impact ionization process is the major mechanism of
ionization in these discharges. An electron with sufficient kinetic energy can ionize
the neutrals depends on the ionization cross-section of that particular species.

Crast T A=A" e, +ey (2.1)

slow slow
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Figure 2.4: Electron-impact ionization cross-section for Argon|27].

Ionization cross section of the species defines the range of electron energy where the
ionization will be maximum. Figure 2.4 shows ionization cross-section for neutral
Argon[69], which shows ionization is maximum for the electron energy range 60-80
eV. Tungsten filaments has been heated to high temperatures by passing direct
current through them. Primary electrons will be emitted from the surface of the
filaments by thermionic process. Tungsten is one of the good material as a thermal
electron emitter because of its high melting point 3683 K. The emitted electron
current density is limited by the space charge. The saturation current density Jy4z

is obtained from Richardson-Dushman equation,

Jmaz = AoT? exp (—ed/kT) (2.2)

where Ag is the Dushman’s constant (1.2x10%A/m?deg?) These clectrons are ac-
celerated by a dc electric field towards the surface of the chamber, which serves as

anode. These accelerated primary electrons causing the ionization of neutrals, re-

36



Chapter 2. Experimental Set-up and Diagnostics

Tungsten Filaments

Filaments heating power supply

discharge power supply / o

Figure 2.5: Schematic diagram of the circuit for plasma discharge.

sulting plasma ignition. The circuit diagram for the filament discharge is as shown
in Figure 2.5 The Maxwellian group of electron can also play significant role in
the ionization. The tail part of the Maxwellian electrons have sufficient energy
to sustain ionization. Figure 2.6 shows rate coeflicients for Argon with respect to
different electron temperature. From Figure 2.6, it is clear that the Maxwellian
electrons with temperature greater than 2-3 eV can participate in the ionization
of Argon.

For many of the plasma applications and basic study, a low electron tempera-
ture and high plasma density discharge is desired. In the hot-filament discharges,
electrons can be categorized into (1) primaries from the filaments, (2) the secon-
daries from the ionization of neutral gas, and (3) secondary electrons from walls.
Electron temperature estimation from the first principle using particle and energy
balance is not perfect in this discharge because, many processes like heating by

secondary electrons from wall and heating by primary electrons can affect the par-
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Figure 2.6: Electron impact rate coefficients for Argon|28|.

ticle and energy balance.[70] The primary electrons are the energetic electrons from
the filaments that creates the plasma by ionizing the neutral gas. The electrons
which have high enough energy that can not participate in the ionization collisions
more than one time. So they do not loose much energy to become Maxwellian and
are known as mono energetic. Electrons from the ionization of neutrals (plasma
electrons) can be divided into two types. One having energy less that e®, where
e® is the potential drop in the sheath at near the chamber wall. These electrons do
not cross the potential barrier at the wall and becomes confined. Another group
of electrons having energy greater than e® can cross the potential barrier at the
wall and get lost to the chamber wall. The secondary electrons from the wall have
energy distribution with a width of approximately 10-15 €V . These electron en-
ergy can be controlled by using inner wall material having low secondary electron

emission coefficient.|71] In these experiments, the filament heating current used
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for plasma production is in the range of 5 - 6 A through each filament. Discharge
voltages are operated in 50-80 V. Filling pressures are operated in the range of 3
x107* - 5 x1073 mbar. Plasm densities and electron temperature produced in the

range of 5 x107 - 5 x10° /cc and 3-8 €V respectively.

Plasma Parameters Measurement

Langmuir probe is one of the oldest and effective diagnostic tool widely used for
measurement of plasma parameters since they were introduced by Langmuir in the
1920s [72]. In general, Langmuir probe is a small metal electrode inserted into
a plasma and measures the response probe current with respect to applied vary-
ing bias voltage around floating potential. Plasma parameters can be estimated
by analyzing current-voltage (I-V) characteristics [73]. This simplicity of design
and operation establish the Langmuir probe as a fundamental tool in most of the
plasma discharges for estimation of local plasma parameters. From Probe I-V char-
acteristics, electron temperature, electron density, electron distribution function,
floating potential and plasma potential can be estimated.

For accurate plasma potential measurement hot-Langmuir probe known as
‘Emissive probes’ are used. The working principle and details of the probe are
presented in Chapter 3.

On the other hand the measurement of electron temperature with noninvasive
method is also attractive for many plasma applications. Plasma processing systems
are often used to generate reactive species for film growth. In such systems, a
small concentration of metallic impurities can lead to the formation of defects in

the lattice, which strongly affects quality of the films. Hence metallic probes are
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not desirable in these systems. [74] Noninvasive methods are also access in limited
plasma devices such as tokamaks, stellarators and space propulsion systems [75—
78]. In this thesis work, spectral line intensity ratio method proposed first time
by Cunningham [79] has been used to estimate electron temperature. The light
from the plasma is collected by fibers. Emission spectra of Argon ions and Argon

neutrals are recorded by dispersing the light through spectrometer.

Langmuir Probe Theory

As mentioned earlier, the Langmuir probe is a simple and reliable tool for esti-
mation of Plasma parameters electron and ion densities, electron temperature and
energy distribution function and plasma potential. It consist of a bare metal wire
or a metal disk that is biased with a variable power supply with respect to a ref-
erence electrode. Although the construction and operation of Langmuir probe is
simple, analysis of the I-V traces to obtain the plasma parameters is not straight
forward.

The potential at which the net current drawn by the probe is zero, is called
Floating potential. Any isolated object placed in the plasma attains this potential.
In this case, total flux of electron and ions reaching the object are equal. When
applied postitve bias with respect to floating potential, the electron current starts
increasing and ion current decreases. The electron current increases exponentially
up to plasma potential, if the electron velocity distribution is Maxwellian (gener-
ally this is the case). When bias voltage is much higher than plasma potential,
the electron current comes to saturation beacuse of the shielding effects. When

negative bias is applied with respect to floating potential, ions start attact towards
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Figure 2.7: Typical I-V characteristics of Langmuir probe

the probe and electrons repelled. The ion current comes to saturation at high
negative bias. So the ideal I-V characteristics of Langmuir probe placed inside
plasma looks similar to that in Figure 2.7. However, this electron and ion currents
will not saturate in practical situations. Because of the sheath effects, the electron
and ion saturation currents tends to increase with the bias voltage. These effects

are discussed in 2.3.2

Electron Flux

The effects of the collisions develop a distribution of velocities for each species.
On the average and in the absence of other external forces, the particles will then
move with a velocity that is solely a function of macroscopic temperature and

mass of that species. The charged particles therefore can be described by velocity
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distribution function, usually it is Maxwellian velocity distribution function which
is a most probable distribution of velocities for a group of particles in thermal

equilibrium.

In one dimension, the Maxwellian velocity distribution function is

) = \ g o (o) (23)

The average velocity of the particles becomes
8kT
<v>=4/— (2.4)
™

The flux of particle in one dimension (say z-direction) for the Maxwellian dis-

tribution of particle velocities is given by n<v>. In this case average of particle

velocity taken over positive z-direction only.The particle flux is then

r,= /nvzf(v)dgv (2.5)

which can be evaluated by integrating the velocities in spherical coordinates with

the velocity volume element given by

v = v’ dvdQ = v:dvsinfdfde (2.6)

where df2 represents element of the solid angle. If the incident velocity has

cosine distribution, the one sided flux (normal fluz) is
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_ m_\3/2 . 2,2\, 2
I.=n (37rk:T) /d¢/szn0d9/vcos€exp (—v*/vpy,) vidv (2.7)

which gives
1
I'.=-n<v>= N o (2.8)

ion flux

In low temperature plasmas, ions are relatively cold in temperature with respect to
electrons. Because the energy transferred to the ions by the collision of electrons is
very small in fraction so that ions comes to the equilibrium at lower temperatures.
Therefore the plasma in general is described as containing Maxwellian electrons
and cold ions with high electron to ion temperature ratio. As a result the velocity
of the ions and their fluxes at the boundaries tend to be determined by the electric
fields generated at the plasma interface to conserve charge, and is different from

the clectron flux derived above.

The ion flux depends on the ion Bohm velocities at the ion-sheath edge and effec-

tive sheath area combined with probe area. Ion current can be written as
I; = nsev;A (2.9)

where ng is the density at the sheath-presheath boundary, A is the effective ion
collection area at the sheath boundary and v; is the ion velocity at the sheath edge

(bohm velocity). This current is called Bohm current.
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The potential at the sheath edge fallen to a value (%) relative to bulk plasma

potential. The electron density at the sheath edge is (where it follows Boltzmann

distribution)
, —kT,
e et
Ng = Ng exp <kTZ> = ngexp ( k%@ ) = 0.6ng (2.10)
Velocity of the ions at the sheath edge is
vy =\ KT,/ M (2.11)

When the potential is large compared to the electron temperature, (¢ > kT, /e),
the majority of the electrons repelled over the sheath thickness. This means elec-
tron density essentially goes to zero relatively to the sheath edge, and the electron
sapce charge does not significantly affect the sheath thickness. Such sheaths are

called Child - Langmuir sheaths. The ion current follows Child - Langmuir law.

de [2e (V32
= M(TZ) (2.12)

This states that ion current per unit area that can pass through a planar sheath is
limited by space charges and is proportional to the voltage power 3/2 divided by

square of the sheath thickness.

Electron Current

e [or bias voltageVp < V), all the electrons are repelled by the probe and

electron current 1,=0.
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e Lor bias voltageVp < V},, the clectrons are partially repelled by the probe
and for a maxwellian velocity distribution, current decreases exponentially

with decrease in bias voltage.

e For Vg > V), the potential is shielded by the plasma and the electron current

is saturated.

The electron saturation current is given by

1 S8kT,
I.s = —nee
4 ™m

A (2.13)

When the bias voltage less than plasma potential, this saturation current will

decreases exponentially

I, = Iyexp|—e (Vp — Vi) /KT (2.14)

The electron current as a function of Vg can be represented as

Loexpl—e (Ve — Vi) /KTL if Vi < V)
L (Vi) = pl=e (Ve — V) /KT] Ve < Ve (2.15)
Ies if VB > Vp

The Ion current
e For Vi > Vp, all the positive ions are repelled by the probe potential and

ion current becomes zero.

e For Vg <« Vp, the probe collects ion saturation current I;,.
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e The ion current decreases as we increases the positive potential and ions tend

to repel when we cross the plasma potential.
The ion current /; (V) can be written as

—]Z's exXp [6 (Vp — VB) /k?TZ] if VB 2 Vp
I; (V) =
_]is if VB < Vp

When T; = T,
I 1 8KT;
is = 1€
4 aM

KT,
Lis = 0.6ne/ — A
nie\[ 57

Relation between V; and Vp

A

When T; < T,

Floating potential is the bias voltage at which I, (V) 4+ 1; (Vy) =0

T.
Isexp|—e (Vp — Vy) /KT, = 0.6nse %A, (sinceVy < Vp)

It gives

2
V= Vp + (KT, /€) In (o.«sﬂ%”)

Vf = Vp —4.04 (/{ZTC/B)

For Argon plasma,

For Helium plasma,

Vy = Vp —5.19 (KT, /e)
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Sheath effects

Plasma density can be estimated from electron saturation current or ion satura-
tion current. However, these measurement of plasma electron density or ion density
from the saturation currents can yields enormous errors. This is because the Lang-
muir probe I-V characteristics never saturates. The current drawn by the probe
increases continously at high bias voltages as sheath produced around the probe
expands. Hence accurate estimation of saturation currents is vital in determining
the plasma particle density.

In most of the practical situations (even in Maxwellian electrons), identifying
the plasma potential (at which electron current saturates) by classical procedure
results significant errors, becuase of the smooth transition in the electron cur-
rent near the plasma potential, which can result errors as high as one order in
plasma density estimation. The plasma potential found by differnetiation ,(V)
gives precise plasma potential value corresponding to the maximum of d/,/dV or
d?1,/dV?* =0. The presence of hot electrons and magnetic fields further compli-
cates the estimation of accurate electron saturation current and hence generally it
is not suggested to estimate the plasma electron density using electron saturation
current [80].

The use of ion saturation current for ion density measurement is better as the
errors in estimating the ion saturation current are less. However, the expasion of
sheath will not make the probe current saturates. For planar probes, in medium
dense plasma the extrapolation of probe current at high neagative bias to the
plasma potential gives reasonably good estimation of ion saturation currents and

hence ion density. If the expasion of ion curent is non-linear, the extrapolation
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technique does not provide accurate results. In this case cylindrical Langmuir
probe has advantages such as, definite theory describing the sheath expansion and
thus ion current expansion; it is possible to use small area probes and thus reduce

the effects due to depletion of low-energy electrons [81].

Fitting Experimental Data

As mentioned earlier, the theory of probes is not as simple as the probe con-
struction. Many extensive reviews of the probe theory can be found in the litera-
ture. [82-84] Even for ideal case, much care needed to be taken on analysis of I-V
traces. The current collected by the probe is intrinsically noisy, as the plasmas
in themselves are a significant source of noise. First and second derivative of I-V
traces are needed for plasma potential estimation and EEDF respectively. Perform-
ing first and second derivative operations on raw data including the noise will give
erroneous results since the noise get amplified by the derivative process. Several
techniques developed for this purpose, such as applying probe current to an ana-
log double differentiating circuit;|85, 86| performing numerical differentiation after
digital smoothing [87, 88] and use of a differentiating ac signal superimposed on
the dc probe bias voltage.|89, 90| The another way of doing is, make analytic fit to
the I-V characteristics and deduce the plasma parameters using fitting parameters.

An empirical equation that fits single Langmuir probe I-V characteristics is

given by, [91]

I = exp [altanh (v il az)} + ay (2.23)

as
where V and I are the probe bias voltage and probe current, respectively, and
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ai, as, ag, azare fitting parameters. In case of two electron temperature plasma, to

accommodate slight change of slope, Eq. (2.23) can be modified as, [92]

I = exp {altanh <V+a2>} + ay

as

+ exp [a;,tanh (V il (LG)] + ag (2.24)

a7

Plasma parameters are estimated using the fitting parameters. A software
package in MATLAB language [93], modified according to two electron tempera-
ture plasma is employed for data analysis. Probe I-V data and initial guess fitting
parameters are inputs to this program and outputs are ion saturation current,
electron saturation current, floating potential, plasma potential, plasma electron

temperatures, and the normalized EEDF.

Langmuir probe Experimental Results

Typical Langmuir probe I-V trace at discharge current 0.65 A, discharge voltage
60 V and neutral pressure 1x10~% mbar is shown in Figure 2.8. The solid lines
in the plot is the result of fit to the experimental data with Equation 2.24. The
empirical fits are differentiated twice to get second derivative and EEDF and are
plotted in Figs. 2.10 and 2.11 respectively. EEDFs for different working pressures
at a discharge current 650mA and discharge voltage 60 V are plotted in Figure
2.12.

The presence of two temperature electrons is clearly evident from Figure 2.9.

The area under the EEDF curve gives the electron number density of each compo-
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Figure 2.8:  Langmuir probe -V trace. Solid line is the analytic fit for the
experimental data

log le

-30 -20 -10 0 10 20
Bias Voltage (Volts)

Figure 2.9:  Plot of logarithm of electron current vs bias current of the raw
experimental data shows two populated electrons
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Figure 2.10: Second derivative of the fit
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Figure 2.11: EEDF obtained from fit to the experimental data
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Figure 2.12: Variation of the Distribution function with working pressure

nent. The effective electron temperatures are calculated using T, = % [ Ef(E)dE
where f(E) is the EEDF and E is the energy. Numerical trapezoidal is implemented

in the software program for this purpose.

