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“The scientist is not a person who gives the rightwers; he’s one who asks the right
guestions.”

- Claude Lévi-Strauss

“Back off, man. | am a scientist.”

- Peter Venkman

“Don’t worry about people stealing your ideas. ¢iuy ideas are any good, you'll have to ram
them down people’s throats.”

- Howard Aiken

“There are sadistic scientists who hurry to huniderrors instead of establishing the truth.”

- Marie Curie

“I am acutely aware of the fact that the marriagésMeen mathematics and physics, which
was so enormously fruitful in past centuries, le®ntly ended in divorce.”

- Freeman John Dyson
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Detailed Report

The thesis is well organized and well written excapfew minor grammatical
mistakes. It contains some very novel results anaooustic waves. The findings of the
investigations will help in the understanding of tbhysics of surface modifications using
plasma baed ion implantation. To put it succincthe hesis reports on experimental
investigation of plasma respong b trangent high regative and postive voltage pulses
in a low pressue unmagnetized argon plasma Its aim was to study the ecitation and
propagation characteistics of electodatic waves, particle balance n plasmas during
pulse biasing, wave excitation afterpulse withdrawal, and wave ecitation using
capacitive coupling The contents may be summarized as below.

The first chapter providesan ntroduwction to a brief genesis of plasma

physics,plasma sheah and plasma waves.

The second chaptedescribeshte eperimental setup, ingrumentation, different
diagnogics, plasma prodiction and plasma daractegization. The  diagnogic tools lke
Langmuir probe, emisve probe and their circuitry for biasing has also been xplained.
The plasmarodiwction from thoriated tungsten filaments and the deteatnom of he plasma
parameters like elercin tenperature, plasma densty, etc using adisc Langmuir probe has

been derailedAlso the pulse forming circuit has beenxplained.

Chapter three contains the experimentaivestigation to estimate te number of
electonslog to the walls and the origin of these electonsduring the bias period (for tj >
p > 1¢) for different gpplied voltages, densties and pulse durations in collisionless

plasma. The experimental results have been showntselyl agreewith PDP1simulation resuts.

Chapter four contains study ohe excitation of ion rarefaction waves even when
the gplied pulse duration is kept intermediate of electon and ion plasma respong
times. It has been shown thathe ecitation of a wave may alsadepend on the pulse

width a well a the pulse manitude. The mechanism of thexcitation of ion



rarefaction waves has been correlatedith norambipolar diffusion.

Chapter five describes the xeitation of sditary electon holes usng a metaldisc
electode in homogeneous eleon-ion plasma The speal of the EHs has been shown to
increase with increase in plasmadengty and to be hdependent of the gplied pulse manitude.
The eistence and identification of sditary electon hdes are also &plained.

Chapter six is devoted to the study gllasma respong during both high postive
and negative pulse bias to a metallic elecbde wvered by a dielectic film. Experiments
have been caed out with different plasma parameter§he excitation of electrostatic
waves has been found ttepend on the dielectric thicknessand polarity of the applied
pulse. It has been observed thdtem the electrodeof dielectric thickness0.1-0.5 mm is
biased pulsed positive, solitary electron holesare ecited and up to this dielectic
thickness, the electode mvered by the dielectic film has been found tdehave & a

conducting electode.

Chapter sevensummarizes the results of all the four sets of erpents. It also

discusses the future scope of the work embodi¢isrthesis.
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Synopsis

Synopsis

The present thesis reports on experimental inwestig of plasma response to
transient high negative and positive voltage pulsea low pressure unmagnetized argon
plasma. The main aim is to study the excitation gmdpagation characteristics of
electrostatic waves, particle balance in plasmasmgpulse biasing, wave excitation after
pulse withdrawal, and wave excitation using capaeitcoupling. The experiments are

performed using single pulse excitation.

When a metallic electrode is immersed in a low fues plasma and biased pulsed
negative, with very fast rising high negative pulsethe time scale of the inverse electron
plasma frequency (or electron plasma period) ascarre repelled from the vicinity of the
electrode, leaving behind a uniform density ion nwatsheath or transient sheath.
Subsequently, on the time scale of inverse ionnpdaBequency (or ion plasma period) ions
within the sheath are accelerated towards therelbetand impinge into the electrode and
surface modification occurs. Normally, the applmdse magnitude is much greater than the
electron temperature. So pulsed ion sheath playsryaimportant role in material surface
modification. One of the major applications thavddeen developed using pulsed bias on
the electrode is plasma immersion ion implantafibriy. Switching on a high negative
voltage pulse, three phases on different time scabay be distinguished: the matrix
extraction phase, the sheath expansion phase angréasheath relaxation initiated by a
rarefaction wave. Correspondingly, switching ofhigh negative voltage pulse results in a
fill-up process followed by a sheath constrictiolddy a compression wave rearranging the
pre-sheath. All these phenomena are mixed if veltaglses of finite duration are applied
[16]. In all the theoretical models and the experimeotr surface modification and sheath
dynamics 16-27, the applied pulse width to the electrode is mggebhater than the ion

plasma period.

In the first part of the thesis, similar experinge(glasma response to negative voltage
pulse) have studietbr the applied pulse width less than the ion plagmeriod The used
electrode was a metallic stainless steel (SS) avbich was immersed in a low pressure
argon plasma. Plasma was generated by impact t@mnzaf argon gas neutrals by primary

electrons coming out from dc biased hot thoriatetysten filaments of diameter 0.25 mm. It
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is presumed that electrons will be repelled; bat tre electrons near the vicinity of the
electrode only repelled leaving electrons in th&k lplasma unaffected or both are affected.
The experiments have done for to estimate the nuofoeectrons leaving the system and to
trace the origin of these repelled electrons (tlkearelectrode or bulk plasma). The applied
pulse duration was varied in between electron amdplasma periods, assuming ions are
stationary. The experiments were performed in aiggled cylindrical chamber of SS 304
with an inner diameter of 29 cm and a length otB0 To estimate the number of electrons
lost to the chamber wall during the negative pbises, another grounded extended chamber
(inner diameter 14 cm and length 30 cm) was atthdbethe main chamber, which was
isolated from the main chamber by a metallic me$lose grid size was less than Debye
length. In the extended chamber, an axially movalde probe (collector) was kept, which
was grounded. The collector was for the collecodrthe energetic displaced electrons (in
terms of current, measured by a current transfgriimem the main chamber through the
metallic mesh during the application of pulse arabwlaced at 0.5 cm behind the mesh for
the optimal signal. The integral of the collectarrent signal gives the total area under the
curve. This area under the curve is a measureeofatal number of electrons ejected from
the main chamber and the number of electrons lestchamber wall during the bias. The
results indicate that the electrons that are lmshé chamber wall come from the ion matrix
sheath and bulk plasma as well. For higher plasemsity and applied pulse magnitude, the
number of electrons lost to the wall increases.thaothing is, the energetic electrons (high
speed) repelled from the vicinity of the electratlging the negative pulse bias, can be a
cause of extra ionization due to occurrence ofrangi collision ionization between these
energetic electrons and gas neutrals. In our exgeets, the extra ionization can be
neglected, because the mean free path of the d¢iweetgrtrons is much larger than the mean
free path of unperturbed background electrons.e8oduch ionizing interactions occur, and
the energetic electrons leave the main chamberaintiost the same (initial) energy and with

no significant additional ionization. This partagblished in

S. Kar and S. Mukherjee, “Study of electron behawia pulsed ion sheath’Phys. Plasmas
15, 063504 (2008)

In the last part, we measured the properties ofr¢pelled electrons to the chamber
walls, when a metal electrode was negatively pulsasged for pulse duration in between the
ion and electron plasma periods. In that case temt&in was given to the wave propagation

in plasma. In this work, the propagation of ionefaction waves is observed experimentally

\"
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though the applied pulse width is less than the ptasma period. According to general
understanding, for the applied pulse width lessnthiae ion plasma period, ions are
collectively undisturbed and no energy is givenné&no ion rarefaction waves should be
excited. But contrary, excitation of rarefactionwsais observed. In our experiments, the
rarefaction waves are excited by applying a negatiigh voltage pulse to a metallic
electrode. Three types of measurements have dordetert the ion rarefaction waves:
floating potential measurements, ion saturationresur and electron saturation current
measurements. The rarefaction waves are excited thi¢ pulse goes off. These rarefaction
waves are accompanied by a non-propagating eléaticosoupling signal. For all three types
of measurements, i.e., floating potential measun¢mien and electron saturation current
measurements, the ion rarefaction waves propagilbecamparable to sonic speed. When
the applied pulse magnitude is much greater th@f-{500 times) the electron temperature,
the shielding effect is not perfect and some neggatiotential penetrates into the quasi-
neutral plasma region (pre-sheath) where the ioaesaacelerated. After the pulse goes to
zero, ion rarefaction waves are excited in thegheath region, though the applied pulse
width is less than the ion plasma periddhis rarefaction can also be because of ballistic
response of the ions which are in the vicinityred biased electrodéfter the pulse goes off,
plasma relaxes to its quasi-neutrality after somee,t which is close to rarefaction wave
sustaining time. Another observation is, after statice of % th of exciter diameter from the
exciter, the rarefaction waves turned to ion adoustaives due to the ion-neutral collision
effects. Both the above experiments are matched R2P1 simulation to identify trends
with respect incidences happening in the initizdgds of application of pulse. In the first set
of experiments, we saw that there is no significadditional ionization during the negative
pulse bias to the electrode. So we can’t say tleseaves are ionization wave, because the
ionization wave propagates by changing of ionizatrate in the plasma, causing the
stratification. In addition, ionization waves diffrom all other types of waves primarily in

the abundance of dispersion relation. This pgptildished in

S. Kar, S. Mukherjee and Y. C. Saxena, “Excitatidnion rarefaction waves in a low
pressure plasma by applying a short high negatoteage pulse”, Phys. Plasmds, 053506
(2011).

Many experiments have been done for the excitaifoglectrostatic waves, such that
ion acoustic waves or soliton$g-34 or electron acoustic waves or solitod${53. Mainly

all these waves are excited using mesh grids moBtlg obtained results are same for both

Vi
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negative and positive bias to the grid or the exd&3-54. In our experiment we observed
ion rarefaction waves for the negative bias to aaitie disc electrode. When the disc
electrode is positive biased, totally differentulés are obtained, i.e., solitary electron holes
(SEHs) p5-63. The electron holes are the positive potentiaicdtires and propagate with
comparable to electron thermal speed. The expetsnmeere performed in a cylindrical
chamber and a positive high voltage pulse was egpt a metallic disc electrode. To detect
the SEHSs, one axially movable disc probe was Keptihg to measure the floating potential.
Here the applied pulse width was varied from lass tto greater than ion plasma period. For
the applied pulse width less than the thrice ofptasma period, the SEHs propagate in two
opposite directions from a location from the exgit@dicating the presence of a virtual
source, which is first time observed in our expemmin the field of solitary electron hole.
For the applied pulse width equal or greater thenthrice of ion plasma period, the SEHs
propagate away from the exciter in one directiofy.omhese SEHs propagates with 1.36
times of electron thermal speed. When these SEtdsaitt with an ion rich region, then a
sudden slow down of speed occurs, i.e., 0.4 tinfeslextron thermal speed. This part is
published in

S. Kar, S. Mukherjee, G. Ravi and Y. C. Saxenassite excitation of solitary electron
holes in a laboratory plasma”, Phys. Plasnigg 102113 (2010).

A less number of experiments and theoretical motlal®e been done for surface
modification of dielectric materials6f-69. Only dielectric charging effect and surface
modification is described in all the models andezkpents. There is no study on excitation
of some kind of plasma waves from the dielectricenal. In our experiment we have used
Kapton as the dielectric material and some eletticswaves are excited in a capacitive
process. The experiments were performed in a aytiadchamber and positive and negative
high voltage pulses were applied to a metallic tetele covered by a dielectric film. The
applied full potential to the metallic electroddlwiot appear same on the dielectric surface.
The calculations have done for the reduced dietestirface potential for both positive and
negative pulse bias. To detect the plasma waves agially movable disc probe was kept
floating to measure the floating potential. Here &épplied pulse widths were varied from less
than to greater than ion plasma period. First #peements were done for positive pulse bias
to the metallic electrode covered by the dielectiiom the dielectric thickness of 0.1-0.5
mm, solitary electron holes and from 0.6-thén thickness, solitary ion holeS9-61,70-73

are excited. Solitary ion holes are the negativienqt@al structures, propagate with less than
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or comparable to ion thermal speed. For the dietetitickness 0.1-0.5 mm, charging effect
is less and behaves as a metal exciter as discusstte last set of experiments. On
increasing dielectric thickness (0.6 — 0.9 mm), diedectric surface potential will drop more
and solitary ion holes are observed in this casgally ion holes are propagated towards the
electrode covered by the dielectric with the spekdomparable to ion thermal speed and
after some distance there is a sudden transitiolorioacoustic speed. These waves are
dependent on the combined effect of applied pulagnitude, pulse duration and dielectric
film characteristics (thickness and dielectric ¢any for positive bias. First time we
observed the excitation of solitary electron ana holes using a pulsed capacitive process.
For the negative bias to the dielectric exciten marefaction waves are excited for the
dielectric thickness of 0.1-0.9 mm. After 0.9 mneldctric (Kapton) thickness no structures
are excited for both positive and negative biags part is published in

S. Kar and S. MukherjeeEXxcitation of electrostatic plasma waves usingededtric covered
metallic electrod& Physics of Plasma%8, 112303 (2011).

Possible extension of this work can be in the adadsindamental studies. All the
experiments described above are for the un-magkfitasma. These experiments can be
repeated for the magnetized plasma to show the etiagreld effects on the un-magnetized
results, like for positive plate bias electron @n iacoustic shocks may be excited instead of
solitary electron holes. To understand more theasglelectron and ion holes in laboratory
and space plasma, computer simulations of Chaeend 6 can be done. Another

experiment can be done that is; scattered dusgictgawith positive biased plate.

In summary, we have carried out experimental ingasbns of excitation and
propagation characteristics of electrostatic plagrages. The thesis is organized as follows.
In the first chapter, we provide an introductionplasma sheath and plasma waves. In the
second chapter, the experimental set-up, the va@ystem, plasma production, diagnostics,
plasma characterization (density, temperature, gtal$e forming circuit are given. Chapter 3
describes the electron behavior in a pulsed ioatbhdén this chapter we have estimated the
number of electrons lost to the chamber wall duthmg pulse bias, where the pulse width is
less than the ion plasma period. In Chapter 4,t&txan and propagation of ion rarefaction
waves are described, though the applied pulse wgltless than the ion plasma period.
Chapter 5 is devoted for the excitation and propagaf solitary electron holes, when the

exciter is positively biased. In Chapter 6, examatof electrostatic plasma waves using
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pulsed capacitive process is described. The finahp&er, Chapter 7, provides some
concluding remarks and a discussion about poshiblee extensions of the work is reported

in this thesis.
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Figure 3.2(a) The applied negative voltage pulse (solid line) and current (dotted line) on the
electrode. The arrows indicate the axis side. (b) The response of the collector without plasma
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measure the current signal. (5) Main chamber. (6) Ceramic tube which covers the SS rod. (7) and (13)
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CHAPTER 1

1 Introduction

1.1 Introduction and Motivation

In the late 1920s, Irving Langmuir was studying threusual magnetic and electric
characteristics of super-heated gad¢sHe coined the term ‘Plasma’ to describe thezedi
particles. A plasma is a collection of free chargadicles (and neutral particles) moving in
random directions that is, on the average, eladlyimeutral. Much of the matter in the
universe (99%) is in the plasma stafd. [This is true because stars, as well as most
interstellar matter, are plasmas. Although staespdasmas in thermal equilibrium and fully
ionized, this is different from laboratory plasm@sn-thermal and fractionally ionized).
Plasma is more complex than we think, which canekpressedemporally as well as
spatially. It is predominantly characterized by the examatiof an enormous variety of

collective dynamical modes.

Langmuir, along with his colleague Lewi Tonk3 was investing the physics and
chemistry of tungsten-filament light-bulbs, wittview to finding a way to greatly extend the
lifetime of the filament (a goal which he eventyadichieved). In the process, he developed
the theory oplasma sheaths the boundary layers which form between ionizedmpas and
solid surfaces. He also discovered that certaimonsgof a plasma discharge tube exhibit
periodic variation of the electron density, whishknown as Langmuir waves. This was the
genesis of plasma physics. Interestingly enoughgimauir's research now-a-days forms the
basis of most plasma processing techniques forictbrg integrated circuits. After
Langmuir, plasma research gradually spread in athrections, of which six are particularly

significant.
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(a) Firstly, the development of radio broadcasting tedthe discovery of the Earth’s
ionosphere, a layer of partially ionized gas in tipper atmosphere which reflects
radio waves, and is responsible for the fact thdior signals can be received when the
transmitter is over the horizon. Unfortunately, tlmmosphere also occasionally
absorbs and distorts radio waves. For instance,Edmgh’'s magnetic field causes
waves with different polarizations (relative to thigentation of the magnetic field) to
propagate at different velocities, an effect wheelm give rise to “ghost signals” (i.e.,
signals which arrive a little before, or a littlétes, the main signal). In order to
understand, some of the deficiencies in radio comaation, various scientists, such
as, K. G. Budden4], systematically developed the theory of electrgneic wave
propagation through non-uniform magnetized plasmas.

(b) Secondly, astrophysicists quickly recognized thatcimof the universe consists of
plasma. The pioneer in this field was H. Alfvén,ovaround 1940 developed the
theory ofmagnetohydrodynamias MHD, in which plasma is treated essentiallyaas
conducting fluid. This theory has been both widahd successfully employed to
investigate sunspots, solar flares, the solar watal, formation, etc. Two topics of
particular interest in MHD theory ammagnetic reconnectioand dynamo theory
Magnetic reconnection is a process by which magrfetid lines suddenly change
their topology: it can give rise to the sudden @msion of a great deal of magnetic
energy into thermal energy, as well as the acasberaf some charged particles to
extremely high energies, and is generally thoughtd the basic mechanism behind
solar flares. Dynamo theory studies how the motiban MHD fluid can give rise to
the generation of a macroscopic magnetic field.

(c) Thirdly, the creation of the hydrogen bomb in 1¥&herated a great deal of interest
in controlled thermonuclear fusioas a possible power source for the future. Not
surprisingly, fusion physicists are mostly concerneith understanding how a
thermonuclear plasma can be trapped — in most dages magnetic field — and
investigating the many plasma instabilities whicéynallow it to escape.

(d) Fourthly, James A. Van Allen’s discovery in 1958tbé Van Allen radiation belts
surrounding the Earth, opened up the field of sgdasma physics. Space scientists
borrowed the theory of plasma trapping by a magrfegid from fusion research and
the theory of plasma waves from ionospheric physics

(e) Fifthly, the development of high powered lasersh@a 1960’s opened up the field of

laser plasma physic&Vhen a high powered laser beam strikes a salgtamaterial

2
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is immediately ablated and a plasma forms at then@ary between the beam and the
target. One interesting application of the lasaspla physics is the use of the
extremely strong electric fields generated whenigh lintensity laser pulse passes
through a plasma to accelerate particles. Highggnphysicists hope to use plasma
acceleration techniques to dramatically reduce #iwe and cost of particle
accelerators.

(N Finally, the use of plasma processing technologmealify the surface properties of
materials. Plasma-based surface processes arealcfitir manufacturing the very
large scale integrated circuits, aerospace, stbmimedical and toxic waste

management industries.

Similar like laser plasma interaction, researchescarried out for the interaction of
electron beam, ion beam and transient pulses vagnpas in the field of plasma waves. The
present thesis reports on experimental investigatib plasma response to transient high
negative and positive voltage pulses in a low pnesanmagnetized argon plasma. The main
aim is to study the excitation and propagation ati@ristics of electrostatic waves, particle
balance in plasmas during pulse biasing, wave &xmit after pulse withdrawal, and wave
excitation using capacitive coupling. The experiteeare performed using single pulse

excitation.

When a metallic electrode is immersed in a low gues plasma and biased by a high
negative voltage pulse, in the time scale of etecplasma period, the electrons are repelled
from the vicinity of the electrode, leaving behiaduniform ion-matrix or transient sheath.
Subsequently in the time scale of ion plasma petioel ions start accelerating towards the
negative biased electrode and impinge into thetrelée. Now the sheath expands due to the
uncovered ions from the bulk plasma. For a negdttiased electrode, the basic fundamentals
as well as application wise studies have beenethout. The fundamental studies are like
excitation and propagation of ion and electron wawehile the applications are the surface
modification of materials. Plasma immersion ion lampation p] is a novel technique for the
surface medication in processing plasmas. For letldamentals and applications, the
applied pulse width to the electrode is much gretii@n the ion plasma period. We want to
do such type of basic experiments, but for theiaggiulse width is less than the ion plasma
period. For this case:
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(a) What happens to electrons during the negative poiss? (It is presumed that
electrons would be repelled; but are the electrmas the vicinity of the electrode
only repelled leaving electrons in the bulk plaamaffected or both are affected.)

(b) Is there any excitation of electrostatic waves?o(igh the applied pulse width is
less than the ion plasma period, the propagatiomonfrarefaction waves is

observed.)

Many experiments have been done for the excitaifoglectrostatic waves, such that
ion acoustic waves (solitons) or electron acoustees (solitons). Mainly all these waves are
excited using mesh grids and in double plasma (B&jices. We have observed ion
rarefaction waves for the negative bias to a metdisc electrode. When the disc electrode is
positive biased, totally different results are aied, i.e., solitary electron holes. Here the
applied pulse width is varied from less than taaggethan ion plasma period. For the applied
pulse width less than the thrice of ion plasmaqekrive observed the presence of a virtual

source, which is first time observed in our expeiimn

A very few experiments and theoretical models hbeen reported for when a
dielectric material is immersed in a plasma anddiapulsed negative. Only dielectric
charging effect and surface modification are désctiin the models and experiments. There
is no study on excitation of some kind of plasma/@gafrom the dielectric material. In our
experiments we have used Kapton as dielectric mat@nd some electrostatic waves are
excited. These waves are dependent on dielecidknibss and applied pulse polarity. From
the dielectric thickness of 0.1-0.5 mm, solitargadton holes are excited and from 0.6-09 mm
thickness, solitary ion holes are excited for tlsifive pulse bias. For negative pulse bias,
ion rarefaction waves are excited from 0.1-0.9 mmledtric thickness. First time we
observed such type of electrostatic waves fronekediric material. Above 0.9 mm dielectric

thickness no signals are excited for both poskive negative pulse bias.

1.2 Basics of Plasma Sheath
1.2.1 Sheath

Plasma consists of equal numbers of positive ionsedectrons and the electrons are

far more mobile than the ions. The plasma will ¢fi@re charge positively with respect to a
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grounded wall. The non-neutral potential regionMeein the plasma and the wall is called a

sheath, which is shown in Fif).1

In a weakly ionized plasma the energy to sustaasmh is generally heating of
electrons by the source, while the ions are atlibguim with the background gas. The
electron temperature is typically of few eV. Thagoare accelerated through the sheath
potential, while the electron density decreaseraatg to a Boltzmann factor2]. The
electron density would then decay on the order DEhye length)p) to shield the electrons

from the wall.