The variation of the second derivative with filling pressure is shown in Figure
2.12.  As necutral pressure increases, more primary electrons participate in the
inelastic collisions with neutrals with higher energy loss, which results to reduce
the hot electron temperature. Figure 2.13 and 2.14 are the plots showing variation
of plasma density and electron temperature with plasma neutral pressure at a
fixed discharge current (/;) 0.8A and discharge voltage (V) 60V. Plasma density
increases with increasing neutral pressure and the effective electron temperature

decreases.
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Figure 2.13: Variation of the plasma density with working pressure at discharge
current (I;) = 0.8 A and discharge voltage (V) = 60V.
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Figure 2.14: Variation of the effective electron temperature with working pressure
at discharge current (/;) = 0.8 A and discharge voltage (V) = 60V.
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Line Ratio Method

Spectroscopy methods are one of most reliable non-invasive diagnostics in plas-
mas. Early spectroscopy diagnostics in plasmas were implemented in Astrophysics
to characterize space plasmas. Later on these non-invasive techniques are imple-
mented to characterize different plasmas such as glow discharge plasma, filament
produced plasmas, thermal plasmas, Radio frequency (RF) plasmas, high pressure
plasmas, magnetized plasmas etc. Optical emission spectroscopy is the passive
spectroscopy method which is based on the measurement of the optical emission
radiated from plasma which is a characteristic of the species present in the plasma.
Unlike electrical probes, spectroscopic measurements gives line of sight averaged

measurements instead of local measurements.

The relationship between observed spectral line intensities and the electron
temperature provides estimation of electron temperature. The popular models|[94,
95] which gives the relation between line intensity and electron temperature are
(i) Local-thermal equilibrium model (ii) Collisional radiative model (iii) Coronal
Model. The criterion of the applicability of these models depends on the plasma
density. In this thesis work, Corona model with relative line intensities have been
used to estimate the electron temperature in low density plasmas, which is valid for
plasma density less than 10''cm =3, The two main important processes considered
in corona model is the collisional excitation and spontaneous de-excitation. The

accuracy of the model is decided on the available accurate data of the cross sections.

The Steady-state corona model was first introduced by R.v.d.r. Woolley to

describe spectrum of the low density solar corona plasma. The basic assumption
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in this model is at very low electron density, the collisions are so weak such that
radiative decay dominates over the electron impact collisional de-excitation. As a
consequence, depopulation of upper levels is dominated by radiative decay, where
as the population of upper levels is always by electron impact collisions. The
basic assumptions on which this model developed are: (i) free electrons assumes
Maxwellian velocity distribution (ii) ion and neutral temperatures are less than or
equal to electron temperature (iii) plasma is optically thin to its own radiation.
The corona model is generally applicable for electron temperatures greater than
10* K. However, the model is not applicable for higher densities (n, > 10%em=3).
This corona model assumes the balance between collisional ionization and radiative

recombination, given by

neN, Sy = neNgz"’loz;H (2.25)

where n, is the electron density; N, N, ;“ is the population of ground levels in the
charge states z and z+1; S; is the collisional ionization rate coefficient from the
ground level, a;“ is the radiative recombination rate coefficient from the ground
state of the next ionic stage. The empirical formula for these rate coefficients is

given by

T X(z,9)
— —T_>¢ — ’
S’g =234 x10 (z,g)7/4 exp < KT > (2.26)

where ( is the number of outer electrons, T}, is in * K, and X is in eV.

For the radiative recombination coefficient,

ol 205 10712X (2, 9)
g T1/2

(2.27)

From Eqgs. (2.25), (2.26) and (2.27); the steady state ratio between consecutive
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ions in a corona model plasma can be represented as,

z z+1 11/4
Ng Qg 76CX(Z79) X(z,9)
nztl = 5z =8.77 x 10 s exp T (2.28)

The corona model also assumes that the dominant process in populating upper
levels is Electron impact collisional excitation, which is balanced by spontaneous

radiative decay. For an ionic charge z, it is given by

neN;X7, = N> Ay (2.29)
a<p
where X7 is the excitation rate coefficient from ground level to the excited level
p in the ionic charge z, A,, is the spontaneous radiative decay from level p to q,
which is sum over all the levels lower than p. Therefore, the intensity ratio of two
lines from same ionic charge is given by

1) 1 X5 By

__Bnm

I(\pm)  Fr X2

an

(2.30)

where B is the branching ratio(A;;/ > ,_; Aj,) which is a fraction of probability
of transition to the particular level from level j to the total transition probability

from level j.

There are number of experimental and theoretical data is available for excita-
tion rate coefficients. The simple, efficient empirical formula for excitation rate
coefficients is give by Rogemorter,

1 [1g]" AE;
Xji = 27raca3; [k—;] Vji€xp (— kT]> (2.31)
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The distribution of electrons among the various energy levels depends mainly upon
the two processes; collisions among the particles and radiative processes. These
distributions give their contribution to the intensity of the spectral line. There are
three models that can define their distribution.

The ratio of two line intensity is expressed in the form

I flg'\ E —FE —-E,+FE\S
7= X exp X - (2.32)
After substituting S and «, we get
4
Lo [ fgN3I E.+E —FE\]|®
kKT, = {7.87 x 1077 B {f’g’)\3l erp k‘—Te (2.33)

Line ratio method Experimental Results

For the measurement of electron temperature using line ratio method, we have to
choose a pair of spectral lines whose intensity is a function of electron temperature.
The accuracy of the method is good when we choose two lines which has differ-
ence between transitions energy levels is large enough. For this purpose, argon
neutral (Arl) spectral lines of wavelength 415.9 nm and 420.1 nm; Ar ion (Arll)
spectral line of wavelength 434.8 nm are recorded. Figs. 2.15 and 2.16 show the
emission spectrum of argon plasma for central wavelength 420.1 nm and 434.8 nm

respectively. The central wavelength is at 1052 pixel in all the spectral data.

The variation of cold, hot components temperatures and effective electron tem-
perature measured using Langmuir probe and Line intensity ratio method are

demonstrated in Fig. 2.17. As the neutral pressure increases at a discharge cur-
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Figure 2.15: Emission spectra of Argon plasma at central wavelength 420nm
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Figure 2.16: Emission spectra of Argon plasma at central wavelength 434nm
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A (nm) Transition | E(eV) | g f
1158 (ArD) 50 1453 | 5 | 0.00363
420.1 (Ar]) 47 145 | 7 0.00358
425.9 (Arl) 31 14.74 | 1| 0.00361
427.7 (Arll) 35 21.35 | 4| 0.443
4348 (Arll) | 45 1949 | 8| 0.15

Table 2.1: Ar I and Ar II transitions, Energy levels, statistical weight and absorp-
tion oscillatory strength

rent 0.8 A and discharge voltage 60 V, the hot components temperatures deceases
showing the effect of energy transfer by inelastic collisions. But there is no sig-
nificant change in the cold components temperatures. The effective temperature
measured by Langmuir probe technique is well in agreement with the temperature
measurements by Line ratio method in low pressure region, however the devia-
tion in the results more in high pressure regime. This might be becuase of the

non-consideration of collisional effects in the coronal model in this study.

Plasma Fluctuations Measurement and Analysis

The adequate diagnosis of fluctuating quantities in plasma such as floating po-
tential, density etc are very important in order to detect and analyze waves and
oscillations present in plasma.

The power spectral density of any fluctuating signal can be obtained by discrete
Fourier transform of the time series. In general, the fluctuation time series never
meets periodic boundary condition. This results in a feature known as "Gibbs
phenomenon", which refers to the partial sum of the Fourier series at a point where

the function is discontinuous [96]. The spectrum seems to have a significant noise
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Figure 2.17:  Electron temperature vs working pressure for a discharge current of
800 mA

level superimposed to the actual spectrum. Figure 2.18(a) shows power spectrum

of fluctuation data sampled at 1MHz.

The standard solution is simply to average a number of power spectra in Fourier
space, which cancels out the (phase uncorrelated) Gibbs side lobes. For that, the
time series is split into overlap or non-overlap segments called bins. It is also
appropriate to weight each partition by a window function. This method was
first introduced by Welch [96]. The method is based on the concept of using
periodogram spectrum estimates, which are the results of converting a signal from
time domain to the frequency domain. Figure 2.18(b) shows the power spectrum
of the same time series data using Welch’s method. This plot clearly shows the
spectrum without any noise. In this method the noise is reduced with sacrificing

the frequency resolution.
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Figure 2.18: Power spectrum of the fluctuation data (a) with noise (b) with reduced
noise using Welch method

If an arbitrary signal is sampled at a rate (sampling frequency) equal to f; over
an acquisition time T, with total samples acquired N, then the relation becomes,

T = % The frequency resolution of the FFT spectrum given by,

1

df = — =

- (2.34)

=[5

Let N = 50000 and f; = 1MHz then T = 50 ms and df = 20 Hz. If total samples
are divided into windows each of length 500 then frequency resolution becomes df
= 2 kHz.

The simple power spectrum provides useful information about how the signal
energy is distributed over a frequency range. If two time series data is avail-
able, from measurements of same quantity at different points in space, the phase
information is of utmost importance. Suppose x(t) and y(t) are the two inde-
pendent signals and #(w) and g(w) are the Fourier transforms of the bins of the
respective time series then cross-power spectrum between two signals defined as

H,y(w) = (2(w) - y*(w)), gives the phase and coherence between the signals with
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respect to frequencies and cross phase defined as @, (w) = arg(H), gives the phase

angle with respect to frequency.

In this thesis work, floating potential fluctuation measurement using Langmuir

probe and Grid has been carried for identifying instabilities.

First of all, the basic requirements of oscilloscope for adequate measurements
of fluctuations, should be taken into account. As the instabilities studied in this
thesis are governed by ion phenomena, the expected frequencies of the instabilities
are few times less than ion plasma frequency. i.e., for the plasma used in these
studies, the plasma densities are in the range ~ 1 x 108 — 5 x 10° /cc, and the
corresponding ion plasma frequencies are ~ 0.3 MHz - 2 MHz. The expected
frequencies of ion-flow driven instabilities in the presheath are in the range of tens
of kHz to ~ 500 kHz. Therefore, band width required for the oscilloscope should
be in few MHz range. For wave number measurement, simultaneous fluctuation
data from atleast two locations are required so at least two input channels are
required on the oscilloscope. As shown in Figure 2.18 the power spectra noise can
be reduced with increasing averages. Better frequency spectra can be obtained by
increasing total number of samples. Depending on these considerations, Keysight
make InfiniiVision DSO-X 2024A model oscilloscope, (Figure 2.19) has been used
for data acquisition. It is a Digital Storage Oscilloscope with high band width and
high sample rate. The oscilloscope has 200 MHz band width, 1 M2 impedance

and maximum sample rate of 2 GSa/sec. The oscilloscope has 4 channel input.
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Figure 2.19: Keysight make InfiniiVision DSO-X 2024A model oscilloscope used
for signal acquisition.

Wave number measurement

Wave number of a wave propogating in the plasma can be measured with measuring
simltaneous fluatuation signals from two electrostatic probes [97]. The measured
time delay between the signals with know distance between the probes gives phase
velocity of the wave. The frequency of the wave and the phase velocity together

gives the wave number of the wave by the relation vypese = w/k.

For time-delay measurement between two signals, Cross-correlations are useful.
Cross-correlation is a measure of similarity of two time series data as a function

of the displacement of one relative to the other. For continuous functions f and g,
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the cross correlation is defined as,

+o00

(fx9)(1) = [*)g(t +7)dt (2.35)

—00

where f* is the complex conjugate of f, and 7 is the displacement in time series,
also known as ‘lag’.

After calculating cross-correlation between two signals, the maximum of the cross-
correlation function indicates the point in time where the signals are best aligned,
i.e., the time delay between the two signals is determined by the argument of

maximum, or arg max of the cross-correlation, as in

Taelay = arg max((f = g)(t)) (2.36)

Figure 2.20 shows two sine waves with frequency b Hz, amplitude 1 and time delay

0.05 seconds and cross-correlation between the two signals.

Summary

Detailed description of the experimental set-up and diagnostics are presented in
this chapter. The fluctuation analysis techniques and the standards of the in-
struments needed for analysis are explained. Characterization of plasma has been
presented. Electron temperature, plasma density, plasma potential and electron en-
ergy distribution function in Argon plasma arec measured by Langmuir probe tech-
nique and Effective electron temperature also been estimated using non-invasive

Line intensity ratio method. Langmuir probe I-V data has been fitted with ana-

64



Chapter 2. Experimental Set-up and Diagnostics

50 - .
] (@)] n (b)
05
B &
2 ©
= 0 ° 0
E -
< 3
05
K
-50
0 0.5 1 100 -50 0 50 100
Time (sec) Time delay (10™sec)

Figure 2.20: (a) Amplitude vs time of the two signals f and ¢. (b) Time delay
between the signals f and g obtained by Cross-correlation

lytical formula and first, second derivatives are obtained from the fitted curve. A
MATLARB software program has been developed for this least square fitting and to
obtain plasma parameters. Plasma parameters are measured in different conditions
of neutral pressure, discharge current and discharge voltages. From the results it is
clear that, two populations i.e., hot and cold electrons exist in the discharge in low
working pressure conditions. As the neutral pressure increases, the hot electron
populations decreases and effective electron temperatures decreases. Ar neutral
and Ar ion emission lines are used for Line intensity ratio method for electron
temperature estimation. The temperature obtained from Line ratio method is in
well agreement with the effective electron temperature obtained from Langmuir
probe technique in low pressure regime but the results deviate in high pressure

conditions.
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Identification of Sheath-Presheath

boundaries

Introduction

Identification of sheath and presheath boundaries is the preliminary task for study-
ing any sheath-presheath phenomena, such as the instabilities excited in this re-
gion, studies in this thesis work. The method of identifying the sheath-presheath
boundaries experimentally is to measure the spatial potential profile from bound-
ary to bulk plasma and then fit with the theoretical potential profiles of sheath
and presheath. The measured sheath potential profile is compared with the Child-

Langmuir Law and the measured presheath profile compared the parabolic profile
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as suggested by Riemann[52]. The point in the region where the measured pro-
file start deviating from Child-Langmuir law is considered as sheath edge. The
presheath region is identified by fitting of the potential profile from the sheath
edge to uniform potential region. In this study, along with the sheath-presheath
boundaries identification, the advantages of Laser-heated emissive probe and its
affects in the high electric field sheath-presheath regime have also been explored in
detail. These experiments gives the direct comparison of conventional and Laser

heated emissive probes and their affects in the potential gradients.

Emissive probes are widely used for space/plasma potential measurements in
variety of plasmas ranging from RF discharges to tokamaks.[98-101] The idea of
emissive probe was given by Langmuir and it works on the simple principle of
clectron emission from a heated probe and when this probe is biased below plasma
potential. The probe ceases to emit electrons when biased above the plasma po-
tential. The emissive probes are required to be heated for emitting electrons. The
conventional or the widely used emissive probes are generally a miniature fila-
ment made up of tungsten and are heated by passing electrical current through
them. Laser heated emissive probe is a recent advancement in emissive probes pro-
posed by Roman Schrittwieser et al., which are heated by high power Lasers.[102]
Laser-heated emissive probes (LHEP) are successfully used for plasma potential
measurements in RF as well as fusion plasmas.[103, 104] However, LHEPs has to
be exposed to wide range of plasma densities and in presence of high electric and

magnetic gradients in order to establish its effective usage.

LHEP delivers several advantages over the conventional emissive probes (CEP).

For example, since there is no heating current required to be passed though the
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probe material, there is no effect of potential drop across the probe material on the
plasma potential measurement and the whole laser-heated probe surface remains
at same potential. Whereas, in CEP, since a potential drop is required across the
probe material to pass the heating current, this potential drop is added to the
measuring spatial potential in case of continuously glowing probe. Hence, proper
care has to be taken in order to measure absolute plasma potential in CEPs.[105,
106] Furthermore, in CEPs, the mechanical contacts at the probe end terminals
lead to reduced temperatures at the ends which results in non-uniform emission
over the entire length of the probe. The sheath produced around supporting holders
also hampers the emissions from the probe end terminals through the development
of relative negative potentials near the end terminals. These issues with CEPs
become more significant in measurement of plasma or space potential profiles in
presence of strong potential gradients such as in the sheath region as well as in the
presence of magnetic fields. In presence of magnetic field, the Jtijqment x B forces
on the filament emissive probes (CEPs) restricts the orientation of CEPs inside the
plasma and also effects its lifetime. The last but not the least, the filament burn
outs severely hinders the CEPs lifetime and replacing them in evacuated plasma
devices frequently leads to loss of valuable experimental time. By heating a small
probe head made up of LaBg, tungsten or graphite using a suitable Laser beam,
all the above mentioned issues with CEPs can be effectively eliminated. Hence
plasma potential measurements with LHEPs need to be consolidated by carrying

out experiments with LHEPs in different plasma devices.
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Estimation of Space potential using Emissive Probes

Space Potential Measurement

Emissive probes are being used for last eight decades to measure plasma potential
and well-established methods exist for interpreting the probe data.[107] Construc-
tion and heating methods of conventional current-heated probes are reviewed ex-
tensively by many authors [24, 108, 109] to showcase their various strengths and
limitations. Emissive probes measures the space potential more accurately than
their collecting counterpart [110]. Even though, Langmuir introduced the concept
of emissive probe in 1920s, its significant usage in the plasma potential measure-
ment came after the reports by Kemp and Sellen in 1967 [108]. They found that
the floating potential of the emissive probe tends to saturate as probe temperature
increased, and interpret saturating potential as plasma potential. However, if the
probe is heated to large enough temperatures, as observed in several experimental
investigations|[109], the emitted current will not saturate at plasma potential, but
will continue to increase due to space charge effects. And for that very reason,
carcful interpretation is required while using at the emissive probes in plasmas
with very high or very low densities. In general this method is valid in the den-
sity range 10! to 10¥m=3[107]. Smith et al developed a method in an attempt
to reduce space charge effects which do not depend on strong emission and hence
can be adapted in plasmas with higher densities|111]. The emissive probe emits
electrons in the plasma when biased more negatively than the space potential and

ceases to emit electrons, except for a small number due to the tail of emitted elec-
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tron distribution, when the bias becomes more than the space potential. In the
current-voltage (I-V) characteristics, the emissive probes have a wire-temperature
(T,) dependent exponential region, whereas the exponential region in case of col-
lecting probes directly depends on the electron temperature (7,). Since the probe
wire temperature remains much less than plasma electron temperature (T, < Tt)
in most of the low temperature laboratory plasmas, where T, > 1 eV, emissive
probes can measure the plasma potential more accurately. When inserted inside
the plasma and biased externally, the I-V curve of emissive probe contains two
components of current: the collected current and the emitted current. The cal-
culations remain simpler till the space charge effect are neglected and the simple
basic equations of collecting current and emitting currents describe the qualitative

working principle of emissive probes.

The collected current by the emissive probe is similar to the collecting Langmuir

probes and given as [23]:

Isexp|—e(Vp — V) /KT, if Vg <V,
L(Vy) — [—e (VP — Vi) /KT B < Vp 51)
[esgl(VB — ‘/p) if Vg > Vp

Where I, is the electron saturation current, Vg is the probe bias, V), is the
plasma potential, T, is the electron temperature and g is a function accounting for
the angular momentum of the collected current, g’ is its first derivative.

The additional emitted current present in emissive probes is given by

1., if Vg < Vp
I.(Vp) = (3.2)

]es CXpP (_E(VT#W_VP)) g(VB - ‘/p) if VB Z VP
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Where T, is the wire temperature and I, is the temperature limited emission

given by Richardson-Dushman equation:

1., = ATf,S exp <%> (3.3)

Where A is Richardson’s constant, T, is the probe wire temperature, S is the
surface area of the probe wire, ®,, is the work function of the material of the probe.
Probe emits the emission current when bias voltage less than plasma potential but
not above.

After obtaining the I-V characteristics of Emissive probes experimentally, differ-
ent methods are being implemented for estimating the plasma potential using I-V
characteristics. The well-known methods are (1) Separation point method,[112]
(2) Floating point method [108] and (3) Inflection point method in the limit of
zero emission.[111] Out of these three, the floating point method given by Kemp
et al. [108], is relatively simple and convenient technique to estimate the space
potential. Although the most accurate, the Inflection point method is lengthy and
time consuming method. While, separation point method mostly is an inadequate
method. Detailed information regarding comparison and choice of the technique
that may be suitable to a particular plasma discharge system is thoroughly re-
viewed by Sheehan and Hershkowitz [107].

Separation point method compares the I-V characteristics of non-emitting and
emitting modes of the same probe from below the plasma potential. The plasma
potential is the lowest potential at which the collected current is same for the
emitting and non-emitting modes. The point of separation in the superimposition

of I-V characteristics from emitting and non-emitting modes reflects the plasma
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potential. The accuracy of this method is 7T, /e, though the uncertainty is much
larger than T, /e. For a sufficient electron emission current from the probe material
surface, the sheath potential around the probe surface will decrease and the float-
ing potential approaches the plasma potential. So, when the probe is heated from
no emission regime to high emission regime, the floating potential rises rapidly
and became saturated at higher emission levels. This saturated floating poten-
tial is the Plasma potential. Floating potential method determines the plasma
potential with accuracy of the order of 7, /e and is suitable for measurements in
lower electron temperature plasma and does not depend on plasma density. From
the ease of measurement point of view, this method is the most appropriate as
it can directly measure the plasma potential by measuring the saturated floating
potential for higher emission, rather than reading multiple floating potentials at

different emission currents.

Inflection point method is developed by Smith et al., to account for space
charges effects associated with floating point method. Inflection point technique
depends on the fact that inflection point of I-V traces of emissive probe approaches
Plasma potential in the limit of zero emission. As emission increases, the inflec-
tion point is shifted slightly towards the negative potential because of space charge
effects and this shift varies almost linearly. Hence to obtain the space potential,
numbers of I-V characteristics are recorded while heating the probe slowly to mod-
erate emission levels i.e. emission current is of the order of Electron saturation cur-
rent. These inflection points are then extrapolated to zero emission where space

charge effects are absent, which gives the plasma potential.
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Laser-heated emissive probe

Laser heated emissive probes are different from their conventional counterpart in
terms of method of heating. The tip of LHEP is heated by high power Lasers in-
stead of electrical current which is used to heat the conventional emissive probes.
Heating the probe tips with lasers provides several advantages over conventional
heating using currents as it neither requires potential drop across the tip to carry
heating current nor any pulsed circuit to avoid issues with uneven potential drops
across the probe. So LHEP gives accurate space potential with simple circuitry.
LHEP avoids the above problems simply by its nature. Since there is no heat-
ing current required to pass though the material, its entire surface always stays
at same potential and hence the potential drop issues across the probe material
with CEP are effectively eliminated. Again as no heating current passes through
the LHEP probe tips, they are not subjected to any J x B forces when used in
presence of magnetic fields. Hence no deformation of LHEP probe tip occurs in
strong electric and magnetic fields. The CEP suffers from frequent breaking of
its current carrying element which limits its usage in high vacuum systems where
changing of filaments of CEPs is always irksome. Furthermore, proper design of
holding structures of LHEP reduces the effect of support material on emission as
well.Note here that LHEP differs from the conventional emissive probes only in
terms of heating methodology and the plasma potential estimation mechanism re-
mains same for the both. All the techniques described in the earlier section for
estimation of plasma potential remain same for LHEP and can be implemented on
the LHEP I-V characteristics. LHEPs have been successfully used in many plasma

devices to measure the plasma potential[102, 103].
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Probes design

As mentioned earlier two different types of emissive probes are used to investigate
the spatial potential profile namely conventional emissive probe and Laser heated
emissive probe. Conventional emissive probe of loop length 3 mm is made with
tungsten wire of diameter 0.125 mm and length 7 mm. The tungsten wire is elec-
trically connected to bunch of fine copper twisted wires in two single-bored ceramic
tubes.[105] The electrical connections are brought outside the vacuum using two
vacuum BNC connectors. The schematic diagram of the probes construction is
shown in Figure 3.1. Laser heated emissive probe tip is made up of Lanthanum
hexaboride (LaBg), which has low work function ~ 2.5 eV. The LHEP probe tip
is of a tablet shape with diameter ~ 2 mm and thickness ~ 1.5 mm and is being
held by one single-bored ceramic tube. The electrical connection is brought out
through this ceramic tube. CO, laser of wavelength 10.6 um has been used to
heat the probe tip. The 2 mm diameter laser beam is focused on to the probe
tip using a Zinc selenide (ZnSe) lens. The details of LHEP used along with the
measurements of emission current and temperature profile of LaBg material are
presented elsewhere.[104] Spatial resolution of LHEP and CEP are ~ 2 mm and
~ 3 mm respectively, however, the shaft of CEP is bigger than that of LHEP as
it has to accommodate two ends of curved tungsten wire. Usage of single ceramic
tube to hold LHEP tip makes the probe shaft of LHEP smaller than the CEP shaft

and hence disturb the plasma less compared to CEP.

The schematic of the electrical circuitry for both the probes is shown in Figure

3.2. The two terminals of the filament probe are connected to the heating power
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Figure 3.1:  Schematic diagram of probes (a) Laser-heated Emissive probe (b)
Current-heated emissive probe

supply through vacuum BNC and biasing power supply is connected to either pos-
itive or negative leg of the heating supply. The current flowing through the biasing
circuit is measured by potential drop across the 500 € resistor. Floating potential
method is adopted for sheath potential profile measurement using both the probes.
In order to measure the floating potential accurately, the input impedance of the
measuring device must be sufficiently high so the current drawn is as small as
possible [108]. In the reported measurements, the floating potential is measured
across a 1 M(Q resistor for both the CEP and LHEP.

Different techniques are compared to estimate the plasma potential for both
conventional and laser heated emissive probes.

The sheath identification experiments using CEP and LHEP are carried out

in system described in chapter 2. The experimental arrangement is shown in
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(a) Schematic diagram of the chamber (b) Schematic of Laser-heated
probe arrangement.
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Figure 3.3. Single Langmuir probe made up of tungsten wire of 0.5 mm diameter
and 4 mm length is used to estimate the plasma parameters. For this study, the
typical plasma density and electron temperature are ~ 1 x 10'm=3 and 2 - 4 eV
respectively for the plasma produced with Helium at 1 x 1072 to 5 x 10~2 mbar
working pressure, discharge current of 250 mA to 600 mA and discharge voltage
of - 60 V. Sheath to be studied is produced in the vicinity of a stainless steel (SS)
plate of diameter 5 cm immersed in the plasma has been studied with emissive
probes. This SS plate placed at the centre of the chamber is covered with Teflon
cap on the backside and biased with negative potential of -30 V with respect to

chamber to produce sheath.

Experimental Results and Discussions

The experiments are carried out in two parts. The first set of experiment is to mea-
sure the plasma potential in the bulk region using both CEP and LHEPs. These
experiments are carried out with working pressure ~ 5 x 10~ mbar, discharge cur-
rent ~ 300 mA and discharge voltage of - 60V. Electron density and temperature

in these conditions are ~ 5 x 10 m™2 and ~ 2.5 eV respectively. The second
set of experiment is carried out for measurement of sheath potential measurement,
which is carried out in different parameter regime of plasma, i.e., working pressure
~ 1 x1073 mbar, discharge current ~ 600 mA and discharge voltage of - 60V.

Electron density and temperature in these conditions are ~ 4 x 10** m~=3 and 3 eV

respectively.
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Estimation of Space potential using CEP

In the experiments, the conventional emissive probe is operated as continuous
emissive probe with DC current heating. After obtaining stable plasma in the
system the CEP is biased from -30 V to +30 V for obtaining the -V characteristics
in both cold and emitting conditions for different heating currents. Analyzing the
[-V characteristics, the plasma potential has been estimated using floating point
method and inflection point method as described in section 2. The space potential
values estimated from the separation point method are found to be erroneous as
the I-V characteristics of cold and emitting probe does not match above crossing
point and crossing point is also found to be sensitive to emitting current. Floating
point method produced much better and consistent results. I-V characteristics of
CEPs are plotted for different emission levels in Figure 3.4. From Figure 3.4, as
the emission level increases, the floating potential shifts to more positive values
initially and saturates at ~ 2.5 V at higher emission levels more than 4 x10™% A,
giving the plasma potential. Plasma potential also estimated with the Inflection
point method, which is in good agreement with the floating point method. Because
of the simplicity, we adopt floating point method throughout in this experiment.
We note here that as CEP carries the heating current, there exists a potential
drop across the probe tip, which is exposed to the plasma. Therefore the measured
potential includes this potential drop in addition to the plasma potential. Further
the measured potential also depends on which leg of the probe has been connected
to the measuring circuit. It has been observed that the measured floating poten-
tial differs by up to a maximum of ~ 3 V in these experiments for positive and

negative probe leg connections of the heating circuit to the biasing-cum-measuring
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circuit as shown in Figure 3.5. This floating potential difference is proportional
to applied heating voltage. This feature is quite common and has been studied
in detail by Mravlag and Krumm [105]. As suggested in that reference [105], the
floating potential is taken as average of these two values in this experiment. There
is another method using two equal resistors in parallel with the CEP heating loop.
From the point between the two resistors the exact value of the plasma potential
can be determined [30]. Hence, this choice of connection also results in substantial
errors in plasma potential measurements with floating point technique with CEP.
The pulsed (AC) emissive probe can avoid this problem by measuring I-V char-
acteristics in the non-heating cycle and will give accurate plasma potential, but
it requires a sophisticated electronic setup which is very sensitive to stray signals.
In absence of the sophisticated electronic circuitry, the CEP measurements are

carried out as simple continuous emissive probe.

Estimation of Space potential using LHEP

The complete exercise is repeated with the I-V characteristics obtained with LHEP.
The probe is heated to different temperatures by varying the C'Oy Laser power.
Figure 3.6 shows the I-V characteristics obtained with LHEP at different heating
powers, i.e., at different emission levels. As the emission current is increased the
floating potential decreased and saturated at ~ 3 V at above the heating power of
~ 20 W giving space potential ~ 3 V in the plasmas produced with exactly same

operational parameters where the CEP are used.
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Figure 3.4:  Characteristics of CEP for different emission currents. Electron
density and temperature are ~ 5 x 10m? and ~ 2.5 eV, respectively.