—n

X
(a) (b

Figure 1.1 Formation of ion sheath. (a) initial ion and electron density and (b) densities, electric field

and potential after the formation of sheath [6]. Here / is the plasma length, n. and n; are the electron

and ion densities respectively, s is the sheath thickness, ¢ is the wall potential, V, is the plasma
potential and E is the electric field.

1.2.2 Presheath

A transition layer or presheath exists betweennigtral plasma and the non-neutral

sheath in order to maintain the continuity of iduxf giving rise to an ion velocity at the
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plasma-sheath edge known as the Bohm velocityth®og must exist a finite electric field in
this presheath region to give ions the directeaaitl. Hence the presheath region is not
strictly field free, althougli is very small there. At the sheath-presheath faxterthere is a
transition from subsonic to supersonic ion flow,endthe condition of charge neutrality must
break down. The schematic of the presheath is givéig. 1.2
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Figure 1.2 Qualitative behavior of sheath and pre-sheath in contact with the wall [6].

1.2.3 High-Voltage Sheaths

When a sudden negative voltadds+s applied to a metallic electrode, electrons near

the surface are driven away on a time scale ofrdideinverse electron plasma frequency,
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leaving the ions behind to form @&n matrix sheatlor transient sheaththat is, an electron-
depleted sheath of not yet accelerated ions. Subsdyg, on a time scale of order the inverse
ion plasma frequencies, ions within the sheath areelerated into the electrode. The
consequent drop in ion density in the sheath drihessheath-plasma edge further away,
exposing new ions to the accelerating electridff the sheath and causing these ions to be
implanted. The time evolution of the transient shasetermines the implantation current and
the energy distribution of implanted ions. On agentime scale, the system evolves toward a
steady-state Child law sheath, with the sheattkti@ss §) given by

3/4
s:QAD(ZUOJ ,

3 T,

e

where A, is Debye length and, is the electron temperature and the Child law emnirr

(implantation current) density across the sheath is

4 (2e\?U?
o -daf2)70
9% ™M s

whereM is the ion masg is the electron charge agpglis the permittivity of free space.
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Figure 1.3 Qualitative behavior of the transient sheath [6]. Here w,. and w,, are the electron and ion
plasma frequency respectively.
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The simplest high-voltage sheath, with a uniform density, is known as a matrix

sheath. Lettingy = ns = const within the sheath of thickness and choosing = 0 at the

plasma-sheath edde@ = 0), then from Poisson’s equation

dE _en

dx &,

which yields a linear variation & with x:

Integratingd®/ dx= - E, we obtain a parabolic profile

CD:—%X_2
£, 2

Setting® = -U, atx = s,, we obtain the ion matrix sheath thickness
B 2£0U . 1/2
So —ens :

1.3 An Overview of Electrostatic Waves

Unmagnetized plasmas are generally the first tetbdied because they are isotropic,
i.e. the properties are the same in all directidtiasma can support a great variety of wave
motion. Both high frequency and low frequency efatiagnetic and electrostatic waves may

propagate in plasma. Primarily, the thesis empleasin the study of electrostatic waves.

lon acoustic waves (IAWSs) are low frequency pressuaves in plasmas. An IAW is
like a sound wave in air. IAWS, unlike sound wauesye an oscillating electric field, which
arises because of charge separation due to trerahiffmasses of ions and electrons. IAW is
one of the most well studied electrostatic modegl@smas experimentally and theoretically.
It has been extensively studied in both linear aodlinear regimes in different plasma
environments 7-9]. The low frequency IAWSs in unmagnetized plasmas studied by
considering the ions to be dynamic while electraresBoltzmann distributed. The excitation
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of the IAW in collisionless plasma was studiedtfirslate 1970s and early 1980s, by using
whistler waves 10-11] and Pottelette12] also reported the excitation of the IAW by the
slow ion beam. The experiments by Honzawa and Nagafl3] suggested that the fast ion
beam can limit the amplitude of the ion acoustilit@es. It has shown that the ion beam
plays an important role in the excitation of theelr as well as nonlinear IAW$4]. Castro

et al. [L5] have reported a new technique for creating cdlettodensity perturbations to

excite IAWSs in an ultra-cold neutral plasma andénmeasure their dispersion relation.

The ion acoustic solitary wave is one of the fundatal nonlinear wave phenomena
appearing in fluid dynamicslf] and plasma physic4¥]. The evolution of small but finite
amplitude solitary waves is studied by means oftéleeg-de Vries (KdV) equation. Wakil et
al. [18] have studied the IAWs for a system of collisi@sglasma using the time fractional
KdV equation. The density compressions solitaryucstres are found to exist in the
supersonic regime for nonlinear IAW in the usua&cabn-ion plasma casé7. However,
the density rarefactive ion acoustic solitary dinues have been observed by S3-3 and Viking
satellites along the auroral magnetic field][ Honzawa 0] has reported the excitation of
solitary wave by applying a negative potential puls double plasma device. Honzawd][
has also studied the interaction between two iocoustec solitons using a technique of
double-pulse excitation. Different theoretical misdeave been proposed to explain the
formation of ion acoustic rarefactive solitary stures with two-electron population plasmas
[22]. Bailung at al. 23] have studied the propagation characteristicsacéfactive solitons
excited in a multi-component plasma with negatioesi in the presence of a positive ion
beam in a double plasma device. The propagatioractaistics of rarefactive ion acoustic
solitary waves in a dusty plasma containing negaitms has been observed experimentally
by Adhikary et al. 24].

Moiseev and Sagdeeed| have predicted that a laminar ion acoustic sheitk an
oscillatory structure could be formed in a collidEss plasma with hot electrons and cold
ions and with a small dissipation. However, Montgoynand Joyce26] have indicated
theoretically that a laminar monotonic shock solutis possibly constructed in a collisionless
plasma by the introduction of a population of tregyelectrons, even if no dissipative effects
are taken into account. Taylor et &7] have reported an observation of laminar ion atous
shocks with trailing oscillations, which showedasgibility that electrons in such shocks can
include the trapped component and hence becomesntrermal, in particular, at large

amplitudes. Honzawaf] has shown that a successful separation of trappddun-trapped

9
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electron distributions in ion acoustic shocks. ®ifect of the relativistic ponderomotive
force and trapped particles in the presence of @mmlotive force on the rarefaction shock

waves are studied by Niknam et &9]. Also a review on IAWSs is given in chapter 4.

Plasmas support a great variety of coherent namlisgucturesJ0]. These include
shocks, double layers, bare solitons (or solitayves), envelop solitons, vortices etc.
Coherent nonlinear structures in plasmas involgpetision and nonlinearities together with
collisionless and collisional dissipation. Fluiddakinetic models are frequently used to
investigate the formation and dynamics of numeroudinear structures which are observed
in both laboratory and space plasmas. While irui flreatment one considers macroscopic
aspects, a kinetic treatment provides the possitafimicroscopic plasma behavior including
the wave-particle interactions. Coherent nonlirgtauctures involving the latter are referred
to as Bernstein-Greene-Kruskal (BGK) mod&4][ which appears in plasma with non-
isothermal distribution functions and finite amplie electrostatic and electromagnetic

fluctuations.

The electron and ion holes are BGK modes in whipl@ulation of charged particles
(electrons and ions) is trapped in a self-crealedt®static potential which is positive for the
electron hole and negative for the ion hole. Assecd with the electron hole there is a
depletion of the electrons at the centre of thes halhile the ion hole is associated with a
depletion of both the ion and electron number dessithe latter are due to the negative
potential of the ion hole which repels the elecsrdocally. The existence of ion hole is
possible only if the electron temperature is sidfily large than the ion temperature, so that
electrons can form a high pressure background, whimesn’t neutralize the ion density
depletion of the ion hole. Generally speaking, electron and ion holes are saturated states
of two-stream unstable collisionless (or weaklylismnal) plasma in which the fluctuation
growth is halted by the particle trapping in thevergootential. The trapping of plasma
particles implies that the electron and ion holesret amenable to macroscopic descriptions
like the magnetohydrodynamic or other fluid dedosips. The Vlasov/Boltzmann picture has
to be adopted for studying BGK modes in plasma wltee distribution functions of charge

particles are non-Maxwellian.

The pioneering work of Bernstein, Greene and Krakihéd Dory B2] and Roberts
and Berk B3] to carry out computer simulations of the dynanaoténearly unstable electron
modes in one-dimensional (1D) electron plasma witixed ion background. They followed
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the motion of the phase space boundaries of anmpassible and constant-density phase
space fluids, and observe the formation and coradiemsof electron holes, leading to long
lived nonlinear structures composed of depletedtiele densities and rotating vortices in
phase space of trapped particles around the hidlamerical and theoretical studies of the
interaction between the electron and ion holes Hasen performed by several authors.
Newman et al. 34] studied numerically the dynamics and instabiliy 2D phase-space
tubes, whereas Daldorff et aBj investigated the formation and dynamics of iorekdn
three dimensions. Krasovsky et &@6] showed theoretically and by computer simulations
that the electron holes perform inelastic collisioetoulis and Oppenheir837] studied the
radiation generation due to bounce resonances entreh holes. Guio et al.38-39
investigated numerically the dynamics of phase spaxtices in a collisionless plasma, as
well as the generation of phase space structureslmbstacle in a streaming plasma. Saeki
and Genma40] examined the disruption of electron holes in katteon-ion plasma. Dupree
[4]1] found that the BGK mode is the most probableestat turbulent fluctuations which
create self-trapping structures in a weakly turbuf@dasma. It has also been pointed out that
plasma waves can be undamped due to particle trgpgffects in waves with arbitrarily
small amplitudes 42-43. Theoretical investigations of trapped particlfeets in a
magnetized plasma show that trapped ions influestcengly the electromagnetic ion-

cyclotron waves44].

About three decades ago, Schamel presented thdorietectron and ion holegl$-
49]. The model used by Schamel has been used indihearinvestigations for establishing
existence criteria49], and for determining the stability of the electrand ion holes43, 48,
50]. Similar to the ion acoustic waves in an electimm plasma $1], a modified KdV
equation $2-53 can be derived for the dynamics of the electrod @n holes in the small

amplitude limit, but with a stronger nonlinearityalto the trapped particle4d.

The existence of electron and ion holes has beemonstrated in both laboratory
experiments and by satellites in the Earth’s iohesp and magnetosphere. In laboratory
experiments, the formation and dynamics of solidegtron holesg4-55 and ion holes§6-

57], as well as accelerated periodic ion hole8] have been observed. Coherent nonlinear
structures, often called electrostatic solitary ea(ESWSs), are ubiquitous in the Earth’'s
magnetosphere and in the interplanetary space.idgrh@oles (or ion solitary waves) were
detected first by the S3-39] and Viking [60] spacecrafts, and recently the high resolution
measurements by the POLARIL] and FAST (Fast Auroral Snapsho®Z satellites have
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provided data about velocity and 3D spatial stmeguThey have been observed mostly in
the low altitude auroral zone, which is strongly gmetized and characterized by strong
upward currents carried by ion beams travellin@(-400 km/s. Also a literature survey on
electron and ion holes is given in Chapters 5 and 6

1.4 Outline of the Thesis

In this thesis, we have addressed the importanesseelated to plasma sheath and the
excitation of new kind of electrostatic waves. lartcular, we have investigated the

nonlinear ion rarefaction waves, electron and ioles experimentally.

Chapter 2 is concerned with the experimental setoptrumentation, different
diagnostics, plasma production and plasma charaatien. It provides the description of the
vacuum chamber, pumping unit and filament configara The main diagnostics like
Langmuir probe, emissive probe and their circuity biasing is explained. The plasma
production from thoriated tungsten filaments isadié®d and the plasma parameters like
electron temperature, plasma density, etc. are uneddy a disc Langmuir probe. Also the

pulse forming circuit is explained in this chapter.

Chapter 3 focuses on the plasma response duringhanegative pulse bias to a
conducting electrode. Here the applied pulse wisitbss than the ion plasma period (inverse
of ion plasma frequency). During the pulse bias, phoperties of the ejected electrons from
the vicinity of the electrode are studied and thlpeeimental results are compared with
computer simulation results. In this chapter, gelterthe ejected electrons lost to the
chamber wall during the bias are estimated andotigin of these lost electrons is also
investigated. In this Chapter, PDP1 code is used@¢dmputer simulation and the simulation

results have a good agreement with the experimezgalts.

Chapter 4 investigates the excitation and propagatf ion rarefaction waves after the
removal of the pulse bias on the conducting eleletr@hough the applied pulse width is less
than the ion plasma period, if the pulse magnitisdarge enough (much greater than the
electron temperature) then a rarefaction wave eaexisited. So the excitation of a wave can
depends upon the pulse width as well as the pulagnitude. The mechanism of the

excitation of ion rarefaction waves is correlatathmonambipolar diffusion.
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Chapter 5 studies on the plasma response duringle gositive pulse bias to a
conducting electrode. In this Chapter a new kinelettrostatic wave, i.e., solitary electron
holes are excited. Here the applied pulse widtharged from less than ion plasma period to
greater than ion plasma period. When the pulselwigliess than the thrice of ion plasma
period, a virtual source is present there. Thetemee and identification of solitary electron

holes are explained in this chapter.

Chapter 6 focuses on the plasma response duringotinehigh positive and negative
pulse bias to a metallic electrode covered by kediec film. Experiments are carried out for
different plasma parameters, to find how the plag®gurbations propagate for various
applied pulse widths ion comparison to ion plasm@gal. For the positive pulse bias, solitary
electron and ion holes are excited depending orgai@of dielectric. For the negative pulse
bias ion rarefaction waves are excited. On or aldbowvem dielectric thickness, there is no

excitation of waves.

Chapter 7 provides a summary and conclusion ofttiesis. An attempt is made to
identify issues that merit future investigations.
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CHAPTER 2

2 Experimental Set-up and Diagnostics

2.1 Introduction

The experiments presented in this thesis work tees performed in a low pressure
argon plasma. Experiments are carried out to sthdyplasma response to transient high
voltage pulses in a uniform and unmagnetized plasihé chapter provides the detailed
description of experimental set up, the diagnost®sd for characterizing the plasma, pulse

forming circuit, plasma production and plasma cbi@zation.

The chapter is organized as follows. Sect®B describes the experimental device
and the pumping system. Secti®13 describes the method of plasma production. In 3dc.
different diagnostics are described for the charation of plasma, followed by the plasma
characterization in Se@.5. Pulse forming circuit is discussed in SB®. Finally a list of

references is given.

2.2 Experimental Set-up

In this Section, the experimental set-up used ler ¢xcitation of some collective
phenomena in a plasma medium is discussed. Thes®eiinly consists of a vacuum vessel,
a pumping unit, filaments, power supply etc. angséhare described in the following sub-

sections.
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2.2.1 Chamber and Pumping System

The entire sets of experiments were carried out ieylindrical vacuum chamber,
shown in Figure®.1and2.2 The vacuum chamber is made of stainless steeB(8yof 50
cm length and 29 cm in diameter. The chamber hasréalial ports of 9 cm in diameter, two
axial ports of 13 cm in diameter and eight 10 Kkigders that were used for diagnostics,
pumping, connection of gauges, introducing gas iodb@amber, feeding power to the

filaments, viewing, etc..

The chamber was pumped down to a base pressure >0f18° mbar using a
combination of rotary pump (pumping speed = 250niit) and diffusion pump (pumping
speed = 500 lit/sec). The Pirani gauge was usechdasure the high pressure inside the
chamber and the Penning gauge was used to me&sutew pressure. The chamber was
filled with argon gas (99.999% pure) by a precisgas dosing valve (Balzers made) at a
working pressureR) of 1 x 10° mbar.

Figure 2.1 Photograph of the experimental set-up. (a) Vacuum chamber. (b) Rotary pump. (c) & (d)
are bellows. (e) Diffusion pump. (f) Oscilloscope. (g) Penning gauge head. (h) Penning and Pirani
gauge. (i) Langmuir probe shaft. (j) Langmuir probe power supply. (k) Filament heating power supply.
() Filament bias power supply. (m) High voltage dc power supply. (n) Pulse forming circuit. (o) Argon
gas cylinder.
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[
f"'ll

D L

Ty
p
1

29 cm

|
o @0 i é@ 1
@

| 50 cm i

Figure 2.2 Schematic of the experimental set-up. (1) Vacuum chamber. (2), (3), (5) and (6) are the
filaments. (4) Pumping system. (7) and (8) are the SS rings. (9) is the Langmuir probe. (10) Filament
heating voltage. (11) Discharge voltage.

Such a working pressure is chosen, so that at D%nibar, the electron-neutral
collision mean free path is greater than the vacuthmmber dimension, forming a

collisionless plasma. The mean free path can lmellkedéd from the below equation

where n, is the gas neutral density amd is the neutral atom cross-section. For a working

pressure of 1 x Idmbar, the base pressure should be significantieichan the working
pressure. The base pressure can be taken as B mi#r, because at this low pressure the
residual gas compositiod][is low and mainly of H originating from the metal walls of the
vacuum chamber. Such a high vacuum is require@eép keactive gases out of process and to

reduce the number of atom/molecule collisions.

First we should discuss the raise of pumping speegaber. Pumping speed is one of
the important quantities that govern the behaviallovacuum systems. The relationship can

be written as]]
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Q=Sx Pb

whereQ is the gas load or throughp&,s the pumping speed arfe] is the base pressure.

Gas load is referred to as mass flow while pumpeed is referred to as volume flow. Mass
flow is the total number of molecules that a punag ko deal with and volume flow as the
volume of gas, a pump can draw at a given pres3tieegas load can be written @ [

Q=RxA

whereR is the out-gassing rate of material ahds the surface area of the vacuum chamber.
Out-gassing rate of stainless steel 304 is 8.5 %mbar lit s* cm? [2] and surface area of the
vacuum chamber is 5.87 x °16n?. Due to surface roughness and the presence ofaeve
ports, A can be doubled, i.e., 1.17 x“16n?. Now at base pressure 5 xlénbar, the
pumping speed would be 200 lit/sec. Keeping martiia, required diffusion pump speed

should be greater than the 400 lit/sec.

2.2.2 Cathode and Anode

In our entire experiments the filament was usedcafode. Inside the vacuum
chamber, 4 thoriated tungsten (1% thorium and 9@9gdten) filaments of diameter 0.25 mm
were mounted on two SS rings (FB2). The diameter of the SS rings was 23 cm and the
length of each filament was 20 cm. The vacuum clemias used as anode which was

connected with ground.

2.2.3 Power Supply

Power supply is important for production of plasmad excitation of different
collective plasma modes. A regulated dc power supploltage rating 0 to 32 V and current
rating O to 30 A was used for filament heating.pfoduce plasma, another dc power supply
of voltage rating 0 to 300 V and current ratingpBtA was used. To excite the electrostatic
waves one pulse forming circuit was made. For thiisepforming circuit one high voltage dc

power supply of voltage rating 75 V to 1.5 kV anadrent rating O to 0.5 A was used.

2.3 Plasma Production

After filling the vacuum chamber with argon gasdaisired working pressure, hot

filament discharge plasma was produced. Four ttemtiaingsten filaments were connected in
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parallel to each other through two SS rings. Thanfents were heated by feeding a dc
current from a floating dc power supply, such teath filament got a current of 6-7 A and
were hot enough to emit thermionic electrons. Thweas no other electric field to capture
these thermionic emitted electrons. So the emétedtrons form the filament, again attracted
towards the filament and made a space charge @doodind the filament. To emit these
electrons from the filament another dc power sugbly. 2.2) was connected in between the
filament and chamber wall (grounded). So plasma geaserated by impact ionizatio8-f]

of argon gas neutrals by primary electrons comiagfmm dc biased hot filaments. The
filament bias potential was -65 V and the dischangreent was about 0.05 — 0.4 A.

Now we can estimate the plasma parameters andvidweation with power, pressure
and source geometry from this cylindrical dischasystem. The effective area of our

cylindrical system is 0.18 mwhich can be calculated from below equation
Ay =2/R(Lh, +RR)

where L is the system length, R is the system smdidh, and h,_ are the ratio of densities

reaching at wall compared to bulk plasma dmd& h, = 0.3 for argon plasm&]. Assuming

electrons are Maxwellian in the cylindrical systand the absorbing electrical power is

Pabs = nOeCs Abff £T

where n, is the plasma density,C{: kTej is the ion acoustic speed and
\/ m

&1 (= Eiona + 2T + Eneancesion) 1S the total energy lost per ion from the system.is 72 V
for argon p]. For one example, i.e., fan, = 392x10*m?>, T, = 6eV, P, =30 W. This is
called as uniform density discharge mod§]. [For these plasma parameters, discharge
voltage is 65 V and discharge current is 0.4 Atl&opower absorbed by the system is 26 W,

which is closer to the above calculated theoretiadle.

2.4 Diagnostics

During the past few decades, plasma physics hasnie established as a major

research field. As a result, the field includeseayvsubstantial knowledge covering a wide
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variety of branches, from the theoretical to thestrexperimental study. As with any other
science, progress has been made most effectiveéyn ah early quantitative confrontation

between theory and experiment has been possibie.cbhfrontation places strong demands
upon theory to do calculations in realistic confagions and circumstances, but it is also
requires that the properties of plasmas be measexpérimentally as completely and

accurately as possible. For this reason much okftfwet in experimental plasma physics is
devoted to devising, developing and providing téghes for diagnosing the plasma

properties: plasma diagnostics. The overall objecof plasma diagnostics is to deduce
information about the state of the plasma from fizatobservations of physical processes
and their effects. To reach useful and accuratelteesequires rather complete quantitative
mathematical and computational analysis; more steimes, than in a general text where a

gualitative treatment is sufficient.

In 1924 Langmuir §] presented the basic techniques for investigahasma
parameters with electric probes. He described tasicbtypes: collecting probes or cold
probes (Langmuir probe) and electron emitting psotyehot probes (emissive probe). They
are simple to construct and allow localized measerds. In our experiments, plasma

properties, like plasma density), electron temperatureld), floating potential V) and

plasma potential were measured by using a discrhamgorobe. In addition, a hot emissive
probe was used to measure the plasma and floatitengmals. The technical details of the

diagnostics are described below.

2.4.1 Langmuir Probe

Langmuir probe 4, 6-11 is a diagnostic device used to determine the npas
parameters like electron temperature, electron iggnfloating potential and plasma
potential. This device was named after Nobel Raimaing chemist Irving Langmuir. Mainly
the Langmuir probes are used in low temperaturenmaB]. Basically plasma parameters are
obtained from I€V) characteristic of a Langmuir probe, which is ddsd in detail in
Section2.5.