Sheath Potential Profile Measurement using CEP and LHEP

As described in the introduction the study of plasma sheath is very important, since
sheath plays an important role in most phenomena like confinement of charged par-
ticles, heat load to the physical boundary. The sheath thickness and its potential
structure is measured by many authors [4-7] using the emissive probes to under-
stand the nature and dynamics of sheaths. In this thesis, an attempt has been
made to measure the sheath potential structure formed in front of a stainless steel
plate immersed in the plasma using a Laser heated emissive probe for the first
time. To compare the results obtained using the LHEP, a conventional emissive
probe (CEP) is also kept alongside the LHEP. In this set of experiment, the Helium

plasma is produced at working pressure of 1 x10~2 mbar, discharge voltage -60V
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Figure 3.5: CEP I-V traces for bias circuit connected to different legs of the probe;
(-0-) for connection to positive leg and (-*-) for negative leg.
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Figure 3.6: LHEP I-V traces for various emission levels in bulk plasma. Electron
density and temperature are ~ 5 x 10m? and ~ 2.5 eV, respectively.

and discharge current 600 mA. Plasma potential is estimated by floating potential
method using both the CEP and LHEP. The space potential measured with CEP
and LHEP from sheath region to bulk region through presheath region and is plot-
ted in Figure 3.7. Within the experimental uncertainties in the positions of both
the probes, the LHEP always measured higher values of space potential at similar
locations across the sheath and bulk plasma than that measured with CEP. The
difference in measured space potential values by both the probes remain less (~
0.5 - 0.7 V) in the bulk plasma whereas differences up to 5 V are observed in the
region joining the sheath and bulk plasma, generally known as presheath. Further
detailed studies are required to establish the cause of this large difference in the
measured values of space potential in the presheath region by both the probes.

The presheath potential profile measured with LHEP is fitted with the formula
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[31]¢p = o + Te\/@ as shown in Figure 3.8, where X is the ion-neutral collision
mean free path, ¢gis the potential at the sheath edge xy. In case of LHEP, the
potential drop ~ 4V in the presheath region is of the order of (7, /e). The sheath-
presheath boundary is determined by extent of the potential profile well-fitted
with the Child’s law. Hence, the plasma potential profile near the plate measured
with LHEP is fitted with Child’s law [31] (shown in Figure 3.8) to determine the
sheath-presheath boundary. The experimentally measured potential profile with
CEP fits well with Child’s law up to 3 mm away from the plate, whereas the
data obtained with LHEP fits the Child’s Law well up to 4 mm away from the
plate. Hence both the probes measured almost same sheath thickness. The sheath
thickness calculated using the Equation 1.35, where, Ap, is the Debye length at
sheath edge, V4 is the potential on the plate and Te is the electron temperature.
Sheath thickness comes out to be ~ 6 mm, which is closer to the value obtained

with LHEP in comparison to CEP.

The measurements of plasma potential in the sheath, presheath and in the bulk
plasma region of filament produced plasma using LHEP matches quite well with
available theoretical models and also are comparable to those obtained with CEP.
Therefore, the reported measurements with LHEP further establish its capabilities
of plasma potential measurements in various regions of plasmas having different

electric field gradients.
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Figure 3.7: Potential profile measured with LHEP and CEP for various distance
from the plate surface. The error bar in distance (x-axis) is £1.5 mm. Electron
density and temperature are ~ 4 x 104m? and ~ 3 ¢V, respectively.
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Conclusion

Sheath-presheath boundaries are identified by measuring spatial potential profile
from the material boundary to the bulk plasma using emissive probes. In this study
current-heated emissive probe and Laser-heated emissive probes are employed for
plasma potential measurement. Sheath and presheath boundaries are identified
by fitting the measured spatial potential profile with the theoretical profiles. The
LHEP is calibrated by measuring plasma potential in the bulk plasma using CEP.
Both the probes measure similar plasma potential in the bulk plasma. The CEP
measures the sheath thickness of ~ 3 mm whereas the LHEP measures the sheath
thickness of ~ 4 mm close to the theoretically estimated value of ~ 6 mm. The
measured values of plasma potential using both the probes differ significantly in
the presheath region. The vulnerability of current heated probe measurements in
the presence of electric fields may be one of the reasons behind this discrepancy.
Therefore, it indicates that with several advantages over CEP, the LHEP can be
used effectively in measurements of plasma potentials in plasmas. This study
also lighten up the need of study of plasma potential measurement in the differ-
ent magnetic field configurations using current-heated and Laser-heated emissive

probes simultaneously.
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Ion-ion counter streaming instability
in the presheath of single-ion species

and two-ion species plasmas

Introduction

In general, the sheath equilibrium is unstable to three types of modes: (1) ion-ion
instabilities and (2) electron-ion instabilities and (3) electron-electron instability.
lon-ion instability get excited because of the differential velocities between ion
species. There are two different cases possible, one is, two different ion species

moving in the same direction with different velocities, and another case of same
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or different ion species moving in the opposite direction (counter-streaming). The
earlier case is possible in multi-ion species plasma, where different ion species
streaming along with each other with different velocities in a potential drop and
later is possible in sheaths produced by transparent grids in the plasma and iono-

spheric plasmas.

Ion-ion streaming instabilities have been extensively studied in space plasmas,
where streaming of different ion species in different directions excites these insta-
bilities. Counter streaming of ions are often observed in space plasmas and hence
there lies strong possibility of observing ion-ion counter streaming instabilities.

This instabilities has been extensively studied in auroral region.[15, 113, 114]

Apart from existence in terrestrial plasma, ion-ion counter streaming instability
can also be excited in the filling of wake of body in flowing plasmas, near the grids
in double plasmas and near the virtual cathodes. The flow of ions in all the above
four examples are pictorially depicted in Figure 4.1. Ion-ion counter-streaming
instability in single species plasma, near the grid in a double plasma device has
been reported by Nakamura|7] and also in this thesis. This instability is excited
by the counter streaming ions from both sides of the mesh grid. The ions flow
from both sides of the grid, excite the instability, of which the zero-frequency
mode is unstable if the density and velocity of both the beams are equal. This
instability has much importance in case of ion-beam etching of materials and thin
film deposition, where transparent negatively biased grids are commonly used to
extract ion beams. Ion beam parameters and beam angle of incidence affects the
etching rate and the presence of ion-ion counter streaming instability may modify

the intensity and focusability of the ion beam.
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Figure 4.1: (a) Grids placed in the plasma (b) near virtual cathode formation
(c) wake formation behind the object in flowing plasma (d) Terrestrial region of
ionospheric plasma. ion flows are shown with arrows.
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In this chapter, the experimental observations and detailed studies of ion-ion
counter streaming instability in the presheath-sheath region on either side of a
floating mesh grid immersed in a filament-produced low temperature, low pressure
Ar, He and Ar + He plasmas have been reported. To the best of our knowledge,
the observations of ion-ion counter streaming instability in plasmas produced with
different gases as well as with gas mixtures are reported for the first time. In the Ar
plasma, the frequency spectra of the floating potential fluctuations from the grid
and from a movable Langmuir probe traversing the sheath-presheath region show
a dominant broad peak in the range of 10-20 kHz centering around 15 kHz. This
peak in the frequency spectra is found to exist only in sheath-presheath region
and disappears in the bulk plasma. This instability has been identified as the
ion-ion counter streaming instability as it ceases to exist when the mesh grid is
covered with a thin metal foil from one side, which restricts the counter streaming
of the ions. Further, the wavenumber, k of the wave is measured experimentally,
which matches quite well with the calculated one from the dispersion relation
of ion-ion counter streaming instability. Unlike the observations of Nakamura,|7|
the instability has been observed even when the mesh is kept floating inside the
plasma, i.e., no biasing of the grid is required to excite the instability and the
effect of biasing the mesh in both polarities has also being studied in detail. After
establishing the observed floating potential fluctuations of ~ 10-20 kHz in the
sheath-presheath region of mesh-grid to be due to the ion-ion counter streaming in
Argon plasmas, the experiments are repeated in He and Ar + He (two-ion species)
plasmas. The ion-ion counter streaming instability is observed in the He and Ar

+ He mixture plasmas. In the Ar + He plasma, the measured frequency band of
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the fluctuations is shifted towards higher frequency, which is in agreement with
the derived dispersion relation for He + Ar plasma. Further it has been observed
that when the neutral pressure increases beyond a threshold level, ion collisions
with neutrals suppresses the instability.

The remaining chapter is organized as follows: Experimental set-up and mea-
surement techniques are explained in section II. Experimental results are discussed
in section III. The dispersion relation for ion-ion counter streaming instability in
single-ion species plasma has been derived in section I'V followed by Discussion and

summary in sections V and VI respectively.

Experimental Set-up

The experimental set-up for this particular study is shown in Figure 4.2. The
mesh grid made up of stainless steel is placed at center of the chamber to form
sheath-presheath regime around it. Before plasma initiation, the experimental
chamber is evacuated down to a base pressure of 6x10~%mbar. For producing Ar
plasma, the chamber is filled with Argon gas using a mass flow controller (MF1)
in the pressure (Pp;;) range of ~ 6x 10~* - 5x 1073 mbar, the filaments are heated
by passing ~ 6 - 6.5 A of current through each of them and biased negatively
with respect to the chamber to initiate the discharge. The plasma is generated
through electron impact ionization process by the thermally ejected electrons from
hot Tungsten filaments, which are accelerated in the electric field present due to
negative biasing of filaments with respect to the chamber. Application of discharge
voltages in the range of - 40 to - 80 V drives discharge current in the range of 0.35

- 1.20 A. Typical plasma parameters are: plasma density, n, ~ 2x107 - 1x10°/cc
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Figure 4.2: (a) Schematic diagram of the experimental set-up. (b) Cross-sectional
view showing surface cusp magnetic field (¢) Circuit diagram for Grid and Lang-
muir probe.

and electron temperature, T, ~ 3 - 5 eV. Conventional and Laser heated emissive
probes are used to measure the sheath-presheath potential profile and to identify

sheath, presheath boundaries.[115]

Similarly the He plasma is produced using another mass flow controller (MF2).
The Ar + He (two ion-species) mixture plasma is produced in two ways and the
observations reported later in the paper are repeated in both the cases. In first
case a low pressure Ar plasma is produced at neutral pressure of 5 x 10~* mbar
and then He is introduced in a controlled manner using MF2 to bring the total
neutral pressure of 3 x 10~ mbar in the chamber. In the second case a low pressure
He plasma is produced first at neutral pressure of 4 x 10~% mbar and then Ar is
introduced in a controlled fashion using MF1 to bring the total neutral pressure
of 3 x 1073 mbar in the chamber. In both the cases, the optical emission spectra
from the plasma are recorded using Ocean optics USB4000-VIS-NIR spectrometer
(wavelength range 350 - 1000 nm). The observations of Helium neutral spectral
line at 501.5 nm and several Argon neutral lines in the wavelength range 650 -

950 nm ensure the presence of both the species in the plasma.
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Figure 4.3: Typical filtered fluctuation signals between 10-30 kHz, acquired simul-
taneously from floating mesh grid and floating langmuir probe
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The sheath, investigated in the present study, is produced around a stainless
steel planar mesh grid of square shape having length of 5 cm placed at the radial
and horizontal mid-plane of the plasma chamber. The mesh grid is oriented with
its surface perpendicular to the axis of the cylindrical chamber as shown in Figure
4.2 (part b). The mesh grid has 36 lines per inch and of 75 percent transparency.
Depending upon the experimental requirements, the mesh grid is either kept float-
ing or biased with respect to the vessel. In case of floating potential measurements
of the grid, it is terminated to a high resistor 1M{2 as shown in Figure 4.2 (part c)
with dotted lines and the voltage across the resistor is measured with a Keysight
make Oscilloscope model, InfiniiVision DSO-X 2024A, 200 MHz band width, 1 M2
impedance and maximum sample rate of 2 GSa/sec., whereas in the case of biased
grid, the current through the grid is converted to voltage using a resistor 5002 and

measured in the oscilloscope.

An axially movable cylindrical Langmuir probe made up of tungsten having
probe-tip length of 5 mm and diameter 0.7 mm is used to measure the floating
potential in the sheath, presheath, bulk plasma and its cylindrical surface is placed
parallel to the surface of the mesh grid. For floating potential measurements, the
probe is terminated to a high resistor 1 M2 and the voltage across the resistor is fed
into the oscilloscope. Floating potential fluctuations from both Langmuir probe
and grid are recorded. The same probe is also used for density and temperature
measurements in the bulk plasma by using I-V traces, obtained using a variable

power supply.|116]
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Experimental Results

In the first set of experiments, the time traces of the floating potential fluctuation of
the grid and that of Langmuir probe (LP) are recorded in Argon plasma produced
with parameters Py = 8x10™* mbar, discharge voltage -80 V, Discharge current
1.2 A, total filament current 13 A, n, ~ 5x10® /cc, and T, ~ 4 e¢V. The position
of the mesh grid is kept fixed whereas the Langmuir probe is moved from the
bulk plasma region to the presheath-sheath region of the mesh grid. Figure 4.3
shows the time trace of floating potential fluctuation signal filtered between 10-30
kHz, from the mesh grid and Langmuir probe, placed at 5 mm away from the grid
surface. To characterize the observed fluctuations in the floating potential of mesh
grid and LP, Fast Fourier Spectral Analysis has been performed on fluctuation
data. The data have been recorded with a sampling time of one micro second and
the Fast Fourier Transform (FFT) has been performed on the data length of 50,000
points. The frequency spectra of the floating potential fluctuation of grid and LP,
smoothed over 700 points with frequency resolution of 1.4 kHz, is shown in Figure
4.4. Two distinct broadband peaks, one at ~ 10-20 kHz and another at ~ 200 kHz
are observed in the frequency spectra of both the grid and LP data, however the
higher frequency peak exists only in the low pressure regime 4 x 1074 — 1 x 1073
mbar and discharge voltage range 55-90 volts. The intensity of peak at ~ 10 -
20 kHz is much higher than the other peak. Both the peaks in the frequency
spectra of floating potential fluctuations of LP cease to exist as the LP is moved
out of the sheath-presheath region of the mesh grid in to the bulk plasma. Figure

4.5 shows the frequency spectra of floating potential fluctuations measured in the
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Figure 4.4: Power spectra of (a) Grid and (b) Langmuir probe shows broad band
frequency in the frequency range 20 kHz at working pressure 8x10~% mbar, dis-
charge current 1.2 A, discharge voltage 80 V, n, = 8 x 10%/cc, T,—4 V.

presheath region (red line) and in bulk plasma far away from the mesh-grid (Blue
line) by Langmuir probe. The figure clearly shows that the spectral peaks in the
frequency spectra are absent in the bulk plasma demonstrating the existence of
instabilities governing the observed spectral peaks in frequency spectra to be well
confined in the presheath region only. In this chapter, we report only the detailed
characterization of instability associated with the intense peak observed in the

frequency spectra of floating potential fluctuation of grid and LP at ~ 10 - 20 kHz.