According to Langmuir probe theory, Langmuir pradea small conducting electrode
and it can be a sphere, cylinder or planar. Gelyetfadé Langmuir probe inserts into plasma
with a constant or time varying electric potenbatween the probe and the reference. As the
charged plasma patrticles collide with the probentthe probe draws electrical current which

provides the condition of plasma. The amount ofenitrflowing through the probe depends
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on the plasma parameters and the probe collectieg. aTlhe necessary conditions of

Langmuir probe are

(1) The probe area should be small, in order to mirentfie perturbation of the plasma.
(2) The electrode dimension is larger in comparisotméoDebye lengthif).
(3) The electrons should obey the Maxwellian distriuiti

2.4.1.1 Construction of Langmuir Probe

Langmuir probe theory is determined by the probengery and the sheath
dimensions. The relative size of the probe shehthprobe radius, and the collision mean
free path\y, in the plasma determine the probe characterigia®ry general requirement for

Langmuir probe construction ig][
Ay >>1,>> A5 (2.1)

The requirement for probe theory is that the prdineension must be much larger than the
Debye length to neglect the edge effeld][ For disc or planar Langmuir probes the below

condition [LO] should be satisfied:

10<r, /A, <45. 2.2)

The schematic diagram of Langmuir probe is showRig 2.3, In our experiments,
Langmuir probe consists of a disc electrode ofusdi.5 mm was made up of SS 304. The
electrical connection to the probe was providedabyeflon coated wire which was spot
welded to the non-plasma facing side of the prdledlon coated wire comes out through a
vacuum compatible BNC connector mounted on a SSsBa#t of outer diameter 5 mm. The
SS shaft was introduced into the vacuum chambeugtr a vacuum feedthrough such that
the probe could be positioned at the desired lonatinside the chamber.

Teflon Coated Wire BN C Connector

| |

Metal Shaft

B
L

Cormection to

Dizc Frobe
Teflon Cylinder Rarnp Generator

Figure 2.3 Schematic of the Langmuir probe.
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2.4.1.2 Langmuir Probe Circuit

The schematic of electrical circuitry of the Langnprobe is shown in Fi@.4. The

circuitry works as follows:

N [ .
Ny il N o

Langsmuir
Probe
= g Differential
2. 2 Amplifier
g &
I
+ve
Ramp
Generator
ko Isdati.on Output
L _pavis cagye | Pamplifis ~ Current

Figure 2.4 Schematic diagram of the Langmuir probe circuit.

(a) Voltage source to bias Langmuir probe
This circuit consists of a ramp generator that geties a ramp voltage of +40 V to -60
V with a frequency of 50 Hz. This ramp voltage vgigen to probe along with a dc
shift of -1.2 V to -40 V. When the probe was exmbs$e the plasma it acquired a
potential known as the floating potential withowawing any net current. It depends
on the state of the plasma and the discharge ¢onslibut not on the probe area.
Langmuir probe draws electron or ion current acogydo the positive or negative
potential applied with respect to the floating moi@. The dc shift was adjusted

accordingly to obtain the required electron orc¢onrent.

(b) Sensing resistor
The biasing voltage to the Langmuir probe was appthrough a variable sensible

resistor (Potentiometer). The resistance could aBed from 1 K2 to 10 KQ
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depending on plasma parameters. The potentialdieploped across the resistor was

measured using a differential amplifier.

(c) Differential amplifier
The voltage drop across the sensing resistor wagofeéhe input of the differential
amplifier circuit. The circuit was developed by ngilC OPA27. It is an ultra low
noise and very high precision amplifier. The diéfietial amplifier circuit measures the
potential difference across the sensing resistdrgives an output, proportional to the
current drawn by the probe corresponding to thdéiegpoltage.

(d) Isolation amplifier
Generally, the probe circuits are designed to nreasurrent in those systems where
entire circuit may be floating at a higher voltage, our case the entire circuit
described above was kept floating at a high vol{ag® V to -60 V ramp with a -1.2
V to -40 V dc shift). To measure such current incatilloscope with respect to
normal ground, this amplifier was used (using I©196B). It isolates two grounds
and gives the same voltage drop across the prai&amece with respect to normal

ground at the output side.

The output current obtained at the output of g@ation amplifier and the applied
voltage was measured with the help of an oscillped@ ektronix TDS 2024, 200 MHz and 2
GS/s). The applied voltage to the probe was atteduthrough a 10X probe. These data’s
could be further stored on a data storage deviois. data was used to pIbV characteristic

to determine the plasma parameters.

2.4.2 Emissive Probe

An emissive probel2-14 was used to measure the plasma potential or ghees
potential. An emissive probe is essentially a hoecommonly tungsten) inserted into the
plasma to measure the floating potential and plasotential. The schematic diagram of the
emissive probe is shown in Fig.5. In our experiment, a tungsten wire of 1 cm lengytial
0.25 mm of diameter was semi circled. The tungstee tips were inserted in a two hole
cylinder of ceramic. Copper wires inside the cylinadnade compression contact with the
replaceable tungsten tip. The emissive probe wasetiesufficiently by a floating power

supply (150 V and 8 A) with respect to plasma poééno allow thermionic emission of
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electrons. The floating potential measured by timessive probe increased and begun to
saturate when it was sufficiently heated up by ipgsa high current through it. The plasma
potential was estimated from the saturated valughef floating potential. The detailed

measurement of emissive probe is given in 3.

Ceramic
~ cylinder

7}4’——* Oscilloscops

Figure 2.5 Schematic of emissive probe.

2.5 Characterization of Plasma

2.5.1 Discharge Parameters

Tungsten filaments have been widely used in Iightelectronic tubes and as electron
emitters for plasma sources. Tungsten is chosenthsrmal electron emitter because of its
very high melting point (3683 K). Tungsten is a ioys emitter of electrons, when it is
heated to a temperature of about 2000 K or morteingsten wire is generally directly heated

by passing a current through it. The emitted etecturrent densityd, is limited by space
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charge 17]. For high extraction electric fields (dischargeltage), a saturation current

density J, . is reached, which is approximately given by then&rdson-Dushman equation,
ep
J _=AT%exg ——— 2.3
— ;{ kBT] (23)

where A,is Dushman’s constant (1.2 x%Q m? K?), T is the tungsten filament temperature
in kelvins, e is the electron charggjs the work function in volts an#;is the Boltzmann
constant. It can be seen th#t, depends very strongly on the filament temperat&igure

2.6 shows our experimental plot of saturation electemission current density versus
filament temperature when space charges are alidenfilament temperature was found out
by Stefan-Boltzmann law through a simple MATLAB gram. From the above observation
we saw that on increasing of filament voltage andent, filament temperature increases as
well as electron emission current density. For \ewgifilament temperature, the electron

emission increases linearly with filament diaméfie].

The variation of discharge voltage with dischargerent at constant pressure is
shown in Fig2.7. The filament glow covers the whole chamber arnslItN characteristic is
plotted for various filament heating currents. Tdischarge current increases rapidly with
increase in voltage and saturates from near alfb\t 4This saturation occurs because of no
additional thermionic emission from filament on nease of discharge voltage for a fixed

filament current.
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Figure 2.6 Typical filament temperature versus emission current density for the filament diameter of
0.25 mm.
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Figure 2.7 Discharge voltage versus discharge current for various filament heating current (lg) for a
constant pressure.

When a tungsten filament is used as a thermalreleemitter, it is important to know
the relationships among the filament diameter, ihgaturrent, filament temperature,
emission current and life time. The life time diuagsten filament is generally defined as the
time required evaporating away 10% of the origiameter 18]. The evaporation rate is a
function of filament temperaturely]. So in a filament discharge plasma, the number of
electrons that can be extracted from a hot filaneproportional toJ; (ion current density),
which is a function of the plasma density, the plademperature and the extraction voltage
[20-21].

2.5.2 Plasma Parameters

A single Langmuir probed] 6-11, 22-2Pwas used to measure the plasma parameters

like, plasma densityr(,), electron temperatureT(), floating potential ¥;) and plasma
potential ¢/,). The probe construction and validity of probeaityeto our experimental

situation have been discussed in S&d. The below described Langmuir probe theory is
valid for only in the absence of drifting electrof2]. In addition, an emissive probe was

also used to measure plasma potential. The defaileasurements are described below.
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2.5.2.1 Determination of Plasma Parameters Using Langmuir Probe
Langmuir probe is merely a small metallic electranigerts into the plasma, with a

constant or time varying electric potential betwéle® probe and the surrounding chamber.

For a probe inserted in to the plasma, as the g®lta the probe is biased negatively and

positively, thel-V characteristics of the probe can be plotted.

|i5

Figure 2.8 Ideal |-V characteristic for a Langmuir probe.

The ideall-V characteristic for a single probe is shown in Bi§ When probe bia¥
is negative with respect to plasma potenialcurrent drawn by the probe from the plasma is
positive. The electric field around the probe, aoed to the ion sheath will prevent all the
energetic electrons from reaching the probe, thisses effectively reducing of the electron
current to zero. So, the point at which entire entrcollected by the probe is due to positive

ions. This point is called ion saturation curréptwhichis given by
ls =neAC, (2.4)

wheren, is the ion density at the sheath edgg,is collecting area of the probejs electron

charge andC, is ion acoustic speed or Bohm speed. Bohm spgeteispeeds at which ions

are enter to the sheath and is given by

C. = |-Be (2.5)
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where m is the ion mass. The ion saturation current dersih be calculated from below

equation

e (2.6)

As increase in probe bias (probe bias made moritiy@)s increases the number of
electrons which is able to overcome the repulsigetec field. So negative (electron) current
increases exponentially and overall current cadiédiy the probe decreases. Eventually the

electron current equals tel . So that the total current is zero. The poterighis point is

known as floating potential and is given I3} [

V, -V, =1(kBT6jfn[ M J 2.7)
2\ e 2rm,

Further increase of probe bias ¥Q allows the electron current to increase. This

current is given by
l. =enA, <u, > (2.8)

where<u, > is the average electron thermal velocity andvemiby

kT, eV.
<u, >= |2 exp —— (2.9)
2rm, KT,

where V, (:Vp ~V) is the sheath potential. Af, electrons are unrestricted from being

collected by the probe. Any further increase irshiall simply add energy to electrons, not

the current drawn. Current at this point is cakéettron saturation curremt.and is given by

kBTe
2rm,

los =€NA, (2.10)

The inverse of the slope of the steep portionhef graph between logarithm of the

electron current and the potential on the probégiike the electron temperature and is given

by
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dv

Te :m- (2.11)

After obtaining electron temperature from logaritbrgraph of current versus potential and
ion saturation current fronkV characteristics and putting the values in Equat@4),
plasma density can be calculated.

In our experiment, first the single disc Langmpimobe was biased with a sweep

voltage to draw the probe current at a dischardeage of -65 V and current,,= 0.3 A atP

=1 x 10° mbar. A resistance connected in series to thegpnas adjusted in such a way that
it can draw sufficient current. The applied prolmtage and the probe current are shown in
Fig. 2.9.

Figure 2.10 shows the experiment&lV characteristics of the Langmuir probe. The
voltage corresponding to the zero probe curreneggihe floating potential as -4V. The ion
saturation current is about 3@. The electron collection region gives the infotina about
electron temperature and plasma potential.
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Figure 2.9 The upper trace shows the voltage wave front applied to the probe and the lower trace
shows the current drawn by the probe.
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Figure 2.10 Experimentally obtained /-V characteristics of single Langmuir probe.

Before calculating the electron temperature, weehaliminated the contribution of
ion current by subtracting a dc voltage equivalenton saturation current from the entire
probe characteristics. Assuming the electron arewéddian at the transition region or the
steep region (the region where the probe curresmigbs significantly with probe voltage) of
the Langmuir characteristics. Figuzel1lis the logarithm of electron current (steep regbn
Fig. 2.9) versus the probe voltage. The inverse of theeslgiges the electron temperature,

i.e., 2.04 eV at that particular discharge conditio

Putting the values of ion saturation current arettebn temperature in EcR.4), the
plasma density is 2.65 x *fom>. Putting the value of electron temperature in @d7), the
plasma potential for argon gas is +6 V. Again ig.F2.1Q the electron current saturates at
around +7.5 V. Hence the plasma potential is +7,5Wich is slightly greater than the
calculated value. It is to be noted that the plapaiameters vary with the filament heating

voltage, current and filament lifetime.
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Figure 2.11 Natural logarithmic of electron current versus probe voltage.

Figures2.12and2.13 show the axial and radial variation of electromperature and

plasma density respectively. The plots show that \ariation in T,and n,is very low,

indicating an almost uniform plasma inside the cham

The plasma which is considered in our study, am@magnetized, uniform and non-

equilibrium, with ions and electrons having diffle'rdaemperature(T S>T )

220 ;g@%%ﬁ%%%%Wﬂ%%% -
20 %%%%%%%ﬁ%%%%%%%%WW% :

Probe Position (cm)

Figure 2.12 Axial variation of electron temperature and plasma density.
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Figure 2.13 Radial variation of electron temperature and plasma density.

2.5.2.2 Plasma Potential Measurements by Using Emissive Probe

The most common method is to determine the plasmenpal from the knee of the
electron saturation current in th&/ characteristic curve of the Langmuir probe (calobe).
However, this Langmuir probe approach yields inectrresults if the plasma electrons are
drifting or if the probe surface is contaminatedimy rise to a change in the work function.
On the other hand, emissive probe methods canystiltl correct results if the plasma
electrons are drifting. Unlike collecting probespissive probes don't give useful data on

plasma density.

In addition to a Langmuir probe, a hot emissivebpravas used for measuring
floating and plasma potential$Z-16. Electron temperatures were also estimated frioen t
difference of these two potentials using E8.7( and compared with the temperature
obtained from Langmuir probe dat8everal different procedures have been developed to
obtain the plasma potential from emissive prolee, (1) Inflection point method.f}-19 and

(2) Floating potential method ).

A simple method was used in our experiment to dateng the plasma potential
from the floating potential using an emissive prolbhis method is applicable when the
electron temperature is substantially greater tth@nused tungsten wire temperature. This
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method was based on the observation that theripattential of an emissive probe depends
on wire temperature. A wire temperature which cleahig time caused the floating potential

also to vary.

In our experiment, the emissive probe was madetahgsten wire of 1 cm length and
0.25 mm of diameter and was inserted into plasnha. floating potential obtained without
heating the emissive probe is equal to floatingeptal of cold probe. When the emissive
probe was heated by various heating currents (tiages) in ascending order, then the
floating potential was also varied. The floatingtepdial was saturated for large heating
currents, as shown in Fig.14 This saturated floating potential is the plasroteptial.

When the emissive probe heating voltage is less tie plasma potentigV,, <V,),

then there is no potential barrier to obstructehetted electrons from the hot tungsten wire.

So the emitted electrons can be added to the plasioa vV, and floating potential changes.
As one exceed¥  the flow of electrons from the probe is rapidly wedd by a potential

barrier and no variation in floating potential, whiis called as plasma potential.

Figure 2.14 Emissive probe heating current versus floating potential.
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This emissive probe experiment was done for teehdirge current of ; ;= 0.3 A atP

=1 x 10° mbar. From the graph the saturated floating pierite., the plasma potential is
+7 V, which is approximately equal to Langmuir peothata plasma potential. If we put the
emissive probe measured floating potential (-3.8aN) plasma potential (+7 V) in ER.7,

then electron temperature is 2.16 eV, which islgesqual to Langmuir probe data.

2.6 Pulse Forming Circuit

The pulse-forming circuit is described in F&J15 For the experimental requirements
the values of the capacitd€) and the resistoiR;) were adjusted in such a way that the pulse
duration always satisfied for the conditions< f;* andz, > f;* and the pulse height was
decided by the voltage to which capacitor was adrghe value of the inductoL)(was

fixed. The positive or negative pulse can be oleiby changing the polarity of HV dc
supply.

In our caseR; was chosen according to HV dc supply current asithge ratings. In
our case, the voltage and current ratings of dplgsupas 1.5 kV and 0.5 A respectively and
R; was 3 . The value oR, was fixed (5Q2) and it was a thin-film non-inductive resistor.
Only the value ofc was varied for changing the pulse width. For examior 140 ns pulse
width the capacitance was 0.71 nF. The inducto® (82) was used for blocking the high
frequency signals (noise) in the voltage signalictviacts as a low pass filter.

A spark gap was used in the pulse forming circAitspark gap consists of an
arrangement of two conducting electrodes sepatatedgap usually filled with a gas such as
air. This is designed to allow an electric sparp&ss between conductors. When the voltage
difference between the conductors exceeds the dapakdown voltage, a spark forms,
ionizing the gas. An electric current then flowdiluthe ionized gas path is broken or the
current reduces below a minimum value called th@ding current”. This usually happens
when the voltage drops. During the action of iamzthe gas, it leads to sound, light and
heat. Spark gaps are generally used to preverdgekurges from damaging equipments. So
spark gaps are used in high voltage switchesciem. be used to rapidly switch high voltages
and high currents for certain pulsed power appboat In our pulse forming circuit, the
spark gap was used instead of electrical switcikesthyristor, to keep the circuit floating

and easily accessing of a single pulse. But in ohseconventional thyristor, once it has been
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switched on by the gate terminal, the device remkitched in the on-state (i.e., doesn’t need
a continuous supply of gate current to conduct ercan say its output may depend not only
on its current input, but also its previous inpus$ long as the anode remains positively
biased, it can’t be switched off, until the anoderent falls below the holding current (or a

thyristor can be switched off if the external citccauses the anode to become negatively

biased). So in our case the spark gap was used.
One typical voltage pulse is given in Fy16using the pulse forming circuit.
Spark

.| gap

— AV

L HV
dc supply

— C R2

Figure 2.15 The pulse forming circuit. [HV dc Supply = high voltage dc supply (1.5 kV, 500 mA), R; =
resistor (3 kQ), C = capacitor, R, = load resistor, L = inductor (320 nH), P,= electrode or the exciter].

100 e
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-100}
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Figure 2.16 A typical voltage pulse obtained from the pulse forming circuit.
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CHAPTER 3

3 Study of Electron Behavior in a Pulsed
Ion Sheath

3.1 Motivation

In many plasma processing applications, like plasmaersion ion implantation
(P11) [1-15, one metallic electrode is immersed in low pressplasma and is biased with
negative voltage pulses. In typical Plll the pudseation is much larger than the ion response
time (f,™), and hence the ion matrix sheath expands andhiptantation happens on the
negative biased electrode. PIIl is a well-developsthnique of introducing ions inside a
metal surface for enhancement of the surface ptiepein most of the cases, the electrode is
immersed in a low pressure plasma and biased puksgative with finite rise and fall times
[4, 5. In general, the applied negative bias magnitisddenuch greater than the electron

temperature, such that in the time scale of theerse electron plasma frequendy™,

electrons are repelled from the vicinity of thectlede, leaving behind a uniform density of
ion matrix sheath in which ions are stationary. Sagfuently, on the time scale of inverse ion
plasma frequencyf,™, ions within the ion matrix sheath are acceleratedards the
electrode and implanted into the surface of thetedde. This in turn, drives the sheath-
plasma edge further away, exposing new ions tleagdracted. The detailed about the sheath

is described in Chapter 1. If the mean free pathdie momentum transfed, > s, the sheath

width, then the sheath is called as collisionleksath, otherwise a collisional sheath.
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In all the earlier experiments and theoretical nisydie duration of pulses applied to
the electrode in PIIl is greater than the ion plagesponse time and no attention has been
given to that repelled electrons. In the preserapgidr, the applied negative pulse duration is
varied between ion and electron plasma responsstiso as to study the electron behavior
assuming ions are stationary. It is assumed thigbdtse duration shorter than ion response
times, the ions remain stationary and electronsepelled by the negative bias. The question
to be asked, are the electrons near the vicinith®felectrode only repelled leaving electrons
in the bulk plasma unaffected or both the repedlied the plasma electrons are affected. This
Chapter presents an experimental estimation oékbetrons lost to the walls and the origin
of these electrons during a high negative electpadse bias in an argon dc discharge, when
the bias pulse widthtf) is in between the electron and ion plasma respaimses. The
experimental results are compared with computeulsiion results using PDP1 code. The
results indicate that the electrons are lost towha#ls come from the ion matrix sheath and
probably from the bulk plasma as well. The pulseation, when it is less than ion response
time, plays a crucial role in determining numbeelgctrons lost to the walls. An overview of
the previous works is given in Se8.2 The experimental setup is explained in S28.
followed by observed results and discussions ptedein Sec.3.4. PDP1 computer

simulation is described in Se&.5 and finally conclusions are given in S8®.

3.2 An Overview of Previous Works

Plasma sheaths are existing under a variety ofitonsl, i.e., probes1fg], radio
frequency (rf) antenna plasma interactioris’],[ dusty plasmas 18], etc. A detailed
understanding of pulsed ion sheath dynamics is itapbfor a number of applications in
plasma processing. Examples include material sairfaodification technique in plasma
immersion ion implantation (PIIN1F15 and semiconductor doping9]. Fundamental to the
understanding of this PIII process is the theoattiescription of the plasma-wall interaction,
leading to an electrically charged sheath betwdwn wall and the plasma. The Bohm
criterion [20], requiring acceleration of the ions to the acmusbund speed, is necessary for

sheath formation.

All of the models published befor@,[4, § assume that the charge uncovered by the
expanding sheath is equal to the charge implamt¢de substrate, that is, conduction current
is continuous across the sheath. Wo6éldcpncluded from his simulation that a significant
displacement current, created by the rapidly chrem@ilectric field in the sheath, can also
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contribute to the total current. Lieberméj has developed an approximate analytical model
to determine the time-varying implantation currehg total dose and the energy distribution
of the implanted ions. Speth et &1] has investigated that the effect of applied highage
pulse shape has a minor influence on the ion impaergy. Substrates with irregular
geometries §-11] can be treated in PIIl. Plll can also used inspdl plasmaslp-14 and
non-uniform plasma 15]. An experimental procedure has been developednéasure
electron emission3] 22-23 due to energetic ion bombardment to the metallidace during
Plll. The spatial and temporal growth and collap$ethe ion sheath around a spherical
electrode during a negative high voltage pulse leen studied by Yatsuzuka et &6][in a
uniform nitrogen plasma. In recent years, somearebers have addressed about dielectric
substrate 27-30. Recently Schiesko et al3]] investigated about sheath response in low
pressure argon plasma, when the substrate is bpsttive. Time evolution of collisionless
ion matrix sheath and its dynamics are presentedsdoye models 7-8, 32-3% and
experimentsq, 34. In all the above cases, the duration of pulggdied to the substrate is

greater than the ion plasma response time.

3.3 Experimental Set-up

The schematic diagram of the system is shown inFig The plasma production is

explained in Chapter 2. The plasma density)(and electron temperatur@¢ were

determined with Langmuir probe for various axiadamdial positions. The plasma was

uniform throughout the main chamber. For a fixescharge currentifs), n, andT. were
uniform for relevant locations i.e., fogis = 0.4 A, n, = 849x10°cm™® and T, = 2.11 eV.

Since the plasma parametelgs( n, andTe) were dependent on filament heating potential,

so the parameters were varied by changing the dildreating potential.

In the main chamber, a substrate (SS disc of demi.2 cm and thickness 0.4
cm) was mounted on a SS rod and the SS rod wad ifixthe axis of the chamber. A high-
voltage (HV) probe (Tektronix make 1000X probe) andurrent transformer GTBergoz
make of sensitivity 1 volt/ampere) were mountedlenSS rod and were used to measure the
pulse voltage and the current respectively. Suple tyf current transformers could measure
the current from microamperes to 20 kilo amperenieasure some of the properties of the

displaced electrons from the ion matrix sheathrduthe bias period, a grounded extended
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chamber (inner diameter 14 cm and length 30 cm)att@shed to the main chamber, which
was isolated from the main chamber by a metallishm@vire diameter 5gm and aperture
74 um) whose grid size was smaller than Debye lerigih The mesh transparency was 34%
and it was grounded. The distance between the anadhhe substrate was 20.6 cm. In the
extended chamber, an axially movable disc probke(tor) of diameter 8 cm and thickness
0.4 cm was kept, which was grounded and in thie gagre was a current transformer ¢CT
as shown in Fig3.1 The collector was for the collection of the desggd electrons from the
main chamber through the metallic mesh during th@ieation of pulse and was placed at

0.5 cm behind the mesh for the optimal signal.

_ggcm ) I
l@ @ 1 1 : x
v X ; I=— : = X
o ! \/ ] !
@ //ﬁ | T [
@ @ —

C ]| G Te

I 50 ¢cm |

Figure 3.1 Schematic of the experimental set-up. (1) Applied negative voltage pulse. (2) and (18) are
the SS rods. (3) high-voltage probe; to measure the voltage signal. (4) and (19) are Current
transformers, CT; and CT, respectively; to measure the current signal. (5) and (14) are SS rings. (6)
Main chamber or vacuum chamber. (7) Ceramic tube. (8),(9), (12) and (13) are the filaments. (10)
Pumping system. (11) Stainless steel disc (substrate); on which bias is applied. (15) Metallic mesh.
(16) Stainless steel disc (collector); to measure the electron current in the extended chamber during
the bias period. (17) Extended chamber. (20) Discharge voltage. (21) Filament heating voltage.

The pulse-forming circuit is described in S2@&. The values of the capacitdZ)(and
the resistor R;) were adjusted in such a way that the pulse duragiways satisfied the
conditiont; > 1, > 1e and the pulse height was decided by the voltagehioh capacitor was
charged. The value of the inductor was fixed. Fanywng ther,, capacitance of the capacitor

and resistance @&, were adjusted.
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3.4 Results and Discussions

Figure3.2(a)shows the applied voltage pulse (solid line) amdent (dotted line) on
the electrode in presence of plasma for the pulsation of 140 ns. This pulse duration is in
between the electron and ion response times argiven in Tablel for some plasma
densities. The rise time of the voltage pulse ind@vith a comparatively slow fall time. The
current signal (measured by gTshows some fluctuations. Fig.2(b) shows the collector
signal (measured by G)f'without plasma (dotted line) and in presencelasma (solid line)
during the bias period. It is seen that the catlesignal in presence of plasma goes to zero
earlier than the voltage pulse. It is assumeddhahe application of the negative pulse bias (
U,) on the electrode, electrons are repelled instaatasly and isotropically from the
vicinity of the electrode. The instantaneous repulsof the electrons leads the collector

signal goes to zero before voltage pulse. The datains in the collector signal during the

bias period are assumed to be due to electrogiakaps.
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-0.02 }
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0o0af (B)

0.0 1.0x107  2.0x107  3.0x10”

Time (s)
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Figure 3.2(a) The applied negative voltage pulse (solid line) and current (dotted line) on the
electrode. The arrows indicate the axis side. (b) The response of the collector without plasma
(dotted line) and with plasma (solid line). The dashed line indicates the collector signal goes to zero
before voltage. Here U,=-650 V, n,=8.49x10° cm™ and t,=140 ns.

Figure3.3 and Fig.3.4 show the applied voltage and current to the satestind the
signal of the collector for 250 ns and 300 ns resypely. In shorter pulse durations there are

some fluctuations in the current signal and théectdr signal (Fig.3.2) than in the longer
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pulse durations [Fig3.3 and Fig.3.4]. There is no time delay of voltage and colledignal

peaks.
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Figure 3.3 This plot is for a longer pulse duration, i.e., for 250 ns. Here U,=-650 V and n,= 8.49 x 10°
-3
cm”.

100 ——

Y (I
o

()] -l:k N
(v) uaun)

-100 |
-200 |
-300
-400 |
-500

600} (a)

Voltage (V)

1
oo

ke
0.00 | x
-0.01}
-0.02}
-0.03 }
-0.04} (b) o

0.0 1.0x107  2.0x107  3.0x10”

Time (s)

Current (A)

Figure 3.4 This plot is for pulse duration of 300 ns. Here Uy=-650 V and ny= 8.49 x 10° cm™.
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Figure 3.5 Collector signals for the pulse duration of 300 ns. (a) Shows for different densities and (b)
shows for different applied voltages.

Figure 3.5 shows; there is no time delay between the peakiseofollector signal for
various densities and applied voltages for congtaige duration. This shows on increasing

of plasma density and applied voltage, the magaitfdhe collector signal increases.

The integral of the collector signal gives the kta@eea under the curve. This area

under the curve is a measure of the total numbeslaaftrons (\.) ejected from the main

chamber during the bias and collected by the caliegiven in Eq. §.1).
N, :ljlcdt (3.1)
€ 0

where | is the collector currentg is the electron charge ang is the collector signal

duration. It is seen that more number of electrares expelled from the main chamber on

increasing electron density [Fig.6(a] and the applied pulse magnitude [F&6(b). Fig.
3.6 shows more number of electrons is expelled fogéorpulse widths.

On the application of a sudden negative voltagant@lectroded, 11}, the width s,

of the ion matrix sheath for a planar geometry is
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2&eU 1
S. = 7070 3.2

where U ,is the voltage applied to the electrode. Thus thealrer of electrons displaced from the ion matrix

sheath (\,) is

—o— 300 ns
7+ |—*— 250 ns -
—4— 140 ns

2| . (b)

250 300 350 400 450 500 550 600 650 700
Voltage (-volts)

Figure 3.6 Number of electrons (expelled from the main chamber) collected by the collector are
increased for various pulse durations. (a) Shows the number of electrons collected by the collector
vs plasma density for a constant applied voltage of -650 V. (b) Shows the number of electrons
collected by the collector vs applied voltage for a constant plasma density of 8.49 x 10° cm™.
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N.=n\V (3.3)

s pYs

whereV, is the volume of the ion matrix sheath during theskperiod.V, is calculated by

multiplying the total substrate area (both sidesh the ion matrix sheath thickness.

To estimate the number of electrons lost to thelsiyale have to calculate the

number of electrons lost on the collector surfaea &N, ) during the bias period as if there is

no mesh, given in Eq.3(4).

NC
N, = T x100 (3.4)

where N, is the number of electrons collected by the ctodlet presence of the mesh and

T is the optical transparency of the mesh. Thugdted number of electrons lost to the inner
surface area of the main chambg¥, (,) i.e., number of electrons lost to the walls3g][

N
Nlost =—X 3.5
A A, (3.5)

where A, is the one sided area of the collector afdis inner surface area of the main

chamber. From Eq3(5) the total number of electrons lost to the waflshe main chamber

during the bias period can be estimated.

Table | shows the number of electrons lost to the walg () increases with
plasma density for various applied bias for cortspase duration. It is also seen thdj

increases with applied bias for various plasma itheifier constant pulse duration. Here for

various pulse durations\ is larger than thl_. This shows that the electrons lost to the

lost

walls come from the ion matrix sheath as well asifbulk plasma.

In Fig. 3.7, N is plotted againstN, for various pulse durations. It is seen that

lost

N, increases witlN,. Assuming a linear dependency betwedp, and N, a relation

lost

can be written as

N, =kN (3.6)

lost s

wherek is a constant.
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Figure 3.7 Number of electrons lost to the walls is plotted against the number of electrons displaced
from the ion matrix sheath for different pulse durations. Number of electrons lost to the walls is
increased linearly with the number of displaced electrons. Points are fitted by a straight line for
better viewing.

2&.U
Nlost =k (ﬁj&no (37)

where A, is taken as the electrode area. The number afnplatectronsN | is

N, =nV, (3.8)

p

whereV, is the volume of the main chamber. Now a relatian be developed such that

Nlost - k:l (ﬁ) (39)

wherek; is another constant. The percentagg 6f electrons lost to the walls is

o= ITI\;ost 100 (3.10)

p

where N is the total number of plasma electrons whichlmacalculated from the EcB.6).
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Table | The sheath thickness, number of electrons displaced from the sheath, the number of
electrons lost to the walls, ion plasma period for different pulse durations, applied bias and
densities.

7, Bias  n;x 1 0’ s N, x N, T, 7,
(ns) (Uo) (cm'j) (mm) 10 10! (ns) (ns)
6.65 2.23 2.83 5.31 369 1.36
-300 8.49 1.97 3.16 5.88 327 1.20
9 1.92 3.26 6.11 317 1.17
6.65 2.48 3.17 6.29 369 1.36
-370 8.49 2.19 3.54 6.66 327 1.20
140 9 2.13 3.64 6.99 317 1.17
6.65 2.82 3.65 7.54 369 1.36
-480 8.49 2.50 4.09 8.32 327 1.20
9 2.42 4.18 8.77 317 1.17
6.65 3.28 4.32 11.89 369 1.36
-650 8.49 2.90 481 14.96 327 1.20
9 2.82 4.95 16.29 317 1.17
6.65 2.23 2.83 8.05 369 1.36
-300 8.49 1.97 3.16 8.81 327 1.20
9 1.92 3.26 8.98 317 1.17
6.65 2.48 3.17 8.81 369 1.36
-370 8.49 2.19 3.54 9.87 327 1.20
250 9 2.13 3.64 10.50 317 1.17
) 6.65 2.48 3.65 13.45 369 1.36
-480 8.49 2.19 4.09 13.84 327 1.20
9 2.13 4.18 14.08 317 1.17
6.65 3.28 4.32 15.31 369 1.36
-650 8.49 2.90 4.81 15.98 327 1.20
9 2.82 4.95 17.07 317 1.17
6.65 2.23 2.83 11.06 369 1.36
-300 8.49 1.97 3.16 11.85 327 1.20
9 1.92 3.26 12.94 317 1.17
6.65 2.48 3.17 12.57 369 1.36
-370 8.49 2.19 3.54 13.20 327 1.20
300 9 2.13 3.64 15.23 317 1.17
) 6.65 2.82 3.65 14.27 369 1.36
-480 8.49 2.50 4.09 17.37 327 1.20
9 2.42 4.18 18.46 317 1.17
6.65 3.28 4.32 20.23 369 1.36
-650 8.49 2.90 4.81 22.61 327 1.20
9 2.82 4.95 25.78 317 1.17

In Fig. 3.8, the percentage of electron lost to the wallsladted for (no)_”2 and

(U,)"?. Though the number of electrons lost to the wialisicreased for plasma density and
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applied voltage, but the percentage of electross tim the walls is decreased with plasma

density (due to largé\ ), which is followed the Eq.3(9). So for lower densities, percentage

of loss is more than the higher densities.

1.5 T T T T T T T T T T T T T T T

1.4F o -650volts ]

13L ® -480volts ]

120 4 -370 volts 1
t « -300 volts

1.1
1.0}
0.9}
0.8}
0.7}
0.6}
05f
0.4}

% of electrons lost to the walls

10 11 12 13 14 15 16 1.7

-1/2 -5 3
n,~“x10" (cm’)

% of electrons lost to the walls

1/2
U, (volts)

Figure 3.8 Percentage of electrons lost to the walls during the bias period for a pulse duration of 300
ns.

Figure 3.9 shows the number of electrons lost to the wallaases linearly with

increase in plasma density for various electrodfaca areas.
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Figure 3.9 This shows for number of electrons lost to the wall versus plasma density for U, = -550 V
and 1, = 250 ns.

Figure 3.10 shows the collector current signals, when the disctrode is set for
various tilt anglesq) to the collector. The electrode was set at sebfit tilt, which is the
angle between the normal directions of the colieatal the electrode (Figuell). The tilt
angles were set af @r 180, 45, 90 and 138. The solid line shows the collector current
signal for the horizontally f0or 18%) mounted electrode to the collector. The dotteé i
shows, when the electrode is mounted perpendigu@€f), that is the rod is mounted at a
radial periphery of the electrode. The dashed irfer 45. It is seen that for the horizontal
position of the electrode to the collector, thedimidth of the collector current signal is more
than the other two and the magnitude of currefdss, i.e. on the increasing of the electrode
angle to the collector, the time width of collectarrrent signal decreases and the magnitude
increases. But the total charge area under theecisnapproximately same for all three
conditions. So the number of electrons lost tovia# is approximately same for all, which is
given in Tablell. This shows that for above all three conditioig humber of electrons
expelled during the bias period have the same @asmtume for the fixed plasma density,
pulse magnitude and the pulse width. Fot @8d 135 the collector current signal magnitude

and the time width was approximately same.
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Figure 3.10 Collector current signals for various electrodes tilt angles to the collector. Here U, = -550
V, n, =6.09 x 10° cm™ and T, = 250 ns. The electrode diameter is 5 cm. The electrostatic pick-ups are
more for smaller electrode diameter.

f

7

Collector Disc electrode

Figure 3.11 Schematic of disc electrode angle, which angle is betweenectrs and electrodes

normal direction.
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Table Il Comparison of number of electrons lost to the wall for various electrode tilt angles. Here U,
=-550V, 1, = 250 ns and the electrode diameter is 5 cm.

My % 10° s (mm)  N; > 10 Number of electrons lost to the chamber wall (V) * 10"
(0111'3)
0° 45" 90"
6.09 3.13 0.87 2.67 2.39 2.68
6.44 3.03 0.89 3.13 3.24 3.06
7.66 2.78 0.97 3.55 3.81 3.67
7.91 2.74 0.99 4.05 4.14 3.97
8.22 2.69 1.0 458 498 4.50
8.44 2.65 1.1 5.08 5.18 4.75
9.08 2.56 1.5 548 5.75 5.54

When the electrode is horizontally mounted, them ¢bllector sees a large surface
area of the electrode. But on increasing anglehef électrode, the exposing area of the
electrode to the collector is less. This may cabsedecrease in time width of the collector
signal when the electrode tilt angle increaseshé&dollector. But the collector collects the
approximately same number of electrons coming ounhfthe same plasma volume for all
three conditions. So if the time width decreaseddmer angle, the magnitude of the current
signal will increase. When negative bias is appt®a planar electrode, we normally apply
1-D planar model understanding. Then why shouldstimee number of electrons collected by
the collector even when the angle of the planactedde with respect to the collector is
changed, which is interesting. Even though thesteart bias time scale is in between the ion
and electron plasma periods, still the displacesttadns are able to modify the quasi-
neutrality condition of the remaining plasma in tieamber, and the plasma is able to throw
the excess electrons to the chamber wall. Thisngwa way of looking at transient sheath

dynamics and electron interaction with bulk plasma.

The grid size of the mesh ensures that relativegret is no plasma inside the
extended chamber, because density measurementariatisv positions in the extended
chamber are below measurable limit. But the chapgeticles, with a directed velocity will
penetrate the mesh. So those electrons are expalladhe main chamber, will enter into the
extended chamber. The electrons which hit the nvasés are lost, because the mesh is
grounded. The electron-neutral collision mean foa¢h is 39 cm. So the electrons which
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enter this chamber retain their energies, becdugeare now moving in vacuum without any

collision.

3.5 PDP1 Computer Simulation

PDP1 is a 1-D planar bounded plasma simulation ¢88g which is described in
detail by Birdsall B9]. The particle-in-cell (PIC) metho®9-4(Q is implemented in PDP1 to
solve for motions of the particle and is based lo simultaneous solution of the Newton

motion equationsn aIi = E (i=1,2,3,...N, where N is the number of chargediplas in

the system) and the Poisson equatitiyp = -P Charged particles of finite size are placed
£0

in a grided system, which will move about due tcés of their own and applied fields. Here

the physics comes from two parts,

(a) Field produced by the particles this is obtained from Maxwell’s equations.
(b) Motion produced by the fields this is obtained by solving Newton-Lorentz
equation of motion.
In a 1-D model, all physical quantities vary alon@xis; there are no variations in y or z

axes.

From the particle positions and velocities, chailgasities are calculated at the grid
points. Using these charge densities as sourcestriel field is calculated by solving
Maxwell’'s equation on the grid. Once the electigdd is known at the grid points, the forces
on the particles are calculated. Using these forttessnew particle velocities and positions

are calculated; and this whole cycle is repeatednfany time steps.

PDP1 employs general seriekC circuit [41] solvers as shown in Fi§.12to handle
the full range of external circuit parameters, ultthg open circuit, short circuit and current
drives circuit which is shown in figure. The geresmcuit equation is used to advance the
capacitor charg®:

Ld2Q+R£+%:V(t)+¢nC—% (3.11)

dt® dt

wherencis number of cells from O toc.
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Figure 3.12 Simulation plasma system including the external R-L-C circuit for the planar geometry.

The PDP1 code also uses a Monte-Carlo (MC) schemeotlel charged and neutral
particle collisions, such as the elastic, excitatmd ionization collisions are considered for

the electrons and the scattering and charge traosilesions for the ions.

In this study, the plasma is initially Maxwelliamdthe electrode is assumed to be
perfectly absorbing. Throughout the simulation, wee the typical parameters of
experimental results. For most of the simulatioresented here, the pressure of the neutral
gas was set to 1 x TOmbar, hence the plasma was assumed to be collisonThe
important parameters (experimental parametersasfellows:

Gas = argon,

Plasma length = 0.5 m

Electrode area = 0.008%fplanar)

Electron temperature = 0.9 — 2.5 eV

lon temperature = 0.2 eV

Time step = 1 x I#'s

Pulse width = 300 ns

Pulse rise time = 50 ns

Number of particles = 4000

Pulse voltages (U) =-300 V, -370 V, -480 V & -680

Plasma density =3.63 x fam™>t0 9.5 x 1&° m*
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3.5.1 Simulation Results

The PDP1 code is run with similar shape of potéiiilgure 3.2(a) which is applied
on the left electrode. We have set the appliedagels for a ramping time at 50 ns. The rise
time of the applied signal is equal BRC/Ramp Figure 3.13 shows the uniform velocity

distribution of electrons without bias.

Vx-X Phase Space

3.96E+006

-3.90E+006

Figure 3.13 Results from PDP1 regarding the phase space (y-axis corresponds to the velocity and x-
axis is the distance between left electrode and right electrode). All units are in Sl. The thick centre
line is the ion distribution and dots are electron distribution. This is for at t = 0 and at density of 3.63
x 10" m™.

Figure3.14 shows the velocity distribution of electrons whike voltage is applied on
the left electrode after the rise time (50 ns). Wean velocity of electrons does not change,
i.e., the width of electron distribution is samehath positive and negative axes. On the
application of negative voltage, mobile electrors expelled, causing an ion matrix sheath.
The ion matrix sheath thickness can be measured tines figure and also from the potential
profile (Fig. 3.15. The obtained sheath thickness is very closeh¢othickness calculated
from Eg. B.2). It is seen that in the ion matrix region, thexea slightly small break (circle
mark) in the thick centre line, i.e., some ions las to the negative biased electrode, which

can be seen more clearly in Fig§sl4(b)and3.16
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Figure 3.14 (a) The left electrode is biased by a ramp such that its bias reaches -300 V in 50 ns. It is
seen that the entire electron distribution is given a uniform velocity much similar to Fig. 3.13, but
forming an ion matrix sheath. (b) Zoom of Fig. (a).
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Figure 3.15 Potential profile which shows the sheath thickness at the left electrode.
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Figure3.16 shows the number of electrons lost to the righttebde (chamber wall in
the experiment). The electrons which are lost ftbw@ simulation region are not the ones
displaced from regions closer to the biased eldetrout also electrons closer to the right
electrode and a small break down in ion curve mash(ellipse mark). This shows that a
delay in ion response comparison to electron respofhe simulation is run for the rise time
of the pulse (50 ns) at which the bias reaches@gimum value. So, even if, the applied
pulse width is less than the ion plasma period,eseoms can be lost ballistically to the
negative biased electrode, which is clearly showfig. 3.14(b) We measure the electrons
lost to the electrode only on rise time of the puisot on the fall time. Because on the fall
time of pulse plasma should remains it's quasi#adit)yy, and the number of electrons will
increase. When the voltage pulse reaches its zdue vthe plasma would be quasi-neutral,
which is shown in Fig3.17.
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Figure 3.16 The number of electrons lost to the right electrode after 50 ns when the bias reaches its
maximum value. Initially the code was run up to 4.61 us for better accuracy of electron and ion
distributions. During this time 10 numbers of particles have lost.

Figure3.18shows the simulated ion and electron densiti@&® ats. The left hand side
(x=0) represents the electrode to which a negatiuse is applied. At this moment the ion
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matrix sheath thickness is 3.5 mm. In this figurgre-sheath can be seen between3x5

and x= 5.7 mm from electron and ion spatial profiles.
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Figure 3.17 This profile shows for number of particles during fall time of the applied voltage pulse.
The fall time was 250 ns. This graph shows that, when voltage pulse goes to zero (after 250 ns) the
number of electrons and ions are approximately same.

0 X 0.08

Figure 3.18 Density profile for ions and electrons for Uo = -300 V and ng = 3.63 x 10° cm™ after 50 ns.
This graph is zoomed for better view.
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The results obtained from the PDP1 simulation iseed closely with the
experimental value, which is given in Tablle. Though the number of electrons lost to the
walls increases with increase in plasma density\atihge, but the percentage of electrons
lost to the wall decreases with increase in pladersity. Becaus#\, . increases slowly with

larger plasma densities (larghr,).

Table Il Comparison of the percentage of electron loss to the wall between PDP1 simulation and

o’

experimental results for various plasma densities and applied voltages. Here ‘S’ indicates the
simulation values and ‘E’ the experimental values.