Further experiments are carried out to find the effect of discharge current,
discharge biasing voltage and the neutral pressure on the observed spectral peak
at ~ 10 - 20 kHz. As the discharge current is decreased from 1.2 A, the centre of
the spectral peak shifted towards lower frequency attaining 12 kHz at 0.3 A. The
width of the peak also decreased as the discharge current is decreased from 1.2 A,
however the magnitude of the peak remained almost constant. The variation of

spectral width and the central frequency with the variation in discharge current
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Figure 4.5: Frequency spectra of floating potential fluctuations from Langmuir
probe in presheath and bulk plasmas. At working pressure 9x 10~ mbar, discharge
current 0.75 A, discharge voltage 80 V, n, = 6 x 10%/cc, T, — 3 €V.

is shown in Figure 4.6. Note that the discharge current is varied by changing the
heating current of the plasma producing filaments slightly at a constant discharge
voltage. Similarly, in next set of experiments, the neutral pressure is varied keeping
the discharge current nearly constant again by varying the heating current. It is
observed that the characteristics of the spectral peak at ~10 - 20 kHz followed the
similar trend as observed with discharge current variation. Figure 4.7 shows that as
the neutral pressure is decreased from 1x1073 mbar to 4x10~% mbar, the spectral
peak width decreases and the peak centre shifts towards the lower frequency.We
have also varied discharge voltage, keeping the discharge current nearly constant
again by varying the heating current, and observed that the characteristics of the
spectral peak at ~10 - 20 kHz remained unaltered at discharge voltages in the

range of 90 - 50 volts.
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Figure 4.6: Variation of low frequency peak with discharge current. Central fre-
quency (blue line -*-) and width of the broad band peak (red line -o-) decreases
with decreasing discharge current. working pressure 8 x 10~* mbar, discharge volt-
age 80 volts
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Figure 4.7: Variation of low frequency peak with neutral pressure. Central fre-
quency (blue line -*-) and width of the broad band peak (red line -o0-) decreases
with decreasing neutral pressure. Discharge current 1.2 A, discharge voltage 80
volts

The observed spectral peak in the frequency spectra at ~ 10 - 20 kHz is much
less than the ion plasma frequency 0.23 - 1.1 MHz for different discharge currents.
And its dependence on the discharge current and neutral pressure, hence on plasma
density, clearly indicates that the frequency of the instability is proportional to ion
plasma frequency. Additional evidence of involvement of ions in the observed in-
stability comes from the experiments carried out in higher neutral pressure. When
the neutral pressure is increases beyond ~ 4x10™3 mbar, the magnitude of the
spectral peak starts decreasing. And the peak completely vanishes after a thresh-
old pressure of ~ 6x10*mbar. Beyond the neutral pressure ~ 4x107% mbar the
sheath-presheath becomes collisional as the ion-neutral mean free path became

comparable to the presheath length. The amplitude of the spectral peak and the
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Figure 4.8: Graph showing power spectral density vs. frequency for high and low
working pressures. High pressure: 6 x 1072 mbar; Low pressure: 8 x 10~* mbar

ion-neutral mean-free path verses the neutral pressure is plotted in Figure 4.8. In
low temperature plasma (7;./7;) > 1, ion drift velocity in the presheath is much
greater than the thermal speeds of ion and neutral. So, constant ion-neutral colli-
sion frequency at a velocity associated with the drift can be considered and is given
by, vin= ng4 (c(Vi)V;) ~ ng o(V;)V;. Ion-neutral mean free path is given by \;,=
1/ngo(V;), where n, is the neutral gas density, o is the ion-neutral collision cross
section and V; is the ion drift velocity. The Figure 4.9 clearly shows that as the
mean free path approaches the presheath dimension (~ 1 cm), at higher neutral

pressures of ~ 4 - 6 x1072 mbar, the spectral peak ~10 - 20 kHz cease to exist.

To further verify the nature of the instabilities, we cover the mesh grid with

Aluminium foil from one side. Covering the mesh from one side led to a significant
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Figure 4.9: Ion-neutral mean free path vs. working pressure. The mean free path
approaches the presheath dimension (~1 cm), at high neutral pressures 4 - 6x1073
mbar.

reduction in the amplitude of this low frequency peak at 10 - 20 kHz. To ascertain
the role of ion further in causing the observed instability, the grid is biased posi-
tively with respect to the plasma potential in the electron saturation regime. The
instability remained absent in this case as the frequency peak at 10 - 20 kHz does
not appear in the time trace of electron saturation current of the mesh grid and the
floating potential of LP. These observations hints at the possibility of the ion-ion
counter streaming instability being excited through the mesh grid as covering the
mesh grid from one side restricts the ion flow through the grid on either side. And
also the instability disappears with biasing the mesh grid positively in the electron
saturation region as the positively biased grid repels the ions and restricts them
to pass through it.

In the second set of experiments, the observations are repeated in Ar, He as
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well as in Ar + He plasmas in similar experimental conditions of total neutral
pressure 3 x 1072 mbar, discharge current 0.7 A, discharge voltage -80 V and plasma
parameters ( n, ~1-5 x 10 /cc T, ~ 2-4 eV). The He and He + Ar plasmas are
produced by methods described in section 2 and the floating potential fluctuations
from the mesh-grid and LP are recorded. The FFT spectra of floating potential
fluctuations from all three plasmas (Ar, He and Ar — He) are compared in Figure
9. In the He plasmas, floating potential fluctuations of marginally (20% ) higher
amplitude as compared to Ar plasmas have been observed. The frequency spectra
of floating potential fluctuations in He plasma show a broadband peak similar to
that observed in Ar plasmas, however, with a central frequency at ~ 37 kHz as
shown in Figure 9. The width of the frequency band remains same as that of Ar
plasma. In Ar + He plasmas, the FP fluctuation magnitude reduced significantly
(~ 40% ) as compared to He and Ar plasmas. The FFT of the fluctuations show
a quite wider ( ~ 50% ) spectra lying between 20 kHz to 45 kHz and centred
at ~ 35 kHz with no distinct peak compared to Ar and He plasmas as shown in
Figure 4.10. To establish the observed instability in Ar, He and Ar + He plasmas
to be indeed an ion-ion counter streaming instability we first derive the dispersion
relation of this instability and obtained the w vs k plots, both for single ion-specie
case (He and Ar) as well as for two ion-species case. To establish the observed
instability to be indeed an ion-ion counter streaming instability we first derive the

dispersion relation of this instability and obtained the w vs k plots.
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Figure 4.10: Power spectra of ion-ion counter streaming instability in logarithmic

scale, in Argon, Helium and Ar+He multi ion species plasma. Ppy = 3 x 1072
mbar, n, ~ 5 x10%/cc, T, ~ 2-3 eV.
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Dispersion relation for ion-ion counter streaming in-

stability

Single ion species plasma

The dispersion relation for ion-ion counter streaming instability in case of single
ion species plasma is derived by linearizing the fluid equations for ions. Continuity

equation for ions is given by,

on

—+V.(nV)=0 4.1
Furthermore, we have considered infinite, homogeneous plasma with counter stream-
ing ions for deriving the dispersion relation.|8] Physical quantities can be repre-
sented as A(z,t) = Ag(x)+ Ai(x,t) where Ay is the equilibrium part and A, is the
perturbed part.

Consider two counter streaming ion beams in one dimension with densities nqg,

ngo and velocities V,0,Vpg0. Linearized continuity equation can be written as,
— iwnal + ik(naoVal + nalvao) =0 (42)

— iwnm + Z‘k’(nﬁon}l + nglvbo) =0 (43)
Considering ion momentum equation,

Mn; [%—‘; + (V.V)V] —¢E —Vp— R (4.4)
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where R; is the collisional term, which can be neglected in collisionless presheath

conditions. Linearizing the momentum equation for ions, we get
Mngo [—iwVar + ikVao V| = —engikdy — vikpTiikn, (4.5)

Mngo [—iwVp + tkVeo V1] = —engikdr — vikpTiikn, (4.6)

where 7; is the ratio of specific heat for ion fluid and 7T; is the ion beam temperature.

Using eq. 4.2, 4.3, 4.5 and 4.6, we get

kol vikgTiik
kol yiksTik

Vi —
YT om(w — kW) noM

1 (4.7)

enok?

M{(w — kVo)?] — 7102k

1 (4.8)

N1 =

kpT;
M

where 9, = T; is the temperature of the ion beam.

Electrons follow Boltzmann distribution i.e.,

Ne = Np CXP (keﬁ; ) (4.9)
Ble

Assuming perturbations are small compared to electron thermal energy, e¢p < kgT.,

ne = ng (1 L ) (4.10)

Now, perturbed electron density becomes

flel = Mo (kz(?F ) (4.11)
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Poisson equation gives

— ik, = ;(nal +np1 — Ne1) (4.12)
0

b1 14+ — i + i —0  (413)
! A3\ (w—kVo)?2 — k202 ' (w+ EVp)2 — k202 )| ‘
For two equal density and velocity beams in opposite direction, linear dielectric

function becomes

2

(@, k) = 1+ — “p + i (4.14)
WO = TN T (0= BVo)? — k202 (w + KVp)? — k202 '

In the above equation, the term and v;k*07 < (wxkVp)?, which are neglected

_1
k2X2,

and the above equation becomes,

w;f wf,
(w, k) =1 — d d 4.1
(w, k) @ —kVo)? (@t k) (4.15)

The solution for complex w is found from ¢(w, k) = 0 which is quartic in w with

four independent roots, which are
27,2 2 27,2 2\ 1/2] 1/

w = [BVE + wl ey (4R7VF + )] (4.16)

From equ. 4.16 it is found that, when 0 < % < V2, two roots are real and

two roots are imaginary and % > /2, all roots are real. Figures. 4.11 and 4.12

D
arc graphical solutions of the equ. 4.16 with function in the square brackets in equ

2 2
wm- wm-

15, [(w_kvo)g + (w+ng)2] = Y on the y-axis and w on x-axis. The function (Y)

equals to one gives the solutions. The minimum unstable wave number kg value
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Figure 4.11: Function (Y) vs frequency (w) for % > /2, in experimental con-
ditions of ion plasma frequency 1 MHz. It is clear from figure that the dielectric
response function has four real roots
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Figure 4.12: Function (Y) vs frequency (w) for 0 < kw—‘;“ < /2, in experimental
conditions of ion plasma frequency 1 MHz. It is clear from figure that the dielectric
response function has two real roots and two imaginary roots.
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Figure 4.13: Growth rate of ion-ion counter streaming instability for V2/C? = 0.2,
0.4, 0.6 and 0.8 in presheath.
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is obtained from the condition 'ZJ—‘S < \/ﬁ, from which minimum unstable length
required to grow modes exponentially is given by the condition, °—J‘-’;O—L > \2/—% where L
= i—g For typical plasma conditions, wy; = 1.1 MHz, and for beam velocity half of
Bohm velocity, we get minimum unstable length to exponentially grow the mode

as 6 mm.

Dispersion relation can be further improved by considering the factor k2%,

into account. Then equ.4.16 becomes,

- 1/2
Y w2k* A, L (1 K2X3,\ (K22 Lo g (B k2X2\ [ k2V2
1+ k203, kN3, w? k2M%, w2

(4.17)

In terms of growth rate ~,
1/2

s k*A%, 1 1+ kM3, k2?2 N ! 1+ k2)\2), k22
wp |1+ K222, k2N%, w2 k2M%, w2

(4.18)

For ion beam density n; = %ne, the above equation becomes,[117]

1/2
k0%, 212 & V2
—1+k2/\%e{_1_2(1+k ADe) (C_3>+ 1+8(1+k2A§7@)<CSZ>

(4.19)

a
wm-

whereC is the ion Bohm velocity. The growth rates are plotted for different Mach

numbers (V/Cy) in Figure 4.13.

Further from the growth rate plot Figure4.13, for the central frequency of the
peak ~20 kHz, kAp, comes out to be ~0.1 for all the growth rates. Hence the
wavenumber k is 0.15 for Ap. ~ 0.7. Therefore the wavelength of the wave should

be ~ 4 cm at the observed frequency.
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Two-ion-species plasma

In case of two-ion species the dispersion relation is derived taking into consider-
ation the population of both the ion species drifting towards and away from the
mesh-grid. Considering infinite, homogeneous plasma, the linear dielectric function

becomes,

1 w2, w2,
k — 1 _ p _ D
B VN P A KR PRSI

(w+kVp)?2  (w+ kW)

(4.20)

where w,; and wpy are the ion plasma frequencies of Argon and Helium ions re-

spectively.

The solution for complex w is found from €(w, k) = 0, which is a quartic equation

inw. ie.,

2
Ot <%) — 207 [4AM* (1 + K?) + (1 + )]

+8KPM? 2(1+ K*) M? — (1+w2)] =0 (4.21)

where, ) = (wipl), K = kApe, M is the mach number (ﬁ), Wpy = (w‘ﬂ), Wpl, Wp2

Cs Wp1

are Argon and Helium ion plasma frequencies and ion densities n;; = n; = (%f)

The growth rates obtained from the roots of the equ. 4.21 are plotted in Figure

4.14.

112



Chapter 4. Ion-ion counter-streaming instability

T ; - lfb—-h\\ T T
N N
1.4} PO AN
7 V) \ \\
i £o 7 \ \
1.2 fo // \ \
1r ':,I /7 ‘\ \\
3‘5 v 7 ' \‘
— 0.8 v/ \ \
< '/ 1 \
0.6+ 17 1 1
1, 1
'/ 1 \
0.4 r ’, i ||-
/ 1 ‘L
0.2 rpr 1 :
. . L N
0 1 2 3 4
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Discussion

When a mesh grid is placed inside the plasma, a sheath is produced on either side
of it. In the sheath on either side, if ionization is neglected then three categories
of particles are probable to exist. They are electrons, ions entering from the bulk
plasma and ions entering from the sheath of other side of mesh grid through the
mesh grid. On one side (say S1 as shown in Figure 4.15) of the mesh grid, the ions
enter the sheath with Bohm velocity|1] after getting accelerated in the presheath
of S1. The ions entering into S1 through the mesh grid from the other side (say
S2), accelerated in presheath of S2, will also have Bohm velocity at sheath edge
of S1 as they are being retarded by the potential of the grid. Therefore, the
ion velocities in sheath S1 of both the ions coming from bulk plasma as well as
from the S2 through mesh grid remain the same. The similar situation will arise
in the sheath-presheath region of S2. Therefore the system can be considered
to be a counter-streaming ion-ion system in the sheath-presheath of both sides
S1 and S2.  The experimental evidences related to the observation of spectral
peak in the frequency spectra of floating potential fluctuations of mesh grid and
a LP placed in the sheath-presheath region of Ar, He and Ar + He plasmas,
provided in section III, clearly indicate a presence of ion-ion counter streaming
instability. Theoretical estimate of wave number at the observed frequency from
the dispersion relation Equ. 4.17 for this instability gives a value 0.15 mm™!. To
establish further the instability to be the ion-ion counter streaming instability, we
deduced the wave number from the simultaneous measurement of floating potential

fluctuations from grid and Langmuir probe. Figure 4.3 shows fluctuation data
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Figure 4.15: Schematic diagram of Sheath-Presheath produced on both side of
mesh grid immersed in plasma. Arrow indicates counter streaming of ions across
the mesh grid from either side, accelerated through potential well

Preseath

from both grid and Langmuir probe, which is placed 5 mm away from the mesh
grid. The cross-correlation between time series data of Grid and Langmuir probe
plotted in Figure 4.16 shows a time delay of 5 microseconds in the frequency range
of 10-30 KHz. This time lag between the signals is further verified by plotting
the floating potential fluctuation data filtered between 20 - 22 kHz measured by
mesh grid and the LP as shown in Figure 4.17. With the separation between
grid and LP 5 mm, the time delay ~ 5 x 107% seconds gives the phase velocity
of ~1 km/sec. The phase velocity of 1 km/sec with the frequency of the wave
~ 20 kHz gives a wave number, k ~ 1.25 /cm and hence a wavelength, A ~ 5
cm. The measured A of the instability matches quite well with that calculated
from the dispersion relation. After thoroughly establishing the presence of ion-

ion counter streaming instability in sheath-presheath region of immersed mesh-
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Figure 4.16: Correlation between time series data of Langmuir probe and Grid
showing a time delay of 5 micro seconds
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Figure 4.17: Grid and Langmuir probe floating potential fluctuation signal, filtered
between 20-22 kHz.

grid in Argon plasma, the experiments are repeated in He plasma as well as in
Ar + He plasma. In He plasmas, the centre of the broadband peak has been
observed at higher frequency (~ 37 kHz) compared to Argon plasmas (~ 17 kHz)
in similar experimental conditions. This result is in accordance with the derived
dispersion relation for the ion-ion counter instability that, frequency of instability
is the function of ion plasma frequency and the same ion density, Helium has larger
ion plasma frequency than Argon because of its less atomic weight. Further, in the
Ar + He plasma, the frequency spectra of floating potential fluctuations measured
by both the grid and LP show a broader spectra lying between 20 kHz to 45 kHz
with no distinct peak in similar experimental conditions. The broadening of the
frequency spectra in this case is almost 50 % more than that observed in Ar and He

single species plasmas indicating excitation of more number of k’s in case of two ion
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species plasmas. This experimental result validates the theoretical prediction of
excitation of wider range of k values in the two species (Ar + He) plasma compared
to single specie (Ar or He) plasmas. The derived dispersion relations (Figure 4.13
and 4.14) of the instability clearly show that the growth rate of the instability is
higher for wider range of k for two species plasma. Furthermore, the predicted
frequency at the measured k in the Ar + He plasma from the dispersion relation
(Figure 4.14) for two ion species plasma matches quite well with the centre of the
broadband spectra at ~ 35 kHz. Based on the evidences described above, it can be
concluded that the observed instability in the presheath-sheath region of the mesh
grid placed inside the Ar, He and Ar + He plasma is due to the ion-ion counter

streaming instability.