Density (m-3) x| % of eleciron lost to the wall
1013 -300 V -370V -480 V - 650V
3.63 0.625 (S) 0.75 (S) 0.85 (S) 1.075 (S)
0.729 (E) 0.802 (E) 0.88 (E) 1.16 (E)
4.89 0.576 (S) 0.6716 (S) 0.825 (S) 1(S)
0.53 (E) 0.65 (E) 0.76% (E) 1.05 (F)
6.6 0.55 () 0.64 (S) 0.75 (S) 0.95 ()
0.50 (E) 0.572 (E) 0.66 (E) 0.938 (E)
8.49 0.504 (S) 0.605 (S) 0.712 (S) 0.9023 ()
0.465 (E) 0.52 (F) 0.62 (E) 0.898 (E)
9 0.5 (S) 0.5514 () 0.6766 (E) 0.8902 (3)
0.443 (E) 0.48 (E) 0.6 (E) 0.856 (E)
9.5 0.476 (S) 0.536 (S) 0.645 () 0.814 (S)
0.42(E) 0.458 (E) 0.58 (E) 0.83 (E)

3.6 Conclusions

The present investigation estimates the numbelectrens lost to the walls and the
origin of these electrons during the bias periad {f> t, > 1) for different applied voltages,
densities and pulse durations in collisionless pasThe experimental results are closely

agreed with PDP1 simulation results. In summary,

(a) the higher the substrate potential the higher tiemath thickness implies the
more number of electrons displaced from the ionrimmatheath and more
electron loss occurs,

(b) increase in plasma density reduces the sheathnissk again more number of

electrons displaced from the ion matrix sheathrande electron loss occurs,
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(c) for increased pulse durations, though the numbetexttrons displaced from the
ion matrix sheath is same, but the number of edestiost to the walls is more
for a constant applied bias and the plasma density

(d) the origin of the electrons, those are lost towladls during the bias period is
from the ion matrix sheath and probably from thiklplasma as well,

(e) with various angles between the biased planarreléetand collector, the width and
magnitude of the collector current is depends eratigle; however the total number of
electrons (area under the curve) lost to the chamibl is same,

() the fluctuations in the current signal (measured_lly) are assumed to be due
to the ion matrix sheath oscillations or some rfwerhal ions responding faster
than t;, which brings the electrons back into the ion masheath. These
fluctuations are dependent upoh,

(g) PDP1 simulation results are well agreed with expental results.

The above conditions indicate that even fos@udurations lesser than ion plasma
period, the time independent ion matrix sheath tstdading needs to be relooked at to find

out the number of displaced electrons for the matneath and their dynamics.

> Part of the work presented in this Chapter is ihigid in
S. Kar and S. Mukherjee, Phys. Plasm%s063504 (2008).
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CHAPTER 4

4 Excitation of Ion Rarefaction Waves in
a Low Pressure Plasma by Applying a
Short High Negative Voltage Pulse

4.1 Motivation

In the last Chapter, we measured the propertieh@fdisplaced electrons to the
chamber wall, when a metallic plate is negativelispd biased for pulse duration in between
the ion and electron plasma response times. Inctheg no attention was given to the wave

propagation in plasma.

The present Chapter reports the experimental ehsen of the propagation of ion

rarefaction waves, though the applied pulse duna(ﬁg) Is less than the ion plasma period

(ri). The experiments are performed for single pulsstatkon and the pulse magnitude is

much greater than the electron plasma temperaBueh a pulse duration is chosen so that
ions are collectively undisturbed and accordingeaeral understanding no force is given to
ions. Hence no ion rarefaction wave should be edcitBut contrary to the general
understanding, excitation of ion rarefaction waseobserved. The results indicate that the
speed of the ion rarefaction wave is sonic. Aftatfistance from the exciter (biased plate),
typically three-fourth of the exciter diameter, thmarefaction waves also develop a
compressive part. The experimental results inditdae even though the bias durations are
shorter than the ion plasma period, if the bias mitade is large enough; some collective
plasma behavior can still be excited.
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An overview of the previous works is given in Sé@ The experimental setup is
explained in Sec4.3 followed by observed results in Séc4. The experimental results are

discussed in Sed.5and finally summary is given in Set6b.

4.2 An overview of Previous Works

The earliest prediction on ionic sound waves irsplas is done by Tonks et al].[ The

propagation characteristics of Iine{%« 1) and nonlinear%z 1) ion acoustic waves
e

e
have been reported in a number of works both exyarially p-8] and theoretically§-10.
The experiments based on ion acoustic waves aghlpdivided into two groups. One is on
spontaneously excited ion acoustic wavks, [13 in current carrying plasma, and the other
[2-8] on externally excited ion acoustic waves in plasmith or without currents.

Widner et al. §] have reported the ion acoustic wave excitatiothwiansient ion
sheath evolution. They report that the ion acousiave breaks away from the sheath,
depends upon the launching plate geometry andotir@eutral collisions. In experiments by
Saxena et al6[,13, a rarefactive pulse is found to fission into et pulses. Recently Oksuz
et al. [L14 have measured the phase velocity of ion acowgsice near the presheath and
sheath boundary in a weakly collisional plasma. t®kwand Nakamuralp] have carried out
a numerical and experimental study of the tempadeaklopment of weakly nonlinear, broad
ion acoustic pulses. They used three kinds ofainipierturbations for excitation of ion
acoustic pulses, like pure compressive, pure retigéa and one-cycle sinusoidal pulse in
which the rarefactive leading part is followed bycampressive part. Honzawaq has
observed solitary structures close to the grid idoaible plasma device by applying a
negative potential pulse. Characteristics of lineer acoustic response of a plasma to an
impulse temporal disturbance is investigated byzilket al. P]. They report that plate
excitation method cannot be used to measure tipedisn of ion acoustic waves. Recently a
lot of work has been carried on quantum ion acoustive [L7-2Q. Also the dust acoustic
waves are observed in dusty plasmak-24. Some researcher24-27 have described the
properties of ion rarefaction wave for various leling plate geometry. Nishihara et al. and
Ludwig et al. P8-29 show the existence of rarefaction solitons iwe-tlectron-temperature

plasma.
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When the electrode potential is much more negdhige thekT/e, an ion matrix or
transient sheath forms initially around the eledtraand the sheath expands far into the
plasma. The first details of the sheath evoluti@remevealed by Alexeff et aB(] in an
experiment in which an ion acoustic wave was laeddhy application of a -250 V pulse to
an electrode in a low pressure xenon plasma. ByirgplPoisson’s equation for a negative

biased planar electrode, they showed that theiénainsr ion matrix sheath thickness, { is

2&.U 1
—_ o~ o
» ( M€ J .

The total sheath thicknesg)(can be obtained from the quasistatic Child-Lanighaw [31]

°© 3

\/E[2euoj3/4
.

“ 3 kT

This assumes that ions are stationary, and suddleeyysee the sheath electric field and get
accelerated. However, we know for stability of easly state sheath, ions need to enter the

sheath with a velocity defined by the Bohm sheaitierion [32].

Widner et al 8] observed the propagation of a rarefying distudeafrom the ion
matrix sheath boundary into the plasma, on theiegn of negative pulse of ~100 V to the
electrode. Initially, this disturbance moved oupidly from the ion matrix sheath and after
several ion plasma periods, slow down to ion adowsgieed. Murakami et al3§] pointed
out that when the sheath propagation velocity isagr than the ion acoustic speed

(supersonic regime, where the dynamic sheath tegks<s.), the initial pre-sheath is

buried and the ions at the sheath edge are stilbeary when the sheath comes by, i.e., any
perturbation cannot propagate ahead of it. Whershieath propagation velocity drops below

the ion acoustic speed (subsonic regime, wteers_ ), a rarefaction wave is lunched ahead

of it, i.e., the rarefaction wave sets up a preafiinén plasma which starts accelerating the
ions toward the ion acoustic speed. Wickens ef3dl] reported that the compressive like
features can be generated by a contracting shaathdiucing an ionization term in their
model. The inclusion of this ionization term inttmeéés an additional degree of freedom that
allows a self-consistent steady state model, whih ibnization balancing the wall losses.
Similar compressive waves are also modeled by Daulad B5] experimentally. Collins et

al [36] observed that the plasma potential decrease&deut$ the sheath on application of a
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high negative pulse. In most of the above experimand theoretical models, ion acoustic or
rarefaction waves are excited externally in a deyddhsma device using grid and the applied
pulse duration is greater than the ion plasma respdme. To the best of our knowledge,
there are no experimental or theoretical explanat@vailable for the ion acoustic waves or
the ion rarefactions waves for high voltage and dpplied pulse width less than the ion

plasma period.

fe—tf

1
(17) (18) —
[ A B
T \ /
.- (15)
29 cm S\ 4
(2) @ / (16
Y -_:x '; \ =" "{ \
VX : A !
: A > 5
(%) (9) R 1
(10)
le 50 cm >

le— 15 cm—e|=]10 cme|

Figure 4.1 Schematic of the experimental setup. (1) Applied negative voltage pulse. (2) and (14) are
the SS rods. (3) High-voltage probe; to measure the voltage signal. (4) Current transformer CT; to
measure the current signal. (5) Main chamber. (6) Ceramic tube which covers the SS rod. (7) and (13)
are SSrings. (8), (9), (11) and (12) are the filaments. (10) Pumping system. (15) Exciter (SS disc plate);
on which pulse is applied. (16) Detecting probe (SS disc plate); to detect rarefaction disturbances,
this can move axially. (17) Filament heating voltage. (18) Discharge voltage.

4.3 Experimental Setup

The schematic diagram of the system is shown in #ify The experiment was
performed in a grounded cylindrical chamber of rdess steel (SS) 304 with an inner

diameter of 29 cm and a length of 50 cm. The chamba&s evacuated by using a
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combination of rotary and diffusion pumps and tlesebpressure was % 10° mbar. The
plasma was generated by impact ionization of gasrals by primary electrons coming out
from dc biased hot thoriated tungsten filamentsliaimeter 0.25 mm. The filaments were
mounted on two SS rings. The diameter of the S§srimas 23 cm and the length of each
filament was 20 cm. The distance between the ineidthe radial chamber wall and the
filaments were 3 cm. The filament bias potentiasw85 V. The working gas was argon
(99.999% pure) at pressure of 1 10° mbar. The plasma densitynf) and electron
temperatureT,) were determined with Langmuir probe for variongbhand radial positions.
The plasma was uniform throughout the main chamer.a fixed discharge current;§),

n, andT. were uniform for relevant locations i.e., fgr= 0.4 A, n, = 392x10°cm* andT.

= 6 eV. The experiments were performed with plasemsity 8.9x 10° - 4 x 10° cmi® with
electron temperaturds~0.9-6 eV. Since the plasma parametdes, (n, and T) were

dependent on filament heating potentd).(The plasma parameters were varied by changing

V4, as shown in Table

Table | The plasma parameters are varied with filament heating voltage. Here the filament bias
potential was -65 V and pressure was 1 x 10~ mbar.

(V) la(A) T. (eV) N, X 10° cm’
17.3 0.05 0.9 0.89

18 0.1 14 1.55

18.4 0.15 1.8 1.9

19.3 0.3 4.96 3.32

20.1 0.4 6 3.92

Rarefaction disturbances were excited by applyinigrge negative voltage pulse
(pulse magnitudéJy >> kTg/e) to a metal plate (exciter) inserted in a low ptge argon
plasma. The pulse magnitudes were —600 V to -1.ahkd the pulse durations were 140 to
300 ns. These pulse durations were in betweenothand electron response times. The ion
response times were 480-950 ns and the electrponss timesz{) were 2-4 ns, determined
by the plasma density. The pulse forming circuitdescribed in Sec2.6. In the main

chamber, the metal plate (SS disc of diameter 1amdithickness 0.4 cm) was mounted on a
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SS rod and the SS rod was fixed along the axiefthamber. A high-voltage (HV) probe
(Tektronix make 1000X probe) and a current trams@arCT (Bergoz make of sensitivity 1
V/A) were mounted on the SS rod and were used @snore the pulse voltage and the current
respectively.

Exciter
\| )

| /=
;!ﬁ; - Langmuir probes
f
Main Chamber R R

Figure 4.2 Simultaneous measurement of ion and electron saturation currents using two Langmuir
probes.

To detect the propagation of rarefaction disturleanehree types of measurements
were taken: floating potential measurements, idaradon current and electron saturation
current measurements. For floating potential mesmsants, one axially movable probe
(detecting probe) of diameter 7 cm and thickned<t was introduced. The detecting probe
was kept floating and the propagating signal wasctly observed on an oscilloscope. For
ion and electron saturation current measurementslineously, two disc Langmuir probes
of radius (,) 4.5 mm were biased with negative (-100 V) anditp@s (+50 V) voltage
respectively, across a l1l2kresistor as shown in Figt.2 Such type of disc (planar)
Langmuir probe is often used for large collectimgaa(compared with a long thin wire),
which makes easier to characterize low densitynmdas A very general requirement for

Langmuir probe construction is
Ay >>1p>> A5 (4.1)
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where A, is the electron-neutral collision mean free patd 4, is the Debye length. For

planar Langmuir probesY] the below condition should be satisfied:

10 <ry/ A, < 45. (4.2)

In our case, all the conditions are satisfied, kehe disc probe of radius 4.5 mm can be used

for ion and electron saturation current measuresaent

4.4 Experimental Results

Figure4.3 shows the applied voltage pulse (solid line) amaent (dotted line) on the
metal plate in the presence of plasma for the pdisation of 140 ns. The rise time of the
voltage pulse is fast comparatively with fall tiffdhe time duration of the pulse is measured
from zero to at which voltage of the tail part gt@gero.

0 0
L1
__-200- L0
S -2 §
° i @
g -4001 [ 5 =
= =z
> ' 4
-600- B
T T T j T j -5
0.0 2.0x107 4.0x10" 6.0x10"
Time (S)

Figure 4.3 The applied voltage pulse (solid line) and current (dotted line) on the metal plate. The
arrows indicate the axis side. Here n, = 1.55 x 10° cm™.

The perturbation signals in the floating potentiah and electron saturation current
measurements are shown in the following figure® fldmating potential signals comprise of a

very fast propagating component and a slow propagatomponent. The discussion

primarily focuses on the slow propagating component

71



Chapter 4: Excitation of lon Rarefaction Waves in a Low Pressure Plasma...

The observed floating potential perturbations &@s in Fig.4.4 for two detecting
probe positions from the exciter. In the Y-axis tloating potential perturbation magnitude (
¢) is normalized tkTJ/e. The signals were for the applied pulse width (88pless than the
inverse of ion plasma frequencl’(~ 770 ns). Similar signals are also observed doref
pulse widths like 140 ns. The detecting probe dstéist a large amplitude negative pulse,
followed much later (typically after the end of thelse) by the arrival of a small amplitude
rarefaction pulse (second pulse, which is indicabgdan arrow). The small amplitude

rarefaction pulse propagates in to plasma witradst from the exciter.

I 2cm ]
4L ]

o o
o
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=
[EEN
o
3

s
R
—

0.0 5.0x107 1.0x10" 1.5x10"
Time (S)

Figure 4.4 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances for
two detector positions from the exciter, when a single negative pulse is applied. Here U, =-600V, ny
=1.55x10° cm™ and T, =300 ns. ¢ is the amplitude of the perturbed potential.

In Fig. 4.5(a)the first large amplitude negative pulse is zoorwedsarious distances
from the exciter. In this figure, the slow propaggtsmall amplitude rarefaction waves are
not shown. The signals indicated inside a rectaargbbx are the electrostatic coupling
signals during the application of negative pulsehe exciter and the amplitude of these
signals are decreased with distance from the exdéfeer the electrostatic coupling signal, a
fast moving signal (marked by arrows in Figs(a) is observed with decreasing amplitude.
Figure4.5(b) shows the time-of flight plot for the fast movisgnals which propagates with

the phase speed of 0.524where yis the electron thermal speed.
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Figure 4.5 (a) The first large negative pulse is zoomed for various distances from the exciter,
consisting an electrostatic coupled signal (rectangular box marked) and a fast propagating wave
(marked by a long blue color arrow). (b) The time-of-flight plot for the fast moving waves.

The fast large negative pulse is followed muchrlsétg a slow propagating second
pulse (small amplitude rarefaction waves) intopglesma. The normalized rarefaction waves
are plotted in Fig4.6 for different positions of the detecting probenfrthe excitation plate.
To show the small amplitude rarefaction pulsesrtea the figure, the full structure of the

first peak is not shown in. The rarefaction pulaes indicated by arrows; they have a large
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time delay when they move away from the excitere Bmplitude of these disturbances
decreases with distances from the exciter. At lonligtances (i.e., after three-fourth of the

exciter diameter) from the exciter, a compressian 13 observed.

0.0 2.0x10° 4.0x10° 6.0x10°

-0 5 I (15 H’S’ 027) 1 . |2 Crr.] ]
00  2.0x10° 4.0x10° 6.0x10”
Time (s)

Figure 4.6 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances
observed at various distances from the exciter, when a single negative pulse is applied. Here U, = -
600V, n, = 1.55 x 10° cm™ and 7, = 300 ns. The arrows show the rarefactive and compressive parts.
Scale of Y-axis is taken different to show the low amplitude rarefaction waves. The bracketed values
are the time delay and amplitude of the rarefaction waves. ¢ is the amplitude of the perturbed
potential.

Spatial plots for the rarefactive disturbances ifradized floating potential
perturbations to electron temperature) at diffetenés are shown in Fid..7. The data points
for various detecting probe positions are extradteth Fig. 4.6 for particular times. This
figure illustrates clearly the formation of raretiaa disturbances and for some time periods
compressive part is also shown. Further the spatiglths of the disturbances are

approximately constant:(1902p).

The speed of the observed disturbances is calduladen the slope of the time delay
versus the detecting probe position, as shown gn £8 (floating potential measurement).
This figure is plotted for various plasma densitigdge phase speed for various plasma

densities is normalized to ion acoustic speeds Iseéen that the speed of the waves is
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comparable to ion acoustic wave (IAW) speed. Therdryars (1-3 ps) are within the symbols

(circles or the squares).

2 4 6 8 10 12 14
0.0 4 ——b—o—b—o—b=gqg g0 ]
0.2 I 35ps |
00 -' '.—.—.—.—.—.'—'.'\".">-.a—"’-. - —
0.2 L 1 .3O|“S. 7
0.0 -'.—.—.—.<6;6 """" @ S I
| \.’.
&02 1 L 1 1 L 1 1 25|MS 7
I; 0.0} 0—0—0@—g@-----------a o——°
L .\./.’ 20
%‘02 1 \ 1 \ 1 1 1 \ |MS
O0}t-@—e------------ e '.\.\. .
r .\.\ ~
-0.2}F 1 L 1 L T L 1 L ].-5 IHS.
0.0 .\. """" ;);.—..—.—. -
' S/ 10
0.2 T |\, 1 L IHS.
OO0t @ -----veeeeeennnn —0 0—0 - —
L o—* 7
-0.2¢ ! .\./,/I ! ! ..5|HS. 7
2 4 6 8 10 12 14

Distance (cm)

Figure 4. 7 Spatial developments of the rarefaction waves. Here U, = -600 V, n, = 1.55 x 10° cm™ and

7, =300 ns.
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Figure 4.8 Probe separation versus time delay showing the rarefaction wave speed dependence on

plasma density. Here U, =-800 V

and 1, = 300 ns.
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Figure4.9 shows the time of flight plots of potential peliations for various applied
pulse voltage to the exciter. It is seen that @naasing the pulse magnitude, the speed of the

rarefaction waves increases and comparable toAWedpeed.
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Figure 4.9 Probe separation versus time delay showing the rarefaction wave speed dependence on
pulse amplitude. Here n, = 1.9 x 10° cm™ and 7, =300 ns.
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Figure 4.10 Probe separation versus time delay showing the rarefaction wave speed dependence on
pulse duration. Here U, =-800 V and n, = 1.9 x 10° cm>.

Figure 4.10 shows the time of flight plots of potential pelations for various

applied pulse durations. This shows the speed ef rrefaction waves decreases on
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increasing pulse duration, keeping however theepdisration between inverse of ion and
electron response frequencies. Here the pulseidusaare140—-300 ns. So the speed of the

disturbances depends upon the pulse duration agpked negative voltage pulse.

Again we have measured the ion saturation curredgtive biased Langmuir probe)
and the electron saturation current (positive lmakangmuir probe) for various probe
positions from the exciter. These measurementstaken through two Langmuir probes
simultaneously during the application of voltagéspuo the exciter, which is shown in Fig.

4.11 Assuming no variation of temperature during tppligation of pulse to the exciter, we

a, 4 an . . :
can say—= =—==—_ Here the ion as well as electron density pertizsha show a

reduction in density and hence both ions and elesthave a rarefactive response and they
are in phase with each other. Here also the rarefawaves (indicated by arrows) propagate
with decreasing amplitude with distance from theitex. In Fig.4.11, Y-axes scales are
different to show the small amplitude waves. Thdidsdine shows the ion density
perturbation and the dotted line shows the electitensity perturbations. The bracketed
values show the amplitude of the waves and theevialbbetween the arrows shows the time
delay. Here the rarefaction waves are not measufabllonger distances from the exciter
due to much decaying of wave amplitude. The ion eledtron density perturbations are

moving with ion acoustic speed (1Q$.

. 0.16) . ! . _- -0.2
0.0 5.0x10°  1.0x10*  1.5x10™
Time (S)

Figure 4.11 lon and electron density perturbations for various probe positions from the exciter. Y-
axes scales are taken different. Here U, = -800 V, ny= 8.9 x 10® cm™ and 7, = 300 ns.
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4.5 Discussions

The total current on the plate (Fi§3) is the mix of three currents, i.e., displacement
current, electron current and ion current. Heredbetribution from ion current will be very
small comparable to electron current. Though thelieg pulse width is less than the ion
plasma period, but a few numbers of ions within ittre matrix sheath respond ballistically
and are lost to exciteBg]. This statement can be supported by the PDP1llaiion, a one
dimensional planar bounded plasma simulation c@® pased on patrticle-in-cell (PIC)
method 0, 47 and is described in detail by BirdsadlJ. PDP1 employs general series RLC
circuit solvers to handle the full range of extérciecuit parameters, including open circuit,
short circuit and current drives circuit which iBogvn in Fig. 3.12 and the complete
simulation system is given by Verboncoeur et 4#).[In the PDP1 simulation, the plasma is
initially Maxwelian and the electrode is assumedb® perfectly absorbing. The PDP1
simulation is explained detailed in Sec. 3.5.

The PDP1 code is run with similar shape of potérikay. 4.3) which is applied on
the left electrode. The rise time of the pulseet %0 ns for the 300 ns pulse. Fgl2(a)
shows the uniform velocity distribution of electsowithout bias. The thick centre line is the
ion distribution and dots are electron distributiéig. 4.12(b)shows the velocity distribution
of electrons when the voltage pulse is appliedhenleft electrode after the rise time. On the
application of negative pulse on the left electroelectrons are expelled, causing an ion
matrix sheath, which is clearly shown in Figl2(b) It is seen that in the ion matrix region,
there is a slightly small break in the thick cerine (circle mark), i.e., some ions are lost to
the negative biased electrode, which can be seer olearly in Fig.4.12(c) Fig. 4.12(c)
shows the number of electrons lost to the righttedele (chamber wall in the experiment)
and shows a small break down in ion curve (ellipegek). This shows that a delay in ion
response comparison to electron response (assurateléctrons are lost instantaneously).
This simulation is run for the rise time of the gal(50 ns) at which the bias reaches its
maximum value. So, even if, the applied pulse widtless than the ion plasma period, some
ions can lost ballistically to the negative bias#dctrode. These ions can come from the

vicinity of the electrode or from the sheath edgkich can be seen from Fig. 12(d)

In floating potential measurement (Fi§5(a), the first negative pulse (indicated in

the rectangular box) does not propagate with digtdrom the exciter, but the amplitude
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Figure 4.12 (a) Phase space plot for electron and ion distributions at t = 0 for the plasma density of
1.55 x 10° cm™. X-axis is the distance between left electrode and right electrode, i.e., 0.5 m and the
area of electrode is 0.008 m”. (b) The left electrode is biased by a ramp such that its bias reaches -
600 V in 50 ns. It is seen that the entire electron distribution is given a uniform velocity much similar
to Fig. (a), but forming an ion matrix sheath. (c) The number of electrons and ions lost after 50 ns
when the bias reaches its maximum value. The number 5000 is the computer super particles. It
shows that even if at 50 ns, a small number of ions are lost to the negative biased electrode. (d)
Zoom of Fig. (b).

decreases with increasing distance. This non-pedpayg pulse may result from either an
electrostatic pick-up or transient response oflasma and exciter circuit or a combination
of these effects. Similar observations have beettenearlier in connection to wave launching
experiments43]. A fast pulse, propagating at the speed of Q,5d¥ere ¥ is the electron
thermal speed, is observed following the non-pragiag electrostatic coupled signal. Stix
[44] observed the electron acoustic waves (EAWSs) mapag at the phase speed of 1 31v
Schamel et al.45-48 have shown that EAWSs can propagate at velochitsveen 0 to y
depending upon the status of particle trapping.e@aly, the EAWSs (electrostatic potential
pulses) are in the form of negative potential stmes §9-50, but also many researchers
have observed the positive potential signat4r®, [51-52. The fast propagating pulse in
present experiment may be speculated as EAW. We, Hamwvever, not investigated this
further as the focus of the present chapter is mpamation of small amplitude, slow

propagating rarefaction pulse.

The rarefaction waves are, normally, excited wlms move towards the negative
biased exciter and electrons repelled form thetexcin the present experiment the pulse
duration is kept below the ion plasma period. Alilo no ion motion to the exciter plate is
expected during the excitation, due to narrow pbdtion pulse, still a rarefaction

disturbance is created in our experiment. The haices are excited after the pulse goes off,
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so the mechanism for ion expulsion to the plataukhbe discussed. A large proportion of
exciting negative pulse bidd, appear across a thin sheath surrounding the plaitgh was

formed on the time scale of electron motion. Whigre> kT/e (eU, /KT, =100-1500), the

shielding effect is not perfect and the negativéeptial penetrates into the quasi-neutral
plasma region (“pre-sheath”) where the ions areslacated. In our case, the ion matrix
sheath doesn’t evolve within the applied pulse tloma Though the applied pulse width is
less than the ion plasma period, but some ionorespallistically very close to the exciter
and are lost to the exciteBg]. A pre-sheath, therefore, starts forming from ibie matrix
sheath edge which leads the acceleration of ioffs ih acoustic velocity, resulting in the
excitation of a nonlinear ion rarefaction waw][ This propagates as a rarefactive pulse as
observed in this experiment. In other words thefeation wave is the precursor of the pre-

sheath that would eventually exist at steady state.

We can relate the excitation of these rarefacti@ves to nonambipolar diffusion.
Nonambipolar diffusiong4], in which essentially all positive ions leave fhlasma to only
one boundary while essentially all electrons ast to a different boundary. The bulk plasma
remains quasi-neutral even when all the electrolesl@st to only one physically small
location. Nonambipolar flow is entirely a sheatlfeef. Baalrud et al.g4] have shown the
global nonambipolar flow for a positive biased #lede. In our case, the electrode is
negatively biased. The electrons are repelled fitwenvicinity of the electrode and lost to the
chamber wall, while some ions lost to the electrbdHistically. Here electrons and ions are
lost on two different boundaries. After the pulsseg off, during the fill-up process, ion

rarefaction waves are excited.

When the electrode is biased with a high negaiivgles pulse, an ion matrix sheath is
formed att =r7,. When the high voltage pulse is switched off,tatr,due to small time
scale the electrons adjust themselves instantalyetmuthe new electrode potential and build
a quasi-neutral fill up region. Fdr> 7, ions are refilled into this region. Due to a smeti
current available for this process, this takesngéo time, i.e., several ion plasma periods. As

ion density increases in the fill-up region, a facéon wave propagates in the pre-sheath
region of the plasma. The relaxation phases arelsé@ in Fig4.13

In most of the investigations of ion acoustic wavdg finite electron mass is

neglected and the isothermal electrons with cohs¢amperatureT) are considered. In many
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cases, however, the drift motion of the electramssaerably influences the properties of ion
acoustic waves, which is not negligibl®5]. The momentum transfer by ion-neutral
collisions B3] may be the cause of damping of the rarefactidegs,i shown in Figl.14 It is
apparent that the establishment of the pre-sheath the ionization rate2p] in the
surrounding plasma need to be considered in arlistieanodel of sheath formation and
propagation of ion rarefaction wave. Indeed, pkrtlmalance considerations will affect the

structure of the pre-sheatBq].

Pulse on
=it —Tramsient — Presheath
—zheath —|
Pulse off

7

/ Presheath

o
A
L\

1l up regicn
s
> T g —Rarefaction wave =
i /7
1= oo Final presheath

Figure 4.13 The sketching of the phase of the plasma relaxation (for different times like at t =7 and

t =7;) for switching on and off a high negative electrode voltage.

Hansen et. al.56] has excited the rarefactive waves with shortutsps. The waves
evolving from the initial density cavity (cavitom) a large amplitude ion sound rarefactive
waves after the decay of the rf pulse. Large anniditand changing shape (leading edge of
the wave flattened and trailing edge is steepelsads to a strongly non-linear effect. In our

experiment, no density cavity is observed during plulse bias to the exciter. The small

amplitude (% Sl <1) rarefaction waves approximately have the sinslaape (Fig4.7)
e n0
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and the same spatial widths. Also there is netlagrowness nor splitting into smaller pulses

of these rarefactive waves.
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Figure 4.14 Variation of amplitude of the rarefaction waves with distance from the exciter for the
floating potential measurement. Here U, =-600 V, N, = 1.55 x 10° cm™ and T, =300 ns.

One important observation is the accompanying aompressive wave with the
rarefaction wave after a distance of three-fouftthe exciter diametei5[7]. Experimentally,
Widner et al. §] have verified that the ion rarefaction also beesran ion acoustic wave at a
distance of half of the disc diameter in planarrgetry for longer applied pulse duration. In
this work it is seen that the rarefaction distudemare turned to ion acoustic wave after a
distance of three-fourth of the exciter diameterdborter pulse duration. The experiment is
verified for 5 cm and 8 cm diameter exciter. Thangition process of rarefaction waves to
ion acoustic waves depends upon the neutral bagkdrand geometry of the excité@].[The
position of the separation is close for the smaidlectrode. Our experiments were performed,
keeping the fix ion-neutral collision mean free lpats 5 cm, which is greater than the
transient sheath thickness (0.4-1.3 cm) and lesstthe experimental chamber dimension (29
cm diameter and 50 cm in length). So the ion-négtrlisions will be effective in the bulk
plasma. A collision causes the loss of an ion tied been accelerated in the pre-sheath
electric field. This ion is replaced by a new itwattis approximately at rest. Thus collisions

can be modeled as a sink for moving particles asduace for new particles and the ion loss

83



Chapter 4: Excitation of lon Rarefaction Waves in a Low Pressure Plasma...

rate reduces by ion-neutral collisioris]. Due to these ion-neutral collisions the shapthef
rarefaction pulses changes to ion acoustic wavesagfurther distances, these low amplitude
waves are damped. In Fig.6 the shape and the time width of the rarefacti@tudbances
are changed with distance although the amplitusidfitlecreases. Tanak&0] and Amagishi

et al. p0] have shown experimentally that ion-neutral cailis exhibits heavy amplitude

damping and profile deformation with anomalous toleéay.

After the pulse goes to zero, plasma retains itasigoeutrality. To answer this
guestion we need to know the loss of electronsiegochamber wall during the pulse bias. In
our previous pape3p], we have estimated the number of electrons to#hé chamber wall,
when a metal plate is negatively pulsed biasedptdse duration in between the ion and
electron plasma response times. It is seen thgb@hmentage of lost electrons is around 1%.

For a particular plasma parameté¢y = -600 V, n, = 3.32x 10° cm® and r, =300 ns, the

total charge lost to the chamber wall during thes@isQ,st = 8.18 x 1¢ Coulomb. For a
particular filament heating voltage (19.3 V) andrent (24 A), we can find the final filament
temperature (2366 K) from Stefan’s law. Correspogdbp the filament heating voltage and

current, the plasma density i, = 3.32 x 10° cm* and the emission current from four

filaments islem = 1.43 x 1G A, which can be calculated from Richardson-Dushman

equation. Hence the plasma relaxation time willyg, /1, i.e., 57us. During the plasma

em?
relaxation process ion rarefaction waves are exgaitethe pre-sheath region. For the above
plasma condition, in our experiment, the rarefacteaves sustain (i.e., plasma relaxation

time) up to 5Qus, which close to 5¢s.

4.6 Summary

The present investigation shows the excitationoaf rarefaction waves even when the
applied pulse duration is kept intermediate of etet and ion plasma response times. In

summary,

(a) two electrostatic modes are excited, when a conuyctlisc electrode is
negatively biased. One is the electron acousticeywaMich is followed much later

by an ion rarefaction wave,
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(b) rarefaction waves are excited in the pre-sheattomedue to large amplitude of
applied voltage pulse and nonambipolar diffusidmpugh the applied pulse
duration is less than the ion plasma response time,

(c) the rarefaction waves are propagated with IAW speed

(d) after a distance of 3/4 of plate diameter from pitte, the rarefaction waves

turned to ion acoustic waves,

(e) the higher the applied pulse amplitude, the higher speed of the rarefaction
waves,

() for increasing applied pulse durations, speed ®f#nefaction waves decreases,
(g) after the applied pulse goes to zero, plasma reléxdts quasi-neutrality after

some time and rarefaction waves are excited duhegplasma relaxation in the
pre-sheath region.

» The work presented in this Chapter is published in

S. Kar, S. Mukherjee and Y. C. Sxaena, Phys. PR$8)&53506 (2011).
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CHAPTER 5

5 Excitation of Solitary Electron Holes in
a Laboratory Plasma

5.1 Motivation

In the last Chapter, we discussed about the eimitaand propagation of ion
rarefaction waves through a negative biased disctrelde, though the applied pulse width
was less than the ion plasma period. Many expeisneave been done for the excitation of
electrostatic waves, such that ion acoustic wated pr solitons fi-6] and electron acoustic
waves [-1]] or solitons 2-13. Mainly all these waves are excited using mestisgand in
double plasma (DP) devices mostly. The obtainedltsesare same for both negative and
positive bias to the gridLfi-13. In Chapter 4, we have observed the ion rarefactiaves for
the negative bias to a metallic disc electrodghinpresent Chapter, when the disc electrode

is positively biased, totally different results atetained, i.e., solitary electron holes (EHS).

Solitary electron hole (EH) structures are speciaks of cnoidal hole solutions
(CHSs) of Vlasov-Poisson (VP) system of equatiamesenting special trapping situation.
CHSs are nonlinear, undamped, low frequency, weaglitude electrostatic plasma waves,
distinct from any linear wave solution, such as amoustic waves. Depending on the status
of trapping, they are known to propagate at velesibetween zero and electron thermal
velocity w, covering the whole velocity range. They hence bansubsonic or supersonic
with respect to ion acoustic speeg @hich depends upon electron trapping in the g@ken
humps (maxima) and of ion trapping in the potentigds (minima). CHSs are stationary
solutions of the full set of VP equations and, d¢fere, not subject to Landau dampirig][

since Landau’s linear approach doesn’t apply to sdhe waves.
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In the present investigation, EHs are excited bgudden perturbation at large
amplitude to a disc metal plate inside a homogemeadectron-ion plasma. When positive
voltage pulse is applied to the exciter, the plapotantial is forced to increase, resulting in a
hole formation. Here the applied pulse widt) (s varied from less than ion plasma period
(™) to greater than thrice of ion plasma period. @iinctive feature of this experiment is
the observation of the presence of a virtual sodecepulse widths less thanfd An
overview of the previous works is given in SB& The experimental setup is explained in
Sec.5.3 followed by observed results in Sé&c4. The experimental results are discussed in

Sec. 5.5 and finally conclusions are given in Seg.

5.2 An Overview of Previous Works

A number of pioneering theoretical studies on CHS8sa collisionless and
unmagnetized plasma has been carried out by Screrdetoworkersd-11, 17-23, using a
physically acceptable method of construction défdr from that of Bernstein-Greene-
Kruskal (BGK) [23]. The class of cnoidal electron hole solutions i{SE) B, 11, 20, 22] has
two different limits, the solitary electron holeHE limit, when ky = 0, and the harmonic
wave limit, whenky = k, wherekp is a system parameter, which controls the wavéthenf
the structure, anll is the actual wave number. In a thermal, nondgftbackground plasma

two expressions characterize this CEHSs clals {he nonlinear dispersion relation (NDR)

Ky’ —lzr'(v—;) = B, (5.1)

252

and the classical potential
v =5 -+ Bepa- |2
V(o) ) Ay -9+ ) ¢ \5) (5.2)

In the above expressiong & the actual phase velocity (normalized by thectedbn

thermal velocity), which is determined by the ND¥suming ions are immobile, aBdis a

parameter, which represents the status of the eéchpfectrons. The functiOH%Zr' (vo/\/E)

is zero at (WE) =0.924 and at 6#\/5) — oo and negative in between. The NDR, therefore

has forB. = 0 andky = k << 1, i.e. in the long wavelength limit, two sodrts: one is the
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Langmuir branch (o/\/E - o), and another is the slow electron acoustic wS&AWS) at
(vo/\/E) =0.924.¢ is the electric potential angl is the perturbation amplitude. Historically,

Vlasov [24] has proposed the above dispersion relation Bdth O at first.

In a situation when ion trapping comes into plag ®HSs are seen to move with
lower phase velocities. As analyzed by Luque ¢8Jalan ion contributior; has to be added
to the NDR. This 3 parametdg B, B) class of solutions now involves cnoidal ion hoks
well as, being characterized by ion trapping ingb&ential minima and includes the solitary
ion hole (IH) as a special case, first discovered described by Bujarbarua and Schamel
[10, 21]. Also Franck et al.45] has excited the propagating periodic ion holes.

So EHs are the special class of CEHSskipr 0 and nonzer®.. By the way,ky
decides about the kind of a structure, BotMany theoretical modeld 9, 26-27 explain the
solitary EH in plasma as a positive hump like pb&nn which a population of electrons is
trapped and the propagation velocity of the ordethe thermal electron velocity. First
Schamel 8, 19] has derived analytically the phase (propagati@mcity of EHs in the range
of vp < 1.31\. Kono et al. 28] showed that the EH formation is possible only wiiee v, >
1.73w. Later Califano et al.Z[7] showed that the propagating velocities of EHs @mge
from a fraction of yup to 2.

Theoretically, first Schamel in [8] presented thedry of EHs 9, 11, 19-21], where a
hollow vortex distribution is assigned for the foad electrons. When the EHs move slow
enough, a slight ion density bump accompanies the & an ion density cavity or an ion
acoustic wave creat$-27, 29]. EHs are existed in the computer simulation ob stream
instability [30]. Recently EHs have received substantial attentigpace plasma with higher

dimensions rather than one-dimensional (1D) th§dty34.

The first experimental observation of the specid@mber of CHSs, namely the
solitary electron hole (together with the GouldvEtpiece mode), has been made by Lynov
et al. B5]. For the excitation of EHs, Saeki et aB6] has developed a relation that the

excitation potential should be exceeds a criticdligg,, i.e.

_im( o aY
¢c - 2 e (wpe 24) (53)
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wherem is the electron massype is the angular electron plasma frequency and the
plasma radius. lizuka et al37] has observed the EHs in the early stage of eloolubf
moving double layers in a single ended plasma @eW¢eis are also created during magnetic
reconnection38]. Recently, a laser-created EH is observed by $aal. 39].

5.3 Experimental Setup

The schematic diagram of the system is shown in %ifya) The experiment was
performed in a grounded cylindrical chamber of rdess steel (SS) 304 with an inner
diameter of 29 cm and a length of 50 cm. The chamis evacuated by using a
combination of rotary and diffusion pumps and theebpressure was abowtl5° mbar. The
plasma was generated by impact ionization of argopressure ofx1L0° mbar, by primary
electrons coming out from dc biased hot thoriatetysten filaments of diameter 0.25 mm.
The filaments were mounted on two SS rings, angdeoido a potential of -60 V. The
plasma densitynp) and electron temperaturé) was determined using Langmuir probe for

various axial and radial positions. For a fixedctarge currentls), n, and T were found

to be uniform throughout the main chambEre experiments were performed with plasma
densities 1-5x1bcmi®, electron temperaturdg~0.5-2 eV and the cold ion temperatite-
0.2 eV.

Plasma disturbances were excited by applying aelgasitive voltage pulse to a
metal plate (exciter) inserted in a low pressumgoarplasma. The pulse magnitudes and
durations were in the range of 0.4 - 1 kV and 0.10 ps respectively. In the main chamber,
the metal plate (SS disc of diameter 10.2 cm aiuttrtless 0.4 cm) was mounted on a SS rod
and the SS rod was fixed along the axis of the ¢tlamA high-voltage (HV) probe
(Tektronix make 1000X probe) and a current tramstarCT (Bergoz make of sensitivity 1
V/A) were mounted on the SS rod and were used tasare the pulse voltage and the
current respectively. Such type of current tramsfns could measure the current from
microamperes to 20 kA. One axially movable probetddting or the receiving probe) of
diameter 7 cm and thickness 0.4 cm was introduoedetect the propagation of plasma
disturbances. The detecting probe was kept floamdjthe propagating signal was observed
directly on an oscilloscope.
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Figure 5.1(a) Schematic of the experimental setup. (1) Applied positive pulse. (2) and (15) are the SS
rods. (3) High-voltage probe; to measure the voltage signal. (4) Current transformer CT; to measure
the current signal. (5) and (14) are SS rings. (6) Main chamber. (7) Ceramic tube. (8), (9), (12) and
(13) are the filaments. (10) Pumping system. (11) Stainless steel disc (metal plate or the exciter); on
which pulse is applied. (16) Stainless steel disc (detecting probe); to detect potential disturbances.
(17) Filament supply voltage. (18) Discharge voltage. (b) The pulse forming circuit. [HV dc Supply =
high voltage dc supply (1.5 kV, 500 mA), R, = resistor (3 kQ), C = capacitor, R, = load resistor, L =

inductor (320 nH), P,= metal plate or the exciter].
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The positive pulse forming circuit is shown in Figl(b) The details of the pulse
forming circuit are described in Se2.6. Experiments have been carried out for various

applied pulse widthg, ranging from less tharf;3 to greater thanf3".

5.4 Experimental Results

Figure 5.2 and 5.3 show the applied positive voltage pulses to theéamgate for
different widths of very fast rise times. Duringethpplication of pulse the current drawn by
the metal plate is very high (around 15-20A), whishmuch greater than the discharge
current (0.1-0.4 A). In order to calculate the nembf electrons lost to the metal plate, the

integral of the current pulse is taken, i.e.
N=t j |dt (5.4)
e0

wheree is the electron chargé,is the electrode current ands the current pulse duration.

From the above integral, the percentage of eleatiemsity lost to the metal plate can be
calculated to be around 10% to 40% of the unpegtifdasma density for pulse width in the
range of 0.6 <z, < 4™,

700—mM ———

600- -16
500- 1
S 4001 o
~ 300 . 8 5
& 200 -5
S 1001 4z
0] 0

-100

0.0 50x107 1.0x10° 1.5x10°
Time (s)

Figure 5.2 The applied voltage (solid line) and current (dotted line) pulse to the exciter. Here the

pulse width 1,=350 ns (t,< 3f), Up=625 V and n,=4 x 10° cm”,
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Figure 5.3 The applied voltage (solid line) and current (dotted line) pulse to the exciter. Here the
pulse width 7,=2 ps (t,> 3f%), U;=1000 V and ny=4 x 10° cm™.

Figure5.4 shows the floating potential signals of the detertr the receiving probe
at various distances from the metal plate or thetexx The signals were for the applied pulse
width (350 ns) less than the thrice of the inves®n plasma frequencyi{ ~ 480 ns). The
first peak doesn’t propagate with distance, butsdsgond peak propagates with distance. The
first peak is the electrostatic coupled signdlg [during the application of positive pulse to
the electrode. However, the second peak shows esiieg characteristics; potential
disturbances propagate in two opposite directisomfa location (around 3 cm form the
exciter), indicating the presence of a virtual seurinterestingly only the rear edge of the
second peak flattens (i.e., the steepness flattersall the signals fall in a line. The point of
potential depression between the two peaks doearytwith distance. The amplitude of the
signals increase, when the signals move towardsxbtiger and the signal damps as it moves
away from the exciter.

Similar results are obtained with pulse widtH;=* However as the pulse width is
increased further, strikingly different results aretained at pulse width £3. Figure5.5
shows the potential signals of the receiving privehe applied pulse width (2 us) greater
than 3. Here the second peak propagates away from thal plete with distance in one
direction only. Here also the point of potentiaptession between the two peaks doesn’t vary
with distance, but the depression region (distame®veen two peaks) is decreased with
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increase in pulse width. The amplitude of the pidulisturbances decreases away from the
metal plate. This may be due to the collisions leetwelectrons and neutral atoms leading to

an increasing damping rate for the amplitudif.[
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Figure 5.4 Oscilloscope traces of the potential disturbances measured by the detector from the
positive biased exciter. It shows only the second peak propagates with distance from the exciter. The
numbers 1-7 show the distances from the exciter. Here pulse width is 350 ns (z,< 3f1), Up=625 V and
no=4 x 10° cm’.
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Figure 5.5 Oscilloscope traces of the potential disturbances for a longer applied pulse width. The
numbers 1-7 show the distances from the exciter. Here the pulse width is 2 ps (7,> 3f1), Us=625 V
and n,=4 x 10° cm™.
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It appears from the above results that the tramsif the potential perturbations from
two-way to unidirectional propagation depends uff@pulse width transition from &* to
> 3fL. This is reminiscent of some kind of a virtual smmufor the potential perturbations. To
probe this further, a plot of the virtual sourcedbon versus a time normalized constagft)(
is shown in Figur&.6. When the applied pulse width is increased, thteiai source distance
is decreased. The virtual source distance is intigo@ of the plasma density and applied
pulse magnitude. Pulse width, equal or greater th@", the virtual source distance is
approximately zero. The virtual source distanceedes upon only on the applied pulse
widths.

g T T T T T T T
S 4t q np:4xlOgcm'3—
8 \ U, =700V
3 3t e -
@ N
g 2+ \o -
S \o
5 4l _
()]
e
gO- O——0——0
D 1 1 " 1 1

1 2 3 4

Tf

Figure 5.6 A plot of distance of virtual source from the exciter as a function of pulse width. Distance
of virtual source decreases with increasing pulse width till 7f; = 3 and then goes to zero.