Effect of Mass Ratio on the instability

The mass ratio effect on counter streaming instability growth is important to know
for various combination of ions. Figure 4.18 shows growth rate plots for ion mass
ratio 10, 20, 50 and 100. From the figure, the growth rates for high Mach numbers
increases with increase in the ion mass ratio, which shows the effective growth rate
for higher mass ratio. The existing wave numbers also increases with increasing

mass ratio.

Summary

Broadband frequency peaks in the range 10-20 kHz, 25-40 kHz and 20 - 50 kHz are

observed in the frequency spectra of the floating potential fluctuations of mesh-grid
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Figure 4.18: Grid and Langmuir probe floating potential fluctuation signal, filtered
between 20-22 kHz.

immersed in Argon, Helium and Argon + Helium plasmas respectively. Identical
spectral peaks are also observed in floating potential fluctuations measured with
Langmuir probe placed in the sheath-presheath region of mesh grid. The spectral
peak’s central frequency and width are found to be varying systematically with the
discharge current and neutral pressure indicating the associated instabilities direct
dependence on plasma density. The instability is suppressed when the mesh grid
is covered with Aluminum foil from one side and also with biasing the mesh grid in
the electron saturation region. These observations firmly indicated the instability
to be an ion-ion counter streaming instability, generated by motion of ions through
the mesh grid. The existence of the ion-ion counter streaming instability in the

vicinity of the mesh grid is confirmed by measuring the wavenumber of k, value of
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Figure 4.19: Frequency plot with grid in floating and biased in the electron satu-
ration regime (+10 V)

which matches quite well with that obtained with theoretical dispersion relation
of the instability in case of all the three plasmas. More broadening of frequency
spectra in case of Ar — He plasma compared to the single specie (Ar or He)
plasma, validates the theoretical prediction of higher growth rates for wider range
of k values in two ion species plasmas. The suppression of the instability in the
high pressure region by ion-neutral collisions further substantiate the involvement

of ions is generating this instability.
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Ion-ion co-streaming instability in
the presheath of two-ion species

plasma

Introduction

Sheath is a non-neutral region, which exists between quasi-neutral plasma and any
physical surface in contact with plasma. As mentioned in chapter 1, formation of
ion sheath requires ions to attain velocity greater than or equal to Bohm velocity.
These entry velocities of ion species at the sheath edge is studied from long time.

Bohm first derived the condition for entry velocity of ions at the sheath for a stable
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sheath formation. The Bohm criterion states that ions should reach the sheath edge
with a minimum velocity Cs = \/m In unmagnetized, single ion species
plasma, Bohm criterion is experimentally verified by measuring the ion velocities
at the sheath edge. But in case of multi-ion species plasma there are questions still
remain in the contest of valid flow velocities at the sheath edge. Riemann derived
the generalized bohm criterion for multi-ion species plasma, which is given by
"—C—j <1 (5.1)
— MNeo U;
where, Cy; is the bohm velocity of the i" ion species. However, this conditions does
not reveals the exact entry velocities of individual ions. Several theories suggested
that ions enter the sheath edge with their individual Bohm velocities [55, 118, 119].
Laser Induced Fluorescence (LIF) technique provides experimental measure-
ments of ion velocity distribution function and ion flow speeds. Pioneering work
by Severn et al in 2003 [23], in which the Ar* velocities are measured near the
sheath edge using LIF technique in Ar+He plasma, raises curtains for ion flow
speeds measurements at the sheath experimentally in two-ion species plasma. In
these experiments, they found for nearly equal ion concentrations, Ar™ reached the
sheath edge with velocities more than their individual Bohm velocity, approach-
ing system sound speed. Later, experiments are carried in Ar+Xe plasma with
two LIF schemes to measure both Ar* and Xe™ velocities at the sheath edge by
D.Lee et al [62]. They found, both Art and Xe™ reaches the sheath edge with
system sound speed. In order to explain these results, Baalrud proposed a theory
that suggests, ion-ion two-stream instability enhances the ion-ion collision friction,

which leads to the equal velocities of ion species [8]. This theory also predicts, the
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growth of the instability is maximum for equal ion concentrations. Hershkowitz et
al, verified this theory, by measuring ion velocities for different ion concentration
ratios. The results are in well agreement with the theory [63]. This theory proves

its significance with the time with various frontier works [9, 11, 120].

In two or multi ion species plasma, the streaming of ions with differential
velocities can cause ion-ion two-stream instability and the system is unstable to
the instability. Apart from its existence in sheath-presheath regime, this instability
also found in space plasmas. When the instability exists, it can enhance the friction
force and anomalous ion heating can take place. This anomalous ion heating by
the instability has been extensively studied in space plasma where the differential
flow of ion species possible in ionospheric region.|[15, 53, 54] The auroral zone is the
one of the most prominent region for ion-ion two-stream instability to exist. The
ionospheric ions (e.g., H™, He™ and O") can flow with differential speeds by virtue
of difference in their mass. The linear theory for ion-ion two-stream instability
under auroral conditions has been evaluated by different authors [15, 121, 122].
It is shown that the differential ion flow can cause instability, which can lead to
strong heating of ions with net energy being transfered from lighter ions to heavier

ions.

Although, much attempts has been made to detect the ion-ion co-streaming
instability in the presheath regime, no direct measurement of this instability in
this region has been reported. In this chapter, we report for the first time, the ex-

perimental observation of ion-ion co-streaming instability in the presheath regime.
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Plasma parameter regime

Experiments are carried in the same device described in chapter 2. Similarly as
done in the ion-ion counter-streaming experiments in the Chapter-4, a SS mesh
grid used to produce sheath-presheath and kept floating in the plasma at the
middle of the chamber. There is no external bias applied to the grid in these set
of experiments. Discharge is operated with application of discharge voltage - 80
V which drives discharge current in the range of 0.6 - 1.2 A, depending on the
filling pressure. Typical plasma parameters are: plasma density, n, ~ 3x10% -
2x10%/cc and electron temperature, T, ~ 3 - 4 ¢V. For producing Ar+He two-ion
species plasma, two Mass flow controllers have been used. As the ionization rate
coefficient of Argon and Helium is different, the equal neutral concentrations will
not produce equal ion concentrations in the discharge. It has been demonstrated
by Severn et al that ,0 < (%) < 0.5 can be obtained with the neutral pressure
ratio 0 < (%’jf) < 25 [23]. Initially a low pressure argon plasma is produced
with a filling pressure ~ 2 x10~* mbar and then Helium gas is introduced with
another mass flow controller with partial pressure 3 x 1072 mbar, to take the ratio
of partial pressures ny./na, ~ 15-18 and beyond to study the existence of ion-
ion co-streaming instability. This neutral pressure ratio is varied to observe the

behavior of the instability.

An axially movable cylindrical Langmuir probe made up of tungsten having
length of 5 mm and diameter 0.7 mm is used to measure the floating potential
in the sheath, presheath, bulk plasma and its cylindrical surface is placed parallel

to the surface of the mesh grid. For floating potential measurements, the probe
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Figure 5.1: (a) Schematic diagram of the experimental set-up. (b) Cross-sectional
view showing surface cusp magnetic field (¢) Circuit diagram for Grid and Lang-
muir probe.

is terminated to a high resistor 1 M2 and the voltage across the resistor is fed
into the oscilloscope. Floating potential fluctuations from both Langmuir probe
and grid are recorded. A planar Langmuir probe is also employed for density and
temperature measurements in the bulk plasma by using [-V traces, obtained using

a variable power supply.[116]

Experimental Results and Discussion

These set of experiments are carried out in two-ion species plasma formed us-

ing Argon and Helium gases for observing the ion-ion co-streaming instabilities

in the presheath-sheath region of sheath system formed inside the plasma. As

being predicted theoretically, the growth rate of the ion-ion co-streaming insta-

bility is maximum when the ratio of two ion concentrations in plasma becomes

unity. Furthermore, previous experimental results show that, in the He + Ar plas-
Pay

mas produced with ratios of He and Ar pressures i.e., (Pﬂ) in the range of 0

< (?,—T) < 25, the ratio of He ions to the electron density i.e., (n’;—j’) in the
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range of 0 < <%) < 0.5 can be obtained [23]. Based on the growth rate esti-

mation using ion-ion co-streaming instability as described later, the growth rate

maximizes for (nffee) ~ 0.35 - 0.5. This concentration of He+ ion may therefore be
expected at (%) in the range of ~ 15 to 20. Hence, experiments are carried out
by producing plasmas with Ar and He neutral pressure ratio <%) ~ varying from
5 to 18 while keeping the total neutral pressure at ~ 3 x1072 mbar. Depending
upon the calibration of pressure guages, an error of 5 - 10 % is expected in the
pressure measurement. As described in chapter 2, the neutral pressure ratios of
Ar and He in Ar + He mixture plasmas are maintained by the calibrated flow
rates in the mass flow controllers. The flow rates are calibrated by measuring the
pressure inside the chamber. The presence of both the species are ensured by mea-
suring the emission spectra of both the neutrals. Figure 5.2 shows the emission
spectra from He + Ar plasmas. The figure clearly shows the presence of both Ar
I and He I in Ar + He mixture plasma. The discharge current is in the range of
1.0 - 1.2 A at a constant discharge voltage of - 80 V. At each neutral pressure
ratio (from 5 - 18 ), the plasma is formed and after providing a sufficient stabi-

lization time, the floating potential of the grid and Langmuir probe placed in the

presheath region of the mesh is recorded. Figure 5.3 shows the time series data

of the floating potential fluctuations from grid and Langmuir probe for (II?Z:) ~
18. As described earlier these time series data of floating potential is analyzed to
obtain their frequency spectra. Figure 5.4 shows the power spectra of the floating
potential fluctuations from grid and Langmuir probe. The figures clearly show

that there exist two distinct broad band peaks, one low frequency peak at ~ 20

- 40 kHz and second high frequency peak at ~ 150 - 300 kHz, in both the grid
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and LP floating potential signals. Note here that in order to reduce the zero fre-
quency response, floating potential time series data have been filtered through a
high pass filter having lower cut-off at kHz. The low frequency peak at 20 - 40 kHz
is identified as ion-ion counter streaming instability described in previous chapter.
The high frequency peak has not been observed in case of single species plasma at
similar experimental conditions. Further, the LP placed in the presheath region
for fluctuation measurement is moved away from the grid and measurements are
made in presheath and in the bulk plasma region away from the sheath system
around the mesh grid. Figure 5.5 compares the frequency spectra of the floating
potential fluctuation measured with LP in presheath region (red - solid line) and
in the bulk plasma (blue - dotted line). Both the peaks at ~ 20-40 kHz and at ~
150-300 kHz range in the frequency spectra exist only in presheath region while
they vanish in the bulk region. The high frequency (~150 - 300 kHz), which only
appears in the presheath region in two-ion species plasma is a clear signature of
presence of ion-ion co streaming instability in the presheath region of a mesh grid
immersed in the plasma. The experiments have been repeated several times on

different days and similar results have been obtained.

After observing the presence of an instability in the frequency range of ~ 150
-300 kHz in the presheath region with approximately equal ion concentration of
both ions in a two ion species plasma, which is most likely the ion-ion co-streaming
instability, the ratio of ions are varied systematically by increasing/decreasing the
Ar/He gas and the variations in the observed spectral peak in the range of 150 - 300
kHz is recorded. The increase/decrease of Ar/He is monitored by increase/decrease

in the intensity of Arl/Hel spectral lines. To start with, in the presence of the
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Figure 5.2: Wavelength spectra shows emission spectral lines from He I and Ar I
in Ar{He plasma
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instability with (%) ~ 18, the helium gas is suddenly turned off. It is observed
that while the spectral peak at 20 - 40 kHz remained, but the spectral peak at
150 - 300 kHz vanished completely. Figure 5.8 shows the existence of 150 - 300
kHz peak in the plasma with neutral pressure ration of (%) ~ 18 and and the
vanishing of the peak after sudden termination of the Helium flow. Again, these
observations clearly suggest that the presence of two ion species is required for this
instability at 150 - 300 kHz to be present. Next, to investigate the effect of neutral
pressure ratio, which in turn varies the ion concentration ratio of both the ions, on
the intensity of the instability, the neural pressure ratio is decreased gradually from
18 to 5 by increasing the Ar pressure. Figure 5.9 shows the frequency spectra of
fluctuations from grid at different (%) ratios of 18, 10, 8 and 5. The amplitude
of the peak at 150 - 300 kHz decreases as the <§—Iz"> is decreased with its maximum
at (%ﬁf) ~ 18. The peak almost disappears at <1—;§f) ~ 5. Further, the central
frequency of the band (150 - 300 kHz) also decreases as the ratio is lowered from
18 to 5. These observations of dependence of intensity of this instability on the ion

concentration ratio further confirms the presence of ion-ion co-streaming instability

in the presheath region.