Figure 5.7 shows the phase velocity plot fay < 3. The plot shows two phase
velocities: with a phase velocity of 0.26-0.3Towards the exciter and with another phase
velocity of 1.25-1.36yaway from the exciter. Such type of nature indisahe presence of a
virtual source. The virtual source distance doedefiend upon plasma density. Here also on

increasing the plasma density, the speed of thelsgncreases.

Figure5.8 shows the time delay of the second peak versusligtance between the
exciter plate and the receiver fgr> 3. The time-of-flight phase velocity curve shows two

slopes. The first slope is up to 8 cm from the &xanoving with y = 1.32-1.47y. And the
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second slope shows the velocity ¥ 0.25-0.3v. It is seen that on increasing the plasma

density, the speed of the signals increases.
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Figure 5.7 Time delay vs the detector position for t,< 3f. This plot is for various plasma densities
and shows two slopes. It indicates a virtual source around 3 cm from the exciter. It shows that the
phase velocity increases with increase in plasma density.
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Figure 5.8 Time delay vs the detector position for 7,> 3f:%. This is for various plasma densities and
also shows two slopes. Here is no indication of virtual source.
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Figures5.9 and5.10 show the phase velocity of the signals for variapplied pulse
magnitudes to the exciter plate. The signals moith w = 1.28-1.38y and 0.25-0.55v
Here it is seen that the speed of the signals dodepend upon on increasing the pulse

magnitude.
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® i ]
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Figure 5.9 Time delay vs detector position for various applied pulse magnitude and the pulse width is
greater than the thrice of ion plasma response time. It shows the phase velocity is independent of
applied pulse magnitude.
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Figure 5.10 Time delay vs detector position for various applied pulse magnitude and the pulse width
is less than the thrice of ion response time.
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Figures5.11 and5.12 show the spatial variations of the signals forspulvidths less
than and greater than thé “¥espectively. Here the metallic disc electrode ¢ads biased
to a positive potential and the chamber wall istkgmpund. The axial distance between the
biased electrode and the wall was 18 cm. So thenpat at the wall (18 cm) will be zero,
while some potential difference exists at the lidaskectrode for various times during the
pulse bias. The potential disturbances restoreutiperturbed plasma potential after a long
time ~ 3-4 times off™%. In Figure5.11 (zp< 31, at the very early times (just after the rising
time of the potential disturbance) a potential welbbserved near to the electrode. These

potential wells may have trapped ions. kgr> 3, however, no potential wells are formed
(Fig.5.12.

When a positive pulse is applied to a metallic etmle, then plasma potential is more
positive. This larger plasma potential producesaremergetic filament electrons, resulting in
a larger plasma densityt?]. In our experiments, the density of these enégédament

electrons is not taken into account.

L1=75ns
B= 100
C=200
D= 300
E= 450
F= 550
G=650
H= 750
I= 850
J=1000
K= 1250

Figure 5.11 Spatial variation of the disturbances for 350 ns pulse width, which is less than thrice of
the ion plasma period. Here Uy=625 V and ny=4 x 10° cm™. Potential well structures are observed for
L1 and B time scales.
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Figure 5.12 Spatial variation of the disturbances for 2 ps pulse width, which is greater than the thrice
of ion plasma period. Here U,=625 V and ny=4 x 10° cm™.

5.5 Discussions

In summary the experimental observations are;

(h) Virtual sources are present for the pulse widtls ibsn §. Here the disturbances
propagate with two speeds. The disturbances propagaards the exciter with the
speed of 0.4 = 0.1%and away from the plate with the speed of 1.3614Q. Virtual
sources are only dependent on applied pulse widitbsnation of a potential well
structure is seen near the vicinity of the biadedteode. This potential well structure
seems to exist for very early times during the i@pgibn of the pulse.

(i) There is no virtual source present for the pulsétiwiequal or greater than the™3
Here the disturbances propagate away from the piigltetwo speeds. From the plate
up to some distances, the disturbances move wetkpgbed of 1.36 £ 0.13\vand after
longer distances from the exciter they move with sheed of around 0.4 + 0.15in
this case no potential well structures are observed

() The speed of the disturbances increases with iser@aplasma density.

(k) The speed of the disturbances is independent dieagpulse magnitude.
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The most important observation is the virtual seufithe virtual source is observed fpr
< 3 but not forz, > 3. Lieberman 43] has derived for plasma immersion ion
implantation cases that all the ions will be impéghin the time scale @;t~3. In our case,
one possible thing is, may be all the ions careceétback from the vicinity of the exciter after
3. When Tp < 3™, an ion rich region is present there, which mayaats the solitary
electron holesWhent, approachesfd', all the ions reflect back and hence no indicatién

virtual source (Fig5.6).

According to Saeki et al3p], the solitary electron hole will be only excitedhen the
excitation potential exceeds a critical vaigEQ.5.3). In our case the critical value ¥4

2
Imf W, a
=—— — . 55
. 2e(2n 2.4J (-5)

Herea is taken as the exciter radius. Because the patgarturbations are observed only in
the axial direction and in the diameter regionhd exciter. In our experimental set yps
400V for a particular plasma density. So it is estpd that the EHs can be excited above this

critical value.

Chan et al.45] has observed the multiple electrostatic ion-atiowshock-like density
perturbations when a large amplitude positive pigsapplied to a square metal plate. The
pulse duration in their experiment is of the order f;*. The velocities of these shocks don’t
depend upon the applied pulse magnitude to theezxgiate. The potential disturbances in
our experiment are excited by applying a positigkage pulse to a disc metallic plate. These
disturbances propagate with two phase velocitigs: .36\ and another is 0.4yvnot at ion
acoustic shock speed and also the phase speedtddesend upon the pulse magnitude.
Further these potential disturbances are exciteaoapplied pulse magnitude geater than
the critical valuegp.. According to previous literaturel, 26-27, a solitary structure in
plasma is identified as an EH by a positive hurkp potential & a depletion in the electron
density at the potential peak. Some other thea@leticd experimental studiesd 21, 27, 28,

35] show that the EHs propagate with the phase speeg= 1.31v or from a fraction of ¥

up to 2¢ Our experimental results shown in Fig§si-5.5 5.7-5.10satisfy all the conditions
expressed above. We, therefore, speculate thaexbied disturbances are the nonlinear
solitary electron holes.
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In Figures5.7 and5.10, wherez, < 3%, the potential disturbances move with two
phase velocities: with a phase velocity of 0.4 ¥50, from a location in front of the exciter
(around 3 cm) towards the exciter and with a phvadecity of 1.36 + 0.1lyaway from the
exciter. This type of nature indicates a virtualiree is present at 3cm from the exciter, at
which two waves propagate in opposite directiorisoAhe distinct difference between two
phase velocities shows simultaneous existence of pnopagating waves in opposite
directions. Taking 3cm as the source point, theldénge of both the phase velocity waves
decreases (Figh.4). The trapping conditions in the two wave propagategions (0.4y
phase velocity wave or the left propagating waveresdowards the exciter, i.e., near to the
exciter and 1.36vphase velocity wave or the right propagating waweves away from
exciter) are different. First the origin of thetlpfopagating wave should be discussed. Near
to the exciter, a less number of electrons willttag@ped and an ion rich region is present
there. So the EH interaction with ions may leac tdower phase velocity. The O4shase
velocity perturbation is accompanied by a small léongbe potential well seen in Fi¢.11,
resembling an ion hole. The right propagating wavepagates from the virtual source
position with a phase velocity of 1.36with decrease in amplitude. Here the number of
trapped electrons will be greater than the regidefopropagating wave. So the speed of the

right propagating wave conforms an EH.

In Figures5.8 and5.9, where 7, > 3, the disturbances move away from the exciter
in a one direction with two phase speeds of 1.3614w (8cm from the exciter) and 0.4 +
0.15v (far away from the exciter). In this case, inlga{nearer to the exciter) the wave
propagates with a faster phase velocity and farydwman the exciter a sudden slowing down
of phase velocity occurs. In 1D plasma problem pieetration speed of the exciter potential
will be suppressed by the shielding effect of théial boundary. In this experiment the EHs
are excited at the exciter by a sudden subtractfaglectrons in front of the exciter. So the
EHs have a positive potential shape propagatiny svépeed comparable tg wnitially up to
some distances and determined mainly by electrappings. On later distance, when
collisions have the dominant effect, this wave esa® exist. But instead of extinguishing
the structure, the plasma dissipation in connectigth ion mobility may give rise to a
coherent dissipative EH structure, as proposedhieysecond paper oB][ and in R0,

resulting in a sudden lowering of the phase vejocit
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5.5 Conclusions

The present investigation shows the excitationotifes’y electron holes using a metal
disc electrode in a homogeneous electron-ion plagmartual source is present during the
EH excitation, whenr, < 3%, an observation not reported in earlier experimefivo
branches of holes are found: one is EH moving whth phase velocity of 1.36wand the
other is a coupling of EH and ions moving with Q.phase velocity. The speed of the EHs

increases with increase in plasma density and erttignt of applied pulse magnitude.

» The work presented in this Chapter is published as
S. Kar, S. Mukherjee, G. Ravi and Y. C. Saxenas.Fgsmad7, 102113 (2010).
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CHAPTER 6

6 Excitation of Electrostatic Waves
Using Pulsed Capacitive Process

6.1 Motivation

In the last Chapters, we discussed about the imfaction waves and the
solitary electron holes. In Chapter 4, ion raratactwaves are excited using a conducting
electrode, biased with a high negative pulse whadgh is less than the ion plasma period.
In Chapter 5, solitary electron holes are excitedugh a conducting material by applying a
high positive voltage pulse, where the pulse widtlvaried from less than the ion plasma
period to greater than ion plasma period. In thger, in lieu of a conducting material, a
dielectric electrode (a conducting electrode coddrg a dielectric film) is used to excite
some electrostatic waves. Here both the positivk re@gative pulses are used for various
dielectric thicknesses. According to dielectricckmess solitary electron holes or solitary ion
holes are excited for positive pulse bias and &gative pulse bias ion rarefaction waves are
excited. An overview of previous literature is givn Sec.6.2 The experimental setup is
described in Se®.3 followed by the observed results and discussioasented in Se&.4.

And finally conclusions are given in Séc5h.

6.2 An Overview of Previous Works

Many experiments or theoretical models have beedied for the basic plasma
physics point of view, when a metallic electrodeaametallic mesh grid is immersed inside

plasma 1-2]. When the electrode or the mesh grid is biasdd positive or negative pulses,
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the ion acoustic waveZ]} ion shocks 3], ion acoustic solitons4], electron plasma waves
[5], electron acoustic wave$][ electron acoustic solitong][or solitary electron holes3]

can be excited. Generally these linear or non-tiveaves are propagated from the sheath
edge PJ.

One of the major applications that have been deeelausing pulsed bias on the
electrode is plasma immersion ion implantation I§PRIII is a novel technique for surface
modification and has mostly been applied to condgatnaterials $-11] or semiconductors
[12]. In PlII, a metallic electrode is immersed inaavl pressure plasma and is biased with
high negative voltage pulses. In general, the afpfiegative pulse bias magnitudé)(is
much greater than the electron temperature, suahirththe time scale of inverse electron
plasma frequencfg?, electrons are depleted from the vicinity of thecerode, leaving behind
a uniform density of ion matrix sheath in whichsaare stationary. Subsequently, in the time
scale of inverse ion plasma frequerfcy, ions are accelerated towards the electrode and
implanted into the surface of the electrode. IndgpPIll, the pulse durationf) is much
larger than the ion response time and hence themiatmix sheath or the transient sheath
expands and ion implantation happens on the bialsatrode. Also an experiment has done
for PIII using positive biaslf3] to the electrode. However, in Plll, both positeed negative

bias is used depending on the application.

As an advanced technique for surface modificatilii, of insulating materials14-
17] has been used to modify the surface propertiedigectric materials (e.g. polymer),
giving an improvement in qualities, like hardnessnductivity, wetting property and also
used for protection against atomic oxygen degradain space environment. Pl of
dielectric materials is quite challenging becaussusface charging, capacitance effects and
poor conductivity. The dielectric material is pasiied on a conducting target holder. During
Plll, charges will accumulate on the dielectricfaoe and produce a charge layer because of
the low electrical conductivity of the dielectrithe charge layer in turn builds up an
opposing electric field that decreases the sunfetential of the dielectric (i.e., the dielectric
surface cannot rise to the full pulse bias potéttiat is applied to the metal target holder on
which the insulating sample is placed) and chamgeprofile of the sheathl§]. So the
energy of the incident charge particles is lesa that expected from the pulse bias voltage.
The shorter the applied pulse rise time the largethe charge dose accumulated on the
dielectric surface. It would decrease the surfagtemgial and hence the lower ion impact

energy at the later stage of the pulse. A comlmnatf short pulse duration, high pulse
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frequency, high pulse magnitude and low plasmaitienan be beneficial for the dielectric
in P11 [16].

Many researchers have explained the charging dffdeq, incident charge particle
energy distribution]9], effect of applied pulse duration and plasma der@d the dielectric
film characteristics (thickness and permittivityl 7] for PIlIl of dielectrics. But no
experiments or theoretical models have been reposteether some kind of electrostatic
plasma waves are excited in such cases. In thsttdpe experiments are performed for the
excitation of electrostatic plasma waves from atp@sand negative pulse biased dielectric
covered metallic electrode. All the experiments@edormed for single pulse excitation.

6.3 Experimental Set-up

The schematic diagram of the system is similar mgres 4.1 and 5.1(a) The
experiments were performed in a grounded cylindieteamber of stainless steel (SS 304)
with an inner diameter 29 cm and a length of 50 €he chamber was evacuated by using
combination of rotary pump and diffusion pump ahd base pressure was about 5 ¥ 10
mbar. The plasma was generated by impact ionizagfogas neutral by primary electron
coming out from the dc biased hot tungsten filameasftdiameter 0.25 mm. The filaments
were mounted on two SS rings and filament biasntialewas -65 V. The working gas was
argon (99.999% pure) at pressure of 1 ¥ ifbar. Plasma densitpg), electron temperature
(Te) was determined with a Langmuir probe for variaMgl and radial positions. For fixed
discharge currentl{s), plasma density and electron temperature weradda be uniform
throughout the main chamber. The experiments werfomed with the plasma density of
order 18 cm, electron temperature 0.6 — 2 eV and the ioncansidered as cold, i.e., 0.2
ev.

In the chamber, a dielectric covered metallic etstt was mounted on a SS rod and
the SS rod was fixed in the axis of the chamberelige metallic electrode (diameter 12 cm)
was covered by various dielectric (Kapton) thiclegss shown in Figuré.1 Here the
metallic electrode, dielectric and plasma acted Bkcapacitor. A high voltage (HV) probe
(1000X) and a current transformer (CT) were mourdedthe SS rod and were used to
measure the pulse voltage and the current respéctihe direction of the CT was such that
it will give a positive signal when electrons ar@lected by the biased electrode. In the
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chamber, an axially movable disk probe (receivedaiector) of diameter 7 cm and thickness
0.4 cm was introduced to detect the propagatigriagma perturbations. The detecting probe
was kept floating and the propagating signals wadenectly observed on an oscilloscope. The
details of the pulse forming circuit are describe&ec.2.6.
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Figure 6.1 Schematic of the dielectric layer over a metallic electrode, on which the pulse bias is
given.

6.4 Experimental Results and Discussions

6.4.1 Charging Effect

Figure 6.2(a) is the applied negative voltage pulse (solid liaed current pulse
(dotted line) to the metal electrode, which is acedeby a dielectric film in the presence of
plasma. Here the applied pulse width is greater tha ion plasma period (is). The current
shown in this figure, is the mix of displacementrent, electron current and ion current.
Figure 6.2(b) shows the total current in presence of plasmadwis also shown in Fig.
6.2(a), vacuum current (the capacitive current in theeaioce of plasma) and the subtracted
current from total current to vacuum current. Théuum current is the derivative of the
applied voltage pulse. In the subtracted curretgeydirst a negative current (ion currehj)(
and later a positive current (electron currdgf) (s shown. For increasing plasma density,
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applied voltage pulse magnitude and the pulse witlth ion and electron currents are
increased. We can calculate ion and electron chdagm the integration of the current pulse,

i.e., the area under the curve. Tablshows ion and electron charges for one particular
plasma condition.
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Figure 6.2 (a) The applied negative voltage (solid line) and total current (dotted line) pulse on the
dielectric electrode in the presence of plasma. Here dd =0.8 mmand Ny=9 x 10® cm?. (b) The total

current, vacuum current (capacitive current at vacuum) and the subtracted current (subtraction of
vacuum current from the total current).
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Table I lon and electron charges for various plasma densities for both negative and positive pulse
bias. The charges can be calculated from the integration of the current pulses, i.e., the area under

the curve. Here d;=0.8 mm.

Bias no x 10 | lon charge | Electron Net charge Potential
Characteristics | cm™ (x 10°) charge (x 10| (Q) on the drop on
fz ) dielectric the
(= [1dt) .
. i surface after | dielectric
= J; odt) pulse removal | surface
(x 107 (QIC) (V)
-850 V, 2.5us 2.25 3.82 4.22 0.4 110
3 5.3 6.35 1.05 291
3.9 6.5 7.98 1.48 410
+850V, 2.5us | 2.25 6.2 8.2 2 555
3 8.6 10.8 2.2 610
3.9 10 12.5 2.5 690

Figure 6.3(a) shows the applied positive voltage pulse (sol@)liand current pulse
(dotted line) to the metal electrode, which is adedeby the dielectric film in the presence of
plasma. Here the applied pulse width is greaten tha& ion plasma period (i1s). Figure
6.3(b) shows the total current in presence of plasmadwis also shown in Figs.3(a),
vacuum current (the capacitive current in the atsesf plasma) and the subtracted current
from total current to vacuum current. The vacuunmrant is same for both negative and
positive pulses, but with a sign change. Here frgiositive current (electron current) and
later a negative current (ion current) is shown &ndincreasing plasma density, applied
voltage pulse magnitude and the pulse width, tlmeeand electron currents are increased.

Tablel shows electron and ion charges for one partiqiésma condition.

Now we should discuss about the charging effecli@ectric material. We consider a

planar electrode of dielectribicknessd,, as shown in Figs.1 The dielectric is kept on a

metal electrode and immersed in a low pressurenapj@sma. When a large negative or
positive voltage pulsy is applied to the metal electrode, instantly thi€ gotential will be

at the dielectric surface. Due to this potentia tbns or electrons will be accelerated and
accumulate on the dielectric surface and will stdrérging the dielectric surface. So a
potential drop occurs due to this charge layemhendielectric surface. Tian et alg has
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Figure 6.3 (a) The applied positive voltage (solid line) and current (dotted line) pulse on the dielectric
electrode. Here dd =0.8 mmand Ny=9 x 10® cm™. (b) The total current, vacuum current (capacitive

current at vacuum) and the subtracted current (subtraction of vacuum current from the total
current).

also shown that the contribution from the plasmeasiih capacitance to the potential drop is
very small and the potential drop is mainly resplaesfor the charging. Emmert et allj
has shown that the dielectric surface chargingasensevere for thicker targets. Considering
the charging effects, the relation between theagatinduced by the free char@¢t) on the
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surface of the dielectric electrodd (t and the external voltage applied on the metal

electrodeU,, (t )is given as follows17, 20-21:

U.(0)=u,)-22 6.1)

EE A . . . . . . .
where, C :Od—’ is the effective capacitance of the dielectriecalode.s, is the relative
d

permittivity (4 for Kapton), A is the area of the dielectric electrode surfade Second term
is the potential drop on the dielectric surfaceserathe pulse removal. Since the plasma
potential is slightly positive with respect to mnefece ground potential (fewT,), some

researchers assume thag -V =U,. A smaller dielectric thickness gives rise to eyéa

capacitance and a smaller potential reduction.Hdpgb.1) can be rewritten as

adg

0“r

U.()=U, ) -

(6.2)

where g =Q/ A is the total net charge density accumulated ordtékectric surface during

the pulse. Since the implantation depth in theedieic is small compared with the dielectric
thickness, the charge layer can be treated ascsudaarge densitg . In Eq. 6.2), if dqg is
very small, the capacitance will be large and teeosd term will be negligible. Thus the
dielectric electrode for a smaller thickness, i#ihave like a metal plate. If the dielectric
thickness increases, the capacitance will be samallthe charging effect will be dominant.
Table | shows the potential drop on the dielectiicface after the pulse removal for the
dielectric thickness of 0.8 mm, which can be calted from the net charge accumulating on
the dielectric surface. It is seen that for diaiecthickness of 0.8 mm, there are more

potential drops for positive pulse bias.

After the end of the dielectric surface chargirffghe applied pulse is removed, the
dielectric surface will be discharged by electronsons from the plasma and the dielectric
surface potential gradually returns to zero. A lenggme scale is needed for the discharge,
because the charges may be implanted into thectlielsurface. The discharge time scale of
charged dielectric surfaces is thus determininghieyapplied voltage pulse, pulse magnitude,

plasma density and duration of the applied pulse.
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6.4.2 Positive Bias

First the experiments have been done for the dr&abickness of 0.1-0.5 mm. When
the electrode is biased with a positive high vadtgylse, then potential perturbations are
observed. Oscilloscope traces of the floating fdaikrperturbations or the signals for
different positions of the detector are shown ig. Bi.4 for dielectric thickness of 0.5 mm.
Similar trend of floating potential perturbationse abtained for the dielectric thickness of
0.1-0.5 mm. Fig6.4(a)shows the floating potential signals for lower g pulse width £,
< 3%, as in Chapter 5 (Fig.4). The first peak does not propagate with distabcg,the
second peak propagates with distance. The firsk miected by the detector is an
electrostatically coupled sign&2] from the electrode, during the application ofgmuto the
electrode. However, the second peak propagatesaropposite directions (initially moves
towards the electrode and after some distance temm@away from the electrode) from a
location around 4 cm from the electrode, indicatihg presence of a virtual sourcs. [
Taking 4 cm as the virtual source point, we can s&y waves propagate in opposite
directions with decrease in amplitude. F@4(b) shows the floating potential signals for
higher applied pulse widthry > 31), as in Chapter 5 (Fig5.5). Here the second peak

propagates only in one direction with decreasenpldaude.