To investigate further the origin of the spectral peak at 150 - 300 kHz in this two
ion species plasma with equal ion concentration, the magnitude-squared coherence
spectrum between the grid and LP signals has been obtained to check for the
coherence between the two signals. The signals from the grid and LP are found to
be highly coherent at 150 - 300 kHz frequency range as shown in Figure 5.6. Both
these signals are then used to determine the phase velocity of the wave having

frequency in the range of 150 - 300 kHz. First the time lag between the signals
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Figure 5.8: Frequency spectra of floating potential fluctuation signal from grid (1)

in Ar-He plasma with (% ~ 18 (2) in Ar plasma after Helium flow is turned off

at the locations of grid and LP has been obtained by evaluating the cross power
spectrum between the signals. The phase lag obtained with respect to frequency
between the two signals is shown in Figure 5.7. Dividing the distance between
grid and LP of ~ 2.5 + 0.5 mm by the measured time lag of ~ 0.23 usec, gives
the phase velocity of the wave to be ~ 10.8 + 2.1 km/sec. Taking the central
frequency of the broad band peak ~ 200 kHz, the wavenumber of the wave comes
out be ~ 100 m~!. The bulk plasma parameters of this two species plasma with
<£—i:) ~ 18 is measured by another LP placed in the bulk plasma far away from
the sheath system. The electron temperature and the density, T, = 3 ¢V and n,

= 2 x 10%/cc respectively are measured in the bulk plasma. Using these values of

temperature and density, the system sound speed is calculated using the following
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Figure 5.9: Variation of amplitude of the peak with partial pressure ratio % ~
18, 10, 8 and 5.
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formula C, = \/ (Z—i) C? + (Z—z) C%,, where Cyy and Cjy are the individual Bohm
speeds. The system sound speed comes out to be ~ 6.3 km /sec.

To verify the instability with the theory, the observed frequency is compared
with the frequency predicted by the linear fluid theory for ion-ion co-streaming
instability. Using the dispersion relation of ion-ion co-streaming instability, the
estimation of real frequency (w) is attempted by using the measured value of
wavenumber mentioned in previous paragraph. Also the comparison between the
theoretically estimated maximum growth rate and the maximum measured inten-
sity of the instability as a function of ion concentration ratio have been carried
out.

The linear dielectric function for two ions streaming in the same direction (co-
streaming) in the presheath with different velocities can be derived in similar way
as done in case of counter-streaming instability presented in section 4.4. Assuming
Maxwellian distribution, for ion waves with kdp; < (w — k.Vy) < ki and T; <
T,, the fluid plasma linear dielectric function of co-streaming instabilities is given

by,
2 2
1 Wp1 Wpo

AL = FA2 | (@ — k)

(w k) =1+ (5.2)

Where w is the complex angular wave frequency, wpi, wp, V1, Va2 are the plasma
frequency and velocities of the ion species 1 and 2 respectively. In order to deter-
mine the dispersion relation of the unstable modes, the quartic equation needs to
be solve for obtaining the roots of Equation 5.2. Although the exact dispersion
relation for each mode are analytically computable, they become very complicated.
However, the unstable root can be computed by numerically solving equation 5.2.

Further, as proposed by Baalrud et al [123], an approximate dispersion relation for
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unstable root can be computed in the limit of kAp, < 1. Taking w = wgr + i 7,

the real frequency is given by,

ny 032 N9 032
oy (i) Gov (32) G >

L RAVVa [ EPAV?
T l+ta K2AV2,

and growth rate

(1+ k2)2,) (5.4)

where, a = 232 and AV,2 = CZ[1 + /14 32a/(1 + a)?]. Figure 5.10 compares
the growth rates obtained by numerically solving the equation 5.2 numerically and
computed using the approximate growth rate from equation 5.4 for Ar + He plasma
with equal ion concentrations, differential velocity AV = Cy; — Cyo, T, = 3 eV and

ne = 2 x 10°%/cc. The growth rates match quite well proving the approximation

reasonably accurate.

In order to confirm further the observed fluctuations in the 150 - 300 kHz range
to be the ion-ion two streaming instability, the observed frequency at almost equal
ion concentration and its variation with ion concentration ratio is compared with
that predicted by the linear theory. Figure 5.11(a) shows the measured frequency
variation with neutral concentration of two species. In these set of experiments,
the peak of the broad band in the frequency spectra appears between 150-300
kHz, maximizes at 200 kHz for Py./Pa, ~ 18. In this case, the Ar pressure is
increased and He pressure is decreased to deviate from the ratio of (1;—2“:) ~ 18
at which ion concentrations are approximately equal. As the concentration ratio

reduced the frequency of the fluctuation are found to be reduced in accordance

with prediction of the linear theory using Equation 5.2, as shown in Figure 5.11(b)
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where the real frequency is plotted with ion concentration ratio for three values of

! (open circle

wavenumber k. The top curve in Figure 5.11(b) is with k ~ 200 m~
with dash line), the central one is for k ~ 100 m~! (* symbol with dotted line) and
the third one is for k ~ 50 m™! (4 symbol with solid line). Using the measured
wavenumber of the instability of ~ 100 m !, Equation 5.3 gives the frequency of the
instability is ~ 100 kHz with approximately equal ion concentrations. However,
the measured value of the frequency is ~ 200 kHz (central peak of broadband

spectra) for (f;’:

:) ~ 15-20 at which the ion concentrations of both the ions are
approximately equal. This may be due to the fact that the measured wavenumber
is for the Doppler shifted wave which is riding on the ions moving with system
sound speed. Removing the Doppler shift from the measured phase velocity, the k
value of the wave should be ~ 200 m~!. The estimated real frequency of the wave

with k ~ 200 m™! using equation 5.3 [top curve of figure 5.11(b)] matches quite

well with the experimentally measured values. The intensity of the broadband

peak is also found to be reduced as the neutral concentration ratio of <];;’:> ~
is reduced from 18. The measured intensity variation is shown in Figure 5.11(c).
This observation is again consistent with the computed growth rates by solving the
equation 5.2 numerically without any approximation. The variation of theoretical
growth rates are plotted as a function of ion concentrations in Figure 5.11(d) for Ar
+ He plasmas. Figure 5.11(d) shows that for the Ar | He plasma, the growth rate
maximizes at (%) ~ 0.35 - 0.5 and decreased further as the He ion concentration
is decreased. As mentioned earlier the Helium concentration is 0 < (%) <0.5in

plasma produced with neutral pressure ratio Py./Pa, between 0 and 25[23]. Hence

it is expected that for our experiments, where the maximum intensity is obtained
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Figure 5.10: Normalized growth rates calculated for Ar+He plasma, solid line (-)
by solving equ 5.2 numerically and dashed line (- -) from approximate growth rate
equ 5.4 with AV = Cy; — Cyo, T, = 3 eV and n, = 2 x10°/cc

in the plasmas produced with He and Ar neutral concentration of ~ 15 - 20, the
ion concentration ration is in the range of 0.35 - 0.5 and the intensity decreased

further as the He pressure is reduced and Ar pressure is increased to bring the

ratio of two further down.

Based on the experimental observations and above mentioned theoretical com-
parison, it can be definitely concluded that the ion-ion co-streaming instability has
been excited in the presheath region of a sheath system formed around a mesh grid

placed inside a weakly ionized low-pressure plasma.
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Conclusions

Ion-ion co-streaming instability arising because of differential velocities of ion
species is theoretically predicted to be existing in the presheath region of a sheath
system present in a two ion species plasma. PIC simulations also confirmed its ex-
istence and are thought be responsible for both the ion species to exit the plasma
with equal velocity at the sheath boundary. However, no direct evidence of it’s
experimental detection in the presheath is reported. We have observed this in-
stability in the presheath region of a sheath system formed around a transparent
mesh grid immersed in a low temperature, low pressure weakly ionized plasma. A
broadband peak with a central frequency ~ 150 - 300 kHz in the frequency spectra
of floating potential fluctuations of grid and LP in He + Ar mixture plasma is
identified as ion-ion co-streaming instability. The instability is only observed in
the presheath region and remained absent in the bulk plasma. The intensity of
the instability maximizes in the plasma produced with approximately equal ion
concentrations of both the ion species and vanishes in a single species plasma with
same experimental conditions as well as when the ion concentration ratio of He to
Ar is reduced far below unity. The wavenumber k ~ 100 m~! is estimated using
measured phase velocity ~ 11 + 2 km /sec. The observed frequency of the instabil-
ity matches well with the calculated real frequency from the dispersion relation of
ion-ion co-streaming instability for approximately equal ion concentrations. The
observed decrease in the frequency with ion concentration ratio far below unity is
also consistent with the theoretical prediction. The intensity of the instability also

maximizes at approximately equal ion concentration and decreases with decreasing
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the concentration ratio again following the theoretical predictions. These experi-
ments are the first direct experimental evidence of ion-ion co-streaming instability

excited near the sheath edge in Ar — He two-ion species plasma.
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Self-excited ion-acoustic instability
in the presheath of single-ion species

plasma

Introduction

In this chapter experimental observations of self-excited (no external means) ion-
acoustic wave in the presheath region of a sheath-presheath formed around a mesh
grid immersed in single-ion species Argon plasma and its detailed characterization
is presented. Recent theoretical developments [11] have established the excita-

tion of ion-acoustic instabilities in the presheath region by virtue of differential
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flow speed between ions and electrons. The authors further went on to show that
several interesting phenomena can be explained on the basis of existence of this
instability in the presheath region. Enhanced collisional friction by this instability
has been predicted to be the reason for thermalization of ions near the sheath edge.
Langmuir’s paradox, i.e., rapid thermalization of electrons to Maxwellian distribu-
tion in a low pressure plasma is anticipated to be due to enhanced electron-electron
scattering in the presheath by the ion-acoustic instability enhanced collisions [67].
Furthermore, this instability is expected to affect the particle flow in the sheath
presheath region and cause anomalous transport in the plasma boundary layers.
It has also been suggested that the likely mechanism for the sustenance of both
collisional and collisionless presheaths are partially by the collective process of ion-
acoustic waves (IAWs). It is possible that the turbulent development of an TAW
will yield not only particle fluxes of the right value, but also energy fluxes of the
observed anomalous value in order to explain the inadequacy of the excess energy

transmission factors for electrons and ions in presheath region [124].

Ion acoustic instability in plasmas is a subject of study as old as plasma physics
itself and has been been studied extensively both theoretically as well as exper-
imentally. Ion heating, plasma particle transport are found to be significantly
influenced by ion-acoustic instability. Hence much attention has been paid on
this instability to understand the favorable conditions of its excitation and growth
rates etc. in space as well as in laboratory plasmas. Several experiments have been
carried out in which the ion-acoustic waves are excited in the plasma by different
means such as by injecting electron and ion beams in the plasmas [19, 125, 126].

Spontaneous excitation of IAWSs are also reported in current-carrying plasmas both
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theoretically and experimentally. It has been shown that a uniform current car-

rying plasma is unstable to ion-acoustic instability if, T, > T; and 9 > %
where 9 is the relative velocity between electrons and ions and C = k]\% is the

ion-sound speed. In weakly ionized plasmas where T, > T}, the excitation of [AWs
are controlled by the competition between inverse electron Landau damping and

collisional damping due to ion-neutral collisions.

However, to the best of our knowledge, the experimental observations of self
excited ion acoustic waves in the presheath region are not yet reported. In the
experimental observations presented in this chapter, appropriate plasma condi-
tions based on the pressure threshold due to ion-neutral collisions are discovered
in which the ion-acoustic waves are self-excited in the presheath region. After
proper identification of the TAWs in the presheath region, the instability is char-
acterized in detail by measuring its wavenumber and parametric evolution. The
rest of the chapter is arranged as follows: Linear dispersion relation derivation is
done in Section 6.2, working plasma parameter regime is described in Section 6.3.
Experimental results are discussed in Section 6.4, followed by Discussion in Section

6.5.

Linear Dispersion Relation

The electrostatic dispersion relation for an unmagnetized, homogeneous, infinite
plasma can be expressed as

D(k.w) =0 (6.1)
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where w = w, + 7 is a complex angular frequency and k is real wave number and

the dielectric function is defined by

Dk,w) =1+ “ri / k- OF;/0v (6.2)

Although this dispersion relation is derived for homogeneous, infinifte plasma, the
wavelength being considered here are much smaller than the gradient scale length
of plasma parameters in the presheath, so this dispersion relation is considered be

hold in presheath region as well.[11]

Considering Maxwellian electron and ion distributions with a differential flow
Vi, feo = neexp(=v?/vi,)/(r*?0},) and fig = neexp(—(v — Vi)*/vi,)/(r°/vd),

the dispersion relation equ. 6.2 can be written in terms of Z'(§) as,

W2 W2
D(k,w) =1~ —-2'(&) — 5 Z'(&) (6.3)
k293, U k2%, ‘
where Z'(§) is the derivative of the plasma dispersion function, & = % and
& = ﬁ. I7; and Y. are the ion and electron thermal velocities respectively.

For T, > T;, the phase velocity of the wave will be much greater than ion
thermal velocity and much less than electron thermal velocity i.e., dp; < ¢ < U,
and the asymptotic expansions of plasma dispersion function for large and small

values of arguments are,

2€)=—F =53 73 Jorlg>1 (6.4)
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and
k.

TR Jor G I< 1 (65)

2(6) ~ ~2%; + 56— +ivE

Using equs. 6.4 and 6.5, solving the dispersion relation from D(k,w) = 0, assuming

Im(w) < Re(w), we can obtain real part of the wave frequency is

kO

V1K,

and the growth rate equation is

™ kADew 3 Te 372 Te/ﬂ
8 (1+k2X%.)% | \T; 21+ k2X%,)
m Vi
— 1= = /1+ k2X2
Vo < VT D€>}

Figure 6.1 shows the growth rate for ion-acoustic instability with V; = 0.9 Cj
corresponds to near the sheath edge and 7./7; = 100. The maximum growth
rate shows the instability is much weaker in comparison with the ion-ion counter
streaming instability and ion-ion co-streaming instability growth rates of which
are shown in chapters 4 and 5 respectively. In order to identify the growth rates
in the different location of presheath, growth rates plot for Argon plasma with
% =100 and C% =1,0.9, 0.8, 0.7 and 0.6 is presented in Figure 6.2. This figure
clearly shows the instability maximum growth rate for ion velocities approaching
Bohm velocity. Figure 6.3 shows the growth rate plots for different (7,/7;) ratio.
This plot shows, the growth rates increases upto 7, /7; = 200 and then saturates.

However, the possible unstable wavenumbers increases with increase in T, /T;.