The time-of-flight phase velocity plots are showrfig. 6.5 for dielectric thickness of
0.5 mm. Fig.6.5(a) shows the phase velocity faop < 3. The plot shows two phase
velocities: with a phase velocity of 0.26-0.3eft propagating signal) towards the electrode
and with another phase velocity of 1.32rght propagating signal) away from the electrode
as in Chapter 58], where \is the electron thermal speed. Here the virtuat@odistance
does not depend upon the plasma density. @&(b) shows the phase velocity fay> 3f;™.
For longer applied pulse width, the signals movéy an one direction away from the

electrode, but with one phase velocity (1.32v

Figure 6.6 shows the phase velocity of the signals for vai@applied pulse
magnitudes to the electrode of dielectric thickn@$s mm. The signals move with 1.32v
Here it is seen that the speed of the propagatmes dot depend on increase the pulse
magnitude. This is similar to observations as regubearlier in Chapter 5 for metal electrode

only [8].

In Chapter 5, the exciter was a metal plate andetoted potential structures were
solitary electron holes (SEHs) and propagated thighspeed of 1.3@vA SEH in plasma is
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identified as a positive potential hump and propegjavith the phase velocity of 1.3123].

In our case, the exciter is now a metallic eleatambvered by a dielectric material and the
results (Figs6.4-6.9 obtained for the dielectric thickness of 0.1-thfn are satisfied with
the conditions of SEH. So for dielectric thicknéstween 0.1 and 0.5 mm, the propagation

characteristics are similar to that obtained fahwaut dielectric, as in Chapter §]]
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Figure 6.4 Oscilloscope traces of the floating potential disturbances measured by the detector from
the positive biased dielectric exciter of 0.5 mm thickness. It shows only the second peak propagates
with distance from the exciter. The numbers show the distances from the exciter. ¢ is the

perturbation potential amplitude. (a) Here pulse width is 300 ns (t,< 3f*), U,=1000 V and N,=1.36x
10° cm™. (b) Here pulse width is 2 ps (7,> 3f ), U;=1000 V and N, = 1.36 x 10° cm”.
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Figure 6.5 (a) Time delay vs the detector position for t,< 3f;* for the dielectric thickness of 0.5 mm.
This plot is for various plasma densities and shows two slopes. It indicates a virtual source around 3
cm from the exciter. (b) Time delay vs the detector position for 7,> 3f%. This is for various plasma
densities and also shows two slopes in one direction. Here is no indication of virtual source.

Again the experiments are performed for the dielethickness of 0.6-0.9 mm. For
these dielectric thicknesses, the propagating tednithe floating potential perturbations is
same. Figur®.7 shows the floating potential signals of the deteat various distances from
the electrode for dielectric thickness of 0.8 mnrik#hgly these results are quite different

from the results of below 0.6 mm dielectric thickeeHere initially the negative floating
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potential signal propagates towards the electréefé gropagating signal) and after some
distance it propagates away from the electrodét(pgopagating signal). Such type of nature
indicates the presence of a virtual source. Ifak®t4 cm as the virtual source point, then we
can say two waves propagate simultaneously in oigpalirections with decrease in

amplitude without significant change in shape. fegéngly, it is observed that these floating

potential perturbations only excite for the applgedse width in the range §* < 7p < 3t
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Figure 6.6 Time delay vs detector position for various applied pulse magnitude and the pulse width is
greater than the thrice of ion plasma response time for the dielectric thickness of 0.5 mm. It shows
the phase velocity is independent of applied pulse magnitude.

Figure 6.8 shows the phase velocity plot of the floating ptitd signals for the
dielectric thickness of 0.8 mm for various plasreadities. This reveals two phase velocities:
with a phase velocity comparable or less than dmethermal velocity (v) towards the
electrode (left propagating signal) and with anotblease velocity comparable tq Gway
from the electrode (right propagating signal). Héwe virtual source distance increases with

increase in plasma density.

Figure6.9 shows the phase velocity plot of the floating ptisd perturbations for the
dielectric thickness of 0.8 mm for various applipdlse magnitudes. Here also the left
propagating signal propagates with the phase ugloomparable to ion thermal velocity and

the right propagating signal propagates with Kere the virtual source distance depends
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upon the pulse magnitude, i.e., the virtual soutistance increases with increase in pulse

magnitude.

0.0 1.0x10™ 2.0x10™

0.0 1.0x10™ 2.0x10™
Time (s)

Figure 6.7 Oscilloscope traces of the floating potential signals measured by the detector from the
positive biased dielectric exciter of 0.8 mm thickness. Here pulse width is 1 ps, Up= 450 V and N, =

1.36 x 10° cm.
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Figure 6.8 Time delay vs detector position for various plasma densities for the dielectric thickness of
0.8 mm.
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Figure 6.9 Time delay vs detector position for various applied pulse magnitude for the dielectric
thickness of 0.8 mm.
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Figure 6.10 Time delay vs detector position for various applied pulse widths for the dielectric
thickness of 0.8 mm.

Figure 6.10 shows the phase velocity plot of the floating ptitsd perturbations for
the dielectric thickness of 0.8 mm for various &plpulse widths. Here also the left
propagating signal propagates with the phase \wgloomparable or less than the ion thermal
velocity and the right propagating signal propagatéh G. Here the virtual source distance
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depends upon the pulse width, i.e., the virtuats®distance decreases with increase in pulse
width.

According to previous literatur@8-27, a solitary structure in plasma is identified as
an ion hole (IH) by a negative potential dip, inigthgroups of ions are trapped. The overall
density depression in this region leads to the Md. IH propagates with a speed of
comparable to or less than the ion thermal sp28eRf]. For an IH the electron density is

assumed to be Boltzmann-type. The conditions ofttH=sxist 3-24 are

0 1_ > 35, 6.3)

(il ‘% <1. (6.4)

IH is a nonlinear version of the slow ion acoustiode P9|, which was first
discovered and described by Schamel and Bujarljanidg theoretically. They showed that
nonlinearly, IH can exist due to distortion of tlwa distribution function in the resonant
region. Recently theoretical and numerical studieelativistic IHs BQ] in a relativistically

hot electron-ion plasma are reported.

The first experimental observation of the solitlg has been made by Pecseli et al.
[27]. This experiment was performed in a double plasieace, excited by waves or pulses
and found IHs behind the ion acoustic shocks. LateFranck et al.Z8] has observed the
snoidal or periodic IHs in a double plasma deveesited by particle beam. They found that
the IHs propagate comparable tg and perform a sudden transition, by an apparezgdsp

up, to an ordinary ion acoustic mode.

Our experimental results shown in Figs7-6.10satisfy the conditions of IH for a
negative potential dip, speed is comparable toess than the ion thermal speed and Eq.
(6.3). We, therefore, speculate that the left propagasignals for the dielectric thickness of

0.6-0.9 mm are the nonlinear solitary ion holesolm experimental case, in Fi§.7, it is

observed tha}%
KT,
ep

amplitude solitary IHs foh(—_l_

e

of the IHs from 1 cm to 4 cm is varied from 0.42evhich shows large

>1.
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At and above 1 mm thickness of dielectric theneasexcitation of perturbations.

For a positive pulse biased electrode, differeetctebstatic waves are excited for
different dielectric thicknesses. Charging effectreases with dielectric thickness&$][ For
the dielectric thickness of 0.1-0.5 mm, SEHs areited, as the results observed for metal
electrode in Chapter B]. So for the dielectric thickness of 0.1-0.5 mhe tharging effect is
not significant. Figure6.11 shows the electron current drawn for the metal @rftd mm

dielectric thickness, which shows that the diffe®is not more.

= =
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Current (A)
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Figure 6.11 The electron current drawn for the metal and various dielectric thicknesses. Here U, =
450V, ny =1.36 X 10° cm™ and I, = 1 ps.

Solitary IHs are excited for the dielectric thickseof 0.6-0.9 mm. Here the charging
effect is severe than the dielectric thickness.&f®5 mm (Fig6.11and Tabld). Here the
floating potential perturbations only excite foethpplied pulse width in the rangefof < Tp
< 3f™. For increasing plasma density (F&8) and applied pulse magnitude (F&9), the
virtual source distance increases. For larger madensity and pulse magnitude, charging
effect is more, i.e., a large opposing electritdfiexists. This opposing electric field attracts
the ion holes from a longer distance towards tledediric exciter. For longer applied pulse
width (Fig.6.10), charging effect is less, i.e., a small opposlegtric field exists, which acts

from a shorter distance.
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In Fig. 6.7, if we take 4 cm as the virtual source, then tmeholes propagate towards
the electrode with a speed of less than or comjarabion thermal speed. Near to the
electrode a less number of ions will be trappetheion hole structures and such kind of a
new electrostatic wave propagates at a phase telsignificantly below the ion acoustic
speed (comparable to or less than thg Whis mode performs a sudden transition, by an
apparent speed up, to an ordinary ion acoustic nandegy from the electrode. Far from the
electrode the number of trapped ions is more (ameutral collision effect region) and the
concomitant loss of the existence of the trapped hole structures lead a fastening ion

acoustic mode.

In our experiments, the ion holes are excited dfterapplied pulse goes-off to zero.
So the ion holes are excited during the dischargegss and take a longer finite time to
discharge. There is no charge dissipation durirgphlse because the pulse time is short
compared with the time scale for charge dissipaitiodielectric materials1]. In our case,
the experimentally obtained discharge time scaleabsut 60-240 ps (Figs5.8-6.10
depending on various plasma parameters. For higbkage, lower plasma density and
longer pulse duration, may be the electrons impugdo some depth (much less than the
dielectric thickness) to the dielectric surfacesutes a longer time to discharge in plasma.
This is valid for the assumption that the conduttief the dielectric is sufficiently low that

the charge being implanted can't dissipate dufiregpulse.

6.4.3 Negative Bias

Now the electrode is biased with a negative pulseHerdielectric thickness of 0.1-
0.9 mm. For all the cases the trend of the floapotential signals are same. The signals
propagate in one direction away from the electrwdh decrease in amplitude. FiguBel2
shows the oscilloscope traces of the floating paksignals detected by the detector from
the electrode, for the applied pulse width less tief . Same floating potential signals are
obtained forr, > fi*. At and above 1 mm thickness of dielectric thexend excitation of
perturbations.

Figure6.13 shows the time-of—flight plot to find speed of twecited signals for the
dielectric thickness of 0.8 mm. The signals propadiaearly in one direction away from the

electrode. The speed of the signals is comparahbtmtacoustic speed.
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Figure 6.12 Oscilloscope traces (floating potential measurements) of the rarefaction disturbances
observed at various distances from the dielectric exciter, when a single negative pulse is applied for

the dielectric thickness of 0.5 mm. Here U, =-1000V, N, =1.36 x 10° cm™ and T, =300 ns.

6F = 1.36 ° n -
- e 3x10°cm®
5L i
’E\ L
S 4r T
8 I
c 3t .
o |
-(DL) 2L Tp=2 us
_ U,=-1000 V |
1t d=0.8 mm

Figure 6.13 Time delay versus detector position showing the rarefaction wave speed for various
plasma densities. Here U, =-1000 V and T,=2us.
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Generally rarefaction waves are excited when thmes imove towards a negative
biased electrode, when the applied pulse widttréstgr than the ion plasma peridd) If
only a short pulserf < f!) acts on the plasma, the density is depleted ligdas., whenUo
>> kTJe (eU, /KT, =100-1500), the shielding effect is not perfect and the negapigtential

penetrates into the quasi-neutral plasma regiore{speath”) where the ions are accelerated
[31] and after the end of the pulse, the plasma &smon-equilibrium state. Because diffusive
process is slow due to charging effect, to reaeh dquilibrium state and a fast moving
rarefactive wave forms. The rarefactive waves pgapa with a velocity in the ion sound

regime.

Table Il Summary of the observed results for positive and negative pulse bias to the dielectric
electrode for various parameters.

Pulse type | dqg (mm) T Signal type | Virtual Velocity Signals
source called
+ve 0.1-0.5 Tp < 3f,71 Positive Present 0.3ve/1.32v, | Solitary
potential electron
hole
T, 2 3f;” Positive No 1.32v, Solitary
potential electron
hole
0.6-0.9 f,-‘1<rp<3f,-'1 Negative Present < vt if/Cs Solitary ion
potential hole
-ve 01-09 |t,<f", Negative | No Cs lon
. potential rarefaction
T >fi
wave

All the results explained above for both positivedanegative pulse bias are
summarized in Tabldl. It is seen that for dielectric thickness of 00L5- mm, when the
electrode is biased positive, solitary electronekoare observed which is similar to that
obtained for without dielectric, as in Chapter &. [For these dielectric thicknesses, the
capacitance is large and the charging on the dredesurface is less. Faty = 0.5 mm, the

potential drop on the dielectric surface is arodfdd V for applied pulse magnitude of
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1000V. So the dielectric surface potentigk)(is sufficient to excite the solitary electron
holes. The solitary electron hole will be only é&di when the excitation potential exceeds a

critical valueo. [8, 37

2
1m, (@, a
== | ®pe & 6.5
/. 2e[2n2.4] (6-5)

whereme is the electron massgye is the electron plasma frequency amds the electrode
radius. Fomg = 1.36 x 18 cm®, ¢. is around 150 V, which is less than the dielectricface

potential and solitary electron holes are excited.

When the dielectric thickness increases, i.e.0fér— 0.9 mm, solitary ion holes are
excited for positive pulse bias. Here the capacian small and the charging of the dielectric
is dominant, as shown in Table After the removal of pulse, as shown in TabléJs is
smaller than the, (= 327 V forng = 2.25 x 18 cmi® anddy = 0.8 mm) for these dielectric
thicknesses, which doesn’t satisfy the conditiothefexcitation of electron holes. Due to this
small dielectric potential, slow ion holes are é&xdi These IHs are only excited for the
applied pulse width in the range &t < Tp < 3. When the applied positive pulse width is
less than the ion plasma period, ions will not oegp For longer pulse widths, i.e., whgre
3f 1, after the pulse removal, may be all the accuredlaharges on the dielectric surface are

discharged and plasma doesn’t show any potentigdidurbation.

When the electrode is biased negative for dieledhickness of 0.1 — 0.9 mm, ion
rarefaction waves are excited. Chang et38] have shown that minimum 50 V is required to
excite the nonlinear ion acoustic waves. Here ftie¢ectric surface potential, although the
dielectric thickness increases (from 0.1 — 0.9 nwith increase in surface charging, is
sufficient to excite the ion rarefaction waves masnetal case, in Chapter 31]. For negative

bias, the charging effect is very less as showrainlel.

6.5 Conclusions

The present investigation shows the excitationlefteostatic waves using a pulsed
capacitive process in a homogeneous electron-iasnd. The excitation of electrostatic
waves depends upon the dielectric thickness andripolof the applied pulséVhen the
electrode of dielectric thickness 0.1-0.5 mm issba pulsed positive, solitary electron holes
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are excited and up to this dielectric thickness, ¢tectrode covered by the dielectric film
behaves as a conducting electrode. The preseneeviofual source indicates for solitary
electron holes, when the applied pulse width is lg®n the thrice of ion plasma period.
Solitary ion holes are excited for the positivesiei@d dielectric thickness of 0.6-0.9 mm. Here
initially, the solitary ion holes propagate towatts electrode with a speed of comparable to
or less than the ion thermal velocity and performmsudden transition away from the
electrode with ion acoustic speed, indicating thesence of a virtual source. For positive
bias, the waves, solitary electron and ion holes, dependent on the combined effect of
applied pulse magnitude, pulse duration and dietedim characteristics (thickness and

dielectric constant).

When the dielectric electrode (0.1-0.9 mm thickhesdiased pulsed negative, ion

rarefaction waves are excited and propagate witlaamustic speed.

The dielectric surface charging is more for positpulse bias than the negative pulse
bias. Above 0.9 mm dielectric thickness, thereasercitation of any electrostatic waves for
both positive and negative pulse bias, at leastHerapplied pulse magnitude and plasma
conditions considered here. As our knowledge, akoi of such type of electrostatic waves

explained above from a dielectric electrode is regubfirst time.

» The work presented in this Chapter is published as
S. Kar and S. Mukherjee, Phys. Plasmas 18, 11230R1{
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CHAPTER 7

7 Summary and Future Scope

7.1 Summary

The main focus of this thesis has been on expetahstudies on plasma response to
transient high voltage pulses in a uniform and uymetized low pressure argon plasma. In
particular the investigations have centered oretwétation and propagation characteristics of
nonlinear electrostatic waves, i.e., ion rarefacti@ves, electron and ion holes. These waves
are dependent on the pulse polarity, pulse width the type of exciter, i.e., conducting or

dielectric.

The experiments were carried out in a cylindridairdess steel (SS 304) vacuum
chamber which was used as anode and the tungsaemefits as cathode. The plasma was
generated by impact ionization of gas neutrals bgngry electrons coming out from dc
biased hot tungsten filaments. Langmuir probes emdsive probes were used to measure
the plasma parameters such as, the plasma detigtyglectron temperature, the floating
potential and the plasma potential. In our expenitmi¢he plasma density was in the order of
1 x 10° m*3, whereas the electron temperature was varied betdes — 6 eV and the ion

temperature was assumed cold as 0.2 eV.

In the first set of experiments, we have estimabednumber of electrons lost to the
chamber wall, during the negative pulse bias toetaltic electrode. The pulse width was in
between the electron and ion plasma periods. Itskasa that the percentage of electron loss
to the chamber wall is very less, i.e. 0.1 — 1%e Dhigin of the lost electrons is the ion
matrix sheath as well as the bulk plasma. Theserarpntal results are compared with a

PDP1  computer  simulation  which has  shown a good eeament.
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In the second set of experiments, the ion rarefactesponse to a high negative
voltage pulse applied to a metal plate immersed low pressure argon plasma, for time
duration lower than ion plasma period is invesgdatSuch a pulse duration is chosen so that
ions are collectively undisturbed and, accordingéaeral understanding, no energy is given
to ions. Hence no ion rarefaction wave should beited. But, contrary to the general
understanding, excitation and propagation of ioefeetion waves are observed. When the
applied pulse magnitude is much greater than thetren temperature (100-1500 times), the
shielding effect is not perfect and the negativéepbal penetrates into the quasineutral
plasma region (pre-sheath), where the ion are a@ted. So the rarefaction waves are
excited in the pre-sheath region after the pulsesgim zero. The rarefaction waves are
detected by the floating potential measurements, @amd electron saturation current
measurements. These ion rarefaction waves are gmtgghcomparable to ion acoustic speed.
Overall, the excitation of ion rarefaction wavepeeds upon the product of pulse width and
pulse magnitude. Another observation is, afterstadice of % th of exciter diameter from the

exciter, the rarefaction waves turned to ion agowsaves.

In the third set of experiments, plasma response fest rising high positive voltage
pulse is experimentally studied in a uniform andnagnetized plasma, where solitary
electron holes are excited. The pulse is applietetallic disc electrode immersed in a low
pressure argon plasma with the pulse magnitude mredter than the electron temperature.
Experiments have been carried out for various agptiulse widths ranging from less than
ion plasma period to greater than thrice of iorspla period. The solitary electron holes are
detected by floating potential measurements. Ftgepwidth less than thrice of ion plasma
period, solitary electron holes are observed t@agate in two opposite directions from a
location different from the actual exciter, indiogt the presence of a virtual source. For
pulse widths equal or greater than the thrice of ppasma period, electron holes are
propagated away from the exciter in one directiod there is no indication of virtual source.
These electron holes are propagated with two speedsis comparable to electron thermal

speed and the other is less than to electron themead.

In the fourth set of experiments, plasma respowséigh positive and negative
voltage pulses is studied using a dielectric makéKapton) in a uniform and unmagnetized
plasma. The positive or negative voltage pulsg@iad to a metallic electrode covered by a
dielectric film, immersed in a low pressure argdasma and the pulse magnitude is much

greater than the electron temperature. Experimargscarried out for, how the plasma
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perturbations behave at various applied pulse widilcomparison to ion plasma period and
at different plasma parameters. Plasma perturtatiom studied with respect to the thickness
of the dielectric film. Due to poor conductivity alielectric, dielectric charging plays an
important role. The dielectric thickness up to i shows the same results as in metal for
both positive and negative pulses, i.e., solitdegteon holes and ion rarefaction waves are
excited respectively. Above 0.5 mm to 0.9 mm digiechickness, plasma perturbations
show strikingly different results for positive pald.e., solitary ion holes are excited, but for
negative pulse it is same as in metal case, oe.,rarefaction waves. And there is no
excitation of plasma perturbations on and aboven drelectric thickness for both positive
and negative pulses. The solitary electron andhioles are detected by floating potential
measurements. Here the solitary electron holepmamgagated with comparable to electron
thermal speed, while the solitary ion holes argpagated with comparable to or less than the

ion thermal speed.

7.2 Future Scope

The experimental studies of the present thesidmam the basis for further in-depth
investigations of plasma response to transient Wigltkage pulses and can motivate new
theoretical, experimental and computer simulatiolies. The possible future extensions can

be divided into two parts: one is for metallic casel other is for the dielectric case.

A few possible future directions of research relateth fundamental studies are
discussed below:

o All the experiments described above are for thenagmetized plasma. These
experiments can be repeated for the magnetizedhplés show the magnetic
field effects on the un-magnetized results, likegdositive plate bias electron
or ion acoustic shocks may be excited instead ldaspelectron holes.

o Computer simulation can be done for the effect mbliad negative pulse
width and magnitude on the excitation of ion racgta waves.

o In Chapters 3 and 4, the applied negative pulsatidur is less than the ion
plasma period. When the applied negative pulsetidaravill much greater
than the ion plasma period, ion response beginsaasignificant amount of
ions will be accelerated towards the electrode. ibhe reaching the electrode
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will have a distribution of energy, corresponding the instantaneous
acceleration voltage and ion transit time throulgh tlynamic evolving ion
sheath. So the ion energy distribution behind teetede can be measured.

o When the negative pulse bias duration is approxamaqual to the electron-
neutral ionization time scales, the secondary edast emitted from the
electrode because of ion bombardment cause signifionization. While this
is not taken into account in many applications &nd not unavoidable.
Understanding of additional ionization in the prese of background plasma
can be an area of investigation.

o To understand more about the presence of a vidoafce related to the
solitary electron and ion holes, computer simutaiof chapters 5 and 6 can
be done.

o In the present thesis, all the experiments areopedd for single pulse
excitation. Experiments can be performed for repetipulses. When longer
pulse durations are applied on an electrode otlarga, a significant amount
of ions are lost to the substrate, leading to iensity depletion in plasma.
During the time in between the pulses, plasma twilto recover the initial
density. Understanding the overall balance of otmrgan be an area of
investigation.

0 Another experiment can be done that is; scattevstl charging with positive

biased plate.

In the present thesis, solitary electron and idesare excited for the dielectric case,
i.e., using pulsed capacitive process. Here alsglesipulse excitation was used. The future

directions in this area can be studied for charegiffigct and surface modification for

o High pulse magnitude and low repetition rate

0 Low pulse magnitude and high repetition rate.

For the above conditions, surface modification iefettric can be studied. In addition to this
a thin metallic film (around 10 nm thickness) cas doated on the dielectric, which may
prevent surface charging, and the correspondinfacimodification can be studied under

the above 2 conditions.
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