As mentioned earlier, the growth rate of ion-acoustic instability shows, this in-
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Figure 6.1: Growth rate plots of ion-acoustic instability for ion velocity V; = 0.9
Cs and T, /T; = 100.
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Figure 6.2: Growth rate plots of ion-acoustic instability for different ion velocities
in the presheath normalized with Bohm velocity.
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Figure 6.3: Growth rates for ion-acoustic instability near the sheath edge with

different electron to ion temperature ratio (7./7;) and ion velocity V; = 0.9 Cs.
T./T; — 50 (solid line), 100 (dash-dot line), 200 (dash line), 300 (dotted line), and
400 (dot-dash line)
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stability is much weaker in comparison with the earlier two instabilities i.e., ion-ion
counter streaming instability and ion-ion co-streaming instability in the presheath.
So this instability is much sensitive to the ion-neutral collisions. Baalrud derived
pressure threshold for this instability by comparing the ion-neutral collisions fre-
quency with the growth rate of the instability [11]. The pressure threshold to
sustain the instability can be obtained from the condition 4z = Vin, Where ~y
is the growth rate of the ion-acoustic instability and vy, is the ion-neutral colli-
sion frequency. The ion-neutral collision frequency is given by the expression, v
= ngo(V;)V;. This expressions is dominated by the collision cross-section o (V).
From the ideal gas equation of state at the room temperature, the relation between
neutral gas density (n,) and the pressure can be written as n,[em™3] = 3 x10"®

p [mTorr]. By using the condition, v > Vi, an estimate for neutral pressure

conditions required for ion-acoustic instability is obtained as,

4.5 X 107 4,000 Cs - [ne[em=3]
[mTorr] < S 6.8
pe[mTorr] < olem?  wy V; T.leV] (6.8)

BY considering the approximate value of charge exchange collision cross-section
for Argon is o = 107 ¢em? [120, 127], and typical plasma density and temperatures
5x10% /cc and 8 eV respectively, the pressure threshold obtained from Equation 6.8
is 0.11 mTorr, which shows this is a low-pressure phenomena, exists only in the low
pressure discharges. However this approximation critically depends on ion-neutral
collision cross-section data, which has to be eavluated properly in order to get the

accurate estimation of pressure threshold.
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Figure 6.4: (a) Schematic diagram of the experimental set-up. (b) Cross-sectional
view showing surface cusp magnetic field. (¢) Circuit diagram for Grid and Lang-
muir probe.

Plasma parameter regime

The experimental set-up is same as previous experiments, whose schematic diagram
is as shown in Figure 6.4. The detailed description of the set-up is presented
in Section 2.1. Based on the approximate pressure threshold derived in the last
section, the discharge is operated in the low pressure regime, 3 x107% to 8 x107% ~
(0.2 to 0.6 mTorr) mbar to investigate the instability. The operation regime of
discharge voltage and discharge current are 60 - 80 V and 0.6 - 1.2 A respectively.
Typical plasma parameters are n, = 2x 107 =7 x 10%cm™=3 and T, — 4 - 8 eV, where
ne and T, are electron density and effective electron temperature respectively.
Emissive probe is employed to measure the sheath-presheath potential profile and

further to identify sheath, presheath boundaries [115].

149



Chapter 6. Ion-acoustic instability

Experimental Results

These experiments are performed in single-ion species Argon plasma. Floating
potential fluctuations from Langmuir probe placed near the sheath edge and from
SS mesh grid are measured. Figure 6.5 shows the power spectrum of floating
potential fluctuation signal at working pressure 5 x 10~* mbar, discharge voltage 80
V and discharge current 1.0 A. Electron density and effective electron temperature
are 5 x10%/cc and ~ 8 eV respectively. The figure clearly shows two broad band
peaks in the frequency range 10-20 kHz and 120-180 kHz are observed with these
discharge parameters. The low frequency peak is identified to be ion-ion counter
streaming instability excited in the presheath, which is described in chapter 4. The
high frequency peak is predicted to be self-excited ion-acoustic instability in the
presheath. To validate the ion-acoustic waves identity, the phase velocity and wave
number of the wave corresponding to 120-180 kHz have been measured using the
techniques described in the previous chapters. In this case, the Langmuir probe
and grid are sepearated by 2.5 mm with error & 0.5 mm . Figure 6.6 shows the
phase lag as a function of frequencies. The phase lag for the central frequency of
the broad band peak 160 kHz is 0.1 7 radians and corresponding time lag is 0.3
uSec, which gives phase velocity 8.3 + 1.6 km /sec. The wave number of the wave
also estimated from measured phase velocity and central frequency of the peak.
The obtained wave number is 1.2 £+ 0.2 em™!. The effective electron temperature
is obtained from a planar Langmuir probe placed in the bulk plasma, far away
from the sheath-presheath. The measured effective electron temperature is ~ 8 eV

and the system sound speed is 4.4 km/sec. Figure 6.6 also indicates that there is
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no correlation between the signals above 200 kHz frequencies, means indication of
noise above that frequency. The coherence between the signals shown in Figure
6.7 also implies that signals are coherent only in the low frequency (up to 30 kHz)
and 120-180 kHz range.

This instability is identified to be sensitive to the experimental conditions and
came to existence only in certain plasma parameters. The pressure regime in which
the instability sustain the neutral damping is observed in the typical discharge.
Figure 6.8 shows the the amplitude of the instability is prominent at 5x10~* mbar
with electron density 5 x10® /cc and electron temperature 8 eV. The instability is
suppressed with increasing pressure beyond 6.5x10~* mbar. This pressure regime
to sustain the instability is observed to be very narrow. The approximate pressure
threshold is obtained from Equation 6.8 for these plasma parameters with elastic,
charge exchange collision cross-section for Argon o = 107%cm? [120, 127]. The
obtained pressure threshold is 0.11 mTorr = 1.4 x10~* mbar. So the experimen-
tally observed pressure threshold are reasonably good agreement with the theory.
Figure 6.9 shows the power spectra at a neutral pressure 5 x 10~* mbar, discharge
voltage 80 V and discharge current I; = 1.0 A and 0.6 A. The amplitude and cen-
tral frequency of the high frequency peak decreases with discharge current, with

which plasma density decreases.

Discussion

lon-acoustic instability excited in the presheath of low temperature plasma by
virtue of differential flow between ions and electrons is theoretically explained to

be reason for several interesting phenomena in sheath-presheath regime. In this
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Figure 6.5: Frequency spectra of floating potential fluctuations from grid at a
working pressure 5 x10~* mbar, electron density n. = 3 x10%/cc and effective
electron temperature T, = 8 eV.
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Figure 6.6: Phase with respect to frequency between grid and Langmuir probe
floating potential fluctuations.
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Figure 6.7: Coherence between grid and Langmuir probe floating potential fluctu-
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Figure 6.8: Power spectra of floating potential fluctuations at electron density ~ 8
x 107 /cc, effective electron temperature ~ 8 eV and working pressure (a) 5 x107*
mbar (b) 5.5 x107% mbar (c) 6.5 x10~* mbar.
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Figure 6.9: Comparison of power spectra of floating potential fluctuations at elec-
tron density 6-8 x 107 /cc, effective electron temperature 7-8 eV and discharge cur-
rents I; = 0.6 A and 1.0 A
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study, we experimentally observe the existence of the instability in the presheath
around the mesh grid immersed in Argon plasma. The phase velocity and wave
number of the excited wave are measured using simultaneously acquired floating
potential fluctuations from Langmuir probe and grid. The phase velocity of the
wave is observed to be 8 + 1.6 km/sec at plasma conditions with system sound
speed 4.4 km/sec. These results are consistence with the previous studied of ion
acoustic wave velocity near the sheath edge by Oksuz et al [128]. These results
show system sound speed near the sheath edge will be twice that of the velocity
in bulk.

This instability observed to be weak and sensitive to the experimental condi-
tions unlike earlier ion-ion counter-streaming instability and ion-ion co-streaming
instability. The pressure regime in which the instability sustain the neutral damp-
ing for the discharge conditions is observed. The suppression of instability with
increasing working pressure shows the influence of ion-neutral collisions on the in-
stability. This pressure regime is identified to be closer to the the pressure threshold

estimated by the model proposed by Baalrud [11].
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This thesis presents the following three important experimental observation and
characterization of ion flow driven instabilities in the sheath-presheath region of
sheath system formed around a stainless steel (SS) mesh grid immersed in an un-
magnetized, weakly ionized, low pressure, filament-produced single and two-ion
species plasmas in a linear plasma device.

1. Ton-ion co-streaming instability (in two ion species plasma)

2. lon-ion counter streaming instability (in single and two ion species plasmas)

3. Self-excited ion acoustic instability (in single ion species plasma)

To the best of our knowledge based on the available literature on the subject,
the observations of ion-ion co streaming instability and ion-ion counter streaming

instability in presheath-sheath region formed in a two ion-species plasma along
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with ion acoustic instability in presheath-sheath region formed in a single ion
species plasma are reported for the first time. The single species plasma studied
are mainly produced in Argon and the two species plasma are produced with mix-
ture of Argon and Helium. To carry out these studies, a simple and compact linear
experimental device is constructed equipped with electric probe and spectroscopic
diagnostics. The cylindrical vacuum chamber is made of stainless steel material
having length 50 cm and inner diameter 20 cm. Hot-cathode filament discharge
method with tungsten filaments is used for plasma production. The plasma den-
sity is enhanced by placing permanent NdFeB magnets along the inner surface of
the chamber to produce cusp like magnetic fields in the poloidal periphery along
the axis of the cylinder. The magnitude of magnetic field of these magnets reduces
sharply from the cylinder wall (with in few centimeters) and the core of the ex-
perimental chamber is magnetic field free. The magnetic field near the chamber
wall improves the plasma confinement there. The diagnostics used in this study
are planar and cylindrical Langmuir probes for plasma parameters measurement
and fluctuation measurement respectively, current-heated and Laser-heated emis-
sive probes for plasma potential measurement, sheath-presheath spatial potential
profile measurement from which sheath and presheath boundaries identification
is done and spectroscopy diagnostics. To study the thesis objectives, a sheath-
presheath system has been formed around a stainless steel mesh grid placed in the
center of the plasma. The dimension of the Sheath-presheath boundaries are deter-
mined by measuring spatial potential profile using Current-heated emissive probe
and Laser-heated emissive probe. Sheath and presheath boundaries are identified

by fitting experimental data with theoretical profiles. Simultaneously with these
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measurements, the advantages of Laser-heated probe over current-heated probe
especially in the measurement of potential in strong electric field have been ex-
plored. As the laser-heated probe does not require high currents to pass through it
for heating, it seems to be more appropriate in potential measurement in presence

of electric fields.

In this present thesis, three different ion-flow driven instabilities has been stud-
ied, namely (1) ion-ion co-streaming instability in the presheath of Ar+He plasma
(2) ion-ion counter-streaming instability excited in the presheath of mesh grid
placed in single and two-ion species plasmas (3) ion-acoustic instability excited in

the presheath of Argon plasma.

Although ion-ion co-streaming instability has been invoked in many theoretical
interpretations of physical phenomena occurring in laboratory and space plasmas
such as ions of different masses reaching the sheath edge with equal velocity in
two ion species plasma, enhanced friction between ions in sheath-presheath region
of two ion species plasma, (give one space plasma example), direct experimental
measurement of this instability is not yet reported. Direct evidence of existence of
ion-ion co-streaming instability in the presheath is established in Ar + He two-ion
species plasma by carrying out experiments in Ar + He two-ion species plasma.
The frequency spectra of the floating potential fluctuations from the grid and LP
placed in presheath region show a broad band peak with central frequency 160-
300 kHz in plasma with nearly equal ion concentrations of both the ions. This
broad band peak is not observed in a single species plasma under same experimen-
tal conditions and the amplitude of the peak decreases as the ion concentration

ratio deviates from unity. The Langmuir probe data from presheath and bulk
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plasmas indicates, the instability exists only in the presheath. The frequency of
the measured wave matches quite well with the real frequency calculated from the
dispersion relation of ion-ion co streaming instability at equal ion concentration.
The measured frequency and amplitude variation with varying concentration ratio
also follows the trends predicted by the theory. Further, the phase velocity and
wavenumber of the excited waves are measured using time delay analysis of the
fluctuation data from grid and LP. The average phase velocity is observed to be
nearly twice the ion sound speed in the bulk plasma. These results are well in
agreement with the previous results of ion wave velocity near the sheath edge in
two-ion species plasma. The measured wave numbers are compared with theoret-

ical dispersion relations.

The ion-ion counter streaming instability excited in the presheath of mesh grid
placed in Ar, He and Ar+He plasmas is also observed in the sheath system of a
mesh grid immersed in plasma. This instability is excited because of the counter
streaming of ions penetrating the grid from both sides. In single ion species plasma,
the central frequency of the peak is observed to be increasing with the plasma
frequency, which is varied by changing discharge current and neutral pressure.
The broadband frequency spectra peaks at lower frequency in Argon compared to
that observed in Helium plasma which is due to higher mass of Argon. The wave
number and phase velocity of the wave are measured by simultaneously acquiring
the fluctuation data from Langmuir probe and the grid. These values are found
to be in good agreement with those derived from dispersion relations. The work
is further extended to measure and characterize this instability in two ion species

plasmas. The frequency peaks are found to be broadened further in case of Ar
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+ He plasma compared to the single species plasmas indicating existence of more
number of possible wave numbers in two ion species plasma. This result is quite

consistent with the derived dispersion relations of Ar + He two ion species plasma.

The self-excitation of ion-acoustic instability near the sheath edge is also pre-
dicted theoretically, but no experimental observation is reported till now. In our
experiments with single-ion species Argon plasma, an appropriate plasma condi-
tions have been discovered where is this instability is observed and characterized.
As the growth rate of this instability is very low compared to the other two in-
stabilities explained above, it is very sensitive to the neutral pressure. Hence, it
is sustained only in a very narrow region of neutral pressure. The effects of ion-
neutral collisions on the instability is studied and a pressure threshold is obtained
above which the instability is completer suppressed. The obtained pressure thresh-
old is found to be in good agreement with the theoretical pressure threshold. The
phase velocity and wavenumber of the excited waves are measured. The phase
velocity of the excited waves near the sheath edge is observed to be nearly twice
the ion sound speed in bulk plasma. These results are well in agreement with the
previous results of measured ion acoustic wave velocity near the sheath edge, which

are launched in the bulk plasma in a single-ion species plasma.

The results obtained in thesis have direct implications in industrial plasmas
where the plasma generally contain two species and also in the extreme edge re-
gion of high temperature fusion plasma devices where presence of impurity in that
location makes the plasma multi-ion species plasma. The plasma conditions for
the ion-flow driven instabilities to exist in the presheath-sheath region of low tem-

perature, unmagnetized plasmas have been established so that these instabilities
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can be studied and understood experimentally.

Future Scope

The experiments presented in this thesis work established the presence of the ion-
flow driven instabilities in the sheath-presheath region. One of them, the ion-ion
co streaming instability, has been proven theoretically to explain the experimental
observations of equal velocities of ions of different masses at the sheath edge in
two ion species plasmas. Hence, the measurement of the ion flow speeds simulta-
neously with the observations of the instabilities will be carried out. Laser induced
fluorescence technique can be used for the same. In the experiments, the floating
potential fluctuations in the presheath region are measured with LP, which can
disturb the sheath-presheath region by having its own sheath around it. Hence,
non-invasive spectroscopic techniques will be used to measure the light fluctuation
measurement emitting from different ion species. With these measurements the
oscillations of different species and their synchronization (if any) will be studied
as a function of ion concentrations in Ar + He plasma. Ion-ion counter stream-
ing and ion acoustic instabilities are observed to be excited in the presheath of
grids. For this instability, the width of broadband peak in the frequency spectra
of floating potential fluctuations increased in Ar and He plasma as compared to
plasmas with Ar and He alone. This is quite consistent with the theoretical pre-
diction, as indicated by the dispersion relation, more number of ks are possible
in mixture of gases. The theory also predicts that, the width further increases as
one increases the mass difference of the ions present in the multi or two species

plasma. So experiments with more combination of gases having more mass dif-
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ference like He-Kr or He-Xe or Ar-Xe will be carried out to verify the theoretical
predictions. The ion-acoustic instability is observed to have low neutral pressure
cut-off too, which is not understood. Further experiments will be carried out to
understand the physical reason behind existence of this lower-cutoff. All these
experiments are carried out in unmagnetized plasma. These experiments will be
repeated in presence of magnetic field of different strength and orientation near

the sheath-presheath region.
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